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Abstract—This paper provides a methodology to assist a
strategic producer in making informed decisions on generation
investment. A single target year is considered with demand vari-
ations modeled through blocks. The strategic behavior of the
producer is represented through a bilevel model: the upper-level
considers both investment decisions and strategic production
actions and the lower-level corresponds to market clearing.
Prices are obtained as dual variables of power balance equations.
Rival uncertainties (on offering and investment) are charac-
terized through scenarios. The resulting model is a large-scale
mixed-integer LP problem solvable using currently available
branch-and-cut techniques. Results pertaining to an illustrative
example and a case study are reported and discussed.

Index Terms—Generation investment, mathematical program
with equilibrium constraints (MPEC), strategic producer, uncer-
tainty.

NOTATION

The main notation used throughout the paper is stated below
for quick reference. Other symbols are defined as required.

A. Indices:

Index for demand blocks running from 1 to .

Indices for the new/existing generating units of
the strategic producer running from 1 to .

Index for other generating units (owned by
other producers) running from 1 to .

Index for demands running from 1 to .

Index for available investment capacities
running from 1 to .

Indices for buses running from 1 to .

B.
Constants:

Weighting factor of demand block .

Annual investment cost of new unit .
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Option for investment capacity of new unit .

Capacity of existing generation unit of the
strategic producer.

Capacity of generation unit of other
producers.

Maximum load of demand in block .

Marginal cost of new/existing unit of the
strategic producer.

Price offer of unit of other producers in
demand block .

Price bid of demand in demand block .

Susceptance of line .

Transmission capacity of line .

Some of these constants include subscript if referring to
scenario .

C. Variables:

Capacity investment of new unit of the
strategic producer.

Price offer by new/existing unit of the
strategic producer in demand block .

Power produced by new/existing unit
of the strategic producer in demand block
.

Power produced by unit of other
producers in demand block .

Power consumed by demand in demand
block .

Voltage angle of bus in demand block .

Some of these variables include subscript if referring to
scenario .

I. INTRODUCTION

A. Background and Aim

I NVESTMENT decisions to be made by producers within a
market framework are complex and risky decisions. This

is particularly so in imperfect markets, which is the case of
electricity markets. Investment decisions are complex because
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TABLE I
RELEVANT FEATURES OF WORKS REPORTED IN THE LITERATURE AND THE MODEL PROPOSED IN THIS PAPER

they require modeling the market functioning leading to com-
plementarity models. They also require taking into account the
uncertainty plaguing markets, which leads to stochastic com-
plementarity models. Finally, investment decisions are complex
because the behavior of rival producers has to be properly rep-
resented. In addition to the need for such a complex model, in-
vestment decision making is risky due to the long-term conse-
quences of the involved decisions.

We consider in this paper a strategic producer trading in a
pool-based market through supply function strategies. This pro-
ducer seeks to derive its investment strategy for a future target
period spanning one year, for which the demand is modeled
through a piecewise constant curve approximating the load du-
ration curve in that target year. The strategies of rival producers
in the pool and their investment decisions are uncertain parame-
ters represented in this paper through scenarios. In other words,
we use scenarios to describe uncertainty pertaining to 1) rival
offers and 2) rival investments.

Regarding technology selection, we consider base-loaded
units (e.g., nuclear power plants) and peakers (e.g., CCGTs),
and regarding the siting throughout the network of these units,
we make no simplification, i.e., any plant can be located at any
bus throughout the network.

The proposed model materialized in a large-scale stochastic
complementarity problem that can be recast as a large-scale
mixed-integer linear programming problem, which, in turn, can
be solved using commercially available branch-and-cut algo-
rithms.

The model considered is aimed at helping strategic producers
in making informed decisions pertaining to generation capacity
investment. In other words, the target of the proposed model
is to identify these investment options most beneficial for the
considered strategic producer.

