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In recent years, governments have been increasingly adopting Build–Operate–Transfer (BOT) contracts for
large infrastructure projects. However, BOT contracts have received little attention from economists. The
apparent agency problem in BOT projects has never been analyzed. In this paper, we develop a model to
examine the incentives, efficiency and regulation in BOT contracts. We show that a BOT contract with a price
regulation during the concession period and a license extension after the concession period is capable of
achieving full efficiency. Both license extension and price control are observed in many real-world BOT
projects. We also investigate the efficiency in such contracts by considering other factors, including time
consistency, price ceiling, foreign ownership, and the lack of price regulation.
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1. Introduction

Large public infrastructure projects, such as roads, railways, power
stations, dams, bridges and tunnels, have huge importance for a
country's economic development1 and they typically involve huge
amounts of human, physical and financial resources.2 Such projects
were used to be funded primarily by governments. However, govern-
ments today are increasingly finding themselves either unwilling or
unable to finance the growing number of new infrastructure activities.
Instead, private companies are often empowered by governments to
build and operate many large projects under the so-called BOT (build,
operate and transfer) schemes. Two early examples of BOT schemes are
the Suez Canal and the Panama Canal.3 A typical BOT arrangement or
contract between a government and a private firm specifies that the
government licenses the firm to build (B) a project and then to operate
(O) the project for a certain period, normally 5 to 30 years, andfinally, at
the end of the concession period, to transfer (T) the project at no cost to
the government. The firm finances the project and pays the costs of
construction and operation. During the concession period, the firm
receives revenue from its operations.4When the concession period is to
end, the government has the option of assuming ownership or
extending the license to the firm to continue its control of and receive
revenue from the project. BOT is often adopted for public utility projects
such as bridges, canals, roads, tunnels, airport terminals, and power
plants.Walker and Smith (1995, p. 27–30) listed 111 large BOT projects
launched in over 31 countries and regions by early 1995. The BOT
practice has become popular since the 1950s and the number of BOT
projects is expected to increase dramatically over the next decade,
especially in East Asia.

Although the term BOT is relatively new, the practice has been
around for several centuries. The Europeans used to call such projects
concessions, in which a government assumed many responsibilities.
However, a government today is little involved in planning, construc-
tion, or financing of a BOT project, and its role normally is limited to
providing loans, guarantees, tax credits, subsidies, price controls, and
license renewal. The Hong Kong Cross Harbour Tunnel, opened in
he firm is also empowered to develop the property during the
hen this occurs, the contractual arrangement is called a Build–

fer (BOOT) agreement.
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1972, was the first in Hong Kong to adopt a modern BOT contract as
defined above. The Channel Tunnel is another BOT project granted by
the governments of the United Kingdom and France. The Dulles Toll
Road Extension, costing US$250 million and beginning in 1988, was
reportedly the first BOT highway in the United States. The first
privatized airport terminal in Canada, a BOT project, was Terminal 3 of
Pearson International Airport in Toronto, which costs US$433 million
and was completed in 1991.

BOT has become a major means of private–public cooperation in
infrastructure projects. It is different from complete privatization,
complete nationalization, or joint ventures. In particular, BOT differs
from privatization in sequencing. In privatization, a government owns
the entity first and then transfers (sells) it to the private sector. In
contrast, in BOT, a private firm bears the cost of building a project and
then owns it for a certain period of time before finally transferring it to
the government at no cost. “This is the fundamental attraction of BOT.
It not only takes spending off the government's balance sheet but also
brings in the commercial skills of the private sector both in identifying
viable projects and in running them efficiently when they are built”
(Walker and Smith, 1995, p. 16) andwhen they are initially operated.5

Moreover, BOT ensures that the government eventually retains
strategic control of large infrastructure installations.6

Despite its attractiveness and popularity, BOT has received little
attention from economists. In particular, although the process obviously
entails agency problems, there has been basically no theoretical research
on the agency problem arising from BOT projects. Since a BOT project is
to be transferred to the governmentunconditionally after the concession
period, the firm may not make a sufficient initial investment for long-
lastingquality. Thequestions are:Howcan aBOT contract be designed to
induce thefirm to invest in the best quality? If such a BOT contract exists,
does it resemble a typical BOT contract found in reality?

In this paper, we build a model that uses positive agency theory to
explain the unique ownership approach to BOT projects. Our BOT
model is developed based on stylized facts. We allow the government
to have a license extension policy, which is dependent on observed
quality. Specifically, a firm is licensed to build a project that lasts for
two periods. After the project has been built, the firm owns and
operates the project in the first period (the concession period). In the
second period, the government may operate the project by itself or
license it to the firm. Although the quality of the project is not
verifiable, we assume that the government can observe it ex post. By
the end of the first period, based on the observed quality of the
project, the license extension policy determines whether or not and
how long the firm is allowed to own the project in the second period.
Without license extension in the second period, the firm will not have
sufficient incentives to build an infrastructure with socially optimal
quality. However, although letting the firm own the project in both
periods for certain may help solve the underinvestment problem (the
incentive problem), private ownership generally leads to a reduction
in social welfare (the monopoly problem). Our proposed solution to
this dilemma is for the government to impose price controls and
provide a quality-dependent license extension in the second period.
We show that such a BOT contract can induce the right incentives and
achieve full efficiency.

In reality, these two measures, price controls and a possible license
extension, are observed widely in BOT projects. Price controls are well-
known mechanisms that are often used to improve efficiency under
monopoly condition. Although license extension is not specified in a
typical BOT contract in reality, it is not uncommon to find license
5 Walker and Smith (1995, p.16) cite the Channel Tunnel as one example of a
privately financed project addressing a need that the public sector was unwilling or
unable to fulfill.

6 Other benefits include relief of the government's financial burden, relief of the
administrative burden, reduction in the size of an (inefficient) bureaucracy, and better
service to the public.
extensions in practice. This implies that the firm and the government
might have an implicit agreement ex ante. There are twoways tomodel
this reality. First, wemay take a complete contract approach; that is, we
assume that the government includes the license extension in the BOT
contract explicitly. Since the license extension depends on the
unverifiable quality of the project, there is a government commitment
problem or time inconsistency. Second, we may take an incomplete
contract approach; that is, the license extension is not written in the
contract, but both parties know that the government has the option to
extend the license ex post. A problem that arises from this approach is
ex-post rationality, i.e., whether license extension is optimal ex post. In
this paper,we choose the complete contract approachand show that the
license extension policy is indeed time consistent. In fact, these two
approaches are equivalent in the environment considered by this paper.
We can easily show that license extension satisfies ex-post rationality in
the incomplete contract approach.

Empirical studies on the role of such an ownership/license
mechanism are almost nonexistent. One recent paper by Brickley et al.
(2006) is an exception. This paper studies the impact of contract exten-
sions on the incentives of franchisees in business franchising. They find
that “contract duration is positively and significantly related to the
franchisee's physical and human capital investments.” This empirical
finding is consistent with our theoretical finding on infrastructure in-
vestments under a BOT scheme.

This paper is related to the literature on privatization and regulation.
There is a big debate on the costs and benefits of privatization and those
of public ownership. It is generally agreed that privatization enhances
production and investment efficiency since private companies have
stronger incentives and can run businesses more efficiently than can
governments (see, for example, Dewatripont andMaskin, 1995; Kornai,
2000). However, private ownership will reduce consumer surplus7 and
there are difficulties in regulating private firms in non-competitive
industries (see Laffont and Tirole, 1993). There seems to be a way to
solve (at least partly) the tradeoff, which is to use public–private part-
nerships (PPP). In PPP, investment is made by private firms and projects
are run and managed by them, while the government purchases the
output (products or services) from the firms (i.e., government out-
sourcing) and delivers to the consumers (See Vaillancourt Rosenau,
2000;Hart, 2003;Martimort andPouyet, 2006; Auriol and Picard, 2009).
InBOT, there is private ownershipduring theconcessionperiod,whereas
there is public ownership after the concession period. Unlike the afore-
mentioned studies, our paper does not consider the optimality of private
versus public ownership or a combination of the two. Taking the BOT
structure as given, we examine the optimal contract in the presence of
both the incentive and monopoly issues.

The paper is organized as follows. In Section 2, we develop a
stylized BOTmodel. In Section 3, we derive an optimal BOT contract. In
Section 4, we consider four extensions. The first extension takes into
account the economic benefits and costs of ownership. With these
benefits and costs being included, a license scheme needs to be
redesigned to ensure both economic efficiency and time consistency.
The second extension has a price ceiling in the concession period. The
third extension has a foreign firm, in which case only part of the
profits (i.e., the profit tax) affects domestic social welfare. In the
fourth extension, we consider a BOT contract without price regulation.
We conclude the paper in Section 5. All the proofs are in Appendix A.

2. BOT model

2.1. The project

Consider a situation in which a government offers a BOT contract
to a (domestic) firm to build a large project (e.g., a highway) for use by
7 Estache (2002) shows that production efficiency gains from privatization are not
transferred to consumers.



Fig. 1. The license extension policy.

