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ABSTRACT

Real options (ROs) extend the financial option pricing theory to the valuation
of real asset investment and managerial flexibility under uncertainty. However, dif-
ferences between financial and non-financial markets, and the complex real world
environment of applications, build obstacles for the domain translation from financial
options to ROs.

This dissertation is motivated by the challenges of domain translation and de-
veloped in two essays. The first essay studies the incentive function of ROs (named
the RO incentive). The essay develops an option-game framework to model the RO
incentive, examines the change of investment behavior caused by the RO incentive,
and values the collaboration improvement. A general framework for designing RO
incentives is also developed in the essay for different forms of public-private part-
nerships (PPPs). The second essay focuses on dynamic capacity expansions, a rep-
resentative RO application, and analyzes important factors of RO practices for the
problem. These include economies of scale, capacity expansion mode, opportunity
cost of waiting, terminal value of expansions, and capacity cap. Theoretical insights
are obtained through the analysis, which are able to efficiently support the dynamic
expansion decisions and explain observations from the numerical solution.

The work of this dissertation has reduced the gap between the option theory
and RO practices. It also has built a scientific foundation for exploring advanced
RO problems such as the incentive design for multiple (more than two) agents and

dynamic capacity planning with resource constraints during a mission.
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1. INTRODUCTION

1.1. OVERVIEW OF REAL OPTIONS

Projects, especially those with either long lives or radical innovations, often
involve a high degree of uncertainty. Such projects include infrastructure construction
and operations, research and development (R&D), and new products introduction,
and so on. For example, the price of raw material or the demand for a high-tech
product. Uncertainty raises a number of challenges for project management. It may
cause decision makers hesitant when investing in high risk projects. Uncertainty is not
always a bad thing, however. It makes managerial flexibility valuable, allowing new
information to be obtained as a project evolves. The decision maker can use this new
information to revise a decision to increase profit, reduce loss, or both. Uncertainty
may, in fact, allow a project to produce more value than originally expected.

Traditional project valuation methods, such as the discounted cash flow (DCF)
approach, have crucial limitations. They do not consider the uncertainty in decisions
and the ability of decision makers to flexibly react to uncertain environments [IJ.
The real options (ROs) approach is considered to be a more effective tool in assisting
decision makers in the face of uncertainty. ROs extend the financial option theory to
the valuation of investments in either physical or real assets [2]. An RO gives its owner
a right, but not an obligation, to change actions as new information becomes available,
thus increasing the project value by either improving its upside potential or limiting
its downside losses [3]. Unlike traditional techniques based on the assumption that
project cash flows will be certain, ROs enable managerial flexibility to be factored

into the valuation model and show that uncertainty itself can generate value that



should not be ignored. Therefore ROs provide more accurate estimates of investment
returns under uncertainty and better supporting investment decisions.

In practice, decision makers may not have to choose between either investing
or not investing. They may have flexibility, such as to wait and see, to expand or
contract, to abandon, or to shut down and resume the project, at various points in
time. These various flexibilities can be modeled as different types of ROs. Trigeorgis
(1996) [4] classified classic real options into seven categories: options to defer, time
to build options (staged investment), options to alter operating scale (e.g., either to
expand, contract, and shut down and restart), options to abandon, options to switch
(e.g., product or process flexibility), growth options, and multiple interacting options.
These typical types of ROs are summarized in Table [1.1]

Since Professor Stewart Myers coined the term “real options” in 1977 [5], nu-
merous researchers have valued investment opportunities under uncertainty in an RO
approach. RO applications have been extended from nature resource investments
(e.g., [0, [7]) to varies others, including manufacturing (e.g., [8, @]), real estate (e.g.,
[10, 11]), R&D (e.g.,[12,13]), and infrastructure (e.g., [14,[15]). The business commu-
nity also appears to have a growing interest in ROs. Many world famous companies,
such as BP [16] and Boeing [17], have adopted the RO technique for both project

valuation and investment decision making.

1.2. COMPARISON BETWEEN FINANCIAL OPTIONS AND ROS
The RO valuation extends the option pricing theory to options on real assets.
An RO, in many ways, resembles a financial option. For example, the opportunity to
invest in a project is often seen as a call option, of which the underling asset is the
present value of the project. Similarly, an option to abandon a project is analogous

to a put option on the project value. The analogies between financial options and

RO are summarized in Table [[.2



Table 1.1. Typical Types of RO

Types of RO Description Corresponding
Option
Option to defer Hold investment opportu- Call option

nity to the best time
Time to build option  To commit investment in Compound option
stages giving rise to a series
of valuations and abandon-
ment options
Option to alter oper- To expand/contract/shut Call(to expand or

ating scale down/restart operation to restart)/ put (to

meet realized demand contract or shut
down) option

Option to abandon Abandon current operations Put option
and realize the salvage value

Option to switch Switch between different Call option + put
models of operation option

Growth option An early investment is a call options

prerequisite to open up fu-

ture growth opportunities
Multiple interacting The value of options af- Compound option
options fected by other options

Source: L. Trigeorgis, 1996, Real Options: Management Flexibility and Strategy in
Resource Allocation. MIT Press.

ROs, however, are more complicated than financial options. They are generally

distinguished from financial options by several major differences as following [4]:

e Non-tradability and preemption.

— Financial call options are traded with minimal transaction costs. ROs
are not generally traded. The non-tradability of ROs may lead to early
exercise. For example, a firm anticipating both an increase in demand and
a competitive entry may rush to expand its own production/sales capacity

early to preempt the competition. In the absence of such competition,



Table 1.2. Analogy between Financial Options and ROs

Financial Option Value Drivers RO Value Drivers

Financial asset price (e.g. stock | S | Real asset value (e.g. Project value)

price)

Exercise price K | Cost to carry out the RO (e.g. cap-
ital investment)

Stock price volatility o | Asset value uncertainty

Time to expiration T | Time until the opportunity expires

Risk free interest rate r | Risk-adjusted growth rate

Dividend q | Value leakage

Source: M.A. Brach, 2002, Real Options in Practice, John Wiley & Sons.

it might prefer to wait for the uncertainty surrounding future demand to

resolve itself.
e Non-exclusiveness of ownership and competitive interaction.

— Financial options on a common stock are proprietary. Only the owner can
exercise it without worrying about competition for the underlying assets.
Some ROs (patents, licenses) are also proprietary. Others are shared and
can be exercised by any firm in the particular industry. For example, the
opportunity to introduce a new product is unprotected by the possible

introduction of close substitutes.
e Strategic interdependence and option compoundness.

— Financial options are relatively independent of each other. Multiple ROs,
however, may be embedded in a project. For example, a firm may have
the flexibility to defer investments, either expand or contract production
capacity, switch the output types, and abandon the operation in a single
project. ROs are often interdependent, affecting the values of one another.

ROs existing early in the decision horizon may be prerequisites for those to



follow. The presence of the later ones may impact the values of the earlier

ones.

1.3. FROM FINANCIAL OPTIONS TO ROS

The path from financial options to ROs is not straightforward. It is not a simple
domain extension, but rather a domain translation [I8]. When compared to financial
options, which are usually well-defined and traded in standard, mature financial mar-
kets, an RO is often used in non-financial markets. Great effort is required to identify
options, develop models, estimate parameters, and probe solutions. The differences
between financial options and ROs, and the complex real world environments, build
obstacles for applying the option theory to the valuation of investments in real assets.

Assumption violation is a major problem. The options pricing theory is built on
strict assumptions. Some of these are often violated in practice in the RO applications
in practice (e.g., the complete market assumption and no arbitrage assumption). The
no-arbitrage pricing approach in a financial option is based on the use of a portfolio in
traded securities that replicates the payoff of an option. The key assumption is that
the underlying assets can be traded in an efficient market. Many real assets, however,
are not tradable. Thus the no-arbitrage principle seems to lose its foundation. The
initial value of the underlying asset, the appropriate rate of return, and the discount
rate may all be difficult to be determine [19]. Some researchers developed rectifying
assumptions to support the use of the financial option pricing theory for real assets.
For example, finding a traded “twin security” that is highly correlated with the real
asset value[d], and proposing the market asset disclaimer [20].

The difficulty in parameter estimation is another typical issue. Unlike the values
of financial assets which usually follow some well-defined stochastic processes, such as
geometric Brownian motion (GMB), the evolution of real asset values may not easily

be described by a simple stochastic process. Alternative stochastic processes other



than GMB, such as jump processes, mean reverting processes, and combinations of
these, have been used to model the processes of underlying assets (e.g., [21] 22], 23]).
Estimating the model parameters of ROs is also difficult. For example, value drivers,
growth rate, volatility, and interest rate may be time and/or state dependent (e.g.,
[24, 25]). The volatility of an underlying asset is difficult to properly estimate due to
the lack of either historical data or traded option prices (e.g., [26] 20]). The exercise
price could include several payments over time or be lumpy (e.g., [27]). The exercise
date may be unknown in advance.

Interactions between multiple options complicate the valuation of RO as well.
Multiple options may exist in a project, either in a parallel or a sequential manner.
They may affect the values of one another, making the values of the multiple options
non-additive. Both the pricing and interacting rules of multiple options have been
partially studied in the past (e.g., [28, 29]).

Behavior interactions between competitors and collaborators also affect both
the values and exercise decisions of ROs and may invalidate the traditional option
valuation. Some ROs may be shared by multiple owners. Both the value and exercise
strategy of an RO may be affected by the behavior of competitors due to the non-
exclusiveness of ownership. For example, the value of the option can be eroded
by competitors; the preemption effect reduces the threshold of ROs’ exercise (e.g.,
[30], 4]).