B. Literature Review and Contributions

In pioneering reference [1], three models of generation in-
vestment in competitive electricity markets are considered. The
first model assumes perfect competition, thus being similar to a
centralized capacity expansion model. The second model (open-
loop Cournot game) extends the well-known Cournot model to

include investments in new generation capacity. The third model
(closed-loop Cournot game) separates the investment and sale
decisions including investment in the first stage and sales in the
second stage. In [2], the strategic generation capacity expansion
of a producer considering incomplete information of rival pro-
ducers is modeled through a two-level optimization problem. A
genetic algorithm approach is used to find a Nash equilibrium.
The effects of competition and transmission congestion on gen-
eration expansion are considered in [3], where a Cournot model
is used. In [4], a noncooperative game for generation investment
is modeled using two tiers. In the first tier, the generation in-
vestment game is examined, and in the second tier, the energy
supply game is considered. The solution procedure is based on
a reinforcement learning algorithm. Reference [5] is a relevant
paper that considers the generation expansion planning problem
in an oligopolistic environment using a Cournot model and in-
cluding no network constraint. The solution is found using an it-
erative search procedure, which assumes complete information
of the rivals. In [6], two different approaches pertaining to gen-
eration expansion in a electricity market are presented. Both of
them consider the Cournot model although they differ in how the
producer determines its optimal capacity. In the first approach,
a mixed complementarity problem (MCP) is used, while for
the second one, a mathematical program with equilibrium con-
straints (MPEC) approach is considered (Stackelberg model).
In [7], a stochastic dynamic optimization model is used to eval-
uate generation investments under both centralized and decen-
tralized frameworks, but not modeling the network. Long-term
uncertainty in demand growth and its effect on future prices are
modeled via discrete Markov chains. In [8], the value of infor-
mation pertaining to rival producers such as their marginal costs
and conjectures on their behavior as well as demand levels are
analyzed for making decisions on generation investment. The
model is based on a Cournot approach but includes no network
constraint. For clarity, we summarize in Table I the relevant fea-
tures of the model proposed in this paper and other works re-
ported in the literature.

In the technical literature, most works using a bilevel ap-
proach similar to the one proposed in this paper pertain to of-
fering strategies [9], [10], transmission expansion [11], [12], and
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vulnerability analysis [13]. Also, further details on the math-
ematical model used in this paper, an MPEC, can be found
in [14].

Considering the works analyzed in the literature review and
summarized in Table I, the contributions of this paper are three-
fold:

1) To propose a generation investment model for a strategic
producer participating in a pool with supply function of-
fers. This model is able to optimally locate throughout the
network generation investments and to select the best pro-
duction technologies. The resulting model is an MPEC.

2) To recast the MPEC in step 1 above into a mixed-integer
linear programming problem solvable using currently
available branch-and-cut algorithms.

3) To comprehensively analyze an example of small size and
to provide results for a large case study.

C. Paper Organization

The rest of this paper is organized as follows. Section II de-
scribes and clarifies the features of the considered stochastic
complementarity model. Section III formulates the model as a
stochastic MPEC that is recast as a mixed-integer linear pro-
gramming problem. Section IV provides a comprehensive anal-
ysis of an example of reduced size, and results from a realistic
case study. Section V provides some relevant conclusions ob-
tained from the study reported in this paper. Finally, an appendix
provides linearization technicalities.

II. MODEL FEATURES

A. Planning Horizon, Demand, and Network Representation

Following a common approach in the technical literature
[1]–[3], [5], [6], [8], we consider for the expansion exercise
a single future target year—e.g., a single year 20 years into
the future—and establish the optimal investment for that year.
This expansion analysis, known as static expansion planning,
is the purpose of the paper. Once the optimal generation mix
for the target year (e.g., year 20) is known and considering the
generation mix of the initial year (year 0), it is rather simple to
derive an appropriate building schedule to “go” from the gener-
ation mix of the initial year to that of the target year. Note that
this static approach constitutes an appropriate tradeoff between
modeling accuracy and computational tractability. Needles to
say, a dynamic approach (in which investments throughout
the 20 years are simultaneously considered) provides higher
accuracy but at the cost of potential intractability.

The demand in each bus of the system for the planning year
is represented using a stepwise load-duration curve as shown in
Fig. 1. Demand blocks (approximating the load duration curve)
represent the demand variations across the hours of the target
year. The number of steps considered should be tailored to ade-
quately represent the load behavior throughout the buses of the
electric energy system under consideration.