Fig. 2. The license extension scheme.
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the citizens of the country. The firm must make an investment with a
fixed cost, denoted k(q), which is a strictly increasing and differen-
tiable function of the quality, q, of the project, with k(0)=0 and
k′(q)N0.8 Let Q be the set of all possible qualities and so q∈Q. Once
the investment has been made, the fixed cost is sunk. This describes
the “B” in BOT. Assume that the quality, after being determined in the
“B” stage, does not change over time.

Once it has been built, the project lasts for two periods, which are
assumed to have equal length. The firm has the right to own and
operate the project in the first period and earns all the profits
generated in that period. This is the concession period, i.e., the “O” in
BOT. At the end of the concession period, the project is transferred to
the government. This is the “T” in BOT. The government may extend
the ownership license to the firm in the second period.

In reality, there aremany reasons for adopting the BOT approach in
developing large projects. In this model, we assume that the
government does not have the expertise and technology to build
the project and operate it in the first period. However, once the
project has been run for a long time (in the first period), the operation
becomes standard and the government may be able to run it as
efficiently as the firm runs it in the second period (we will relax this
assumption in Section 4).

2.2. Demand

Let xi(pi, q) be the demand function in period i for the service
provided by the project, with xi(pi, q)≥0 and xi(pi, 0)=0, where q is
the quality of the project and pi is the price charged for the service
(e.g., a toll fee for a highway). Let Ai(q) be the intercept of the demand
curve xi(pi, q) at the vertical axis.9 Demand increases with quality but
decreases with price, implying the signs for the derivatives: xi,q(p, q)N
0 and xi,p(p, q)b0 for i=1, 2.

2.3. Contracting

The government offers a BOT contract to the firm. In a basic BOT
contract, the government empowers the firm to build the project; it
guarantees that the firm owns and operates the project and receives
the profits in the first period10; and it requires that the project is
returned unconditionally to the government by the end of the first
period. In addition, a contract can also contain other elements that
vary under different policy environments, which are the main issues
studied in this paper.

The government faces two issues in a BOT project: the firm's
monopolyunder conditionsof privateownership, and thefirm's incentive
to invest inquality. Accordingly,we analyze abasic BOT contractwith two
additional elements to combat these twoproblems. First, the government
can specify the prices, p1 and p2, in the BOT contract. Price regulation is a
common practice in real-world BOT projects. In theory, price control is
known to be effective in dealing with monopoly power. Second, the
government could specify the quality q in the BOT contract.We study this
type of contract, called the first-best contract, in Subsection 3.1. However,
such a case is not realistic. Instead, as it is common in the incentive
literature, we assume that the government can observe quality q ex post
(i.e., after the concession period), but quality is not verifiable. This means
thatquality is neither contractiblenorenforceable.Weanalyze this case in
Subsection 3.2. In order to induce the firm to invest in high quality, the
8 Construction costs are crucial to the quality of large projects, such as highway
projects. As Riccardo Starace, Director of Midland Expressway (BNRR), states from
experience, “Spending 2–5% more on the materials for the subgrade and pavement can
prolong the life by 50%” (Walker and Smith, 1995, p. 62).

9 If xi(p, q)N0 for all p≥0, we let Ai(q)=∞.
10 We will discuss the government's commitment issue later, but it is not an issue
here because in this model, the government is not able to operate the project in the
first period and so has no incentive to seize the project before the end of the
concession period.
government can introduce a license extension policy that is a function of
theobservedquality.A license extensionpolicy allows thefirmtoown the
project continuously in thefirst sub-period,λ(q)≤1, of the secondperiod.
We consider the simplest license policy in which there is a pre-specified
threshold quality level, say q=q0, such that there is no license extension
in the secondperiod(λ=0) if theobservedquality isbelowthe threshold,
and λ=λ0N0 otherwise. This license function is depicted in Fig. 1.

Hence, a BOT contract is represented by (p1, p2, λ(q)).11 The main
structure of a typical BOT agreement is illustrated in Fig. 2.12

Since the license extension depends on the unverifiable quality of
the project, there is a government commitment problem or a time
consistency problem. We will address this issue in Subsection 4.1.
2.4. Profit and welfare

Given the prices and quality, (p1, p2, q), the consumer surpluses
are given by

s1ðp1; qÞ = ∫A1ðqÞ
p1

x1ðz; qÞdz; s2ðp2; qÞ = ∫A2ðqÞ
p2

x2ðz; qÞdz:

Let the cost of providing services from the project in period i be
ci(x), with ci(x)≥0 and ci(0)=0. Note that k(q) is the fixed cost and
c1(x1) and c2(x2) are the variable costs. Then, the one-period
operating profits are, respectively,

π1ðp1; qÞ≡p1x1ðp1; qÞ−c1½x1ðp1; qÞ�; π2ðp2; qÞ≡p2x2ðp2; qÞ−c2½x2ðp2; qÞ�:
ð1Þ

Some restrictions on the cost functions will be imposed later when
it is more appropriate to discuss.
11 Of course, we omit the other basic elements mentioned earlier (i.e., the firm is
empowered to build and own and then transfer the project) in this contract
representation. A more sophisticated contract may stipulate that the second-period
regulated price is also dependent on the observed quality, i.e., {p1, p2(q), λ(q)}.
However, a fixed price has already enabled us to achieve the first best as stated in
Proposition 1 below. Hence, this generality in prices is unnecessary.
12 We have assumed equal lengths for the two periods. There is no loss of generality
since the demand functions can absorb a difference in period lengths. By properly
adjusting the demand functions, we can always make the two periods equal in length.
In fact, the second period can be infinite.
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3. Analysis

3.1. The first best: the benchmark case

Consider first the benchmark case: Suppose that the project
quality is contractible and so the government can offer the firm a
contract that specifies both prices and quality. The first best or
efficiency is achieved in this case since the incentive and monopoly
problems are absent.

The government's optimization problem is

WB = max
p1 ;p2 ;q

s1ðp1; qÞ + π1ðp1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ−kðqÞ; ð2Þ

where the superscript B signifies the first-best outcome. The
corresponding first-order conditions (FOCs) are

s1 ;pðp1; qÞ + π1;pðp1; qÞ = 0;

s2;pðp2; qÞ + π2;pðp2; qÞ = 0;

s1;qðp1; qÞ + π1;qðp1; qÞ + s2;qðp2; qÞ + π2;qðp2; qÞ = k′ðqÞ;

which can be simplified to

pB1 = c′1½x1ðpB1; qBÞ�; ð3Þ

pB2 = c′2½x2ðpB2; qBÞ�; ð4Þ

s1;qðpB1; qBÞ + s2;qðpB2; qBÞ = k′ðqBÞ: ð5Þ

These three equations jointly determine the first-best outcome,
(p1B, p2B, qB). Eqs. (3) and (4) are the standard efficiency formulas
stating that the price must equal the marginal cost in equilibrium.
Eq. (5) is the formula for quality: quality is set so that the marginal
social benefit of improving the quality is equal to the marginal social
cost.

3.2. The optimal BOT contract when quality is not contractible

Now, we turn to the BOT model in which quality is not
contractible. We are interested in the possibility of designing a BOT
contract (p1, p2, λ(q)) that induces the first-best outcome. Note that
even if license extension is based on non-contractible (but observ-
able) quality, in the environment described in the main model, the
government will not have incentive to deviate from the pre-
committed license extension, which will become clear at the end of
this subsection. In Subsection 4.1, we will explore the optimal BOT
contracts when the government commitment problem arises in
different environments.

Given the contract, (p1, p2, λ(q)), the firm decides whether to
reject or accept it. The firm's expected profit from the project is:

Πðp1;p2; qÞ≡ π1ðp1; qÞ + λðqÞπ2ðp2; qÞ−kðqÞ; ð6Þ

where the per-period profit functions, π1 and π2, are defined in
Eq. (1). The firm chooses the quality to maximize its expected profit in
Eq. (6).

The government's problem is to design a contract, {p1, p2, λ(⋅)}, that
maximizes socialwelfare,which is the sumof the consumer surplus and
thefirm's profits. Letp′2 be the price set by the government in the second
period if the government runs the project by itself and p2 be the price in
the second period when the firm has ownership. Then, the govern-
ment's problem is

W* = max
p1;p2 ;p

′
2 ;q;λð⋅Þ

s1ðp1; qÞ + π1ðp1; qÞ + λðqÞ½s2ðp2; qÞ + π2ðp2; qÞ�

+ ½1−λðqÞ�½s2ðp′2; qÞ + π2ðp′2; qÞ�−kðqÞ
s:t: Πðp1; p2; qÞ≥Πðp1;p2;−q Þ for all−q∈Q ; ðICÞ

Πðp1; p2; qÞ≥0: ðIRÞ ð7Þ

Problem (7) does not rely on the troublesome first-order approach
(FOA). The incentive-compatibility (IC) condition ensures that the
firm will be induced to choose the desired quality, q, proposed by the
government. The individual-rationality (IR) condition ensures the
firm's willingness to take the project.

The following proposition characterizes the sufficient conditions
under which the optimal solution to the above problem reaches the
first-best outcome.

