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Abstract— In the restructured electricity industry, Gener-
ation Expansion Planning (GEP) is an oligopoly of strategic
Generation Companies (GenCos) with private information
investing in a highly uncertain environment. Strategic planning
and uncertainties can result in market manipulation and
underinvestment (short-term planning).

We present a forward moving approach to the problem of
investment expansion planning in the restructured electricity
industry. This approach accounts for technological, political
and environmental uncertainties in the problem’s environment
and leads to long-term planning. At each step of the approach
we present a block investment market mechanism that has
the following features. (F1) It is individually rational. (F2)
It is budget balanced. (F3) The expansion and production
allocations corresponding to the unique Nash Equilibrium (NE)
of the game induced by the mechanism are the same as those
that maximize the sum of utilities of the producers and the
demand. (F4) It is price efficient that is, the price for electricity
at equilibrium is equal to the marginal utility of the demand
and to the marginal cost of production by producers with free
capacity.

I. INTRODUCTION

A. Motivation
The objective of power system Generation Expansion

Planning (GEP) is to determine the best investment schedule
(size, timing, and technology) for the construction of gen-
eration plants that ensures an economic and reliable supply
to the predicted demand [14]. GEP has greatly changed in
the restructured electricity industry. The other major change
to the industry is due to increase int the level of renewable
energies.

The electricity industry has been traditionally regulated
by government to run under a predetermined-price cost-
minimizing monopoly. In the past decades, there has been
world-wide tendency towards restructuring the industry
to a free competitive market [5]. There have been dif-
ferent practices of electricity restructuring with Califor-
nia (CAISO), Midwest (MISO), Pennsylvania-New Jersey-
Maryland (PJM), Texas (ERCOT), British and Australian
markets as some of the most prominent ones.

Under restructuring, the industry is an oligopoly instead
of a monopoly. Generation Companies (GenCos), which are
the investors, are strategic agents with private/asymmetric
information regarding their technologies and costs; and gen-
eration expansion planning becomes maximizing the GenCos

profit in an oligopoly rather than meeting demand with
minimum cost in a monopoly [5]. Strategic GenCos with
private information can potentially manipulate the market to
increase their individual profit, and this results in loss in
social welfare [8].

In the restructured electricity industry, GEP is a challeng-
ing problem primarily for two reasons, uncertainty and price
caps.

(i) GEP is a long-term planning problem (typically 10
to 20 years). Therefore, there are a lot of uncertainties
associated with GEP. Such uncertainties include changes in
the demand profile, developments in technology, changes in
the availability of resources, in the number of participating
GenCos, in gas and oil prices, in future government initia-
tives and policies, and, in general, changes in the world’s
future environmental, political and economic conditions. All
the aforementioned potential changes result in uncertainties
in the GenCos future preferences/utilities. As a result of the
above uncertainties (that we term ”technological, political
and economic uncertainties”), strategic GenCos may focus
on short term planning with more reliable returns and avoid
investing in technologies and expansions that are more
profitable in the long run [8].

(ii) In the restructured industry, price is determined in
the market clearing process and subject to overshoots. High
prices are the result of scarcity in the resources (capacity),
and is a signal for the producers to invest in the market. To
ensure a reasonable price for the consumers, regulators apply
a price cap on the market. Applying price caps eliminates
investment signals to the producers and is another reason
for the lack of sufficient incentives for capacity expansion
investment in electricity industry.

Insufficient planing or short horizon planning for the
reasons discussed above could lead to underinvestment and
sub-optimal capacity expansion, and could result in loss in
social welfare. For example, the California 2000 electricity
crisis (lack of sufficient capacity at times of peak demand)
was due to underinvestment in capacity expansion [8].

To deal with the above difficulties and provide sufficient
incentives for planning, different approaches have been re-
cently introduced and implemented. Some ISOs like PJM
and MISO have used capacity markets. These markets are
run years ahead of the dispatch market. The predicted
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demand is auctioned by the Independent System Operator
(ISO) and investors bid for how much they would like to
be paid to expand their capacity. The market is cleared with
first price. CAISO uses resource adequacy planning where
each GenCo must show there is enough generation capacity
to meet its demand over the next year, otherwise CAISO
imposes short term (one year ahead) procurement obligation
on the GenCo. In Germany, long term forward contracts
are used to provide incentive for capacity expansion. In
these contracts, GenCos sign a long term contract to provide
energy to retailers and this way hedge themselves against
uncertainties.

Although the above mentioned practices have shown in-
crease in marginal reserve in real time markets, there are
arguments that GenCos manipulate the pricing signal in the
market structure and do not lead to efficient investment.
For this reason, the Electric Reliability Council of Texas
(ERCOT) has refused any sort of these experiments so far.
Also, the Market Surveillance Committee of California ISO
in its 2014 final report states that the correct approach
to electricity markets is an ”energy only economy” (i.e.
an economy for trading only electricity generation, not
for trading investment) [4]. In this energy only economy
markets such as day ahead, an hour-ahead and 5-min ahead
(spot market) for electricity trading can exist. The report
argues that spot markets are the main market for an efficient
economy, and suggests that spot markets should be designed
so as to send to the GenCos the correct price signals for both
the amount of generation and capacity expansion.