A dc representation of the transmission system is embedded
within the considered investment model. This way, the effect of
locating new plants at different buses is adequately represented.

Fig. 1. Piecewise approximation of the load duration curve for the planning
year in a particular bus.

Congestion cases are also easily represented. For simplicity, ac-
tive power losses are neglected.

B. Bilevel Investment Model

The investment decision making and the strategic offering of
the considered producer is described through a bilevel model.
The upper-level problem represents both the investment deci-
sions of the producer and its strategic offering corresponding to
each demand block and scenario. Offering is carried out through
a step-wise supply function per demand block and scenario,
which generally differs from the corresponding marginal cost
function.

This upper-level problem is constrained by a collection of
lower-level problems that represent the clearing of the market
for each demand block and scenario. The target of each of
these problems is maximizing its corresponding declared so-
cial welfare. Locational marginal prices (LMPs) for each of
these problems are derived as dual variables of power balance
constraints.

The optimality region of each of these lower-level problems
is represented by its Karush-Kuhn-Tucker (KKT) conditions.
Considering the upper-level problem and replacing the lower-
level problems by these sets of KKT conditions results in an
MPEC. The equilibrium constraints are the sets of KKTs that
represent the clearing of the market in each demand block and
scenario.

Efficacious linearization techniques are then used to convert
the above MPEC into a mixed-integer linear programming
problem, which can be solved using commercially available
branch-and-cut software [15].

C. Uncertainty of Rival Offering and Rival Investment

Strategic offering by units belonging to rival producers is rep-
resented via scenarios. These scenarios can be constructed based
on historical data pertaining to rival offers. The number of con-
sidered scenarios needs to be carefully selected because a large
number of scenarios entails intractability.

Investment actions by rival producers are also modeled via
scenarios. Since investment options are generally not many, a
reduced number of alternative scenarios allows properly repre-
senting rival investments in the planning year.
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III. MODEL FORMULATION

A. Bilevel Model

The considered bilevel model for strategic generation in-
vestment is explained below. Fig. 2 shows the bilevel structure
of the model. The upper-level problem represents the profit
maximization of the strategic producer subject to the selection
of some investment options and to the lower-level problems.
Each lower-level problem (one per scenario and demand block)
represents the market clearing with the target of maximizing
the social welfare and is subject to the power balance at every
bus, power limits for production and consumption and trans-
mission constraints. The formulation of the model is stated as
follows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

The optimization variables of each lower-level problem (3)–(11)
are: , , , , , , , , ,

, , , , , , , , and
. In addition to the optimization variables above, the upper-

level problem (1), (2) includes the following optimization vari-
ables: , , , and .

Fig. 2. Bilevel structure of proposed generation investment model.

The objective function (1) is the minus profit (investment
cost minus operations revenue) of the strategic producer where

is the probability associated with scenario . LMP
is the dual variable of the balance constraint at bus , time ,
and scenario , obtained from the lower-level problem. Note
that identifies the new/existing generating
units of producer located at bus . For each available in-
vestment technology (e.g., nuclear, coal, oil, CCGT, etc.),
(2) allows the strategic producer to choose among the avail-
able MW-investment options, being one of the options no in-
vestment (e.g., 0, 200, 500, or 1000 MW). The LMPs and
the productions belong to the feasible region defined by the
lower-level problems.

The minimization of the minus social welfare of each lower-
level problem is expressed by (3). Note that depends on

to model rival offering uncertainty. A dc linear approxima-
tion of the network is used to represent the power balance at
each bus as well as the line capacity limits. Equations (4) en-
force the power balance at every bus. Equations (5)–(8) enforce
capacity limits for the new and existing units of the strategic pro-
ducer, the units of other producers, and the demand. Note that to
model rival investment uncertainty, the upper bound of (7) de-
pends on . Constraints (9) enforce the transmission capacity
limits of each line. Note that identifies the buses
connected to bus . Constraints (10) enforce angle bounds for
each node, and constraints (11) impose to be the slack
bus in each scenario. Dual variables are indicated at the corre-
sponding equations following a colon.

The lower-level problems are continuous and linear as the
market operator takes , , and as parameters.