Proposition 1. Assume

π1ðpB1; qÞ−π1ðpB1; qBÞ≤ kðqÞ; for q b qB; ð8Þ

π2ðpB2; qBÞ≥ kðqBÞ; ð9Þ

c′iðxÞ≥ c′iðxBi Þ; for x≥ xBi ; ð10Þ

where xi
B≡xi(piB, qiB). Then, an optimal solution, Ω*≡{p1* , p2* , p′2* , q*, λ*(⋅)},

to problem (7) is determined by

p⁎1 = pB1;

p⁎2 = p′2⁎ = pB2;

q⁎ = qB;

λ⁎ðqÞ =
(
0; for 0≤ q b qB;

kðqBÞ= π2ðpB2; qBÞ; for q≥ qB:

8>>>>>>>>><
>>>>>>>>>:

ð11Þ

This solution is efficient.

Hence, under price regulation, with a properly designed license,
the first-best outcome is achieved.

Condition (8) says that the firm's benefit from deviating from the
first-best quality, qB, is not too large. On the other hand, Condition (9)
means that demand is sufficiently strong so that the second-period
profit is large. This is to give large incentive to the firm to invest in
the first-best quality so that it can obtain part of the second period
profit due to license extension. Hence, with the aid of this license
policy, these two conditions work together to induce investment at
high quality.

There must be another force to prevent the firm from over investing
inquality.Given the license function inEq. (11), Condition (10)doespart
of the job. If the firm invests at a quality level higher than the first-best,
then not only the investment cost, k, increases, but its marginal cost is
also higher (Condition (10)) because higher quality raises demand,
while the length of the extension in the second-period operation is not
longer. Hence, the firm has no incentive to raise its quality. More precise
analysis can be found in the proof. Condition (10) can be justified for
many BOT projects like power stations, bridges and roads, which have a
natural limit of capacity. Once the capacity is reached, themarginal cost
of increasing production or services will be higher (at least not lower).
Note that all the three conditions, Eqs. (8)–(10), are sufficient conditions
for BOT to achieve thefirst-best. Condition (8) is necessary, but it is a very
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weak condition for obvious reasons. However, conditions (9) and (10)
are not necessary.13

The license function defined in Eq. (11) has the properties as
shown in Fig. 1. Because π2(p2B, qB)≥k(qB), we have 0≤λ*(q)≤1 for all
q∈Q.

The optimal BOT contract in Proposition 1 completely solves the
problems of incentives and monopoly power: it induces the correct
incentive for the firm to invest in quality and tackles the monopoly
problem under the firm's ownership. Here, the license mechanism
plays a critical role. In order to deal with the monopoly power under
the firm's ownership, the government imposes the first-best prices.
However, given low prices, the firm may not have the incentive to
provide the first-best quality. To deal with this problem, the
government uses the license extension scheme to induce the firm to
invest the first-best quality. We now provide the intuition for how the
first-best quality level is achieved (i.e., the IC condition). Note that
since the firm pays all the investment cost but gets part of the social
benefit (the profit, not the consumer surplus), it will not voluntarily
invest to provide the socially optimal quality even if it is allowed to run
the project in the entire second period. The trick of the license
extension is to give the firm a “punishment” if it fails to invest at the
efficient quality level (i.e., qB), but to give it a reward if it invests at
the efficient quality level. Since the government cannot really punish
the firm according to the contract, what it can do is not to extend the
license to the firm in the second period. Given this, in order to induce
the firm to invest to provide the efficient quality, the reward must be
sufficiently large. Since there is no direct monetary reward, the
government relies on extending the second-period license, allowing
thefirm to receivemore profits. The idea is to choose a sufficiently long
extension period to induce the firm to provide high quality. The λ*(qB)
chosen in Proposition 1 is the minimum length.

Note that any value of the extension length between the minimum
length and 1 (i.e., λ*≤λ≤1) will work. This is because the efficient
quality also maximizes the firm's operating profits in each period
(This is proved in the Appendix A). Thus, extending the license period
will not induce the firm to increase the quality level because that
would only increase its investment cost without extra benefit.
Overinvestment by the firm would never occur. The key is that λ(q)
is not increasing after qB while π2 is decreasing.

The IR conditionwill be satisfied if sufficient profit from theproject is
earned by the firm. Condition π2(p2B, qB)≥k(qB) is a sufficient condition.
However, the actual condition for IR canbemuchweaker. If thefirmalso
derives positive profits (excluding investment cost k) from the first
period, it will help relax the above constraint. In addition, in reality,
firms often receive large side benefits from accepting BOT offers, which
also helps cover part of the investment costs.14

It is important to note that although quality is not verifiable and
hence even with the BOT contract, the government is tempted not to
extend the license to the firm ex post, the government will not break
its commitment. When the firm has invested at quality qB, the
13 It is interesting to examine empirically whether in reality many BOT projects
satisfy those conditions. Note that condition c′i(x)≤c′i(xiB) for x≤xi

B, together with
condition π1,q(p1B, q)≥0, implies Eq. (8). If ci(x) is convex for x≥xi

B, condition (10) is
satisfied.
14 For example, in a highway project, the government may allow the firm to develop
the land, such as warehouses or retail areas, at the intersection locations along the
highway. In an airport, certain companies are given exclusive rights to open shops in
the airport. The government may provide a purchase guarantee such as a guarantee
that the government offices buy the product only from this company. In Hong Kong,
the subway company is typically given land development rights to build residential
apartments and commercial complexes near and above the subway stations. In some
cases, where no such land is available, the government typically provides a financial
transfer to the company. The derived value from such land development is usually
large enough to cover part or all the investment cost. Note that we do not include this
benefit in the model, but it should strengthen our results because it gives the
government an additional policy tool to resolve the incentive and monopoly issues.
government has no incentive not to extend the license because, by
doing so, it gains nothing. The main reason is that under our
assumption, given the same output price, there is no difference in
social welfare whether the project is run by the firm or by the
government in the second period. Hence, the license policy is (weekly)
time consistent. Wewill further investigate the time consistency issue
in a less restrictive setting in Section 4.

Finally, after observing the quality, q, and hence the second-period
demand, x2(p2, q), the choice of the second period price, p2B, is also
optimal ex post (ex-post efficiency). Therefore, the government has
no incentive to change the second-period price (another dimension of
time consistency).

4. Extensions

The main result (i.e., Proposition 1) established in the preceding
section is that efficiency is obtainable by a BOT contract with an extend-
able license andprice regulation. In this section,we reexamine this result
with some modifications to the main model to better fit some realistic
situations. We consider four extensions, with each modifying one as-
sumption in themain model: ownership, price ceiling, foreign firm, and
price regulation, respectively. All extensions support the main result.

4.1. Ownership: the optimal BOT contract when the government cannot
commit

In this subsection, we reconsider the optimal BOT contract when
ownership has economic implications. In the main model, public
ownership and private ownership in the second period are assumed
to be equivalent in profitability andwelfare. Under this assumption, the
BOT contract in Proposition 1 is (weekly) time consistent as explained
before. Specifically, in the second period, the social welfare is the same
whichever party owns the project. Hence, the government has no
incentive to deviate from its license extension policy ex post. However,
there are at least two factors that potentially affect the time consistency
of the license policy. First, there is generally a cost from raising taxes. By
taking over the project, the government receives income from the
project, which saves the cost of raising taxes elsewhere. Moreover,
transferringmoney from the firm to the government is also costly. Thus,
socialwelfare under private ownershipwill be different from that under
public ownership.15

Second, public ownership is generally less efficient than private
ownership. Management by the government suffers from bureau-
cratic inefficiency due to its huge organization and various incentive
and information problems.16 Again, social welfare will be different
under private ownership from under public ownership in the second
period, which affects the government's commitment to the license
policy.

Considering the benefits and costs of public ownership in the
second period, we need to redesign the license scheme. Because
public ownership and private ownership are no longer welfare
equivalent, the first-best outcome may require a private ownership
extension in the second period. Suppose that λ0 is the extension
length according to the first-best outcome (to be defined below).
Then, the time -consistency problem only arises for the sub-period
after λ0 in the second period. Accordingly, we assume that under public
ownership inperiod [1+λ0, 2], there is a savings on thedeadweight loss
of collecting taxes elsewhere, which can be considered as a function of
15 We would like to thank Editor Dilip Mookherjee for raising this point.
16 There is a large literature on privatization, covering both developed and
developing economies. Much of the literature shows, in theoretical and empirical
analyses, that privatization of state-owned firms improves profitability. In addition to
those studies mentioned in the Introductory section, see also Ehrlich et al. (1994),
Gupta (2005), and surveys by Megginson and Neffer (2001) and Turhan (2005).
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total profit directly accrued to the government, denoted as B[(1−λ0)
π2], but there is also an efficiency loss due to the government's running
of the project, which is also a function of total profit directly accrued to
the government, denoted as C[(1−λ0)π2]. Both B(⋅) and C(⋅) are
increasing functions.With these costs and benefits, we redo the analysis
of the previous section below.