Any solution to the investment problem in electricity
industry is tied to performance of energy markets (generation
markets). For examle, the bids that the producers submit to
a capacity market is decided based on what they expect to
collect later from the energy market. Therefore, the design
of the energy market is part of the solution to the investment
problem. An energy market that is correctly designed may
eliminate the necessity of using capacity market, long term
contracts or resource adequacy plans, but rather use only
a communication mechanism among GenCos for adjusting
their plans. There are two main approaches to electricity
energy markets, supply function bids and the Cournot model
[21]. In the former, the producers bid a price-production
curve, while in the latter they only bid their quantity to the
market. Cournot models result in higher prices and are not
applicable when demand is price inelastic. However, Cournot
models are easier to study and analyze, whereas the equi-
librium analysis of the supply function model is a difficult
problem. Both models are known to be inefficient, i.e they
do not maximize social welfare. A third approach to energy
markets is proposed in [25] and [26]. In this approach, the
market implements social welfare maximization in a simple
and tractable way. We will use this market to present our
solution to the investment problem.

Ideally, once a GenCo wants to decide for investment, it
should consider the return of investment in all of the energy
markets during the life span of the invested capacity. In

practice energy markets are run every 5 to 15 minutes; and
the number of these markets, even for technologies with a
short life span can be in the order of thousands. Therefore,
GenCos abstract the energy markets during a year or several
months into one single market to be considered in their
capacity planning. We will use the same technique for the
model we present in Section III and abstract the energy
markets between two investment decision epochs into one
single spot market. In other words, for investment problem
over a T horizon we consider T energy markets.

To design an efficient electricity economy, we must de-
termine mechanisms that resolve the shortcomings of the
currently existing approaches (described above) and incor-
porate new forms of energy in current electricity markets,
mainly renewables. Increase in the production of renewable
energies has resulted in renewable only energy markets.
Several energy economies are now highly dependent on
renewables including 40 percent for Germany and 33 percent
for California by 2020. Different countries are targeting
different penetration rates for renewable energies in their
economy, which means part of the market is dedicated
to the renewables only. Furthermore, there are economies,
mainly islands, that are completely dependent on renewables.
There are more than 50 thousand islands on earth with
a total area of over one sixth of global land area. More
than 740 million people inhabit these islands according to
geographic information system (GIS) analysis [18]. We refer
to the markets where the supply is only renewable energy
by renewable economy.

Availability of renewable energy is highly uncertain due
to changing technological factors (e.g. storages, wind farm
planning techniques), and the stochastic nature of its re-
sources (e.g. wind, solar, tides, etc.) 1. As a result, the
introduction of renewable energy increases the uncertainty
in planning and investment. On the other hand, capacity
for renewable technologies can be expanded gradually with
appropriate change of expansion plan when necessary. More-
over, renewables have shorter construction times. Gradual
investment can help in adaptive expansion plans which are
responsive to market prices. Shorter construction period
helps in fast response to price signals.

The above discussion is the motivation for this paper. We
are looking for an investment mechanism that can provide
incentives for GenCos in a renewable economy to invest
efficiently (i.e. in a socially optimal way) to meet the
demand in energy markets. We present an expansion block
mechanism that allows GenCos to communicate so as to plan
their investment, along with a forward moving approach to
GEP in restructured market that allows GenCos to adaptively
adjust their plans to changes in the future. The expansion
block mechanism is run by the ISO as a mediator. The
mechanism does not provide subsidy or long term contracts,
but uses the price signals in the energy market (generation

1We call the uncertainty in availability of renewable energy due to the
stochastic nature of its resources, ”resource uncertainty” in contrast to the
”technological, political, economic uncertainties” we discussed earlier.
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market) to incentivize capacity expansion. Each year, the
expansion block mechanism is run by the ISO. After that
GenCos apply their immediate expansion plans and then the
energy markets realize for the current year in which the
GenCos collect their revenue to cover cost of expansion.

B. Literature survey

Despite the rich literature on generation expansion plan-
ning in non-strategic environments (before restructuring the
industry) and electricity markets for the restructured industry,
there are few results available on investment and GEP in the
restructured electricity industry. In particular, oligopolistic
models considering both investment and production are rare
(see the survey in [5]).

Here, we do not aim to present the literature on elec-
tricity markets or GEP in non-strategic environment, but we
mention reference [14] which is close to the forward moving
approach presented in this paper. This reference studies GEP
in a non-strategic environment with a centralized planner
and proposes three different approaches for planning un-
der uncertainty, namely a deterministic approach, stochastic
optimization, and minmax optimization. The first approach
generates one scenario for the future based on the available
data and then solves an optimization for optimal investment
based on that scenario; as time goes on, the scenario and
the corresponding planning are updated in a moving forward
approach. In contrast to the first approach, the second and
third approaches consider all possible scenarios for the future
and plan adaptively using backward induction.

The literature of investment and GEP in an oligopoly can
be found in economics and in engineering. In economics,
the literature on investment markets can be categorized
into studies on oligopoly and entrance deterrence. Entrance
deterrence models assume that an incumbent builds capacity
in the first stage so as to prevent entry of the entrant in
the second stage. References [28] and [10] are prominent
models of entrance deterrence. These models are directly
applicable to the European electricity markets where this
divestiture process is at an earlier stage and a dominant
player remains in place in most countries [20]. In the
U.S. electricity industry, where investor-owned utilities in
restructured systems have largely divested their power plants,
oligopoly models are more applicable.