Behavior interactions between collaborators can also significantly affect both
the value and exercise of ROs. Some ROs are naturally embedded in the project. For
example, the flexibilities in deferring the investment, expanding or contracting the
capacity, or abandoning the operation. There are only RO owners but no issuers in
such ROs. Other ROs may be offered by the issuers to the owners for some specific
purposes. The RO issuers and owners often collaborate as principals and agents, such

as a government agency and a concessionaire, or a retailer and a vendor. ROs usually



act as incentives in these principal-agent relationships. The behavior dynamics of
the participants in the cooperative relationships may impact the value and exercise
policy of the ROs. For example, in a highway build-operate-transfer (BOT) project,
a government agency offers a concessionaire the option to continue operating the
project after concession. The toll cap set by the government agency may influence
the decisions of the concessionaire at the toll level and construction investment. Thus
affecting the value and exercise of the continuation option. Conversely, the presence
of ROs can change both the option issuer and owner’s behavior. For example, the
continuation option provides an opportunity for the concessionaire to gain profit in
a longer time. Thus may stimulate it to improve the construction and maintenance
quality of the highway. The effects of behavior dynamics in the RO framework make
the traditional option evaluation invalid. A game framework can be introduced to
the RO evaluation to address the behavior issue. Additionally, the incentive function
of the ROs is unclear and needs to be studied.

Some practical issues in RO applications challenge the option theory as well. For
example, the economies of scale impact investment decisions. The increasing economy
of scale favors a one-time large investment to benefit from a volume discount. The RO
literature yet often suggests a sequential capital investment in that the investment
is often irreversible (or at last partially irreversible) under uncertainty. The capacity
expansion mode may impact investments as well. The capacity of a project may be
built progressively, in infinitesimal units, as most of the RO literature assumes. For
example, knowledge often grows continuously over time. Capacity may also be added
in large, discrete units. For example, the expansion of highway capacity must be at
least one lane. The opportunity cost of waiting also needs to be considered. The RO
literature usually suggests a conservative investment (better late than early) due to
the value of waiting for more information under high uncertainty. However, they often

fail to consider the opportunity cost of waiting: that is, the profit forgone during the



waiting time. Opportunity cost of waiting will counteract the benefit of waiting for
more information and may change the optimal investment policy. Both the terminal
value of the project and the cap of the capacity should also impact the behavior of

capital investment.

1.4. OVERVIEW OF DISSERTATION

As mentioned in Section [I.3] the domain translation from financial options to
ROs is not straightforward. Obstacles limiting efficient applications of the option the-
ory to real assets have been observed. Some of these have been addressed previously,
such as the assumption violation, parameter estimation, multiple options interaction,
and behavior interactions between competitors (e.g., [4, 20, 28, 29, 30]). Other im-
portant issues, however, have not received sufficient attention. For example, behavior
interactions between collaborators and the incentive function of ROs, and important
practical issues in applying ROs to the investment in real assets.

This dissertation was motivated by the challenges of domain translation. Two

major objectives of this dissertation are as follows.

e To understand both the incentive function of ROs and the induced
behavior issues in cooperative relationships. This dissertation will intro-
duce the concept of using real options as incentives (termed the RO incentives)
to promote more effective collaboration. An option-game framework was built
into this dissertation to model the incentive function of the ROs and show how
RO incentives benefit the participants in a cooperative relationship. Behavior
interaction simulated by RO incentives affect both the value and exercise of the

incentives as well. These effects are evaluated in this work as well.

e To analyze the impact of practical issues on option exercise strategies.

Economies of scale, capacity expansion mode, terminal value of the project,



opportunity cost of waiting, and the cap of capacity can affect both the timing
and sizing of capital investment, which will be evaluated in this dissertation.
Dynamic capacity expansions, representing RO applications, will be used as an

example for discussions.

This dissertation is presented in five sections. Section 2 reviews the literature
relevant to this research. Section 3 is Essay One. This essay evaluates the incentive
function of ROs and the behavior interactions between option issuer and owner in
a typical cooperative relationship: public-private-partnerships (PPPs). Section 4
presents Essay Two. This essay addresses the practical issues of RO exercise policies
for dynamic capacity expansions. Section 5 summarizes findings from the research

and suggests future research.be conducted on advanced ROs.
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2. LITERATURE REVIEW

This dissertation benefits greatly from the previous work on RO. The research
related, either directly or indirectly, to research fields, such as RO pricing and ap-
plication, challenges in applying RO in practice, RO as incentives, option game, and
capacity planning using RO. This section reviews some of this related research to

provide insights for the thesis.

2.1. A BRIEF OVERVIEW OF REAL OPTIONS

RO analysis is a methodology that extends the financial options theory to the
valuation of physical or real assets [31]. Different from financial option which provides
a right to exercise a certain action upon the financial assets, a real option is a right,
but not an obligation, to take some specific action in a real asset, such as a project
or business [20]. It provides a tool for evaluating strategic investments, modeling
managerial flexibility under high uncertainty, and dynamic decision making in volatile
environments. Myers (1977) [5] noted that the principle of financial option theory
could be applied to non financial or real assets, and first coined the term real options.
Over the past three decades, the RO literature has been formed into a rich repertory.
Amram and Kulatilaka (1999) [32], Copeland Antikarov (2001) [20], Copeland and
Antikarov (2001) [33], and Nembhard and Aktan (2009) [34] provide comprehensive
expositions of this subject.

Trigeorgis (1996) [4] classified common real options into seven categories: op-
tion to defer, time-to-build option (staged investment), option to alter operating scale
(e.g. to expand, to contract, to shut down and restart), option to abandon, option
to switch (e.g. product flexibility or process flexibility), growth options, and mul-

tiple interacting options. A number of papers contributed to the RO literature by
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examining these various types of RO. For example, McDonald and Siegel(1986) [24]
and Paddock et al (1988) [35] examined the option to defer and apply it into project
evaluation. Myers and Majd(1990) [36] analyzed the option to abandon for salvage
value. They evaluated the investment opportunities on the project embedding option
to abandon and introduced the salvage value into the valuing function. Trigeorgis
and Mason (1987) [37], and Pindyck (1991) [38] examined options to alter operating
scale or capacity choice. Baldwin and Ruback (1986) [39] noted that the uncertainty
in the future asset price generates an option to switch benefits short- term projects.
Kulatilaka and Trigeorgis (1994) [40] proposed the evaluation model for the option to
switch in productive factors. For the sequential investment, Carr (1988) [41] and Tri-
georgis (1993) [28] dealt with valuing staged (compound) investment. Majd Pindyck
(1987) [42] analyzed the option to delay sequential construction for projects that take
time to build. Hevert et al (1998) [43] studied the sensitivity of growth options to
the changes of interest rate brought on by inflation.

Early literature mainly focuses on valuing individual real options. However,
in practice, many investment projects involve several embedded real options. The
options might interact and change the value of the project as well as the optimal
exercising strategies. Valuing real options in isolation has limited the practical value
of real options theory. Brennan Schwartz (1985) [44] examined the combined value
of the option to shut down a mine, and to abandon it for salvage. Trigeorgis (1993)
[28] showed that the combined value of a collection of real options may differ from
the sum of separate option values. Kogut Kulatilaka( 1994) [45] analyzed the impact
of interactions among a collection of real options on their optimal exercise schedules.

The option pricing theory in financial assets, which was devised by Black Scholes
(1973) [46], Merton (1973) [47], and Cox et al (1979) [48], built the quantitative
foundation of the real options theory. A comprehensively review on the methods of

option pricing is available in Broadie and Detemple (2004)[49].
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The Black-Scholes formula is the most important and broadly applied closed-
form model for option pricing. It applies the financial option pricing model directly
into RO evaluation. Margrabe (1978) [50] generated a analytic solution for an option
to exchange one risky asset for another. The major difference between these two
models is on the strike price of the option, which is treated as a certain number in
Black-Scholes model and as a random variable in Margarbes model. Geske (1979) [51]
valued a compound option, which may mainly be applied in sequential investment
decisions, such as R& D investment projects. Based on Margarbe and Geskes work,
Carr (1988) [41] examined compound exchange option with stochastic strike price.

However, the Black-Scholes formula is not sufficient for pricing some non-standard
or complex RO. For example, compound options, American options, or the projects
that have multiple uncertainties, state and/or time dependent parameters. Contin-
gent claim is a more general theoretical method for option pricing. This method
assumes a given stochastic process for the underlying asset, such as GBM, and then
derives and solves an appropriate partial differential equation (e.g., [Il 52]).

The closed-form solution to partial differential equation rarely exists. Therefore,
numerical methods, such as lattice methods or simulation, are used to approximate the
solution. Lattice/tree methods are based on the seminal work of Cox et al (1979) [48].
They developed the binomial option pricing model which approximates the behavior
of an asset price by the upward and downward changes in a particular interval time.
Trigeorgis (1996) 4] and Mun (2002) [31] summarized the basic principles of valuing
various RO via simple binomial trees. Other lattice methods include trinomial tree,
adaptive mesh model, etc. The lattice/tree approach provides a more simplified
method to value options. It has been widely used to price both vanilla and some
exotic options.

Monte Carlo simulation, initially used by Boyle (1977) [53], is used to approxi-

mate the continuous-time stochastic process by generating discretely sampled paths.
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It is a very useful technique to value American-type options, especially when more
than one factor affects the value of the options. Hulland White (1987) [54] suggested a
control variate technique to improve computational efficiency when there is a deriva-
tive similar to the one being valued and has an analytic solution available. Broadie
and Glasserman (1997) [55] designed a Monte Carlo method to value the American fi-
nancial option that incorporated early exercise, multiple-state variables, multi-choice
decisions and temporal optimality. Maung and Foster (2002) [56] used Broadie and
Glassermans method to simulate the option values under two marketing alternatives

in the hog industry.

2.2. CHALLENGES OF REAL OPTIONS IN PRACTICE

It is challenging to translate the financial option into RO. Some researchers have
identified difficulties in applying RO in practice when they establish the path from
financial options to RO. For example, Lander and Pinches (1998) [19] discussed three
major difficulties in applying option-based model in corporate decision-making. First,
existing RO models are not well understood by practitioners. Also, using these models
requires high mathematical skills. Second, many of the required assumptions in option
theory are often violated in the RO application in practice. Third, mathematical
tractability limits the scope of application. Miller and Park (2002) [57] summarized
the drawbacks of RO assumption in the six parameters that impact the option value:
underlying asset, risk, exercise price, expiration date, interest rate, and dividends.

