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Abstract

Private power production has sprung up all over the world. The build±operate±transfer (BOT) arrangement has emerged as one of the

most important options for private power production, especially in developing countries with rapidly growing demand and ®nancial

shortages. Based on oligopoly theory, the paper proposes a Stackelberg game model between a BOT investor and an electric utility whereby

they can negotiate a long-term energy contract. Asymmetric pricing schemes are taken into account such that a host utility purchases

electricity from a BOT company at its ªavoided costº, and sells its electricity to end users at its ªaverage costº. Our Stackelberg game model

is transferred into a two-level optimization problem, and then solved by an iterative algorithm. The game model is demonstrated by an

illustrative example. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The large amount of private power production has

emerged as worldwide electrical power industry entering

into a new era Ð deregulation. As a result of rapidly grow-

ing demands and a shortage of ®nancial investment by

governments, private power production is encouraged in

the traditionally monopolistic power industry in developing

countries, among which the build±operate±transfer (BOT)

arrangement is becoming the most popular option, such as

the 700 MW Shajiao-B power stations in China, the

1200 MW Hab River project in Pakistan, the 300 MW

coal-®red projects in Philippines and the 1000 MW Aliaga

project in Turkey [1±3].

A BOT arrangement is one where a consortium of private

companies ®nance, build and operate an infrastructure

project for a relative long speci®c period, and at the end

of this concessionary period, when all the estimated invest-

ment costs have been recouped and a pro®t returned, the

project title is transferred from the private consortium to the

host. The long-term nature of the BOT arrangement gives

rise to a number of concerns regarding future uncertainties

and risks facing the BOT investors and the host [4,5]. To

mitigate against future risks, BOT investors usually ask

for an important contract, an ªenergy contractº, which

stipulates how much energy from the BOT power plant is

to be delivered, at what price and during what time periods.

In the BOT energy contract, a minimal annual energy from

the BOT power plant must be guaranteed for delivery, by

which the ®xed investment cost and operating cost of a BOT

power plant will be paid back.

In this paper the amount of annual energy and the energy

price for a BOT power plant are assumed to be ®xed, and

from the point of view of oligopoly theory, a Stackelberg

game model is proposed to describe the interaction between

a BOT investor and a host utility in the BOT energy contract

negotiation. In addition, asymmetric pricing schemes are

taken into account, whereby the host utility purchases elec-

tricity from the BOT power plant at a rate of ªavoided costº

but itself sells its electricity to the end users at the average

cost. In fact, if both the BOT power plant and the host utility

sell their electricity at their respective marginal costs, the

social welfare optimal will be reached at the same time.

Different pricing schemes make the bargaining more

complicated.

Game theory is a discipline that is used to analyze

problems of con¯ict among interacting decision makers.

Game theory has already been used for the analysis of elec-

tricity pricing and bargaining [6±11] in recent years. For

example, Ruusunen et al. [6] applied cooperative game

theory to analyze electricity exchange in a power pool,

and a two-level hierarchical algorithm was proposed to

solve the problem. Haurie et al. [7] modeled the interaction
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between a utility company and electricity cogenerators via a

game-theoretic, systems analysis approach, and a bilevel

optimization technique was developed to compute the

equilibrium.

In the applications of game theory, oligopoly theory has

recently been applied more and more because it has been

realized that power markets are no more perfectly com-

petitive than oligopolistic markets. Obviously the game

between a BOT investor and a host utility is the very case

where the utility owns a leadership and a BOT power plant

is a price taker.

In addition, most of the electricity pricing and bargaining

models in the literature have mainly focused on real-time

operation, and then discussed game players' behaviors. The

BOT arrangement is quite different; the model and analysis

must involve long-term effects on the operation and plan-

ning of a power system. Therefore in our game model long-

term generation expansion planning (GEP) is adopted as a

suitable tool to evaluate a BOT power project [4].