4.1.1. The first best
Consider first the benchmark case where quality is contract-

ible. The government offers the firm a contract that specifies the
prices, quality and license extension. The government's first-best
problem is

WE = max
p1 ; p2 ; p

′
2; q;λ0

s1ðp1; qÞ + π1ðp1; qÞ + λ0½s2ðp2; qÞ + π2ðp2; qÞ�

+ ð1−λ0Þ½s2ðp′2; qÞ + π2ðp′2; qÞ�−kðqÞ
+ B½ð1−λ0Þπ2ðp′2; qÞ�−C½ð1−λ0Þπ2ðp′2; qÞ�:

ð12Þ
Letting superscript E stand for the first-best outcome in this case,

the FOCs are:

pE1 = c′1½x1ðpE1; qEÞ�; ð13Þ

pE2 = c′2½x2ðpE2; qEÞ�; ð14Þ

pE2′ = pE2; ð15Þ

s1;qðpE1; qEÞ + s2;qðpE2; qEÞ = k′ðqEÞ; ð16Þ

B′½ð1−λE
0ÞπE

2� = C′½ð1−λE
0ÞπE

2�; ð17Þ

where π2E≡π2(p2E, qE). The solutions to the above FOCs, denoted as (p1E,
p2
E, qE, λ0E), produce the first-best outcome. Given the values of the other

four variables and by assuming concavity of B(⋅) and strict convexity of
C(⋅), the optimal λ0E is unique. Conditions (13)–(17), except (15), all
mean that the marginal benefit equals the marginal cost, which are
standard efficiency conditions. In particular, themarginal-cost pricing in
Eqs. (13) and (14) means that the prices are set so that the marginal
revenue equals the marginal cost in each period; condition (16) means
that themarginal cost of quality equals themarginal cost of quality; and
condition (17) means that the marginal benefit of an license extension
equals the marginal cost.

4.1.2. The second best
If quality is not contractible, the firm chooses the quality of the

project after accepting the contract. The firm's expected profit from
the project is:

Πðp1;p2; qÞ≡π1ðp1; qÞ + λðqÞπ2ðp2; qÞ−kðqÞ:

Then, the government's second-best problem is

W* = max
p1 ;p2 ;p

′
2 ;q;λð⋅Þ

s1ðp1; qÞ + π1ðp1; qÞ + λðqÞ½s2ðp2; qÞ + π2ðp2; qÞ�

+ ½1−λðqÞ�½s2ðp′2; qÞ + π2ðp′2; qÞ�−kðqÞ
+ B½½1−λðqÞ�π2ðp′2; qÞ�−C½½1−λðqÞ�π2ðp′2; qÞ�

s:t: Πðp1; p2; qÞ≥Πðp1;p2;−q Þ forall−q∈Q ; ðICÞ
Πðp1; p2; qÞ≥0: ðIRÞ ð18Þ

Given any solution which generates the first-best outcome, i.e., (p1E,
p2
E, qE, λ0E), and with reference to this solution, we can derive an optimal

solution to the above second-best problem and achieve the first-best
outcome. This result is formally stated in the following proposition.
Proposition 2. Assume

π1ðpE1; qÞ−π1ðpE1; qEÞ≤ kðqÞ; for q b qE; ð19Þ

λE
0π2ðpE2; qEÞ≥ kðqEÞ; ð20Þ

c′iðxÞ≥ c′iðxEi Þ; for x≥ xEi ; ð21Þ

where xi
E≡xi(piE, qiE). Then, {p1* , p2* , p′2* , q*, λ*(⋅)} defined by

p⁎1 = pE1;

p⁎2 = p′2⁎ = pE2;

q⁎ = qE;

λ⁎ðqÞ =
(
0; for 0≤ q b qE

λE
0; for q≥ qE

8>>>>>>>>><
>>>>>>>>>:

ð22Þ

is an optimal solution to problem (18). This solution is efficient and
time consistent.

The discussion on the three conditions (or assumptions) following
Proposition 1 also applies to the three conditions (or assumptions) in
Proposition 2. In particular, condition (20) means that the reward from
the license extension is enough to cover the construction cost. As
discussed in Section 3 (after Proposition 1), this is a sufficient condition
to ensure that the IR constraint ismet. Note that this condition is slightly
different from that in Proposition 1. In Proposition 1, λ*(qB) is chosen at
the minimum value to ensure that the firm has the correct incentive to
invest in the efficient quality, but it can be any larger value. Therefore, a
weaker sufficient condition (for IR) is imposed because the government
can always extend the license for the entire second period. In contrast,
λ*(qE) in Proposition 2 is uniquely determined by Eq. (17). Hence, the
government has no flexibility to adjust the license period to affect the IR
constraint. However, as discussed after Proposition 1, this sufficient
condition can be weakened by recognizing the first-period profit and
other possible side benefits.

An interesting question is why the first-best license extension
length λ0

E, determined by Eq. (17), is also the length to induce the firm
to invest in the targeted quality. As it is proved in the Appendix A, the
socially optimal quality level also maximizes the firm's operating
profit in each period and so the government does not need to fine tune
the license extension length to affect the firm's quality investment. So
long as the reward is sufficiently large (i.e., λ0

E is sufficiently large), the
firm will follow the target to make its investment.

Is the license policy time consistent? At t=1, the government's
problem is

max
p2 ; p

′
2 ;λ0

λ0½s2ðp2; qEÞ + π2ðp2; qEÞ� + ð1−λ0Þ½s2ðp′2; qEÞ + π2ðp′2; qEÞ�

+ B½ð1−λ0Þπ2ðp′2; qEÞ�−C½ð1−λ0Þπ2ðp′2; qEÞ�:

The FOCs of this problem for the three choice variables are the
same as Eqs. (14), (15) and (17). Hence, (p2E, λ0

E) with p′2=p2
E is

optimal ex post. This means that the ex ante solution in Proposition 2
is time consistent. The intuition is as follows. As discussed before, the
firm never overinvests and so the government's job is to choose a
sufficiently long license extension to induce the correct investment
level (or to discourage underinvestment). Thus, the government ex
ante chooses the ex post optimal license extension length, which
plays two roles at the same time: balancing the benefit and cost of
public ownership and inducing investment at the target quality.
Because of this flexibility, by choosing the ex post optimal license
policy in the ex ante contract, the time consistency problem is solved.



17 Since Proposition 3 is a generalization of Proposition 1 (when the price ceiling is
the welfare-maximizing price and with a tax, T), we can replace the conditions in
Proposition 1 by the conditions in Proposition 3, which is Tirole's approach (Tirole
1988, p.178). A constant marginal cost in Proposition 3 is actually unnecessary; this
assumption substantially reduces the complexity of the proof.
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4.2. Ramsey pricing and price ceiling during the concession period

We now return to the main model to explore another extension.
Recall that in Section 3, we consider the case in which the firm must
charge the price set by the government. Let us call this case strict price
regulation. In this subsection, we relax this type of price regulation by
considering a price ceiling. That is, a price ceiling replaces the strict
price regulation in the concession period. Moreover, the price ceiling
is assumed to be given exogenously, i.e., it is not a policy variable. In
particular, we allow the price ceiling to be any level higher than the
welfare-maximizing price. However, the second-period price is still
determined by the government no matter who runs the project. This
realistic extension is motivated by the concern that in the case of strict
price regulation, the welfare-maximizing price (the marginal-cost
pricing) might be too low such that the firm's profit is not sufficient to
cover the investment cost. In that case, the IR constraint is difficult to
meet without using side benefits. Allowing the firm to charge a price
higher than the marginal cost (approaching the Ramsey price) helps
to alleviate the IR constraint.

When quality is contractible, we have the first-best problem, but
this notion of first best is weaker than that in Section 3 in the sense
that the firm's monopoly power in the first period is not fully checked.
Let p ̄1 be the price ceiling. Since, in the first-best case, the government
runs the project in the second period, the firm's problem is

Π = max
p1≤−p1

π1ðp1; qÞ−kðqÞ:

Without loss of generality, assume that the price ceiling is less
than the firm's profit-maximizing price level. Then, the first-period
price hits the ceiling. Hence, the government's optimization problem
becomes

WC≡max
p2 ;q

s1ð−p1; qÞ + π1ð−p1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ−kðqÞ; ð23Þ

where the superscript C denotes the first-best outcome in the case of
price ceiling. The FOCs imply that

pC2 = c′2½x2ðpC2 ; qCÞ�; ð24Þ

s1;qð−p1; qCÞ + π1;qð−p1; qCÞ + s2;qðpC2 ; qCÞ + π2;qðpC2 ; qCÞ = k′ðqCÞ; ð25Þ

which determine the first-best price, p2C, and quality, qC.
We now consider the second-best problem in which quality is not

contractible. Given a contract, (p1, p2, λ(⋅)), the firm's profit is

Πðp1;p2; qÞ≡π1ðp1; qÞ + λðqÞπ2ðp2; qÞ−kðqÞ: ð26Þ

In the second period, nomatter whomanages the project, since the
objective is the same, the government will set the same price for the
whole period. This allows us to eliminate λ(⋅) from the objective
function. Hence, the government's optimization problem is

W⁎≡ max
p1 ;p2 ;q;T;λð⋅Þ

s1ðp1; qÞ + π1ðp1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ−kðqÞ

s:t:Πðp1; p2; qÞ≥Πðp′1;p2; q′Þ;p′1≤ p1; q
′∈Q ; ðICÞ

Πðp1; p2; qÞ≥0: ðIRÞ
ð27Þ

Assume that π2(p2C, qC)≥k(qC), which ensures the existence of a
properly designed license policy. Again, the first-best outcome is
obtainable by a properly designed license policy under a price ceiling.