To defend the use of financial option pricing for real assets, rectifying assump-
tions are developed. For example, with respect to the non-tradability of the real
assets, Mason and Merton (1985) [58] argued that the real asset contributes to the
market value of the publicly traded firm, and thus the real asset can be treated as
if it were traded by itself. Trigeorgis (1996) [4] claimed that the returns of an RO

can be replicated by a portfolio including shares of its twin security and risk-free
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bond. Therefore the RO value must be the no-arbitrage value of the option on its
twin traded security. Copeland Antikarov (2001) [20] proposed the marketed asset
disclaimer, stating that the real asset value is perfectly correlated with itself and is
the best unbiased estimate of the market value of the real asset if it were traded.

To more accurately describe the evolution of the underlying assets, alternative
stochastic processes other than GBM are used in the RO literature, for example,
Poisson jump process, mean-reverting process, and the combination of them and the
GBM. Brach and Paxson (2001) [59] provided a good survey on jump process in RO
literature. Hull (2008) [2] and Copeland Antikarov (2001) [20] discussed how interest
rates, commodity prices, and costs are better modeled with a mean reverting process.

Towards the discussion on the risk and the appropriate discount rate, Hull and
White (1987) [54] and Hull (2008) [2] introduced the parameter of market price of
risk for the underlying asset and adjusted the expected growth rate of the underlying
asset by the market price of risk. Then the risk neutral valuation framework can be
used in RO. Smith and Nau (1995) [60] defined a project where the market risks can
be hedged and the private risks cannot be mitigated as a “partially complete market.”
The RO value is dependent upon the ratio of private to market risk.

To estimate a reasonable volatility, several approaches are identified in the lit-
erature, for example, twin security information and Monte Carlo simulation. Kelly
(1998) [26] and Smit (1997)1[7] used the futures market to estimate volatility for
natural resource projects. The historical return of the twin security can be used as
a proxy for the real asset volatility. Copeland and Antikarov (2001) [20] estimated

the volatility of a project by Monte Carlo simulation. Miller and Park [(2D02) [57]
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applied the simulation approach in a manufacturing RO application. Mun (2002) [31]

summarized the methods for volatility estimation.

2.3. OPTION GAME

Traditional RO strategies are invalid under conditions of uncertainty and com-
petition; therefore, “true” optimal strategies should be derived from the RO models
that are embedded in a game framework.

The term “option games” first appeared in Lambrecht and Perraudin (1994) [61].
In this paper, the authors develop a model under incomplete competition (duopoly)
in the incomplete information conditions. Smit and Ankum (1993) [30] cast the op-
tion game approach for project timing in the different setting of market competition.
This paper, considered an investment strategy, encompasses a sequence of tactical
investment projects, which yield different level of returns. The results suggested that
an exclusive project with large present value creates a tendency to invest early. Dixit
and Pindyck (1994) [1] studied a perpetual option in a symmetric duopoly context
using continuous time analysis. The two firms decide their optimal time to invest
under price uncertainty. They showed that the leader will enter the new market
earlier if there is no competition. Trigeorgis (1996) [4] incorporated the preemption
effect on the threshold. The effect of competition is modeled as an additional div-
idend which is lost for the owner of the real option. This parameter significantly
reduces the threshold. Grenadier (1996) [62] developed an option-game model for
real estate investment timing. It considers the time to build effect on option value. A
two-builders sub-game perfect equilibrium is developed, finding a pair of symmetric
Markovian exercise strategies. Smit and Trigeorgis (1997) [63] analyzed two stage
games where investment opportunity value depends on endogenous competitive in-
teractions using real options approach combined with game theory. They study the

optimal decisions of timing and output levels of firms with asymmetric production
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costs, illustrate the trade- off between the value of waiting and the strategic com-
mitment value under different competition structures. Kulatilaka and Perotti (1998)
[64] studied the investment strategies under uncertainty and imperfect competition
where there is a first mover advantage brought by investing in a strategic growth
option. Huisman and Kort (2003) [65] analyzed the new technology adoption strate-
gies in a duopoly setting. It was shown that, under a certain scenario, the strategies
of the two firms turn from competition into joint adoption. Perotti and Kulatilaka
(1999) [66] considered the decision to invest in a time-to-market option under Cournot
quantity competition with the first mover benefit. They conclude that the value of
such option is unambiguously increasing in demand uncertainty, and higher uncer-
tainty level justifies earlier exercise of the option. Grenadier (1999) [67] took the
situation of asymmetric information into account to develop a more general equilib-
rium framework for option exercise games. It is found that an informational cascade
can arise endogenously when all the agents exercise immediately. Pawlina and Kort
(2001) [68] examined the impact of investment cost asymmetric on the value of firm
and on the optimal strategies of exercising real options under imperfect competition.
Different levels of cost asymmetry result in different type of equilibriums. Weeds
(2002) [69] derived a continuous time, duopoly option- game framework to study op-
timal investment strategies for firms competing for a patent with uncertainties in the
probability of technological success of the project and in the economic value of the
patent. Economic uncertainty generates a tendency of waiting. However, the fear
of preemption counteracts the incentive of delay. Grenadier (2002) [70] provided a
general and tractable solution approach for deriving equilibrium investment strategies
in a continuous-time Cournot-Nash oligopolistic setting. It finds an equilibrium that
is analytically simple and potentially widely applicable. The impact of competition
on exercise strategies leads to a rapid erosion in the option to wait and brings the

investment trigger to a level that is very near the zero net present value. Lambrecht
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and Perraudin (2003) [71] incorporated incomplete information and preemption into
an equilibrium model in which groups of firms invest strategically. It suggested that
the optimal investment strategy may lie anywhere between the zero-NPV trigger level
and the optimal strategy of a monopolist, depending on the distribution of competi-
tors costs and the implied fear of preemption. Huisman and Kort (2003) [65] treated
the technology adoption decision of a firm in a duopoly framework. Outcomes ranged
from preemption equilibrium to equilibrium with second mover advantages, depend-
ing on the time of the new technology comes and the level of advantage of producing
with new technology comparing with the monopoly profits are gained by adopting the
current technology. Huisman (2004) [72] extended the model of Dixit and Pindyck
(1994) [1] by introducing a new technology coming in an uncertain time of the future.
Results showed that taking into account the possible occurrence of a new technology,
the preemption game in Dixit and Pindyck (1994) [1] could be turned into a war of
attrition, which is a game where the second mover gets the highest payoff. Bouis
et al (2009) [73] extended the duopoly model of Dixit and Pindyck (1994) [I] to the
oligopoly context with three or more symmetric firms. This is the first study that
contributes to the problem of strategic real option with more than two competitors.
Smit and Trigeorgis (2009) [74] proposed a methodology for valuing infrastructure
investment using option games approach and illustrate it by a case of evaluating
airport infrastructure expansion investments. They take the infrastructure of each
airport as an asset with sequential expansion options in a competitive environment
and developed an option game for modeling European airport expansion.

The joint analysis of real options and game theory is also suitable for deriving

RO strategies for collaborators under uncertainty (e.g., the private sector and the
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public sector in a PPP project); however, this topic has attracted little attention

among researchers.

2.4. REAL OPTIONS AS INCENTIVES

Previous literature has identified and modeled connections between incentives
and RO. Some researchers modeled and valued the incentives, such as subsidies and
guarantee offered by the public sector to the private sector in PPPs, as RO.

Mason and Baldwin (1988) [I4] claimed that many subsidies and guarantee
have features of options, and thus they modeled and valued government subsidies
to large-scale energy projects as put options. Using the Taiwan High-Speed Rail
Project as a case study, Huang and Chou (2006) [75] illustrated that the minimum
revenue guarantee (MRG) can be modeled as a series of European style call options
and evaluated an option to abandon, as well. Results from their study showed that
both the option to abandon and MRG create values, which are reduced if they were
combined. Cheah and Liu (2006) [76] modeled the MRG as a put option and the
governments right of repayment as a call option in a bridge project, and used a Monte
Carlo simulation to price the options. Alonso-Conde et al (2007) [77] evaluated the
incentives of options to defer payments, options to delay payments, and options to
terminate the concession period early, for a large toll road project. They further
illustrated the ways in which real options affect the incentives to invest and measured
the value that the public entity may transfer to the private entity through government
guarantee. Liu and Cheah (2009) [I5] treated the guarantee on production volumes
of a waste water treatment plant as a put option written by the government and the
cap on the tariff as a call option owned by the government. Their study showed that
incentives for a PPP project, if they have option features, will expand the feasible
negotiation range for both the public and private entities. Wang and Liu (2008)

[78] designed an option contract to coordinate a retailer-led supply chain. The option
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contract motivates the supplier to produce more products than that in the benchmark
situation to satisfy the potential extra orders from retailer when the market demand
is realized. Results show that such an option incentive can coordinate the retailer and
supplier to act in the best interest of the channel. The profit in the entire channel is
improved and the two parties are brought to a win-win situation.

These previous studies focused on modeling existing types of incentives as real
options, and valued them solely from the viewpoint of option owner. Little work has
designed real options for incentive creation. The behavioral dynamics between the

option writer and option owner are also rarely discussed in the literature.