For notational clarity, we have not included additional sub-
scripts to describe production-offer and demand-bid blocks.
However, such blocks are considered in the case studies.

For the sake of simplicity, some features of real-world mar-
kets are not included in the proposed model, such as forward
contracting, risk modeling, capacity payments, and renewable
credits. Note, however, that capacity payments or renewable
credits translate generally into a reduction/increment in the an-
nualized cost of investment of conventional units, which can be
easily integrated into the proposed model.
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B. MPEC

The MPEC corresponding to problem (1)–(11) is stated
below. It is obtained by replacing lower-level problems
(3)–(11) by their corresponding KKTs:

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

The collection of equality constraints (13)–(18) and comple-
mentarity constraints (19)–(30) is equivalent to the lower-level
problems (3)–(11). MPEC (12)–(30) is transformed in a
mixed-integer linear programming problem as explained in the
Appendix. Note that this MPEC problem involves all optimiza-
tion variables of problem (1)–(11) plus the binary variables
used to linearize complementarity constraints as described in
the Appendix.

IV. CASE STUDIES

The objectives of this section are twofold:
1) To show the interest of the proposed methodology to an-

alyze the effect that strategic generation investment may
have on electricity markets.

Fig. 3. Six-bus test system.

2) To highlight the relevance of the proposed methodology to
assist a strategic producer in its investment decisions.

To achieve the first objective, we present an illustrative ex-
ample in which, for the sake of clarity, the features of the
market agents/components (generators, demands, network,
etc.) have been simplified. The second objective is addressed in
Section IV-B, where a large case study is considered.

A. Illustrative Example

The considered network in this illustrative example is de-
picted in Fig. 3 and includes two separated areas (north and
south) interconnected by two tie-lines. In the northern area
(buses N1, N2, and N3), generation prevails while in the
southern one (buses N4, N5, and N6), the consumption does.
In this figure, “ES” identifies existing units belonging to the
strategic producer and “O” units of other producers.

Table II provides data for the existing units of the strategic
producer and other units considered in this example. Each row
refers to a particular type of generation unit. The second column
contains the power capacity of each unit, which is divided in two
generation blocks (columns 3 and 4) with associated production
costs (columns 5 and 6).

Table III gives investment options including two technolo-
gies: 1) base technology with high investment cost but small
production cost, and 2) peak technology with low investment
cost but high production cost. We consider that each investment
option includes two production blocks. For the sake of sim-
plicity, note that the size of each of the two blocks is considered
equal to half of the installed capacity. Costs for these two gen-
eration blocks are provided in the last two columns of Table III.

Table IV provides demand bids (energy and price) for each
demand block. Each column corresponds to a demand ( to

), while each row corresponds to a demand block. The cells
of this table identify the actual values of the energy bids (MWh)
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TABLE II
TYPE AND DATA FOR THE EXISTING GENERATING UNITS

TABLE III
TYPE AND DATA FOR INVESTMENT OPTIONS

TABLE IV
DEMAND BLOCKS [MWh] AND PRICE BIDS [�/MWh]

TABLE V
LOCATION AND TYPE OF EXISTING UNITS (ILLUSTRATIVE EXAMPLE)

and corresponding prices ( /MWh). Note that each demand
considers per block two bids with different sizes and prices.

The considered weighting factors corresponding with each
demand block are 0.5, 0.5, 1.0, 1.0, 1.0, 1.5, and 1.5 derived
from the load duration curve of the planning year, each multi-
plied by 1251.43 (8760/7), i.e., the total hours in a year divided
by the number of considered demand blocks.

Table V provides the location of the existing units throughout
the network. Note that each unit is defined by its type and max-
imum capacity.

Finally, we consider that all lines have the same susceptance,
(100 MW base).