The remainder of the paper is arranged as follows: in

Section 2 the game model is presented. In Section 3 the

breakeven cost is explained. In Section 4 the game model

is transferred to a two-level optimization problem. In

Section 5 an iterative algorithm is developed to solve this

optimization problem. In Section 6 the game model is

applied to an illustrative example, and some analyses are

conducted. Section 7 concludes the paper.

2. Energy contract and game model

Criticisms often arise about BOT projects in developing

countries after the projects are in operation; these relate to

their high electricity prices and/or annual energy outputs

that are agreed upon by the host utilities, and the effect of

a BOT energy contract on long-term system planning and

scheduling. Therefore, a rational decision-support model

that can be used to analyze the ef®ciency of the contract is

needed. In this paper, oligopoly theory is used for the nego-

tiation and bargaining of a BOT energy contract.

We use a simpli®ed model that involves a single BOT

power plant and a single utility. An energy contract between

them is needed to negotiate. The BOT power plant can only

sell its electricity to the host utility company, and the host

utility company has an obligation to accept it at a rate of

ªavoided costº. This kind of avoided cost should include the

capacity and energy cost savings of the utility, and thus

long-term marginal cost is a closer concept. Here, the break-

even cost proposed in Ref. [4] is adopted as the ªavoided

costº because it involves the effect of a BOT power plant on

the long-term GEP. It is obvious that the breakeven cost and

the annual energy of a BOT power plant are interrelated, and

an equilibrium (breakeven cost, annual energy) for a BOT

energy contract should be agreed upon.

Actually the host utility company dominates the electri-

city market where it sells all its electricity to end users at a price

of ªaverage costº. The relationship between a utility and a

BOT power plant is illustrated in Fig. 1. Here we simplify

the scenario by assuming enelastic demands that are free of

uncertainties (some of which in fact can be taken into

account in long-term GEP, such as demand uncertainty).

This BOT arrangement can be modeled as a Stackelberg

game that can be depicted as follows.

Notations:

n a year in horizon period

N horizon period of GEP

Dn demand in year n

Ln peak load in year n

Rn system reserve in year n

QBOT minimal annual electricity delivery from the BOT

power plant stipulated in the energy contract

Qn
U total electricity supply of the utility in year n

Xn
U accumulative capacity of the utility until year n

Xn
BOT accumulative capacity of the BOT power plant

until year n

FCBOT ®xed investment cost of the BOT power plant

VCBOT variable cost of the BOT power plant

FCU
n ®xed investment cost of the utility in year n

VCU
n variable cost of the host utility in year n

PB breakeven cost for BOT's electricity

PA average cost of the host utility

TBOT lifetime of the BOT power plant

C0 total cost of GEP without the BOT contract

CBOT total cost of GEP with the BOT contract

Payoff function:

Utility:

fU �
XN
n�1

�Dn £ PA 2 �FCn
U 1 VCn

U £ Qn
U��2 N £ QBOT £ PB

�1�

BOT:

fBOT � N £ QBOT £ PB 2
XN
n�1

�FCn
BOT 1 VCn

BOT £ QBOT�

�2�
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Fig. 1. Energy contract between a utility and a BOT power plant.



Based on the asymmetric pricing schemes, each player

wants to maximize its payoff. The BOT power plant

proposes the amount of annual energy output, then the

utility will agree to a price based on the breakeven cost

concept. Due to the correlation between the annual energy

and price, the BOT will change its annual energy output to

look for maximum payoff. Thus, the game between a utility

and a BOT power plant is a Stackelberg game. After inter-

action between the two players in the game, a Nash equili-

brium point (PB,QBOT) can be solved.

When a utility determines the price for a BOT's electri-

city, some constraints must be considered. The utility has

the obligation to meet future demand and system security.

Constraints:

1. Energy balance

Dn � QBOT 1 Qn
U n � 1; 2;¼;N �3�

For each year, the total amount of electricity generated

by the BOT power plant and the host utility should be

exactly equal to the total demand. The detailed opera-

tional scheduling is not taken into account in our model

even though it is a tough problem.