2.5. CAPACITY PLANNING USING REAL OPTIONS

The RO literature on capacity related problems is rich. Intensive discussions
on this topic were provided by, for example, Dixit and Pindyck (1994) [1], Trigeorgis
(1996) [4], Amram and Kulatilaka (1999) [32], and Schwartz and Trigeorgis (2001)
[33]. Typical literature is summarized in Table 2.1] In early RO literature, capacity
investment mainly focused on determining the optimal timing to invest in a certain
project. For example, McDonald and Siegel (1985) [79] derived the optimal timing
to shut down a plant to maximize the expected production profit when the demand
followed a Wiener process. Majd and Pindyck (1989) [80] considered a competitive
firm whose costs decline with the cumulative output and the price of the firm’s output
evolves stochastically. An optimal decision strategy that maximizes the firm’s market
value was found: to produce when the price exceeds a critical level, which is a declining
function of cumulative output. Dixit (1995) [81] examined the thresholds of investing
incremental irreversible capital when profit is diffusing and the marginal return first
increases and then decreases. A review of Dixit and Pindyck (1994) [I] by Hubbard
(1994) [82] pointed out that the RO theory had focused more on the timing of the

investment and did not offer specific predictions about the level of investment. Clearly,
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the size of capacity investment is also an important issue. In practice, firms usually

face a range of capacity choices, but not just the "invest or not” choice.

Table 2.1. The RO Literature on Capacity Planning

Category Literature (e.g.)

Timing of investment ~ McDonald and Siegel(1985)[79]; Majd and Pindyck
(1989) [80]; Dixit and Pindyck (1994) [1]; Benavides et
al (1999) [83]; Dangl (1999)[84]; Bar-Ilan and Strange
(1999) [85]; Harchaoui and Lasserre (2001) [86]; Dri-
ouchi et al (2006) [87]; Chronopoulos et al (2011) [88];
Hagspiel et al (2011) [89)]

Capacity choice Pindyck (1988) [90]; Fine and Freund (1990) [91]; He
and Pindyck (1992) [92]; Dixit (1993) [93]; Abel et al
(1996) [04]; Dangl (1999) [84]; Benavides et al (1999)
[83]; Bar-Ilan and Strange (1999) [85]; Dixit Pindyck
(2000) [52]; Birge (2000) [95]; Liang and Chou (2003)
[96]; Decamps et al (2006) [97]; Chou et al (2007)
[98]; Qin and Nembhard (2010) [25]; Chronopoulos et

al (2011) [88]; Hagspiel et al (2011) [89]; Qin and Nem-

bhard (2012) [99]

A strand of RO studies, especially more recent ones, considered the size of in-
vestment besides the timing. For example, Pindyck (1988) [90] examined the initial
capacity choice considering irreversible incremental investment opportunities, uncer-
tain returns, and opportunity costs. He and Pindyck (1992) [02] extended this analysis
to include flexible capacity and compare this to the situation when only dedicated
equipment is used. Fine and Freund (1990) [91] presented a two-stage stochastic
model of the tradeoff between flexible capacity and the increased cost of acquiring it,
as compared with dedicated or non-flexible capacity. Dixit (1993) [93] evaluated a
model with irreversible choice among mutually exclusive projects with different levels

of capacity. Decamps et al (2006) [97] reduced this model to two alternative projects
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and introduced parameter restrictions to the model. Abel et al (1996) [94] discussed
a two-period model where the expandability and the reversibility of investment were
completely available within the first period but were restricted within the second
period. The flexibilities in capacity expansion and contraction were modeled as call
options and put options respectively. Benavides et al (1999) [83] studied the optimal
scale, type, and timing of IC manufacturing capacity expansion with the demand fol-
lowing a geometric Brownian motion process. They found that the deployment policy
should be conservative because of the presence of uncertainty and larger, more effi-
cient facilities. Dangl (1999) [84] used ROA to determine optimal timing and capacity
choice of a once and for all investment under uncertainty. Results showed uncertainty
in future demand leads to an increase in optimal installed capacity but delay of the
investment. Bar-Ilan and Strange (1999) [85] considered both the timing and inten-
sity of investment under incremental and lumpy investment. Birge (2000) [95] applied
the results of option theory to capacity planning problems with constrained resources.
Risk was incorporated into planning models by adjusting capacity and resource levels.
Harchaoui and Lasserre (2001) [86] statistically tested the validation of option theory
of irreversible investment. They derived the value of options to invest in capacity
using contingent claims valuation and proved that this model explained investment
size and timing satisfactorily from both the statistical and the economic points of
view. Chronopoulos et al (2011) [88] also took into account both timing and size of
investment by analyzing the impact of risk aversion as well as operational flexibility
in the form of suspension and resumption options on these decisions. Hagspiel et al
(2011) [89] compared the optimal capacity decisions between firms with and without
production flexibility. They found that the flexible firm invests in higher capacity
than the inflexible firm and the capacity difference increases with uncertainty.
Although the above literature studied the optimal size of capacity, it considered

only the initial capacity choice. A few RO researches addressed the dynamic capacity
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planning issue. For example, Liang and Chou (2003) [96] utilized the RO theory in
determining dynamic capacity choice. They validated that the geometric Brownian
motion model can reasonable represent the demand process of the semiconductor
industry using the historical data and showed that the option based approach, in
long-term, could generate a capacity plan that requires less investment and generates
higher operating income. Chou et al (2007) [98] modeled the highly volatile demand
of semiconductor industry as a geometric Brownian motion process. Based on this
assumption, they provide a framework for formulating long-term capacity strategy
and integrating capacity planning with business planning. Qin and Nembhard (2010)
[25] modeled the workforce planning problem as sequential investments in workforce
capacity during the product life cycle. They illustrated that the RO-based workforce
agility could reduce the sensitivity of production quality to market risks, allowing
manufacturers to rapidly and economically adapt to the unexpected changes in the
market. The dynamic capacity strategy is very complex thus was solved in these
studies using numerical methods. However, the numerical results may not be able
to get much theoretical insights. Theoretical analysis may be needed to reveal more
essential features of the optimal dynamic capacity policy.

Some of the RO literature on capacity planning assumes the capacity changes
continuously, for example, the capacity is differentiable as respect to time (e.g.,
[84, 25]). However, the capacity is usually non-differentiable, say, can only be added
by large discrete units. For example, in manufacturing industry, capacity often ex-
panded by plants; at least one lane should be added once in highway expansion.
How to address the capacity planning problem when highly diffused demand and
non-differentiable capacity occur jointly would be challenging.

As to the timing of investment, RO literature usually suggests that the capacity
policy should be conservative (better late than early) because of the value of waiting

under high uncertainty (e.g.,[83], 84], 89]). However, they often fail to consider the
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opportunity cost of waiting, that is the profit loss during the waiting time. An
exception is Dixit and Pindyck (2000) [52], which assumed the cost of the incremental
capacity increased with time. A more common case in practice is, the capacity is
adjusted dynamically after the product is on the market and making profit. Therefore,
the capacity installed in a late time can serve and generate profit only for a short
period when the product life is limited. Opportunity cost of waiting will counteract
the benefit of waiting for more information and may change the optimal capacity

policy.
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3. ESSAY ONE: THE INCENTIVE FUNCTION OF REAL OPTIONS

3.1. PROBLEM STATEMENT

Public infrastructure projects such as the construction and operation of high-
ways, railways, or airports usually have long lifetimes and require a great deal of
capital. Future economic and operating conditions can change substantially over a
project’s life. Public-private partnerships (PPPs) provide a means to finance large
infrastructure projects in a way that gives private enterprises attractive business op-
portunities while allowing governments to acquire financial resources, transfer risks,
and increase service efficiency. However, many popular PPP forms, such as build-
operate-transfer (BOT), consider risks within the concession period, which is shorter
than the service life of infrastructure. The public sector is exposed to great risks
during the post-concession period. Moreover, excluding the post-concession period
from revenue management is contrary to the growing attention to sustainability.

Recently, a method of risk mitigation, which involves using incentives offered
by the public sector to the private sector, captures particular interest. Incentives
such as subsidies, guarantees, and rights of expansion or abandonment have shown
to alleviate the private sector concern with risks associated with PPPs. However,
little work has been done to assess the benefits that the public sector may gain from
offering incentives in PPPs. Also, the mechanism of incentives in PPPs is still unclear.
ROs valuation provides a way to model flexibility-type incentives and optimizes the
incentive functionality. The public sector is the option writer if it offers the private
sector some flexibility in operating a PPP project (e.g., an option to abandon the
operation before the expiration of the concession period). This flexibility encourages

the private sector to collaborate in the PPP by alleviating its concern with risks. If it
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decides to take the option, the private sector pays a premium and become the option
owner. Moreover, when used as incentives, ROs may change the behaviors of both
parties to an option contract. The behavior dynamics of option owner and writer are
rarely modeled in the RO literature.

In this essay, an option game framework is built to examine the incentive func-
tion of RO in the cooperative relationships and the effects of behavior interaction of
option issuer and owner on the value of RO. A highway build-operate-transfer (BOT)
project is used as an example to demonstrate the proposed framework. Designing

specific RO incentives for different PPP forms is suggested to promote better PPPs.

3.2. RO INCENTIVE SCHEME: AN EXAMPLE IN A BOT PROJECT

3.2.1. A BOT Contract Without Options. BOT is a PPP agreement of-
ten applied to transportation infrastructure projects. Figure illustrates change in
ownership in a typical BOT project. The private concessionaire (PRI) is responsible
for infrastructure construction. As a reward, it retains ownership of the infrastructure
for the concession period, (0, T.], and gains profits from operating it. The govern-
mental agency (GOV) takes over the infrastructure after the concession period and

continues to operate it until the end of its service life, T'.

e Infrastructure Service Life >
#————  Concession Period ~————%<—— Post-concession Period —>|
Owner: PRI Owner: GOV
Build and operate ! Operate
. . ¢
0 T. T

Figure 3.1. Change in Ownership in a BOT Project Without Options
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To measure and demonstrate the desired effects of RO incentives, a highway
BOT project without options is first modeled. The design of a BOT contract is a
complex process. This paper assumes that the contract negotiation has reached the
stage at which some issues have already been settled through negotiations between
the GOV and the PRI. These issues include the length of the concession period, T,
the toll price, P, the minimum requirements for construction quality, h, and the
PRI’s minimum required return, m.. Now, the GOV is planning the highway capacity
to maximize the social welfare offered by this project. As the highway builder and
owner of the highway during the concession period, the PRI is the appropriate party to
control construction quality. To inform the decision of the PRI, the total construction

cost, I, and the maintenance cost, M, are defined as follows.