Proposition 3. Suppose that the demand function, xi(pi, q), is concave in
q, the cost function, ci(x), has a constant marginal cost, (e.g., ci(x)=cix),
and the price ceiling is between the marginal cost and the firm's profit-
maximizing price. Then, an optimal solution, (p1* , p2* , T*, λ*(⋅)), of problem
(27) is defined by

p⁎1 = −p1; p�2 = pC2 ;

q� = qC ;

T�≤π1ðpC1 ; qCÞ;

λ�ðqÞ =
(
0 for q∈½0; qCÞ;

kðqCÞ= π2ðpC2 ; qCÞ for q≥qC :

8>>>>>>>>><
>>>>>>>>>:

ð28Þ

This solution is efficient.17

The license function in (28) is similar to that in (11). With π2(p2C,
qC)≥k(qC), we have 0≤λ*(q)≤1 for all q∈ Q.

Proposition3 shows that, evenwithout strict price regulation in the
concession period, the incentive problem can be resolved completely
by a similar license policy as in Proposition 1. However, there is a
crucial difference between Propositions 1 and 3. In Proposition 1, with
a strict price control in both the concession period and the extended
period, the government can completely eliminatemonopoly power. In
Proposition 3, with a limited price control in the form of an exoge-
nously given price ceiling, the firm is allowed to exercise a certain
degree of monopoly power, which is captured by the difference
between the price ceiling and the welfare-maximizing price. As a
result, full efficiency is generally not achievable in Proposition3,where
full efficiency in the context of ourmodelmeans a complete resolution
of both monopoly power and the agency problem. However, the
incentive problem can be completely solved.

4.3. Foreign firms and BOT contracts

Suppose now that the firm in the BOT is a foreign firm. This is a
realistic extension because BOT projects usually welcome bids from
all over the world. The winners may be foreign firms, especially on
BOT projects in developing countries. This change in the model has
strong implications for the welfare function and hence the first-best
outcome. The firm faces an economy-wide profit tax, which is
exogenously given as τ ∈ (0, 1). Suppose that the government can
also levy a lump-sum tax, T, on the firm. It is clear that the country's
welfare is different from the case of domestic firm only when the
profit, if it exists, accrues to the foreign firm and so does not belong
to the domestic country. Therefore the issue becomes interesting
only when positive profit exists in both periods. Accordingly, we
assume that the firm has non-negative profit (including the fix
investment cost) in the first period. This would also allow us to avoid
subsidy to the foreign firm in the first period in the general welfare
formula below.

If quality, q, is contractible, since only part of the firm's profit, via
taxes, goes to domestic welfare, in the absence of the moral hazard
problem regarding quality, the government will surely run the project
by itself in the second period. Thus, the first-best problem is

WF = max
p1 ;p2 ;q

s1ðp1; qÞ + τ½π1ðp1; qÞ−kðqÞ� + s2ðp2; qÞ + π2ðp2; qÞ;



18 We could also consider the case in which the license extension depends on prices.
However, this case is equivalent to the case with price regulation in the last section.
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where the superscript F denotes the first-best outcome when a
foreign firm is in the BOT. The FOCs define the first-best outcome, (p1F,
p2
F , qF), which is jointly determined by

pF1 = c′1½x1ðpF1; qFÞ� + ð1−τÞ x1ðpF1; qFÞ
x1;p1 ðpF1; qFÞ

;

pF2 = c′2½x2ðpF2; qFÞ�;

sqðpF1; qFÞ + sqðpF2; qFÞ = τk′ðqFÞ− τð1−τÞx1ðpF1; qFÞ
x1;p1 ðpF1; qFÞ

x1;qðpF1; qFÞ:

8>>>>>>>><
>>>>>>>>:

ð29Þ

Note that the pricing law for the first period is different from that
without a foreign firm. The price is lower (than the marginal cost) in
this case because the government is less concerned about the firm's (it
is the foreign firm) profit.

Now suppose that quality is not contractible but there is price regu-
lation. Similar to the analysis in Section 3, the government's problem
becomes

W* = max
p1 ;p2 ;p

′
1 ;q;T;λð·Þ

s1ðp1; qÞ + τ½π1ðp1; qÞ−kðqÞ� + λðqÞ½s2ðp2; qÞ + τπ2ðp2; qÞ�

+ ½1−ðqÞ�½s2ðp′2; qÞ + π2ðp′2; qÞ� + T

s:t: ∏ðp1;p2; qÞ≥∏ðp1; p2;−q Þ forall−q∈Q ; ðICÞ
∏ðp1;p2; qÞ≥ 0; ðIRÞ ð30Þ

where the firm's expected profit is given as

∏ðp1;p2; qÞ = ð1−τÞ½π1ðp1; qÞ + λðqÞπ2ðp2; qÞ−kðqÞ�−T:

We show that a license policy can be properly designed to induce
efficient investment.

Proposition 4. Assume

π1ðpF1; qÞ−π1ðpF1; qFÞ≤ kðqÞ; for q b qF ; ð31Þ

c′iðxÞ≥ c′iðxFi Þ; for x≥ xFi ; ð32Þ

π1ðpF1; qFÞ≥ kðqFÞ; ð33Þ

π2ðpF2; qFÞ≥ kðqFÞ−ð1−τÞ ½x1ðp
F
1; q

FÞ�2
x1;p1 ðpF1; qFÞ

; ð34Þ

where xi
F≡xi(piF, qiF). An optimal solution to problem (30) is ΩF=(p1�,

p2
�, q�, T �, λ�(⋅)), where

p*1 = pF1; p
*
2 = p′2* = pF2;

q* = qF ;

λ*ðqÞ =

(
0 for 0≤ q b qF ;

kðqFÞ−ð1−τÞ ½x1ðp
F
1; q

FÞ�2
x1;p1 ðpF1; qFÞ

π2ðpF2; qFÞ
for q≥ qF ;

T* = ð1−τÞλ*ðqFÞπ2ðpF2; qFÞ:

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð35Þ

This solution is efficient.

ΩF given in Eq. (35) is uniquely defined. The functional form of the
license function is similar to that in Eq. (11). Because of Eq. (34), we
have 0≤λ�(q)≤1 for all q ∈ Q. Proposition 4 shows that this license
policy under price regulation and a lump-sum tax, T*, can achieve the
first-best outcome.

Note, Condition (34) says that the second-period profits should
cover the investment cost, k(qF), plus a positive amount. This condition
is stronger than the corresponding one, Eq. (9), in Proposition 1. Recall
that these two conditions are toprovide additional incentive for thefirm
to invest in quality (with the license extension). However, in the foreign
firm case, the first period price is further reduced (below the marginal
cost, as shown by Eq. (29)). Hence, to restore the high incentive for
quality investment, more incentive from the second period should be
given to compensate the profit reduction in the first period.

At the beginning of this subsection, we argue that it is more
interesting to focus on the case where the firm earns non-negative
profit, π1(p1F , qF)≥k(qF), in the first period. Now we show that this
condition is in fact important for us to derive a policy to achieve the
first-best outcome. This profitability condition is due to T*≥0, which
means a lump-sum tax, not a subsidy. By construction of our policy, T*

is chosen to achieve efficiency (the maximum welfare) for the
domestic economy. Given that the prices and equality are (ormust be)
the first best, T* must have the form in (35); since this T* takes all the
second-period profit away from the firm, the firm's first-period profit
must be able to cover its investment/fixed cost to ensure the parti-
cipation condition being met.

The use of the lump-sum tax is to maintain the first-best welfare
level. Unlike the case when a domestic firm is in the BOT, the welfare
when the project is run by a foreign firm is different from that when it
is run by the government. To induce incentives, the foreign firm is
given a chance to run the project in the second period, but that will
reduce the welfare. A way out is to let the lump-sum tax restore the
welfare level without distorting the incentives.

4.4. BOT without price regulation

In this subsection, we analyze the case in which the government
does not regulate the prices when the firm runs the project, but still
allows for a license extension. We intend to use this case to highlight
the role of price regulation in the main model.

Given λ(⋅), with the power to decide its own prices, the firm's
problem is to choose {p1, p2, q} to maximize its expected profit18:

∏̂ = max
p1 ;p2 ;q

π1ðp1; qÞ + λðqÞπ2ðp2; qÞ−kðqÞ; ð36Þ

where ahat (∧) indicates noprice regulation. Knowing that thefirmwill
choose prices andquality according to Eq. (36), thegovernment chooses
{p′2, λ(⋅)} tomaximize social welfare, where p′2 is the price in the period
under government ownership. That is, the government's problem is

Ŵ = max
p1;p2 ;p

′
2 ;q;λð�Þ

s1ðp1; qÞ + π1ðp1; qÞ + λðqÞ½s2ðp2; qÞ + π2ðp2; qÞ�

+ ½1−λðqÞ�½s2ðp′2; qÞ + π2ðp′2; qÞ�−kðqÞ
s:t: ∏ðp1;p2; qÞ≥∏ð−p1;−p2;−q Þ; forall−q∈Q ;−p1;−p2≥0; ðICÞ

∏ðp1;p2; qÞ≥0: ðIRÞ

ð37Þ

Proposition 5 below gives the solution. It shows that, when there is
no price regulation, (i) the first best is not achievable, and (ii) the
government will not extend the firm's ownership.