2. Capacity requirement

Xn
U 1 Xn

BOT $ Ln 1 Rn n � 1; 2;¼;N �4�
In order to meet the demand each year, adequate system

capacity is required. In addition, to maintain a certain

degree of system security, a system reserve margin of

capacity must be kept. The utility can make full use of

the BOT capacity.

3. Other constraints

In many cases, there are limits on investments for both

the BOT investor and the host utility, and sometimes

these constraints will have a big effect on the decision-

making progress of each player. Nevertheless, for simpli-

city, these factors are not considered in this paper.

3. De®nition of breakeven cost

Usually in developing countries electric utilities price

their electricity based on their average costs, but in order

to encourage private investment, an ªavoided costº pricing

mechanism is adopted. This kind of asymmetric pricing

phenomenon makes the problem complicated.

The breakeven cost for a BOT power plant is de®ned as

follows:

PB � Breakeven cost � C0 2 CBOT

TBOTQBOT

�5�

The breakeven cost implies that the host utility purchases

the BOT's electricity in such a way that the utility's total

generating cost in the horizon period of GEP should not

change before and after the entry of the BOT power plant.

Of course, the breakeven cost is the basic cost for the BOT

power plant without a returned pro®t. Moreover, the utility

usually makes some changes to the breakeven cost accord-

ing to corresponding policies in order to attract private

investors.

To calculate the breakeven cost for the BOT, GEP must

be performed, and the original GEP problem will be compli-

cated by the BOT's constraints. To facilitate the inclusion of

constraints introduced by BOT plants in GEP, a genetic

algorithm (GA) approach is utilized in GEP. The implemen-

tation of a long-term GEP with BOT electricity and the

calculation of breakeven cost have been developed and

discussed in our previous paper [4].

4. A two-level optimization formulation

With the game model in hand, our interest is in the equi-

librium (QBOT
p ,PB

p) for negotiating the energy contract. In this

game, each player is concerned with the maximization of its

bene®t, i.e. each one maximizes its payoff function under

the constraints. From the ®rst order of necessary conditions,

each palyer should sell its electricity at its respective

marginal cost. Moreover, the two objective functions can

be combined into a global payoff function, and an optimal

social welfare will be obtained. In fact, the electricity trans-

action between the BOT power plant and the utility will be

cancelled out in the global payoff function. Here, we transfer

our game model to a two-level optimization problem for

computing the equilibrium.

A Stackelberg game is a dynamic game model in which a

dominant (or leader) ®rm moves ®rst and a subordinate (or

follower) ®rm moves second. It is straightforward to extend

what follows to allow for more than one `follower' ®rm.

Usually static Stackelberg problems can be treated as a

class of multi-level optimization problems.

However, the price coupling mechanism is endogenous

and requires the evaluation of both the average and the

breakeven cost of the utility, so that common bilevel opti-

mization techniques are dif®cult to apply directly to the

present problem. Therefore we restrict the equilibrium

analysis of our model under the constraints of two existing

pricing schemes, and formulate our game model as a two-

level optimization problem as follows.

Objective: GEP with buying BOT electricity at breakeven

cost

s:t:

max fBOT

Dn � QBOT 1 Qn
U n � 1; 2;¼;N

Xn
U 1 Xn

BOT $ Ln 1 Rn n � 1; 2;¼;N

In our game model, the utility wants to maximize its net

income by selling its electricity at average cost, thus it

should behave as if it only wants to minimize the total

cost to satisfy the demand without any consideration of
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the electricity sale revenues. Therefore long-term GEP is

suitable for the utility to evaluate a BOT power plant, and

the breakeven cost is calculated to price the electricity of a

BOT power plant.

To calculate the equilibrium (QBOT
p ,PB

p), the relationship

between QBOT and PB should be examined. Let us look at a

simple case where there are only three types of existing

power plants existing and one allowing for future expansion,

whose average cost curves are illustrated in Fig. 2.