ASSUMPTION 1: The total construction cost increases linearly with highway capacity

and construction quality; that is,

I(k,C) = (h+ k)C, (1)

where h is the minimum requirement of construction quality and k, the quality im-

provement factor, is the unit cost of quality improvement.

Assumption 1 is consistent with empirical findings, for example, in Levinson and

Karamalaputi (2003) [100].

ASSUMPTION 2: The annual maintenance costs are proportional to the highway ca-
pacity, and the unit maintenance cost for each year is relevant to the construction

quality and road age; that 1s,

M(k,C,t) = mk™%eMC, m,0,\ >0, (2)
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where m s the capacity coefficient, 0 is the quality improvement factor, and X\ is the

aging factor.

Maintenance costs usually increase linearly with highway capacity. Practical experi-
ence indicates that increasing the investment in quality can reduce maintenance costs,
but at a reduced rate because of diminishing marginal returns. Therefore, the unit
maintenance cost is assumed to be a decreasing convex function of k. Moreover, the
aging of a highway can quickly increase the difficulty of maintenance, making the unit
maintenance cost an increasing convex function of highway age.

The decision process for BOT without options is a two-stage game of complete

and perfect information. The players are the PRI and the GOV, as illustrated by

Figure [3.2]

c K {E[Usov(k’, C),
—_— L
——————— E[Upri(k, C)]}
Interaction

C": optimal highway capacity;

k": optimal investment in quality improvement per unit of capacity;
E[Ugov(C", k)]: expected utility of the GOV at the optimal decisions;
E[UpRI(C*, k*)]: expected utility of the PRI at the optimal decisions.

Figure 3.2. Contracting Process for the BOT Without Options: A Two-stage Game
of Complete and Perfect Information.

The PRI wants to maximize the expected profit from the concession by opti-

mizing the investment in quality improvement, k, for any given capacity, C'; that is,

E[UPRI(k*, C)] = mkax {_](ka C) + i e [R(Qt) - M(kv C, t)] } ) (3)
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where 7 is the discount rate, Qt denotes the expected traffic volume during [¢,¢ + 1),
and R(Qt) = PQt calculates the expected toll revenue during that period. By solving

equation , the PRI determines the optimal investment in quality improvement:

T.—1 =
k* = <9m Z e(’\_r)t> : (4)
=0

Equation shows that the PRI’s optimal action is independent of that of the GOV.

The GOV’s objective is to maximize the social welfare created by the project.
The general social welfare, W is defined as the sum of the consumers’ and producers’
surplus realized over the entire service life, T', of the highway ([101]). Therefore, it is

calculated as

T—1
W(k,C)= —I(k,C)+ > e [B (Qt> -7 (Qt, (J) ~ M(k,C,1)] . (5)

t=
where B(Qt) represents the expected benefit of travelers who use the highway during
[t,t 4 1), which is an increasing function of the expected traffic volume, and T (Qt, )

is the travel time cost, calculated as
T (QuC) = BO° [1+a(@/C)] (6)

where (3 is the average time value per traveler per unit time, t° is the travel time
under free flow conditions, and #° [1 +a(Q,/ C’)b] is the traditional BPR (Bureau of
Public Roads) travel time function that measures the time needed to travel a certain
route ([102]).

To make the BOT contract attractive to the PRI, the GOV must ensure the
profitability of the PRI by planning highway capacity, a tactic called the second-best

social optimum problem ([I03]). Knowing the PRI’s action, k*, the GOV chooses the
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optimal highway capacity:

ElUgov(k*,C*)] = max W (k*,C) -
s.t. E[UPR[(k*,C)] Z Te.

Solution of this function yields the optimal capacity, C* (see Appendix A). Conse-
quently, the payoffs for the GOV and the PRI depend on the decisions of both, as
shown in Figure |3.2

3.2.2. Uncertainties in Traffic Volume and Toll Revenue. The two-
stage game framework for determining the BOT contract is based on expected traffic
volume. If the actual annual traffic volume, (), deviates significantly from expecta-
tions, the realized toll revenue may be insufficient to pay off the initial investment
and cover maintenance (e.g., [75, [104]). Like the work of Lara Galera and Sanchez
Solifio (2010) [105], this paper assumes that demand evolves stochastically over time,

but is independent of travel costs (toll price and travel time cost):

In Equation , the annual growth rate of traffic volume has a normal distribution,
N(u,0?). The term o is commonly known as volatility, which measures the scale of
traffic volume uncertainty. The stochastic movement of @); is modeled by W;, a stan-
dard Wiener process ([2]). Therefore, the traffic volume follows a GBM process, and
its variance grows linearly over time. Equation ({§]) specifically models the diffusion
of traffic volume in a region experiencing fast development.

It should be remarked that the assumption of rigid traffic demand is not uni-
versally valid. Demand could be elastic, decreasing with increased travel costs ([103,
106, 107]). [Holwever, rigid travel demand can often be observed. For example, such

demand is common in developing regions where the construction of transportation
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infrastructure lags behind an exploding economy, and in urban arcas, especially dur-
ing rush hours and when only one route is available to reach a particular destination.
In these cases, travel demand is not affected by toll price or congestion. Using an
elastic demand will be an extension of this paper and a stochastic differential game
can be considered to solve the problem.

Considering that decisions in infrastructure development and operations are
often made at discrete time, a binomial tree, shown in Figure (3.3 represents the
layout of @), throughout the highway’s service life ([2]). The binomial tree illustrates
the annual traffic volume at discrete time, ¢ =0, 1,..., T, and at any time ¢ it shows
t + 1 unique levels of annual travel volume, (i = 0,1,...,t). @y indicates the
traffic volume at the note ¢,7 on the binomial tree. () may increase to Q1) with

a probability of p; with a probability of 1 — p, it may decrease to Q41)@i+1)-

On
QTCO QT]
Q QTcl
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Qoo ;
O
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Figure 3.3. Evolution of Annual Traffic Volume With Time

Figure shows that annual traffic volume, @)y, can be very different from

its expected value, Qt. Consequently, toll revenue may fall far short of the levels
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necessary to pay off the initial investment and maintain the highway throughout its
service life. For instance, if actual revenue is lower than expected, the GOV will have
to find additional funds to make up the shortfall. At node (¢,7) on the binomial tree,
the extra funding needed by the GOV is represented by max[M (k*, C*,t) — R(Qy;), 0].
The present value of the expected total shortages during the post-concession period,
Fps(k*,C*), is given by

T-1 t

Fps(k*,C*) = > e " P{Qu} max [M(k*,C*,t) = R(Qu),0]. (9)

t=T. =0

If traffic volume is higher than expected, the GOV is likely to generate revenue in
excess of the required maintenance costs, yet travelers suffer heavy traffic congestion.
Excess toll revenue cannot easily be applied to alleviate traffic congestion or gain
other benefits in practice.

3.2.3. A BOT Contract With Options. The GOV can address the afore-
mentioned risk by adding options to the BOT contract. Besides the rights and obli-
gations specified for the concession, the GOV can offer the PRI an option to continue
operating the project after the concession expires. If it exercises the option, the
PRI can still choose to terminate operation of the highway at any time during the
post-concession period. The first option is a European-style (i.e., the option can be
exercised only at maturity) continuation option; the second option is an American-
style (i.e., the option can be exercised on or before its maturity) abandonment option.
This abandonment option is compounded with the continuation option because the
former is valid only if the PRI exercises the latter. These two options allow the PRI
to capture potential opportunities for additional profits when future conditions ap-
pear favorable, and to avoid possible losses if conditions appear unfavorable. Clearly,
the options are value-added to the PRI. The GOV prices the options to determine

the option premium, which allows it to cover the possible shortage in maintenance
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funds or to create more social welfare from the project. The options have potential
to improve the BOT scheme presented in Section [3.2.1]

When the PRI exercises either of the two options, ownership of the highway is
transferred from one party to the other, as shown in Table 3.1} In the BOT contract
without options, the GOV is the owner of the highway after the concession expires.
In a BOT contract with options, however, the PRI can now choose to exercise the
continuation option, in which case ownership of the highway is transferred from the
GOV back to the PRI. It is returned to the GOV permanently if the PRI exercises

the abandonment option.

Table 3.1. Change in Highway Ownership in the BOT With Options

Time Concession Period Post-concession Period
GOV
Highway (if the continuation option is ex-
pired)
Ownership PRI PRI GOV

(if the continuation | (once the aban-
option is exercised; | donment option
until the abandon- | is exercised)
ment option is exer-
cised)

Ownership of the highway is different from the options; the PRI is the owner
of the continuation and the abandonment options, whereas the GOV is the writer of
these options.