Proposition 5. An optimal solution, Ω̂≡{p̂1, p̂′2, q̂, λ̂(·)} to problem
(37) is defined by

π1;pðp̂1;q̂Þ = 0;
p̂′2 = c′2½xðp̂′2;q̂Þ�;
π1;qðp̂1;q̂Þ = k′ðq̂Þ;
λ̂ð⋅Þ = 0;

8>>><
>>>:

ð38Þ

if π1(p ̂1, q̂)≥k(q̂). In particular, λ̂(·) is the optimal contract without
price regulation, which induces the firm to choose (p̂1, q̂). This solution is
inefficient.
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Condition π1(p̂1, q ̂)≥k(q ̂) ensures the IR condition. Without a
license extension, the firm needs sufficient profits, π1(p ̂1, q ̂) in the
first period to cover the investment cost k(q̂).

In the proof of Proposition 5, we do not impose any specific form on
the license function, λ(⋅), such as that in Fig. 1. Nevertheless, λ̂(·)=0.
Therefore, the optimal contract is a pure BOT contract in which the firm
operates in the first period only.

Why λ̂(·)=0? By Eq. (36), the FOCs for the prices are

π1;pðp1; qÞ = 0 ; π2;pðp2; qÞ = 0 :

These equations imply that

p̂1 N c′1½x1ðp̂1; q̂Þ� ; p̂2 N c′2½x2ðp̂2; q̂Þ�;

that is, the prices are set higher than themarginal costs of production.
This monopoly pricing is in sharp contrast to the marginal-cost
pricing for the BOT contract under price regulation in Eqs. (3) and (4).
The two well-known distortions associated with a monopoly
(Spence, 1975) are present in the case without price regulation: (a)
the price is higher than themarginal cost, and (b) quality is not at the
socially optimal level. When the government has two independent
control instruments, price regulation and a license policy, for the
regulated BOT, the two problems can be solved completely. In the
absence of price regulation, only one control instrument (i.e., the
license policy) is left and, hence, it is not surprising that the first-best
outcome cannot be restored. However, what is surprising from
Proposition 5 is that the remaining instrument has no role to play, i.e.,
λ(⋅)=0. The reason is as follows. Recall that with price regulation,
the government can easily eliminate the price distortion. But thatwill
also reduce the firm's incentive to invest in quality. To restore the
incentive, the firm is offered a license extension to run the project in
the second period. Without price regulation, price distortion cannot
be eliminated directly. If the quality chosen by the firm is lower than
qB, then the license policymay help to reduce or eliminate this quality
distortion. However, this will induce the firm to charge a higher price,
making the price distortion worse. If the quality chosen by the firm is
higher than qB, then the license policy will make both the price and
quality distortions worse. On the other hand, since the government
will set the marginal-cost pricing in the second period when it runs
the project (see (38)), not extending the license allows the price
distortion to be eliminated earlier. Thus, the government chooses
λ(⋅)=0 to minimize the total distortion.

5. Concluding remarks

Incentives and monopoly power are two key issues inherent in
BOT projects. This study analyzes the effectiveness of two policy
instruments, i.e., price regulation and license extension, in dealing
with those issues. Through price regulation, the government can
impose marginal-cost pricing during the concession period. Using a
license policy, the government can induce the firm to invest at the
socially optimal level. Hence, the first-best outcome can be reached
by a properly designed BOT contractwith price regulation and license
extension.

The above results are obtained using a simplifiedmodel that aims at
capturing only the key features of BOT contracts. There are many
potentially interesting extensions of this model. In Section 4, we have
studied four extensions. In the first case, we take into account different
economic implications of public versus private ownership.We properly
redesign the license policy to obtain the efficient result. In the second
case, a price ceiling replaces strict price regulation in the concession
period and Ramsey pricing is used. Again, the first-best outcome is
achievable. In the third case, the firm taking the BOT project is a foreign
firm. Full efficiency can still be achieved. In the last case, if for whatever
reason, the price is not regulated during the concession period, there is
no role for a license policy to play. This supports the importance of
regulation-cum-license extension found in the main model.

We may also consider random demand. With uncertain demand,
an efficient solution needs to include a proper risk-sharing scheme
between the private firm and the government, in addition to the
incentive and monopoly problems. We can show that a BOT contract
can still achieve efficiency.

Another possible extension is to consider a case inwhich aminimum
level of quality at the end of the concession period is specified in a
contract, provided that such a minimum level is verifiable. A realistic
situation is that thequality of a project deteriorates over time. If a proper
penalty is introduced and some risk in achieving a targeted level of
quality is involved, a minimum quality requirement may force the firm
to invest sufficiently in quality.

The BOT approach has been popular across the world. It
will be interesting to see more studies in this area so that we
can better understand BOT schemes and better design the
contracts.
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Appendix A

This appendix includes proofs of all propositions.

A.1. Proof of Proposition 1

This proof is only a special case of the proof of Proposition 2 with
B(⋅)=C(⋅)=0.

A.2. Proof of Proposition 2

Step 1. Identify the optimal solution.
Our strategy is to identify a contract that achieves the first-best

outcome. This contract is an optimal contract since there is no other
contract that can do better than the first-best outcome.We find such a
contract in three steps. First, let p′2=p2. Then, the government
problem becomes

W⁎ = max
p1 ;p2 ;q;λð⋅Þ

sðp1; qÞ + πðp1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ−kðqÞ
+ B½ð1−λðqÞÞπ2ðp2; qÞ�−C½ð1−λðqÞÞπ2ðp2; qÞ�

s:t: Πðp1; p2; qÞ≥Πðp1;p2;−q Þ forall−q∈Q ; ðICÞ
Πðp1; p2; qÞ≥0: ðIRÞ

ð39Þ

Second, given a function λ:Q→[0, 1], consider the following function:

Wðp1;p2; qÞ≡ sðp1; qÞ + πðp1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ−kðqÞ
+ B½ð1−λðqÞÞπ2ðp2; qÞ�−C½ð1−λðqÞÞπ2ðp2; qÞ�:

This function W(p1, p2, q) cannot possibly have a higher value
than the efficient level of social welfare in problem (12),
since whatever the social welfare value W(p1, p2, q) can obtain,
the objective function of problem (12) can obtain. But, if we
choose the license function λ*(q) defined in Eq. (22), then W(p1E,
p2
E, qE) achieves the efficient social welfare level in Eq. (12). The

question is whether or not this tuple (p1E, p2E, qE, λ*(⋅)) can also
satisfy the two constraints in Eq. (39). If it does, this tuple is an
optimal solution of Eq. (39), since it is not possible to have a
higher welfare value than this. The next two steps show that the
two constraints are indeed satisfied.
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Step 2. Verify the IC condition.
We now show that, at t=0, given λ*(⋅) as defined in Eq. (22), the IC

condition in Eq. (39) is satisfied. First, with the contract {p1E, p2E, λ*(⋅)},
the firm's profit function becomes

ΠðpE1;pE2; qÞ = π1ðpE1; qÞ + λ⁎ðqÞπ2ðpE2; qÞ−kðqÞ:

We have

ΠðpE1;pE2; qEÞ−ΠðpE1;pE2; qÞ
= ½π1ðpE1; qEÞ−π1ðpE1; qÞ� + ½λ⁎ðqEÞπ2ðpE2; qEÞ−λ⁎ðqÞπ2ðpE2; qÞ�

+ ½kðqÞ−kðEÞ�:
ð40Þ

Since λ*(qE)π2(p2E, qE)≥k(qE) by assumption, we have

ΠðpE1; pE2; qEÞ−ΠðpE1; pE2; qÞ≥½π1ðpE1; qEÞ−π1ðpE1; qÞ�−λ⁎ðqÞπ2ðpE2; qÞ + kðqÞ:
ð41Þ

For qbqE, we have λ*(q)=0, implying

ΠðpE1;pE2; qEÞ−ΠðpE1; pE2; qÞ≥½π1ðpE1; qEÞ−π1ðpE1; qÞ� + kðqÞ:

Hence, by Eq. (19),

ΠðpE1;pE2; qEÞ≥ΠðpE1;pE2; qÞ; for qbqE:

On the other hand, for q≥qE, by Eq. (21) and xi,q(piE, q)≥0, we have

∂πiðpEi ; qÞ
∂q ≡πi;qðpEi ; qÞ = fpEi −c′i½xiðpEi ; qÞ�gxi;qðpEi ; qÞ
= fc′i½xiðpEi ; qEÞ�−c′i½xiðpEi ; qÞ�gxi;qðpEi ; qÞ≤0;

ð42Þ

for both i=1 and 2. It implies

π1ðpE1; qÞ≤π1ðpE1; qEÞ and π2ðpE2; qÞ≤π2ðpE2; qEÞ; for q≥qE:

Then, by Eq. (40), we have, for q≥qE,

ΠðpE1;pE2; qEÞ−ΠðpE1;pE2; qÞ≥½λ⁎ðqEÞπ2ðpE2; qEÞ−λ⁎ðqÞπ2ðpE2; qÞ� + ½kðqÞ−kðqEÞ�
≥½λ⁎ðqEÞ−λ⁎ðqÞ�π2ðpE2; qEÞ + ½kðqÞ−kðqEÞ� = ½kðqÞ−kðqEÞ�≥0:

wherewe have used the fact thatλ*(q)=λ*(qE) for q≥qE. Hence, we have

ΠðpE1;pE2; qEÞ≥ΠðpE1; pE2; qÞ; for any q∈Q :

That is, given λ*(⋅) defined in Eq. (22) and prices p1
E and p2

E, the
firm will voluntarily choose qE as the optimal quality. The IC condition
is thus satisfied.