The average cost of a plant is equal to its ®xed (capital)

cost per unit of energy production summed with its variable

(operating) cost, and may be computed according to the

following expression:

average cost � opcost 1
capital cost

annual energy

� opcost 1
capital cost

capacity factor £ 8760
(6)

where opcost is the plant's operating cost, and the capacity

factor of the BOT power plant stands for the percentage of

its energy output with respect to its capacity.

Furthermore, it is assumed that the capacity of each type

of power plant can be added continuously in GEP. Then it is

easy to get the breakeven cost versus capacity factor curve,

i.e. the black curve in Fig. 2. It can be explained that the

breakeven cost will be equal to the average cost of peak load

plants if the capacity factor of the BOT power plant is

smaller, and equal to the average cost of base load plants

if it is larger.

We further assume that a BOT power plant is a shoulder

load plant with cheaper ®xed and variable cost than normal

shoulder load plants, and its average cost is shown in Fig. 2.

Then the equilibrium point is easy to ®nd for this simple

case, and it can be proven that the equilibrium point is unique.

On comparison with the slope of the BOT curve, the slope of

the breakeven cost curve is smaller at the left of the equili-

brium point and larger at the right. This property can be used as

a criterion to search for the equilibrium point. Of course, calcu-

lated by practical GEP such as in Ref. [4], the breakeven

cost versus capacity factor curve will be much more compli-

cated, but the shape of the curve should be similar.

5. Equilibrium computation

Based on the above observation, an iterative algorithm for

computing the equilibrium is developed.

For the master optimization problem, a long-term GEP

which integrates BOT constraints is used to calculate the
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Fig. 2. Breakeven cost as a function of capacity factor.

Table 1

Existing plant (15 units)

Plant type Energy cost

($/MWh)

Max. capacity

(MW p No.)

Oil #1 (heavy oil) 24 200 p 1

Oil #2 (heavy oil) 27 200 p 1

Oil #3 (heavy oil) 30 150 p 1

LNG G/T #1 43 50 p 3

LNG C/C #1 38 400 p 1

LNG C/C #2 40 400 p 1

LNG C/C #3 35 450 p 1

Coal #1 (anthracite) 23 250 p 2

Coal #2 (bituminous) 19 500 p 1

Coal #3 (bituminous) 15 500 p 1

Nuclear #1 5 1000 p 1

Nuclear #2 5 1000 p 1

Table 2

Proposed generation plant (60 units)

Plant type Energy cost ($/MWh) Capacity cost ($/kW) Max. capacity (MW p No.)

1 Nuclear (PHWR) 3 1750.0 700 p 3

2 Nuclear (PWR) 4 1625.0 1000 p 3

3 Coal 14 1062.5 500 p 18

4 Oil 21 812.5 200 p 18

5 LNG C/C 35 500.0 450 p 18

Table 3

Load duration curve

Interval Peak load (MW) Base load (MW) L21�x� � �x 2 d�2=c

c £ 103 d £ 103

Present 5000 2500 0.285 5



BOT breakeven cost. For the slave optimization problem

facing the BOT power plant, a Newton-like solution is

used in our algorithm. For convenience and clarity, the

annual energy of the BOT power plant is replaced by its

capacity factor in the description of our algorithm.

Step 1: Set i� 0.

Choose initial CFBOT
0 to its biggest capacity factor

(because a BOT power plant usually wants to generate

as much energy as possible).

Step 2: For the given CFBOT
i , calculate breakeven cost Pi

B

and its left-hand and right-hand local derivatives, Si2

B and

Si1

B ; with respect to CFBOT using the approach in Ref. [4].

Step 3: For the given CFBOT
i , calculate the average cost

ACBOT
i and local derivative Si

BOT with respect to CFBOT on

the BOT average cost curve (which is ®rst-order smooth).

Step 4: If Si2

B # Si
BOT # Si1

B ; stop.