With the RO incentive to continue the operation, the PRI faces decisions about
option acquisition and exercise. The GOV must price the options and, if it sells them
to the PRI, decide how to use the premium. A valuation of the options in a game-like

framework helps them derive their optimal decisions.
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This work evaluates the project in a risk-neutral world after the continuation
and abandonment options are added to the BOT contract. Risk-neutral valuation is
essential in option pricing. In a risk-neutral world, all individuals are indifferent to
risk ([2]). A problem can be transformed from the real world to the risk-neutral world
by measuring the uncertainty in the underlying asset using a risk-neutral probability,
p, and discounting cash flows using the risk-free rate, r,;. Decision outcomes in a
risk-neutral world are the same as those in the real world; however, the risk-neutral
decision making process is easier because no risk-adjusted rate need be estimated for
each party and for various times in the life of the project ([2]). The estimation of the
risk-neutral probability is shown in Figure 3.3

The GOV determines the premium by pricing the RO incentive. Since the aban-
donment option is compounded with the continuation option, the value of the contin-
uation option is dependent on that of the abandonment option. Therefore, the aban-
donment option is evaluated first. Let A; be the PRI’s actionat ¢t = T,, T.+1,....,T—1.
Whereas Ar, is derived from the valuation of the continuation option, subsequent ac-
tions, {Ay|t =T. + 1,T.+ 2,...,T — 1}, are derived from the abandonment option.
Att=T.,T.4+1,...,T — 1, the beginning of each year, the PRI determines whether
terminating the operation starting the next year will maximize the expected value-

to-go:

Z(Qui, Ar) = max {R(Qu, Ar) — M(K*,C",t, Ay) (10)
o 10

+ e A [pZ(Q(t+1)i; At+1) + (1 - p)Z(Q(t+1)(i+1)7 At-i-l)} } )

where Ay € {“operate”, “abandon”}. Equation shows that the decision in A; 4
is made only if A; is “operate” because the PRI can no longer operate the highway

after it has abandoned the right. Therefore, Z(Qy;, “abandon”) is equal to 0. The
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expected value-to-go for any time t is determined by dynamic programming (DP)
([108]). The backward recursion process of DP stops at T, when the PRI must decide

whether to exercise the continuation option:

Z(Qr.) = fgéT‘CX{Z(QTCi,ATC)}» (11)

M

where Ar, € {“continue”, “expire”}. If the PRI decides to exercise the continua-
tion option, it obtains the abandonment option for the post-concession period, and
Z(Qri) = Z(Qr,i, “continue”) = Z(Qr,;, “operate”). Otherwise, the continuation
option expires and Z(Qr.;) = Z(Qr., “expire”) = 0.

The expected present value of Z(Qr,) is the value of options to the PRI:

Te
VpR[(k*, C*) = e "rile Z Z(QTci)P{QTCz‘}- (12)
=0

Here, the term Vpg;(k*, C*) represents the options value for the PRI because it
can vary with the decisions of the GOV and the PRI according to Equation .

The GOV will operate the highway only in two situations: first, if the PRI
decides not to exercise the European option of continuation and, second, if the PRI
terminates the continued operation early. Therefore, at decisions k* and C*, the

expected shortage of maintenance funding for the GOV becomes:

=t ¢ M(k*,C*,t, “abandon”
Fos(k*,C*) => Y e " P{Qy;} max ( ) . (13)
t=T. i=0 —R(Q;, “abandon”), 0
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3.2.4. Change in PRI Behavior Motivated by the RO Incentive. Given
the benefits associated with the options, the previous decisions on highway capacity
and quality improvement may no longer be optimal. This possibility is indicated
by Equation (12). For example, the PRI may further increase the option’s value
by changing the investment decision. Options may influence the behaviors of both
the option owner and the option writer; therefore, a standard RO valuation cannot
determine the optimal decisions. The option-related decisions must be put in a game-
like framework to formulate the interaction between the GOV and the PRI.

Since the RO incentive is an add-on to the BOT contract, the GOV’s decision on
capacity, C*, remains unchanged, although it may not be theoretically optimal. The
PRI is more flexible: The BOT contract without options defines only the minimum
requirement for construction quality, and the PRI itself can determine the level of
its investment in quality beyond the minimum. Therefore, this paper discusses only
the change in the PRI’s investment behavior stimulated by the RO incentive. As
shown in Figure [3.4] in a complete and perfect information dynamic game, the GOV
determines the premium of the RO incentive first. Then, on the basis of the premium,
the PRI decides on the options purchase. If the PRI decides not to buy the options,
the decision regarding quality improvement remains the same as that for the BOT
without options. If the PRI buys the options, it will determine a new investment in
quality improvement to maximize the expected profit from the entire project.

After the options for the post-concession period are added to the BOT contract,

the PRI’s evaluation function for the project changes:

—I(k,C*)
E[ﬁpR](];f*, CH)] = max § z"fial e | R(Qy) — M (K, C*,t) ) (14)

+Veri(k,C*) = G
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{E[Ugov(#+,C)],
E[Upri(4%,CM)]}

Purchase
options,

-
Interaction

G: option premium;

Do not
purchase
options

{E[Usov(k, C],
E[Upri(K', CH1}

/fex: new optimal quality improving investment when options are purchased.

Figure 3.4. Contracting Process for the BOT With Options

where G is the premium determined by the GOV. The value of G should be no greater
than VPR[<I~€*, C*) to persuade the PRI to purchase the options.

The options that the GOV offers to the PRI yield several benefits, which are
summarized in the following lemma and propositions (See Appendices B-D for the

proofs).

LEMMA 1:The optimal investment in quality tmprovement when the RO incentive is

offered, k*, is no less than that when no RO incentive is offered. That is, k* > k*.

Lemma 1 suggests that by offering the options, the GOV motivates the PRI to aug-
ment its investment in quality improvement, thus reducing maintenance costs. This
change further increases the social welfare produced by the project and reduces the
expected shortfall in maintenance funds facing the GOV. This effect is expressed as

follows:

PROPOSITION 1: The RO incentive that the GOV offers to the PRI increases the

expected social welfare produced by the project. That is, W(l;:*, C*) > W(k*,C*).

PrROPOSITION 2: The RO incentive that the GOV offers to the PRI reduces the
expected shortfall in maintenance funds facing the GOV. That is, FOS(/;*,C*) <

Fps(k*,C*).
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3.2.5. An Expansion Option as a Means to Improve Social Welfare.
The benefit of the option premium to the GOV is not limited to provision of a
financing resource when toll revenue is insufficient to pay for highway operation.
If future traffic volume is significantly higher than expected, the planned highway
capacity, C*, may not be sufficient to ensure a reasonable travel time, causing heavy
traffic congestion. The GOV may consider using the premium to generate more social
welfare from the project. This paper assumes that travelers utility increases with
expanded capacity. Therefore, the GOV considers using the premium as a resource
to finance expansion of highway capacity and maintain the added capacity throughout
the service life of the highway. The toll from the added capacity is collected by the
PRI, so the PRI’s revenue remains unchanged (due to the rigid demand assumption).
This paper assumes that capacity expansions can be properly managed to minimize
the impact on the operation of the existing highway; therefore, capacity expansions
will be no disadvantage to the PRI.

To ensure that the premium is properly used to support capacity expansions,
the GOV must evaluate a series of decisions: whether to expand the highway, when to
expand the highway, and how much capacity to add. These decisions are formulated
as a DP problem with the objective to maximize the expected increment in social
welfare during the entire project service life. The term C} represents the highway
capacity at time ¢, and C; € {co,c1,¢2,...,¢n}, With ¢ < ¢4 < ... < ¢p. The
initial capacity, Cy, is equal to C*; that is, Cy = C* = ¢y. The expansion decision

is made at the end of each year, and new lanes become available the following year.
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Let V*(Qy, Cy) designate the expected maximum increment in social welfare at time

t and thereafter, which is produced by capacity expansions. Then,

V*(Qtia Ct) = %mx {U<Qtia Ct, Ot+1) + e At [pv*(Q(t+l)i7 Ct+1)
o (15)

+(1 = p)V(Qer1yi+1), Cer1) ] }

where v(Qy;, Cy, Cyy1) is the improvement in social welfare during (¢,¢+ 1], calculated

as

U(Qtz’, Cy, Ct+1) = [T<Qm‘, C*) - T(Qm‘, Ct)]
- [M(/;*, Oy t) — Mk, C, t)} (16)

- [1(/2;*, Cipt) — I(k", ct)} .

The optimization problem in is solved through a backward recursion, and
at time zero the expected improvement in social welfare, V*(Qq, C*), is found, which
is V*(Qoo, Co)-

By retrieving the optimal expansion strategy from the solution of , the
expected present value of expansion-related costs, Fg, is determined. This value
includes the construction investment and maintenance costs for the added capacity.
The option premium may not be equal to the expansion-related costs; therefore, the

social welfare added by the option premium is calculated as

min[G/Fg, 1]V*(Qo, C*). (17)
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3.2.6. Total Social Welfare Added by the RO Incentive. The RO incen-

tive produces additional social welfare from two channels, as calculated in Sections

[3.2.4)and [3.2.5|respectively. First, the RO incentive stimulates the PRI to increase the

investment in quality improvement, thus producing AWj. Second, the premium of
the RO incentive finances possible capacity expansions, which produces AWe. That

is,

AW = AW + AWe
- (18)
= |[W(k*,C*) = W(E*,C*)| + min|G/Fg, 1]V (Qo, C™).

The value of AW}, is nonnegative according to Proposition 1, and that of AW¢
is nonnegative since V*(Qo, C*) is the value of the expansion option.

3.2.7. The Options Premium. The premium charged for the continua-
tion and abandonment options is the key factor affecting implementation of the RO
incentive scheme. The GOV takes a variety of objectives into account when it deter-
mines the option premium. In particular, it considers the need to secure the desired
public benefit from the project, to increase the possibility that the project will be
self-liquidating, and to ensure the profitability of the private sector.

The PRI expects a reasonable profit from continuation of the project; therefore,
G < VpRI(iﬂ*,C*) — m,, where 7, is the minimum required return of the PRI for
the post-concession period. The GOV hopes that the option premium is an effective

financing resource for possible highway maintenance and capacity expansions; there-

fore, G > Fog(l}*, C*)+ Fg. If FOS(/%*,C*) + Iy < VPR[U;*,C*) —m,, there is a room
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to negotiate the option premium; otherwise, G = VPR[(];’*, C*) — m,. Therefore, the

option premium, G, is set to

min Fos(];?*, C*) + FE, VPR[U;}*,C*) — T S G S VPR[(];?*, C*) — To- (19)

3.2.8. Numerical Studies. This paper provides a numerical example to
demonstrate the analytical results described above. The data in the example is not
from a real case, but is set very close to the reality. For example, the toll, 10 yuan, is
set according to the toll level of most Chinese highways, 0.34 0.5 yuan per kilometer;
the construction cost of the 30-kilometer highway in this example is 925 million yuan,
matching the average construction cost of highway in China, which is 30 40 million
yuan per kilometer. In addition, a sensitivity analysis is performed to generalize the
example.