Step 3. Verify the IR condition.
We now verify the IR condition. Since k(0)=x1(p1, 0)=c(0)=0,

condition (19) implies

π1ðpE1; qEÞ≥π1ðpE1;0Þ−kð0Þ = 0:

Further, we have λ0
Eπ2(p2E, qE)≥k(qE) by assumption. Hence,

ΠðpE1;pE2; qEÞ = π1ðpE1; qEÞ + λE
0π2ðpE2; qEÞ−kðqEÞ≥0:

That is, the IR condition is satisfied.
Therefore, (p1E, p2E, qE, λ*(⋅)) is indeed a solution of Eq. (18). The

welfare level is the same as the first-best welfare WE, implying that
the solution is efficient.

Step 4. The solution is time consistent.
Finally, we also need to ensure time consistency for our solution.

This is shown and explained in detail in Section 4.1.
A.3. Proof of Proposition 3

Our strategy is to find a solution that achieves the first-best out-
come. Since the first-period pricemust hit the ceiling, the government's
problem is

W⁎≡max
p2 ;q;T

s1ð−p1; qÞ + π1ð−p1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ−kðqÞ
s:t:Πð−p1;p2; qÞ≥Πð−p1;p2; q′Þ; q′∈Q ;Πð−p1;p2; qÞ≥0:

ð43Þ

This problem can be separated into three problems. The first
problem is to solve Eq. (43) without the IC and IR conditions, which is
the same as that in Eq. (23) and the solution is {p̄1, p2C, λ*(·)}. The
second problem is to show that {p̄1, p2C, λ*(·)} ensures the IC condition
in Eq. (43):

Πð−p1;pC2 ; qCÞ≥Πð−p1;pC2 ; qÞ; q∈Q : ð44Þ

The third problem is to choose T to satisfy the IR condition.
We now show Eq. (44). With the contract {p1̄, p2C, λ*(·)}, the firm's

profit is

Πð−p1;pC2 ; qÞ = π1ð−p1; qÞ + λ⁎ðqÞπ2ðpC2 ; qÞ−kðqÞ−T:

Then, for q≤qC, using Eq. (28), p̄i≥ci and the fact that xi,q(p, q)≥0,
we find

Πð−p1; pC2 ; qCÞ−Πð−p1;pC2 ; qÞ
= ð−p1−c1Þ½x1ð−p1; qCÞ−x1ð−p1; qÞ� + λ⁎ðqCÞðpC2−c2Þx2ðpC2 ; qCÞ

−λ⁎ðqÞðpC2−c2Þx2ðpC2 ; qÞ−kðqCÞ + kðqÞ
≥ðpC2−c2Þx2ðpC2 ; qCÞ½λ⁎ðqCÞ−λ⁎ðqÞ� + kðqÞ−kðqCÞ
= π2ðpC2 ; qCÞ½λ⁎ðqCÞ−λ⁎ðqÞ� + kðqÞ−kðqCÞ
= kðqÞ≥0;

which implies Eq. (44) for q≤qC.
For qNqC, given the license function in Eq. (28), λ(q) is constant:

λ(q)=λ0 for q≥qC, where λ0∈(0, 1). If q ̂ maximizes the firm's profit
and q̂≥qC, then it is determined by

π1;qð−p1;q̂Þ + λ0π2;qðpC2 ;q̂Þ = k′ðq̂Þ:

For any q≥0, denote the social benefit and the company's revenue,
respectively, as

Bðp1;p2; qÞ≡ s1ðp1; qÞ + π1ðp1; qÞ + s2ðp2; qÞ + π2ðp2; qÞ;

Rðp1; p2; qÞ≡ π1ðp1; qÞ + λ0π2ðp2; qÞ = ðp1−c1Þx1ðp1; qÞ

+ λ0ðp2−c2Þx2ðp2; qÞ:

Then, q̂ and qC are defined, respectively, by

Rqð−p1; pC2 ; q̂Þ = k′ðq̂Þ; Bqð−p1;pC2 ; qCÞ = k′ðqCÞ:
Since si,q(p, q)≥0 and π2,q(p, q)≥0, we have

Rqðp1;p2; qÞ≤Bqðp1; p2; qÞ; for all ðp1; p2; qÞ≥0:

Since x(p, q) is concave in q, R(p̄1, p2C, q) is concave in q. As shown in
Fig. 3, since the curve of Bq is always above the curve of Rq and the latter
curve is decreasing and the curve of k′(q) is increasing, we must have
qC≥ q̂. This means that the profit function defined in Eq. (26) cannot
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possibly achieve its maximum in [qC,+∞). Hence, condition (44) is
satisfied, given the contract in Eq. (28).

Finally, since

ΠðpC1 ;pC2 ; qCÞ = π1ðpC1 ; qCÞ−T;

we can take an arbitrary value TC∈R such that

TC≤π1ðpC1 ; qCÞ:

Then, the IR condition is satisfied. This completes the proof.

A.4. Proof of Proposition 4

Our strategy is to construct a mechanism such that the first-best
outcome in Eq. (29) is obtained. We first impose p1=p1

F and p2=
p′2=p2

F , where p1F and p2
F are defined in Eq. (29). Then, the second-best

problem (30) becomes

max
q;λð⋅Þ

s1ðpF1; qÞ + τ½π1ðpF1; qÞ−kðqÞ� + λðqÞ½s2ðpF2; qÞ + τπ2ðpF2; qÞ�

+ ½1−λðqÞ�½s2ðpF2; qÞ + π2ðpF2; qÞ�
s:t: ∏ðpF1;pF2; qÞ≥∏ðpF1; pF2;−q Þ forall−q∈Q ; ðICÞ

∏ðp1;p2; qÞ≥0: ðIRÞ ð45Þ

With λ(q)=λ*(q), we verify the IC condition first. We have

∏ðpF1;pF2; qFÞ−∏ðpF1;pF2; qÞ
1−τ

= ½π1ðpF1; qFÞ−π1ðpF1; qÞ� + ½λ*ðqFÞπ2ðpF2; qFÞ−λ*ðqÞπ2ðpF2; qÞ�
+ ½kðqÞ−kðqFÞ�:

ð46Þ

Since λ*(qF)π2(p2F , qF)≥k(qF) by the definition of λ*(q) in Eq. (35),
we have

ΠðpF1; pF2; qFÞ−ΠðpF1; pF2; qÞ
1−τ

≥½π1ðpF1; qFÞ−π1ðpF1; qÞ�−λ⁎ðqÞπ2ðpF2; qÞ + kðqÞ:
ð47Þ

For qbqE, we have λ*(q)=0, implying

ΠðpF1;pF2; qFÞ−ΠðpF1; pF2; qÞ
1−τ

≥½π1ðpF1; qFÞ−π1ðpF1; qÞ� + kðqÞ:

Hence, by Eq. (31),

ΠðpF1;pF2; qFÞ≥ΠðpF1;pF2; qÞ; for qbqF :
Fig. 3. Marginal social benefit and marginal revenue.
On the other hand, for q≥qF, by Eq. (32) and xi,q(piF, q)≥0, we
have

∂π1ðpF1; qÞ
∂q ≡π1;qðpF1; qÞ = fpF1−c′1½x1ðpFi ; qÞ�gx1;qðpF1; qÞ

= fc′1½x1ðpF1; qFÞ� + ð1−τÞ x1ðpF1; qFÞ
x1;p1 ðpF1; qFÞ

−c′1½x1ðpF1; qÞ�g x1;qðpF1; qÞ

≤ð1−τÞ x1ðpF1; qFÞ
x1;p1 ðpF1; qFÞ

x1;qðpF1; qÞ≤0;

ð48Þ

and

∂π2ðpF2; qÞ
∂q ≡π2;qðpF1; qÞ = fpF2−c′2½x2ðpF2; qÞ�gx2;qðpF2; qÞ

= fc′2½x2ðpF2; qFÞ�−c′2½x2ðpF2; qÞ�gx2;qðpF2; qÞ≤0:

ð49Þ

They imply

π1ðpF1; qÞ≤π1ðpF1; qFÞ and π2ðpF2; qÞ≤π2ðpF2; qFÞ; for q≥qF :

Then, by Eq. (46), we have, for q≥qF,

ΠðpF1;pF2; qFÞ−ΠðpF1;pF2; qÞ≥ ½λ⁎ðqFÞπ2ðpF2; qFÞ−λ⁎ðqÞπ2ðpF2; qÞ� + ½kðqÞ−kðqFÞ�
≥ ½λ⁎ðqFÞ−λ⁎ðqÞ�π2ðpF2; qFÞ + ½kðqÞ−kðqFÞ�
= ½kðqÞ−kðqFÞ�≥0:

wherewehave used the fact thatλ*(q) isfixed for q≥qF. Hence,we have

ΠðpF1; pF2; qFÞ≥ΠðpF1; pF2; qÞ; for any q∈Q :

That is, the IC constraint in Eq. (45) holds for (p1F, p2F, qF, λ*(⋅)).
We now turn to the lump-sum tax. For the TF defined in Eq. (35),

we find

W* = s1ðpF1; qF Þ + τ½π1ðpF1; qFÞ−kðqF Þ� + λ*ðqFÞ½s2ðpF2; qFÞ + τπ2ðpF2; qFÞ�
+ ½1−λ*ðqF Þ�½s2ðpF2; qF Þ + π2ðpF2; qF Þ� + ð1−τÞλ*ðqFÞπ2ðpF2; qF Þ

= s1ðpF1; qFÞ + τ½π1ðpF1; qF Þ−kðqF Þ� + s2ðpF2; qF Þ + π2ðpF2; qFÞ
= WF

:

That is, the second-best welfare is equal to the first-best welfare.
Finally, we verify the IR condition. We have

∏ðpF1;pF2; qFÞ
= ð1−τÞ½π1ðpF1; qFÞ + λ*ðqFÞπ2ðpF2; qFÞ−kðqFÞ�−ð1−τÞλ*ðqFÞπ2ðpF2; qF

= ð1−τÞ½π1ðpF1; qFÞ−kðqFÞ�:

By the assumption that π1(p1F, qF)≥k(qF), the IR condition is
satisfied. We can see that the assumption is necessary.