Otherwise,

If Si
BOT # Si2

B ;

CFi11
BOT � CFi

BOT 2 �a 1 uPi
B 2 ACi

BOTu�p�Si2

B �21

Else,

CFi11
BOT � CFi

BOT 1 �a 1 uPi
B 2 ACi

BOTu�p�Si1

B �21

a is a small number to prevent a zero value of uPi
B 2

ACi
BOTu:

Step 5: Set i � i 1 1; go to step 2.

In the algorithm, the left-hand and right-hand local deriva-

tives are approximately calculated by changing CFBOT by a

small amount at a time and ®nding the new costs.

Usually a BOT power plant has lower ®xed and variable

costs due to its ef®cient management. So at the equilibrium

point, Pp
B $ ACp

BOT: Even if Pp
B # ACp

BOT; higher return

rates or allowances from the host utility based on some

policies, will still make a BOT investor bene®t from a

BOT project. The policy issues are outside the scope of

this paper.

6. Numerical examples

The proposed model and approach have been applied to

an example system as described in Ref. [4]. The initial

system, proposed plants and load data are listed in Tables

1±3, respectively and a 20-year planning period, which is

divided into 5 time-stages each of four years duration, is

considered.

In Table 2, plant types 1 and 2 are base plants while 3±5

are shoulder and peak plants. The load duration curves are

approximated with a second-order function of loads. Peak

loads and base loads are assumed to increase by 10% a year.

The reserve is 1%. In addition, an annual discount rate of

10% for both capital and operating expenses is used.

In this example, a type 5 plant is selected as a BOT power

plant (peak load plant), which is introduced in the second

stage and whose capacity is 450 MW. Moreover, we assume

its capacity cost is by 35% less than that of a power plant of

the same type. As breakeven cost only prices the basic cost,

the utility is willing to pay back to the BOT power plant; the

35% reduction in the energy cost of the BOT power plant is

to make its payoff more positive in order to examine our

model and approach.

Using our game model and solution, the equilibrium is

reached at �CFp
BOT

;Pp
B� � �0:19; 22:26�: Some of the results

in calculating the equilibrium point are shown in Table 4
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Fig. 3. Breakeven cost and average cost versus capacity factor of the BOT

power plant.

Table 4

Breakeven cost and average cost versus capacity factor of the BOT power plant

Capacity factor 0.05 0.1 0.15 0.2 0.25 0.3 0.35

PB ($/MWh) 53.91 32.49 25.36 21.64 19.13 17.27 15.9

ACBOT ($/MWh) 53.05 31.6 24.5 20.9 18.75 17.32 16.3

BOT payoff ($M) 2.712 5.613 8.199 9.46 5.992 20.79 28.8



and Fig. 3. In fact, in the long-term GEP the BOT power

plant takes the place of a type 5 plant in the original GEP

without the BOT entry. However, that plant has different

capacity factors in different years, which range from 0.098

to 0.31, while the annual capacity factors of the BOT power

plant are ®xed. This kind of non-dispatchability presented

by a BOT power plant causes many economic dispatch

problems, and in Ref. [12] this issue is discussed and

some approaches are proposed to communicate the value

of dispatchability for non-utility generation projects.

It has been shown that the electricity price and ®xed annual

energy of a BOT power plant can be determined simulta-

neously in our game model, and the annual capacity factor

of the BOT power plant is forced to become close to one

that of a power plant of the same type in the original GEP.

7. Conclusions

In this paper, we show how game theory can be used to

evaluate a popular kind of private power production: the

BOT arrangement. Based on oligopoly theory, a Stackel-

berg game model between a BOT investor and a utility is

proposed, which is applied to the negotiation and bargaining of

a long-term energy contract. In addition, asymmetric pricing

schemes of ªavoided costº and ªaverage costº are considered.

To compute the equilibrium point of this Stackelberg game, it

is transferred to a two-level optimization problem, and solved

by an iterative algorithm. Finally our model and approach

are demonstrated by applying it to a test system.
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