Most oligopoly models are two stage decision models
where investment decisions are made in the first stage while
operation decisions are made in the second stage. The
solution concept of subgame perfect equilibrium is used to
study the outcomes of these models. References [9], [12],
[22], [17] and [24] study oligopolistic investment markets.
The difference among these models lies in their assumptions
about the market in the second stage. Existing models for
the second stage market include Bertrand, Cournot, supply
function models, and conjectured supply function models
[5]. Reference [12] uses a Cournot model for the second
stage; References [9], [22] and [17] consider bids for price
as well. Reference [12] considers a 2-firm 2-period model

while References [9], [22] and [17] use N -firm 2-period
environment. The difference among [22], [17] and [9] is
in the way market prices are determined. Reference [24]
considers a more general setting of N -firms T -period mar-
kets where the first market is an investment market and the
rest are operation markets. The author of [24] proves the
existence of equilibrium plans, prices and price expectations
in such setting. All of the above models assume that demand
is stochastic.

In engineering, the literature on investment markets can
be divided into open and close loop models. In both of these
models, the investment decision is made in the first stage. In
open loop models, in the first stage, GenCos propose their
proposals to the Independent System Operator (ISO). In the
second stage, the ISO collects this information and sends
back the price signals to GenCos. This process is repeated
until the proposals remain unchanged. This environment is
modeled as a game and the literature focuses on calculating
the equilibrium iteratively. Close loop models in contrast
consider a game among GenCos in both stages. These
models consider expansion and production simultaneously;
GenCos first decide on their investment and expand their
capacity; then in the second stage, they decide on their level
of generation.

Reference [13] is an early paper studies the game among
investors in electricity industry. This paper assumes that
GenCos can reduce the cost of production by cooperating,
and discusses how to divide the profit among the investors
so as to incentivize them to cooperate. Reference [7] is
among the first papers that study GEP in the restructured
electricity industry. It uses the Cournot model in the second
stage to allocate electricity dispatch and to determine price.
Reference [29] considers a Bayesian framework for the Gen-
Cos’/investors’ beliefs about the type of the other investors; it
adopts the supply function model for market clearance in the
second stage; The paper proposes computational methods for
calculating equilibrium points of this game. The efficiency of
(the performance corresponding to) these equilibrium points
is not addressed in [29].

A simultaneous game modeled for the investment and
generation markets, i.e closed-loop model, is presented first
in Reference [20]. The work in Reference [20] considers a 2-
firm N -period market model. There is no private information
for the GenCos and the price-demand and supply-cost curves
are assumed to be linear. The authors of [20] consider a
closed-loop Cournot model where in the first stage GenCos
decide on the level of expansion and in the second stage
they propose their amount of electricity production in any
of the N markets. Reference [16] assumes that in the
first stage the GenCos anticipate the future markets and
invest in their expansion. Real markets are then run in the
second stage where the outcome is an equilibrium of the
game among generators. References [19] and [27] propose
robust optimization techniques for almost optimal solutions
of the GEP under different possible scenarios for the future
markets.
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Surveys on GEP in the restructured electricity industry are
presented in references [5] and [15].

The above discussion summarizes the state of the art in
the study of generation expansion planning in restructured
electricity industry. The main open issue/problem associated
with the GEP problem in the restructured electricity indus-
try is the discovery/development of mechanisms that take
into account the GenCos’ private information and strategic
behavior along with the above-discussed uncertainties, and
maximize social welfare.

C. Contribution of the Paper

In this paper, we focus on generation expansion planning
in a renewable only economy with restructured electricity
industry. We assume the energy market in this economy
is as presented in [25] and propose a methodology for
capacity expansion that implements social welfare maxi-
mizing investment. Our contribution is two fold: (1) We
propose a forward moving approach (presented in Section
II) to GEP that deals with the technological, political and
economic uncertainties present in GEP. This approach al-
lows GenCos to adaptively plan their investment. (2) At
every step of the forward moving approach we present an
expansion block mechanism (presented in Section IV) that
is run by the ISO as a mediator. This mechanism allows
GenCos to communicate so as to plan their investment. The
mechanism has the following features at the unique Nash
Equilibrium of the game that it induces: (F1) It is individu-
ally rational. That is, strategic GenCos voluntarily participate
in the mechanism. (F2) It is budget balanced. That is, the
mechanism does not create any budget surplus or any budget
deficit. (F3) The expansion allocations corresponding to the
unique NE of the game induced by the mechanism are the
same as those that maximize the sum of utilities of the
producers and the demand. (F4) It is price efficient; that is
the price of electricity at equilibrium is equal to the marginal
utility of the demand and equal to the marginal cost of
production by producers with free capacity.

D. Organization of the paper

The rest of the paper is organized as follows: Section
II provides a high level discussion of our forward moving
approach and expansion block mechanism. The model of the
problem investigated in this paper is presented in Section III.
The Expansion Block Mechanism is presented in Section
IV. A discussion on the specification of certain design
parameters of the mechanism is presented in Section V.
Section VI concludes the paper.