First, MPEC (12)–(30) is solved considering single-scenario
cases and then multiple-scenario cases are analyzed. For the
first single-scenario case, MPEC (12)–(30) is solved without

TABLE VI
INVESTMENT RESULTS (ILLUSTRATIVE EXAMPLE)

transmission limits on the network, which constitutes the un-
congested case. Cases A and B are cases where the capacity
of both tie-lines (lines 2–4 and 3–6) is limited to 450 MW and
150 MW, respectively. Also, a centralized generation invest-
ment (i.e., least-cost planning) is considered for the uncongested
single-scenario case. Table VI provides results on generation in-
vestment and profit for the strategic producer. Column 2 refers
to the uncongested case while columns 3 and 4 to cases A and B,
respectively. The last column pertains to the centralized invest-
ment case. This table gives the investment in each bus (rows 2
to 7), the total investment (row 8), the total profit (row 9), the in-
vestment cost (row 10), and the operations profit (row 11). Note
that the investment and profit results for the uncongested case
and case A are the same. However, due to transmission limits
on the tie-lines in case A, the base technology is located in the
southern area. In both of these cases, no tie-line is congested;
thus, the clearing prices throughout the network are the same in
each demand block as shown in Fig. 4. In case B, the tie-lines
are congested, and the total investment is higher than in the pre-
vious cases. Note that in case B, all investments are located in
the southern area and the profit of the strategic producer be-
comes comparatively higher. The prices at each bus for each
demand block in this case are depicted in Fig. 5. Due to the pre-
vailing demand in the southern area, the tie-lines are congested
for most demand blocks. Observe that this phenomenon makes
LMPs different throughout the network [this can be easily de-
rived from (17) since or are not necessarily zero].
In particular, for demand blocks 1–5, congestion occurs and the
southern area exhibits higher prices than the northern area where
generation prevails. On the contrary, congestion does not occur
at low demand blocks 6 and 7, and therefore, prices become
identical throughout the network.

The centralized generation expansion case renders, as ex-
pected, higher investment than the other cases.

Two additional cases including one scenario are examined
below considering and not considering strategic offering. In the
case of no strategic offering, the strategic producer offers at its
marginal cost. For simplicity, the considered network is reduced
to two buses, north and south, and no transmission limits on tie-
lines are taken into account. The results are given in Table VII.
Note that offering marginal costs results in comparatively lower
investment and lower profit.

Next, we examine two stochastic cases considering some
relevant scenarios. Scenarios should be selected representing in
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Fig. 4. Clearing prices in uncongested case and case A (illustrative example).

Fig. 5. Clearing prices in case B (illustrative example).

TABLE VII
INVESTMENT RESULTS CONSIDERING AND NOT CONSIDERING

STRATEGIC OFFERING (ILLUSTRATIVE EXAMPLE)

the best possible manner the real-world alternative values of the
uncertain parameters as well as their associated probabilities.
Scenarios pertaining to rival offers need to be selected covering
all possible rival offering strategies, and scenarios pertaining
to rival investment should be based on the financial status
and prospective investments of rival producers. Note that the
appropriate selection of scenarios is outside the scope of this
paper. The first case involves four scenarios including two
rival offering scenarios and two rival investment scenarios.
The second case involves 12 scenarios including three rival
offering scenarios and four rival investment offering scenarios.
The details of rival producer scenarios are given in Table VIII.
In this table, column 2 characterizes rival investment uncer-
tainty considering alternative investments consistent with the
alternatives in Table II, and column 3 identifies their location
in the network. Note that in the cases of no investment, only
the rival offering uncertainty is modeled. The fourth column of

TABLE VIII
RIVAL PRODUCER SCENARIOS

TABLE IX
INVESTMENT RESULTS FOR THE STOCHASTIC ILLUSTRATIVE EXAMPLE

Table VIII gives the factors pertaining to rival offers available
in Table II, i.e., a rival offering strategy is obtained multiplying
the production costs of all rival units by the corresponding
factor. The last column of Table VIII presents the probabilities
corresponding to each scenario.

Table IX gives the generation investment results for cases in-
volving one, four, and 12 scenarios. The case involving one sce-
nario corresponds with the one in the third column of Table VII.
Although the total investment in all cases is the same, Table IX
shows that the profit of the strategic producer decreases as the
rival uncertainty increases.

B. Case Study

This section presents results for a case study based on the
IEEE one-area Reliability Test System (RTS) [16]. Similarly to
the previous example, we consider a load duration curve divided
into seven demand blocks. The demands for the first block in
all buses are those in [16], and for the next six blocks, all de-
mands are multiplied by 0.90, 0.75, 0.65, 0.60, 0.55, and 0.50,
respectively.