3.2.8.1. A numerical example. The numerical example is based on a
highway project in western China. To support economic development, city A is
developing a new industrial zone in its exurb. City B is close to the new industrial
zone; however, it is accessible only by an old provincial highway passing by it. To
meet the exploding commuting and freight transport demands, city B’s department
of transportation (GOV) decides to construct a 30-kilometer expressway connecting
the urban area of city B and the industrial zone. The expressway is expected to have
a useful life of 30 years. This expressway can cut travel distance by 25 kilometers
and reduce travel time from 50 to 20 minutes. Faced with a large investment in
construction and deep uncertainty over the lengthy service life, the GOV authorizes
a private company (PRI) to develop the expressway under a BOT agreement. After

several rounds of negotiation, the BOT contract is drawn up with an average toll
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rate of 10 yuan per vehicle, a 20-year concession period, and a minimum construction
quality requirement of 6.2 yuan per unit of capacity.

Initial projections forecast approximately 20 million vehicles in the first year
of operation. The growth rate of the travel volume is estimated to be 4% per year,
with a standard deviation of 15%. Clearly, the new expressway is shorter than the
existing provincial highway, has a higher speed limit, and charges a reasonable toll;
therefore, demand will not be affected significantly by the degree of congestion. The
high volatility in traffic volume promises great uncertainty in toll revenues. To better
manage future revenue, improve social welfare, and motivate the PRI to enhance
construction quality, the GOV is considering offering the PRI a right to continue
operating the expressway after the concession period and, if it takes the options,
to terminate the operation early with a one-year notice. Table |3.2] summarizes the

parameter values for this example.

Table 3.2. Parameter Values and Formulas for the Numerical Example

Parameter Value Unit

Qo 20 million vehicle/year
T 30 year

T. 20 year

W 0.04 -

o 0.15 -

A 0.05 -

Trf 0.05 -

P 10 yuan/vehicle
o 0.05 -

T(Q,,C) 5Q; [1+0.15(Q,/C)Y] yuan/year
M(k,Cit)  2k~92e006C yuan

I(k,C) (204 k)C yuan

C; {C*,C* +17.4} million vehicle/year
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The minimum required profit of the PRI during the concession period, ., is set
to maintain the PRI’s equivalent annual rate of return at 10% during the concession

period:

me = (e — 1) I (20)

Initially, the PRI passes the option premium, G, to the GOV; however, the
option will yield no return until the concession period expires in 20 years. The PRI
requests an 8% annual rate of return for the opportunity cost of waiting, plus a
reasonable profit from the options, for example, a 10% annual rate of return from the
premium during the post-concession period. The marginal return from the options

investment, m,, is determined by

G = Vppre OOTA0UT=To)—rysT]

(21)

7o = Vprr — G.

3.2.8.2. Results for the numerical example. Table |3.3| summarizes the
results for the numerical example. Without an RO incentive, the optimal capacity is
32.1 million vehicles per year (about 4 lanes, assuming the average capacity per lane
is 1000 vehicles per hour), and the optimal quality factor is 6.2 yuan per capacity
unit.

Offered the RO incentive, the PRI increases the quality factor from 6.2 to 8.8
yuan per capacity unit. Consequently, the initial investment is increased by 10.1%,
from 839.8 to 925.0 million yuan. The RO incentive is then worth 776.9 million yuan
to the PRI.
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Table 3.3. Numerical Results for the Example

With Options Without Options
Variable Value Variable Value Unit
PRI | k* 8.8 k* 6.2 yuan/veh year
Decisions | GOV | C* 32.1 x 108 C* 32.1 x 105  vehicles/year
G 258.6 - - million yuan
I(k*,C*)  925.0 I(k*,C*)  839.8 million yuan
PRI | E[Upr/]  2027.6 E[Upg;] 15143 million yuan
Verr 776.9 — — million yuan
Outcomes Fos 35.7 Fgg 49.4 million yuan
Fg 287.8 - - million yuan
GOV | AW, 28.4 - — million yuan
AWe 3.50 x 10* - - million yuan

By offering the RO incentive, the GOV anticipates the following benefits: First,
because the RO incentive motivates the PRI to invest in higher quality, the social
welfare is increased by 28.4 million yuan, and the shortfall in maintenance funds is re-
duced by 38.4%, from 49.4 to 35.7 million yuan. Second, the GOV receives a premium
of 258.6 million yuan. This upfront income can be used to finance capacity expansions
if heavy traffic congestion is anticipated. Each additional lane is assumed to have a
capacity of 8.7 million vehicles per year. When two lanes are added, the premium can
provide 91% of the expected expansion-related expenses and effectively add 3.50 x 10%
million yuan of social welfare over the 30-year lifetime of the project(near 40 yuan
per vehicle). Table demonstrates that AWy is significantly higher than AW,.
Therefore, the social welfare added by the improved construction quality can be seen
as a favorable side effect of the RO incentive. The premium can also effectively fill

the shortfall in maintenance costs if the PRI abandons operation of the expressway
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during the post-concession period, which it will likely do should traffic volume be too
low. The results show that the RO incentive allows both parties to better manage
revenues for the BOT project under high uncertainty.

3.2.8.3. Effectiveness of the RO incentive. The effectiveness of the RO
incentive can vary depending on in project conditions. This paper finds that the
effectiveness of RO incentive is strong when the volatility of traffic volume is high
and when the concession period is short, which are typical conditions where the
development of a BOT agreement is difficult.

Volatility, o, measures the uncertainty in annual traffic volume. Figure (3.5
illustrates how volatility influences the effectiveness of the RO incentive. Normally,
options become more valuable when the volatility of the underlying asset increases.
However, Figure [3.5(c) demonstrates that the value of the RO incentive decreases as
volatility increases. This unusual circumstance can be interpreted as a result of the
change in investment behaviors due to uncertainty. Figures[3.F(a) and [3.5(b) indicate
that the GOV and the PRI tend to be conservative in their investments; the GOV
will reduce highway capacity when uncertainty in future traffic volume is high, and
the PRI will also substantially reduce its investment in quality improvement. These
changes may increase maintenance costs, thus also increasing the GOV’s the expected
shortage in maintenance funds (Figure [3.5|e)) and limiting the social welfare added
by improving highway quality (Figure 3.5(g)). This study demonstrates that the
behavioral dynamics between the option issuer and option owner affect the option
value; therefore, a standard RO valuation has limitations for supporting appropriate
decisions. Nevertheless, the decrease in the value of RO incentive is not large (see
Figure 3.5(c)), and the RO incentive is still attractive for the PRI, as Figure [3.5(d)
shows.

As the option value, Vpgy, decreases with increasing volatility, o, the GOV

reduces the premium, G, but not to an extremely low point, asure 3.5(c) shows.
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Figure 3.5. Impacts of Traffic Volume Volatility on the Effectiveness of RO Incentive

Therefore, its ability to finance capacity expansions is not compromised. The GOV
could still expect greater social welfare as a result of the capacity expansions despite
the volatility increase, as shown in Fig 3.5(h). Although increased volatility can
reduce AWy, compared to AW, AW, is small and the advantage of the RO incentive
will not be depressed by a high volatility. Therefore, as the writer of the continuation
and abandonment options, the GOV is also in favor of high volatility.
Figure|3.6|illustrates how the effectiveness of the RO incentive can be affected by
the length of the concession period. The RO incentive improves a BOT scheme with
a short concession period. The PRI is discouraged from participating in a BOT if it
is given only a short period of ownership. Although the PRI would reduce investment
in quality, k*, as the concession length decreases (shown in Figure[3.€(b)), it is unable
to maintain the level of expected utility, E[Upg;| (shown in Figure [3.6(d)). If the
GOV offers a longer concession period in order to encourage the PRI to participate,
it may have to lower the capacity requirement to meet the profitability constraint

(see Figure [3.6{(a)), thus hurting the benefit to travelers.
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Figure 3.6. Impacts of Concession Period on the Effectiveness of RO Incentive

The RO incentive can address this dilemma. The RO valuation reveals that the
options value will increase if the post-concession period becomes longer. Figure (3.6(c)
also shows that Vpg; increases as the portion of concession period decreases, which
compensates for the loss in the PRI’s profit due to the shortened concession period.
Therefore, Figure (d) shows that the PRI’s expected profit with options, E[Upg/],
decreases slowly with the decreased concession period. In addition, when a shorter
concession period is selected for BOT, the PRI generates a larger portion of profit
from the post-concession period with options, which is less risky than that from the
concession period. Therefore, with the options, the PRI will not significantly reduce
its investment in quality improvement although the concession period is short, as

Figure (b) shows. Although the GOV reduces the concession period, it gives the
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PRI a longer period with options; consequently, the GOV asks a higher premium (see

Figure [3.6c)) and uses it to produce greater social welfare (see Figure [3.6(h)).

3.3. DESIGN RO INCENTIVE IN PPPS

Public-private partnerships (PPPs) are becoming one of the major delivery
methods of public infrastructure in recent years. PPPs are arrangements for pub-
lic and private sectors to cooperate in developing large-scale projects [109]. With
PPPs the public sector is able to alleviate financial burden [110], share risks and
revenues with the private sector [IT1], increase the value for money spent on public
projects by improving services efficiency [112], and reduce lifecycle costs [113]. The
private sector has widely participated in financing, construction, and operations in
PPPs [114, 115]. Particularly, private financing in public projects had been rapidly
increasing during the past two decades to meet the emerging demands for public fa-
cilities. By 2010 the private investment commitments in PPP infrastructure projects
in developing countries had reached $100 billion, over 8 times of the amount in 1990,
as Figure shows. Private financing in energy infrastructures had especially sub-
stantial growth. The investment commitment increased from $0.11 billion to $62.15
billion, more than 500 times.