II. METHODOLOGY

We adopt forward moving approach; that is we do plan-
ning by proceeding forward in time. At each time instant
t, we consider a time horizon T . We design a static
expansion block mechanism for generation expansion deci-
sions over the next T years. The mechanism takes into

account the GenCos’ private information and strategic be-
havior and models the GEP problem’s environment over the
horizon T based on the information that is available at t.
As discussed in Section I-A, decisions on expansion are tied
to generation markets; therefore, the expansion mechanism
includes abstract models of the generation market where the
generation over a year is abstracted into one spot market. The
outcome of the mechanism designed at t determines each
GenCo’s expansion in the interval t, t+ 1, ...t+ T . GenCos
implement only the outcome for expansion/investment at
t. The ISO moves the block mechanism forward to time
t+1 and repeats the same process by incorporating any new
information about the problem’s environment that becomes
available at t+ 1. GenCos update their expansion according
to the outcomes of the last mechanism. Since in a renewable
economy GenCos’ technologies are flexible, they can change
their plans adaptively. We repeat the same process at each
time instant.

We note that the expansion decisions remain the same
if planning is not repeated at every time instant, but it is
done periodically (with period τ ≥ 1) or at times where
unexpected changes in the problem’s environment occur.

The above-described methodology has the following fea-
tures. The decision for expansion and production at each
time t takes the future (horizon T ) into account. Thus, the
decision at any time t is the result of long-term planning. The
longer the horizon T , the higher is the uncertainty about the
GEP problem’s environment towards the end of the horizon
for the reasons discussed in Section I-A. That is why the
outcome of planning over t, t + 1, ..., t + T is used to do
expansion and production only for time t (or for the short-
term future). The plan determined for the distant future (e.g.
the plan at t+ T ) can not account for uncertainties that are
not known or cannot be anticipated at time t but appear
at some future time before t + T . Thus, our methodology
attempts to avoid the drawbacks of short-term planning (e.g.
underinvestment/insufficient capacity expansion that led to
the California crisis); furthermore, it adjusts to future uncer-
tainties/unexpected change in the GEP problem environment
without requiring a model for their evolution (such a model
would be very difficult to build).

The T -horizon static mechanism that is designed for
expansion at each time t considers the expected outcome
of the future production markets as well as the GenCos’
strategic behavior and private information. The mechanism
incentivizes the strategic GenCos to align their objective with
the ISO’s objective which is the maximization of social wel-
fare. In addition to achieving social welfare maximization,
the mechanisms are individually rational, budget balanced,
and price efficient.

Philosophically, our methodology has many similarities
to the approach proposed for centralized planning problems
(stochastic control problems) where there are uncertainties
about the planner’s future preferences [30].
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III. THE MODEL

In this section we present the model (Assumptions 1 to
12) and discuss it.

A. Agents, Behavior and Timing

Assumption 1: Agents- There are I = {1, 2, ..., N}
GenCos, one aggregate demand representing the consumers,
and an independent system operator who is the market
designer. This information in common knowledge.

In the electricity pooling markets, consumers are repre-
sented by an aggregate demand.

Assumption 2: Behavior- GenCos are strategic self-
profit maximizing agents with private information (cost of
expansion and cost of production). Demand is a non-
strategic/price-taking agent with utility that is common
knowledge among GenCos and consumers. The ISO is non-
profit making and his objective is to maximize the welfare
of producers and demand.

GenCos’ strategic behavior is a consequence of the liber-
alization in restructured electricity industry. The consumers
are considered non-strategic since they do not participate in
the market and are represented by an aggregate demand. The
ISO is a regulatory entity whose goal is to maximize social
welfare.

Assumption 3: Timing- Time is discrete (years in our
model). At each time step t, GenCos plan for their next
T step expansion, and implement only their immediate
expansion plan for time t2.

Assumption 4: Network Constraints- No transmission
constraints are taken into account.

The restructured electricity industry separates generation
from transmission and distribution. This is a common as-
sumption in pooling markets so as to focus on understanding
the effect of market forces. This approach has been followed
in the literature and is used in practice. (See [11] and refer-
ences therein for similar assumptions and more discussion).

B. Demand

Assumption 5: Demand’s Utility- Demand is elastic and
its utility for consuming dt units of energy at time t is Ut(dt);
Ut(.) is common knowledge among GenCos and the demand,
and

Ut(0) = 0, U
′

t (d) > 0, U
′′

t (d) < 0, (1)

where Ut
′
(.) and Ut

′′
(.) denote the first and second deriva-

tives, respectively, of Ut(.).
Elastic demand is an accepted model in the literature.

Reference [5] argues that “an important change in the
traditional production cost model (in Generation Expansion
Planning) is the introduction of elasticity of the demand. In
classic production cost models the demand was inelastic and
had to be met (subject to a penalty for unserved load). Now,

2Electricity dispatching takes place through spot markets that run every
hour and minutes ahead of time.

the equilibrium quantity is obtained by maximizing the total
surplus, defined as the sum of consumer’s and producer’s
surplus. As a result of the competitive environment that
now utilities face, the needs of planners for optimization
models have changed in order to take into account mainly
the uncertainty of the market factors evolution and the
increasing competition.”

The annual California Energy Commission report [2]-
[3], and Annual Energy Outlook by US Energy Information
Administration [1] are examples of demand prediction for
different political, environmental and economic scenarios

Assumption 6: Demands’ Total Utility- Demand pays ∆i,t

to producer i at time t. The total utility of the demand over
the window of time T is∑

τ∈T
Uτ (dτ )−

∑
i∈I

∑
τ∈T

∆i,τ . (2)

C. GenCos

Assumption 7: GenCos’ Expansion Constraints- GenCo
i’s expansion at time t is limited to a maximum of xi,t. xi,t
which is common knowledge among all GenCos.