A.5. Proof of Proposition 5

We examine the IR condition at the end and so let us drop the IR
condition for the moment. Then, problem (37) can be written as

Ŵ = max
p1 ;p2 ;p

′
2 ;q;λð⋅Þ

s1ðp1; qÞ + π1ðp1; qÞ + λðqÞ½s2ðp2; qÞ + π2ðp2; qÞ�

+ ½1−λðqÞ�½s2ðp′2; qÞ + π2ðp′2; qÞ�−kðqÞ
s:t: π1;pðp1; qÞ = 0;

π2;pðp2; qÞ = 0;
q∈ argmax

―q
π1ðp1;−qÞ + λð−qÞπ2ðp2;−qÞ−kð−qÞ:

ð50Þ
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Let q̂ be the optimal quality.Wewill allow an arbitraryλ(⋅), not to be
restrictive to the special form in Fig. 1. For simplicity, assume that λ(⋅)
is differentiable except at q̂; at q̂, the left limit λ′(q̂−) and the right limit
λ′(q̂+) of the derivative exist [such as the λ(⋅) in Fig. 1]. Then, given
prices p1 and p2 and license functionλ(⋅), one sufficient condition for the
optimality of q̂ from the firm's viewpoint is

π1;qðp1; qÞ + λðqÞπ2;qðp2; qÞ + λ′ðqÞπ2ðp2; qÞ≥k′ðqÞ if qb q̂;
π1;qðp1; qÞ + λðqÞπ2;qðp2; qÞ + λ′ðqÞπ2ðp2; qÞ≤k′ðqÞ if q N q̂:

Hence, one necessary condition for the optimality of q ̂ is

π1;qðp1; q̂Þ + λðq̂Þπ2;qðp2; q̂Þ + λ′ðq̂−Þπ2ðp2; q̂Þ≥k′ðq̂Þ;
π1;qðp1; q̂Þ + λðq̂Þπ2;qðp2; q̂Þ + λ′ðq̂þÞπ2ðp2; q̂Þ≤ k′ðq̂Þ;

where λ′(q̂−) and λ′(q ̂+) are respectively the left and right limits of
λ′(q) at q̂, defined by

λ′ðq̂−Þ≡ lim
q→ q̂−

λ′ðqÞ; λ′ðq̂þÞ≡ lim
q→ q̂þ

λ′ðqÞ:

Thus, the third constraint in Eq. (50) can be replaced by the above
two sets of inequalities:

Ŵ = max
p1 ;p2 ;p

′
2 ;q;λð⋅Þ

s1ðp1; qÞ + π1ðp1; qÞ + λðqÞ½s2ðp2; qÞ + π2ðp2; qÞ�

+ ½1−λðqÞ�½s2ðp′2; qÞ + π2ðp′2; qÞ�−kðqÞ
s:t: π1;pðp1; qÞ = 0;

π2;pðp2; qÞ = 0;
π1;qðp1; qÞ + λðqÞπ2;qðp2; qÞ + λ′ðq Þπ2ðp2; qÞ≥k′ðqÞ;
π1;qðp1; qÞ + λðqÞπ2;qðp2; qÞ + λ′ðqþÞπ2ðp2; qÞ≤k′ðqÞ:

ð51Þ

From the government's objective function in (51), we can see that,
given any q, the expected social welfare is higher if the government
shortens the license period, λ(q). Since πi,p(p̂i, q ̂)=0 implies p̂iNci′
[xi(p̂i, q ̂)] (notice that xi,p(pi, q)b0 by decreasing demand), we have

πi;qðp̂i; q̂ Þ = fp̂i−c′½xiðp̂i; q̂Þ�gxi;qðp̂i; q̂Þ N 0:

Suppose that (p̂1, p̂2, p̂2′, q̂, λ̂(·)) is an optimal solution to problem
(51) but λ̂(q̂)N0 Then, with πi,q(p̂i, q̂)N0 we can find positive numbers,
ɛN0, ξN0 and ΔN0, such that λ̂(q)−εN0 for q∈ [q̂−Δ, q̂+Δ] and

π1;qðp1; q̂Þ + ½ λ̂ðq̂Þ−ε�π2;qðp2; q̂Þ + ½ λ̂′ ðq̂−Þ + ξ�π2ðp2; q̂Þ≥k′ðq̂Þ;
π1;qðp1; q̂Þ + ½ λ̂ðq̂Þ−ε�π2;qðp2; q̂Þ + λ̂′ ðq̂þÞπ2ðp2; q̂Þ≤k′ðq̂Þ:

ð52Þ

We now construct another license function λ̄(q) such that

−λðq̂Þ = λ̂ðq̂Þ−ε and −λ′ðq̂−Þ = λ̂′ ðq̂−Þ + ξ:

Since, for (q≠q ̂), λ̄(q) does not have to satisfy the last two
conditions in problem (51) (the two conditions are required for q=q ̂
only), it is easy to see that we can construct a license function λ̄(·) that
has the above property. By Eq. (52), this λ̄(q) satisfies the last two
conditions in Eq. (51) at q=q̂, which is what is required by the
conditions in Eq. (51). In other words, this λ̄(·) induces the firm to
choose the same quality as the original λ̂(·) does. However, the social
welfare in Eq. (51) has a higher value with (p̂1, p̂2, p̂2′, q̂, λ̄(·)) than
with (p̂1, p2̂, p2̂′, q̂, λ̄(·)). This contradicts the fact that (p̂1, p̂2, p̂2′, q ̂,
λ̂(·)) is an optimal solution to (51). By this contradiction, we conclude
that we must have λ̂(q̂)=0.
With the knowledge of λ(q̂)=0, we consider the following problem:

Ŵ
′
= max

p1 ;p2 ;p
′
2 ;q;λð⋅Þ

s1ðp1; qÞ + π1ðp1; qÞ + s2ðp′2; qÞ + π2ðp′2; qÞ−kðqÞ

s:t: π1;pðp1; qÞ = 0;
π2;pðp2; qÞ = 0;

π1;qðp1; qÞ + λ′ðq−Þπ2ðp2; qÞ≥k′ðqÞ;
π1;qðp1; qÞ + λ′ðqþÞπ2ðp2; qÞ≤k′ðqÞ;
λðqÞ = 0: ð53Þ

Since any solution to Eq. (51) satisfies the four conditions of
Eq. (53) and λ(⋅) does not appear in the objective function of Eq. (53),
we must have Ŵ′≥Ŵ. However, since problem (53) imposes a more
restrictive constraint on λ(⋅), we must have Ŵ’≤Ŵ. Therefore,
Ŵ’=Ŵ, i.e., problems (51) and (53) are equivalent.

We can always assume an increasing λ(⋅), since it does not make
sense to punish the firm for investing more in quality when the firm
already has an incentive to invest less. Since λ(q ̂)=0 and λ′(⋅)≥0
along any sample path, we must have λ′(q̂−)=0 By the third
condition in Eq. (53), this implies that π1,q(p1, q)≥k′(q). Then, with
conditions π1,q(p1, q)≥k’(q) and λ′(q+)≥0, the fourth condition in
Eq. (53) implies that λ′(q+)=0. Therefore, by the same argument as
before, problem (53) is equivalent to the following problem:

Ŵ = max
p1 ;p2 ;p

′
2 ;q

s1ðp1; qÞ + π1ðp1; qÞ + s2ðp′2; qÞ + π2ðp′2; qÞ−kðqÞ

s:t: π1;pðp1; qÞ = 0;
π2;pðp2; qÞ = 0;
π1;qðp1; qÞ = k′ðqÞ:

In the above problem, the three conditions determine (p1, p2, q).
Also, since p′2 does not affect the IC conditions, we immediately find
the FOC for p′2: p′2=c′2[x2(p′2, q)].

Finally, since Π(p̂1, p̂2, q̂)=π1(p̂1, q ̂)−k(q̂), by condition π1(p̂1,
q ̂)≥k(q ̂), the IR condition is satisfied. This completes the proof.
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