Despite that PPPs have broad benefits and increasing usages, obstacles to PPPs
applications are often reported. PPPs projects often have a long service life that asso-
ciates with high uncertainty. Poor risk management and unrealistic projections often
lead to the failure of PPP projects in highly uncertain conditions [116], [117]. Interest
conflicts between the public and private sectors in PPPs projects also raise problems.
The goal of pursuing profit of the private sector may lead to low performance in pub-
lic projects and thus reduce public welfare. Therefore, incentives are often used to

promote better collaborations in PPPs.
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Figure 3.7. Private Investment Commitments in PPP Infrastructure Projects in De-
veloping Countries by Cectors, 1990 to 2010 (Data sources: World Bank and PPIAF,
PPI Project Database. http://ppi.worldbank.org)

ROA provides a way of modeling flexibility-type incentives for PPP projects and
is able to optimize the functionality of the incentives. Connections between incen-
tives and real options (ROs) have been discussed and modeled by previous research.
For instance, the minimum revenue guarantee (MRG) to the private sector can be
modeled as a put option, and the right to extend the concession can be seen as a
continuation option [76], [I18] However, PPP forms are diverse. Each form has a dif-
ferent degree of private involvement, sources of uncertainty, and major concerns to
be alleviated. There is no RO model that is universally effective for all forms of
PPPs. This paper assesses the contractual features and risks of major PPP forms
and accordingly, proposes a general framework of selecting incentive-type RO models
for PPPs projects.

3.3.1. An Overview of PPPs. PPPs are available for different project

objectives. They can vary in the level of private sector involvement, contractual
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Figure 3.8. Major Forms of PPPs.

Management

contract Lease

features, asset ownership, risk allocation between public and private sectors, and
lifecycle stages. Figure 3.8[Tisks major PPP forms according to the level of private
sector involvement and categorizes these by lifecycle stages of infrastructure. Further
descriptions of the PPPs are in Table (3.4

Selection of a PPP form for a specific project needs to consider the circumstance
of the project, including regulatory constraints, public funding availability, project
scale, project type, and the main purpose of the project. For example, in developing
countries, the demand for public infrastructures grows rapidly yet the public bud-
get sometimes is insufficient. Therefore, PPP forms involving private financing are
commonly adopted. Figure [3.9] summarizes the major forms of PPP contracts im-
plemented in infrastructure projects in developing countries during 1990-2010. The
figure shows that the most commonly adopted PPP forms in the developing counties
are BOT, concession, and BOO. These account for 37%, 35%, and 21% of PPP infras-
tructure projects, respectively. The popularity of each PPP form varies in different
industries. For example, over 80% of telecom PPP projects and 40% of energy PPP

projects adopted BOO. In the sectors of transportation as well as water and sewerage,



Table 3.4. Descriptions of Major Forms of PPPs
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Typical Forms of Effective
yp Descriptions Asset Owner Life Cycle
PPPs
Stage
. . The pri risr nsible for th .
Design-Build ¢ private sector Is respons ble for the . Design
design and construction of infrastructure, Public .
(DB) Lo o Construction
Y and paid by a fixed fee.
Design-Build- | The private sector is responsible for the Desion
Operate design and construction of infrastructure, . g
R Public Construction
=z | (DBO) and operates and maintains it for a .
P . . Operation
z specified period.
5| Design-Build- | The private sector is responsible for the Desien
= | Finance- financing, design, and construction of . g
B . o Public Construction
& | Operate infrastructure, and operates and maintains Operation
£ | (DBFO) it for a specified period. p
- . . .
= . The privat tor finan ilds th Privat for .
2 | Build-Operate- | - e private sector finances, builds the ate (before Design
infrastructure; owns, operates, and transfer) .
TranSfer maintaing it diiring tha cancagginn narind: Diihlin (ot ConStrUCtlon
Hialialin 1t uul i UIv LuUILILLODIVIL lJ\/l 14, 1 uviiv \altbl .
(BOT) then transfers it back to the public sector. transfer) Operation
Build-Own- Similar to BOT, but the private sector Design,
Operate retains the infrastructure ownership in Private Construction
(BOO) perpetuity. Operation
The private sector is paid a predetermined
Management rate for managing the public facility. . .
. : . . . Publi ration
?_ Contract Operational risks remains with the public ublic Operatio
a sector.
= : P
(L] The private sector leases an existing
|
= infrastructure from th li r . .
= | Lease astructure ° the pub. © sector, Public Operation
s operates and maintains the infrastructure
g for a specified leasing period.
Q The private sector rehabilitates, and/or
g . builds an add-on to an existing facility; . .
e | Concession . . . Public Operation
then operates it during the concession
period.

however, projects using BOO were very few. Instead, concession and BOT are the
most popular ways of delivering infrastructure projects. In the United States, Design-
Build (DB) is the major PPP method of delivering transportation infrastructure in
that the public funding is relatively sufficient and tolls were forbidden on federal-
funded roads before the Intermodal Surface Transportation Efficiency Act (ISTEA)

had been issued in 1991.
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Figure 3.9. PPP Contracts Implemented in Infrastructure Projects in Developing
Countries by Types, 1990 to 2010 (Data sources: World Bank and PPIAF, PPI
Project Database. http://ppi.worldbank.org)

Although applications of PPPs in public projects are growing, obstacles that
reduce the effectiveness of PPPs are observed. For example, the demand for, and
operating and maintenance (O& M) costs of, public infrastructure can substantially
change during long service lives; therefore, the private sector may hesitate to invest in
these projects due to the uncertainties. Moreover, unlike the public sector primarily
aiming at social welfare, the private sector is profit seekers. Their different objectives
may lead to an outcome deviating from the original expectation of PPPs.

3.3.2. PPP Incentives as ROA. Incentives such as guarantees and subsides
are used in PPPs to alleviate the private sectors concerns with risks, or to motivate
the private sector to improve service performance. Incentive pricing is important
for PPPs projects. ROA is considered an effective tool for valuing flexibility-type
incentives. An option gives its owner a right, but not an obligation, to buy (call
option) or sell (put option) a certain amount of assets at a certain price by a certain
date [2]. ROs extend the financial options to the valuation of investment in real assets

and managerial flexibilities. The value of ROs stems from option owners ability to
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asymmetrically react to opportunities of gaining greater profit and potential of loss
as investment environment changes.

The incentives offered by the public sector are similar to ROs in that they
both provide downside protection or opportunities of gaining greater profit under
uncertainty [I19]. For example, when demand drops below a certain level, the MRG
secures a fixed level of income to the private sector. It can be considered a right to sell
the operation revenue at a fixed price; therefore, it can be modeled as a put option.
Some regulatory flexibilities held by the public sector can also be valued as ROs.
For instance, while offering the MRG, the public sector usually set a revenue cap
(RCP) as well, to prevent the private sector from gaining too much profit from public
projects. RCP provides the public sector the right to receive the revenue exceeding
a certain level, similar to buying the actual revenue at a fixed price. Therefore, the
RCP can be modeled as a call option owned by the public sector.

A simple example that models MRG as an RO is provided here for illustration.
Suppose the current revenue is $10 million and the public sector promises a MRG
of $8 million. The revenue of next period, S, is uncertain and can vary between 0
million and $20 million. Because of the MRG, the private sector can receive a revenue,
max(S, 8), instead of S in the next period. Therefore, the payoff of the MRG, G, is
max (8 — S, 0), similar to the payoff of a put option with the value of underlying asset
at maturity of S and an exercise price of $8 million, as shown in Figure [3.10}

The value of the MRG can be calculated as a put option value using option
pricing. It should be remarked that this example employs a single period MRG for
straightforward illustration. In practice, projects have multiple periods of revenues
and MRG should be modeled as a series of put options or a multiple exercisable

option.
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Figure 3.10. The Payoftf of MRG

3.3.3. Modeling Incentive as ROs for Major Types of PPPs. In this
subsection, a general framework for modeling incentive as ROs for a specific type of
PPP will be introduced.

3.3.3.1. Design of RO incentives for major type of PPPs. The design
of RO incentives primarily considers two factors: objectives of incentives and sources
of uncertainties. Purposes of offering an incentive in PPPs are usually as follows.
The first purpose is to attract the private sector. Due to the high uncertainty of PPP
projects, the private sector may hesitate to invest in some urgent public projects. In-
centives such as guarantees and subsides are offered to the private sector to alleviate
their concern of risks, thus attracting private investment in public projects. Regula-
tion is the second purpose. The private sector may make excessively high profit from
public projects. This situation, if happens, will reduce public welfare. The public sec-
tor, therefore, set regulations such as revenue or tariff cap to PPPs projects. These
regulation methods can be considered incentives for the public sector. Stimulation
is the third purpose. The private sector has interest conflicts with the public sector.
Therefore, the public sector always has concerns with project quality control, effi-

ciency, and public satisfaction of services provided by the private sector. In this case,
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another kind of incentives is needed, which can stimulate the private sector to behave
as the public sector would like it to. The sources of uncertainties in a project deter-
mine the underlying assets of the ROs and kinds of risks that need to be eliminated or
transferred. For example, the risk of losing profits from operations may be pertaining
to the uncertainty in revenue. Therefore, the public sector offers incentives regarding
revenue uncertainty, such as MRG, to share this risk with the private sector, in order
to attract them to participate in project operations. The revenue is the underlying
asset of the options when valuing these incentives.

Incentives should be designed specifically for different forms of PPPs according
to their unique features. For PPP forms with low private involvement, such as man-
agement contracts and DB, the main financial and operational uncertainties remain
with the public sector. The major concern on these PPPs is how to ensure the qual-
ity of services provided by the private sector. Therefore, incentives for stimulation,
such as revenue sharing or quality warranty, instead of that for attraction and regu-
lation, are needed. In the PPPs that the private sector takes the responsibilities of
financing, construction, operation and maintenance, such as DBFO and BOT, the RO
incentives regarding interests, demands, and costs are offered to alleviate the private
sectors concerns with uncertainty in these or to protect public welfares. In addition,
an option to extend concession period can change the private sectors goal from a
short-term profit into long-term profit. The change may motivate the private sector
to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>