Assumption 7 exists in the literature [23]. The feasi-
ble expansion amount of a GenCo is naturally limited by
technology and budget constraints. Furthermore, risk-averse
firms can put a cap on their level of expansion in order
to forbid underutilization of resources in an unpredicted
low demand future. We assume these limits are common
knowledge among the ISO and the other GenCos. Thus, each
GenCo knows his competitors’ capability for expansion.

Assumption 8: GenCos’ Production Constraints- Xi,0 is
GenCo i’s initial existing capacity, and xi,t is his expansion
at time t. Therefore, the electricity generation of GenCo i
at time t is limited by his capacity at t which is Xi,t =
Xi,0 +

∑
τ=1,2,...,t xi,τ .

Assumption 8 assumes no capacity is retired after ex-
pansion. Furthermore, it does not differentiate between dif-
ferent expansion technologies, e.g. wind, solar, tied, etc.
Our model, mechanism and results can be readily extended
to a portfolio of technologies of limited life times for
each producer. Adding retirement time and a portfolio of
technologies with different costs to the model does not
change the essence of our mechanism and the contribution
in this paper; therefore, to avoid complexity of the results
we have not considered them in Assumption 8.

Assumption 9: GenCos’ Expansion Cost- GenCo i has
expansion cost Ĉi,t(xi,t) at time t. The function Ĉi,t(xi,t)
is GenCo i’s private information. Ĉi,t(.) ∈ Ĉt where Ĉt is
common knowledge among the GenCos and the ISO. For all
i ∈ I and t,

Ĉi,t(0) = 0, Ĉ
′

i,t(xi,t) > 0, Ĉ
′′

i,t(xi,t) > 0, (3)

where Ĉ
′

i,t(.) and Ĉ
′′

i,t(.) denote the first and second deriva-
tives, respectively, of Ĉi,t(.).
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Assumption 10: GenCos’ Production Cost- Let ei,t de-
note the amount of energy produced by GenCo i at time t.
The cost of production is Ci,t(ei,t) where the function Ci,t
is GenCo i’s private information. Ci,t ∈ Ct, where Ct is
common knowledge among the GenCos and the ISO. For all
i ∈ I and t

Ci,t(0) = 0, C
′

i,t(ei,t) > 0, C
′′

i,t(ei,t) > 0, (4)

where C
′

i(.) and C
′′

i (.) denote the first and second deriva-
tives, respectively, of Ci(.).

Assumptions 9 and 10 are the basis for the GenCos’
strategic behavior. Cost functions are private information
because they are dependent on variables which are not
publicly observable, including production and expansion
technology, plant management, failures and resource limits
[6].

Assumption 11: GenCos’ Payments- GenCo i’s utility
function over the horizon T = {t, t+ 1, ..., t+ T} is

ui

(
xi,τ , ei,τ ,∆i,τ : τ ∈ T

)
= −

∑
τ∈T

Ĉi,τ (xi,τ )−
∑
τ∈T

Ci(ei,τ ) +
∑
τ∈T

∆i,τ (5)

where ∆i,τ denotes the amount of subsidy (payment) he
receives for the energy he produces at time τ .

D. Independent System Operator

Assumption 12: ISO’s Objective- The ISO is non-profit
making, his goal is to maximize the sum of the utilities of
the GenCos and the demand, that is, to maximize∑
t∈T

Ud(
∑
i∈I

ei,τ )−
∑

i∈I,τ∈T
[Ĉi,τ (xi,τ ) + Ci,τ (ei,τ )]. (6)

The ISO is the mechanism designer and runs the market,
but does not participate in the market.

IV. EXPANSION BLOCK MECHANISM

In this Section we present the (generic) mechanism for
capacity expansion over the next T time horizon. As printed
out in Section I-A, capacity expansion is tied to a spot market
and this fact is captured by the mechanism proposed below.

The mechanism designer’s (ISO’s) objective is to maxi-
mize (6) under the constraints and conditions described by
the model of Section III.

We proceed as follows. We first formulate the central-
ized problem corresponding to the model of Section III;
the solution of this problem provides an upper bound on
(6). Then, we present a mechanism, interpret its elements,
analyze its properties, and show that it achieves the upper
bound provided by the solution of the centralized problem.
To simplify the notation, in rest of the paper, we assume the
GenCos are at time 1 and are planning for the horizon of
T = {1, 2, ..., T}.

A. The Centralized Problem

The ISO’s centralized problem is

max
xi,t,ei,t,i∈I,t∈T

∑
t∈T

Ud(
∑
i∈I

ei,t)−∑
i∈I,t∈T

[Ĉi,t(xi,t) + Ci,t(ei,t)])

s.t. 0 ≤ xi,t ≤ xi,t
0 ≤ ei,t ≤ Xi,0 +

∑
τ∈{1,2,...,t}

xi,τ (7)

We call the above problem MAX.
Assumptions (A5), (A8) and (A10) imply in optimization

problem MAX, the objective function is strictly concave
and the set of feasible solutions is non-empty, convex and
compact, and constraint qualification conditions are satisfied.
Therefore, problem MAX has a unique solution and the
Karush-Kuhn-Tucker (KKT) conditions are necessary and
sufficient for optimality.