Demands 11, 13, and 15 (located at buses 13, 15, and 18 in the
original system) bid the first demand block at 40.00 ( /MWh),
other demands located in the northern area (buses 14–24) at
38.00 ( /MWh), and other demands located in the southern area
(buses 1–13) at 35.00 ( /MWh). For the next six demand blocks,
all demand bids are multiplied by 0.95, 0.90, 0.85, 0.80, 0.75,
and 0.70, respectively. The weighting factors of demand blocks
are those provided in the illustrative example.

As in the illustrative example, Table II gives data for the gen-
erating units and Table X provides their location in the network.
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TABLE X
LOCATION AND TYPE OF EXISTING UNITS (CASE STUDY)

TABLE XI
INVESTMENT RESULTS FOR THE STOCHASTIC CASE STUDY

The scenarios considered in the stochastic cases are the same
as those in the illustrative example, available in Table VIII, but
considering bus 15 for rival investments.

Since most transmission lines in a power network are de-
signed to operate at safe margins with respect to their capacities,
congestion only occurs at some critical lines that are generally
well identified. Therefore, the buses connected through lines
that are not likely to suffer congestion are gathered into a single
bus without altering significantly the results of the study. This
simplification might be a computational requirement since
network constraints increase considerably the computational
burden of the proposed model. Hence for the sake of simplicity
and to decrease the computational burden in the case of 12
scenarios, we reduce the number of buses in the system to nine,
merging buses 1 to 13 into a single one and buses 17 to 20 in
another one.

Table XI gives the generation investment results involving
one and four scenarios considering 24 buses and 12 scenarios
considering nine buses. The last row of this table shows the op-
timality gap. Enforcing lower gaps may lead to higher accuracy,
but increases computational burden as well. From Table XI, it
can be concluded that higher uncertainty results in lower profit,
and investment in new units with reduced capacity.

C. Computational Issues

MPEC (12)–(30) is solved using CPLEX 11.0.1 [15] under
GAMS [17] on a Sun Fire X4600 M2 with four processors
clocking at 2.9 GHz and 256 GB of RAM.

The computational times required for solving the considered
problems are provided in Tables VI, VII, IX, and XI. The re-
quired time increases with the size of the problem and with the
congestion of any line. Note also that the computational time
increases very significantly with the number of scenarios.

V. CONCLUSION

This paper provides a methodology to assist a strategic pro-
ducer in making decisions pertaining to generation investment.
The features of the proposed model and the simulations carried
out allow deriving the following conclusions:

1) The proposed model adequately represents the physical
system: demand and network.

2) The strategic behavior of the considered producer is ade-
quately captured via supply function offering and LMPs.

3) The considered market framework is accurately repre-
sented through the proposed bilevel model.

4) Rival uncertainties (on offering and investment) are appro-
priately represented using scenarios.

5) The resulting model, although computationally expensive,
is tractable.

Further work is needed to ease the computational burden of the
resulting mixed-integer linear programming problem and to in-
clude dynamic decision-making features. Benders’ decomposi-
tion is an appealing alternative.

APPENDIX

LINEARIZATION

MPEC (12)–(30) includes the following nonlinearities:
1) The term

in the objective function.
2) The complementarity conditions (19)–(30).

A. Complementarity Linearization

The complementarity condition

(31)

can be replaced by

(32)
where is a large enough constant [18].

B. Objective Function Linearization

To find a linear expression for
, we use the strong duality theorem and

some of the KKT equalities. The strong duality theorem says
that if a problem is convex, the objective functions of the primal
and dual problems have the same value at the optimum. Thus
after applying the strong duality theorem to each lower-level
problem (3)–(11), we get

(33)

where

(34)
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From (23) and (24)

(35)

(36)

Substituting (35) and (36) in (33) renders

(37)

On the other hand, from (14) and (15)

(38)

(39)

thus

(40)

(41)

Additionally, from (19) and (20)

(42)

Using (42) to simplify (40) and (41) renders

(43)

Finally, considering (37) and (43)

(44)
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