B. Specifications of the Mechanism

A game form/mechanism is described by (M, h), where
M is the message/strategy space and h : M → A is the
outcome function from the message space to the space A of
allocations. Our expansion block mechanism is as follows.

Message space

M := (M1 ⊗M2 ⊗ ...⊗MN ), (8)

where Mi is GenCo i’s message space, i ∈ I ,

Mi := R3T
+ , i ∈ I (9)

and mi ∈Mi is of the form

mi = ({x̂i,t}t∈T , {êi,t}t∈T , {p̂i,t}t∈T )

0 ≤ x̂i,t ≤ xi,t

0 ≤ êi,t ≤ Xi,0 +

t∑
τ=1

x̂i,τ

0 ≤ pi,t; (10)

x̂i,t and êi,t denote the amount of expansion and generation
GenCo i proposes for time t, and pi,t denotes the price
GenCo i demands per unit of energy it produces at time
t.

Allocation Space

A := (A1 ⊗A2 ⊗ ...⊗AN ), (11)

where Ai is GenCo i’s allocation space,

Ai := R2T
+ ×R, i ∈ I, (12)

and ai ∈ Ai is of the form

ai = ({xi,t}t∈T , {ei,t}t∈T , {∆i,t}t∈T ) (13)

where xi,t denotes the capacity expansion of GenCo i at time
t, ei,t denotes the amount of energy GenCo i is scheduled
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to produce, and ∆i,t denotes the subsidy GenCo i receives
at time t

Outcome function h :M→A
For each m ∈M we have

h(m) = ({xi,t}i∈I,t∈T , {ei,t}i∈I,t∈T , {∆i}i∈I) (14)

where

xi,t = x̂i,t (15)
ei,t = êi,t (16)

∆i,t = pi+1,tei,t − p−0.5i,t ζ2i,t (17)

ζi,t = D(pi+1,t)−
∑
i∈I

ei,t (18)

Dt(p) = Ut
′−1

(p) (19)
pN+1,t := p1,t. (20)

Remark: According to the proposed Methodology, the
strategic GenCos implement only the capacity expansion
plan xi,1, i = 1, 2, ..., N at time 1.

C. Properties of the Mechanism

We summarize the properties of the game form induced
by the mechanism at its equilibrium, in Theorems IV.1-IV.8
and Lemma IV.1.

Theorem IV.1. (FEASIBILITY) If m∗ = (x̂∗i,t, ê
∗
i,t, p

∗
i,t, i ∈

I, t ∈ T ) is a NE of the game induced by the proposed
mechanism, then the allocations, e∗i,t, are a feasible solution
of problem MAX, i.e. for all i ∈ I

ζ∗i,t = 0 (21)

Dt(p
∗
i+1,t)−

∑
i∈I

e∗i,t = 0. (22)

The feasibility result, Eq. (22), is important for market
clearing when demand is elastic. The price-taking demand
does not have a say on the price for electricity but for any
price, it can decide on the maximum amount it consumes. In
our model, for any given price p, Dt(p) shows the maximum
(and optimal) consumption of the price-taking demand at
that price. As a result, in order to ensure market clearance,
we need to have Dt(p

∗
t ) −

∑
i∈I e

∗
i,t ≥ 0. We call such a

price-production combination a feasible trade.

lemma IV.1. Let m∗ be a NE of the game induced by the
mechanism. Then, for every i ∈ I and t ∈ T we have,

p∗i,t = p∗i+1,t = p∗t (23)

p∗t = U
′
(
∑
i∈I

e∗i,t) > 0 (24)

∆∗i,t = p∗t e
∗
i,t (25)

∂∆i,t

∂ei,t

∣∣∣∣
m∗

= p∗t (26)

Theorem IV.2. (STRONG NASH IMPLEMENTATION) Any
outcome corresponding to a NE of the game induced by the

mechanism has an expansion and generation profile that is
equal to the solution of the centralized problem MAX.

Theorem IV.2 shows that the outcome of the mechanism
is social welfare maximizing over T years which is different
from the case where the GenCos decide myopically by
optimizing their immediate revenue from the first year. In
other words, the outcome of a T -year horizon mechanism
is different from the outcome of T one-year horizon mech-
anisms.

Theorem IV.3. There exists a NE for the game induced by
the mechanism, that has an expansion and generation profile
equal to the solution of the centralized problem MAX.

Theorem IV.4. (PRICE EFFICIENCY) The price at equi-
librium is equal to the marginal utility of demand which is
equal to the marginal cost of production of the producers
with free capacity; that is,

p∗t = U
′

t (
∑
i∈I

e∗i,t) (27)

p∗t = C
′

i(e
∗
i,t) if 0 < e∗i,t < Xi,0 +

∑
τ=1,...,t

x∗i,τ .(28)

Theorem IV.5. (UNIQUENESS OF NE) The game induced
by the mechanism of Section IV-B, has a unique Nash
Equilibrium.

Theorem IV.6. (INDIVIDUAL RATIONALITY) The NE of
the game induced by the mechanism is individually rational.

Theorem IV.7. (SATURATION) At the NE of the game
induced by the mechanism, any GenCo i ∈ I , and any time
t such that x∗i,t > 0, there exists at least one future time
instant, t′ ∈ t, t+ 1, ..., T , such that GenCo i is saturated,
i.e.

ê∗i,t′ = X∗i,t′ . (29)

Individual rationality, Theorem IV.6, shows that the Gen-
Cos will cover their cost of expansion and cost of production
at equilibrium; Theorem IV.4 shows that the price at non-
saturation points of GenCos is equal to their marginal cost
of production. Intuitively, when a GenCo is saturated, the
price is going to exceed his marginal cost of production and
these extra payments will cover his cost of expansion in the
past. Theorem IV.7 proves existence of such of a saturation
point after any non-zero expansion.

Theorem IV.8. [BUDGET BALANCE] At equilibrium, the
sum of the payments to the producers and the demand at
any t ∈ T is equal to zero, i.e.∑

i∈I
∆∗i,t = p∗t

∑
i∈I

e∗i,t. (30)

Theorem IV.8 shows the ISO does not need to tax/subsidy
GenCos for sufficient investment; the generation markets
clear payments at equilibrium.

Remark: The results of Section IV-C show that the
mechanism presented in this paper is anonymous. That is, the
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outcome of the mechanism is independent of the GenCos’
indexing.

Remark: As mentioned in Section II, the outcome of the
mechanism is only investment decisions. The results stated in
Theorems IV.1-IV.8 about the generation market prices and
productions should be interpreted as the expected outcomes
of those markets at the time of expansion.

V. ADJUSTING THE MECHANISM TO THE LEVEL OF
UNCERTAINTY

GenCos can adjust the mechanism to uncertainty in the
environment by adjusting the number of years, T , and
expansion limit in each year, xi,t.

The choice of horizon T is a compromise between en-
vironmental, political and economic uncertainty and the
efficiency of the plans. In general, the capacity expansion
plan differs by changing the value of T . A larger T means
considering longer future in the plan and ideally results in
more efficient plans. However, as T increases, the uncertain-
ties increase and the accuracy of the estimates (e.g. demand
estimate) reduces.

Decreasing the expansion limits, xi,t makes the firm’s
decisions more risk averse. Even if the current informa-
tion supports larger expansions for more profit, because of
the environmental, political and economic uncertainties, the
GenCos may prefer not to risk expanding large amounts.

VI. CONCLUSION

We considered generation expansion planning for a re-
newable economy in restructured electricity industry where
the environment is highly uncertain and the GenCos are
strategic producers with private information. We presented
a methodology for generation expansion planning that ties
GEP to spot markets, and employs a forward moving ap-
proach and expansion block mechanism that achieves social
welfare maximizing expansion.
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[27] Andreas Schröder. An electricity market model with generation
capacity expansion under uncertainty. Energy Systems, 5(2):253–267,
2014.

[28] A Michael Spence. Entry, capacity, investment and oligopolistic
pricing. The Bell Journal of Economics, pages 534–544, 1977.

[29] Jianhui Wang, Mohammad Shahidehpour, Zuyi Li, and Audun Bot-
terud. Strategic generation capacity expansion planning with incom-
plete information. Power Systems, IEEE Transactions on, 24(2):1002–
1010, 2009.

[30] HS Witsenhausen. On the uncertainty of future preferences. In Annals
of Economic and Social Measurement, Volume 3, number 1, pages 91–
94. NBER, 1974.



9

APPENDIX A
LAGRANGIAN AND KKT CONDITIONS FOR THE

CENTRALIZED PROBLEM

The Lagrangian for MAX is the following.

LMAX =
∑
t∈T

Ut(
∑
i∈I

ei,t)−
∑

t∈T ,i∈I
[Ĉi,t(xi,t) + Ci,t(ei,t)]

+
∑

t∈T ,i∈I

[
αi,txi,t + βi,t(xi,t − xi,t) + νi,tei,t

+ µi,t(Xi,0 +
∑

τ=1,2,...,t

xi,τ − ei,t)
]
, (31)

and the KKT conditions are for all i ∈ I and t ∈ T
∂Ut(

∑
j∈I ej,t)

∂ei,t
|e∗ −

∂Ci,t
∂ei,t

|e∗i,t − µi,t
∗ + νi,t

∗ = 0, (32)

−∂Ĉi,t
∂xi,t

|xi,t
∗ +

∑
τ=t,t+1,...,T

µi,τ
∗ + αi,t

∗ − βi,t∗ = 0, (33)

α∗i,tx
∗
i,t = 0, β∗i,t(xi,t − x∗i,t) = 0, νi,t

∗ei,t
∗ = 0, (34)

µ∗i,t(Xi,0 +
∑

τ=1,2,...,t

x∗i,τ − e∗i,t) = 0 (35)

α∗i,t ≥ 0, β∗i,t ≥ 0, µ∗i,t ≥ 0, ν∗i,t ≥ 0. (36)

APPENDIX B
PROOF OF THE THEOREMS

Proof of Theorem IV.1 Each strategic GenCo proposes
his message to maximize his payoff considering other Gen-
Cos’ proposals. (x̂∗i,t, ê

∗
i,t, p

∗
i,t) is producer i’s best response

to other producers’ messages, if it is a solution to his profit
maximization problem as follows

(x̂∗i , ê
∗
i , p̂
∗
i ) = (x̂∗i,1, x̂

∗
i,2, ..., x̂

∗
i,T , ê

∗
i,1, ..., ê

∗
i,T , p

∗
i,1, ..., p

∗
i,T ) =

arg max
x̂i ,̂ei,pi

∑
t∈T

(
− Ĉi(x̂i,t)− Ci(êi,t) + ∆i,t

)
s.t. 0 ≤ x̂i,t ≤ xi,t

0 ≤ êi,t ≤ Xi,0 +
∑

τ∈{1,2,...,t}

x̂i,τ

pi,t ≥ 0. (37)

Call this problem MAXi. First, we show that for any set of
opponents’ messages m−i = (x̂−i, ê−i,p−i) in MAXi, the
objective function is strictly concave in (x̂i, êi, pi), the set
of feasible solutions is non-empty, convex and compact, and
constraint qualification conditions are satisfied. Therefore,
MAXi has a unique solution, and the Karush-Kuhn-Tucker
(KKT) conditions are necessary and sufficient for optimality.

First note that the domain of the problem, Eq. (56), is
convex and compact. Furthermore, the inequality constraints
are linear therefore satisfy the constraint qualification con-
ditions. Next, we investigate the concavity of the objective
function. The terms −Ĉi(xi,t) and −Ci,t(êi,t) are strictly
concave by Assumptions 9 and 10, and pi+1,têi,t is linear in
êi,t. It remains to check the concavity of −p−0.5i,t ζ2i,t which

is equivalent to convexity of p−0.5i,t ζ2i,t. The Hessian matrix
of p−0.5i,t ζ2i,t is as follows:

H =

[
0.75p−2.5i,t ζ2i,t −p

−1.5
i,t ζi,t

−p−1.5i,t ζi,t 2p−0.5i,t

]
. (38)

For convexity we need this Hessian to be positive semi-
definite at any point pi,t and êi,t in the domain; this is
equivalent to H having non-negative eigenvalues, and this
requirement results in the following two inequalities:

0.75p−2.5i,t ζ2i,t + 2p−0.5i,t ≥ 0, (39)

0.75p−2.5i,t ζ2i,t × 2p−0.5i,t −
(
− p−1.5i,t ζi,t

)2 ≥ 0. (40)

Inequality (40) is equivalent to

0.5p−3i,t ζ
2
i,t ≥ 0. (41)

Inequalities (39) and (41) are satisfied in the domain 0 ≤
xi,t ≤ xi,t, 0 ≤ êi,t ≤ Xi,0+

∑
τ∈{1,2,...,t} x̂i,τ and pi,t ≥ 0.

The Lagrangian for problem MAXi is

LMAXi =
∑
t∈T

[
− Ĉi,t(x̂i,t)− Ci,t(êi,t) + ∆i,t

+α̂i,tx̂i,t + β̂i,t(xi,t − x̂i,t) + ν̂i,têi,t + θ̂i,tpi,t

+µ̂i,t
(
Xi,0 +

∑
τ=1,2,...,t

x̂i,τ − êi,t
)]

(42)

and the corresponding KKT conditions are, for all t ∈ T

− ∂Ci,t
∂êi,t

∣∣∣∣
m∗

+
∂∆i

∂êi,t

∣∣∣∣
m∗
− µ̂∗i,t + ν̂∗i,t = 0, (43)

−∂Ĉi,t
∂x̂i,t

|x̂∗i,t +
∑

t′∈t+1,t+2,...,T

µ̂∗i,t′ + α̂∗i,t − β̂∗i,t = 0, (44)

∂∆i,t

∂pi,t
|m∗ − θ̂∗i,t = 0, (45)

α̂∗i,tx̂
∗
i,t = 0, β̂∗i,t(xi,t − x̂∗i,t) = 0, ν̂∗i,tei,t

∗ = 0, (46)

µ̂∗i,t(Xi,0 +
∑

τ=1,2,...,t

x∗i,τ − e∗i,t) = 0, (47)

θ̂∗i,tp
∗
i,t = 0, α̂∗i,t ≥ 0, β̂∗i,t ≥ 0, (48)

µ̂∗i,t ≥ 0 ν̂∗i,t ≥ 0, θ̂∗i,t ≥ 0. (49)

m∗ = (ê∗,p∗) = (x̂∗i,t, ê
∗
i,t, p

∗
i,t : i ∈ I, t ∈ T ) is a NE of

the game induced by the proposed mechanism if for each
producer i ∈ I , (x̂∗i,t, ê

∗
i,t, p

∗
i,t : t ∈ T ) is a best response to

(x̂∗j,t, ê
∗
j,t, p

∗
j,t : j ∈ I − {i}, t ∈ T ).

Now, assume ζ∗i,t 6= 0 at NE for some i ∈ I, t ∈ T .
Then, the price at equilibrium, p∗i,t, must be strictly positive
because if it is zero, the utility of agent i at equilibrium is
equal to −∞ and agent i can improve its utility by setting
pi,t a positive value. From Eqs. (5) and (17), we have

∂ui
∂pi,t

∣∣∣∣
m∗

=
∂∆i,t

∂pi,t

∣∣∣∣
m∗

= −0.5p∗i,t
−1.5ζ∗i,t

2
∣∣∣
m∗

= 0. (50)
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Since p∗i,t
−1.5 > 0, we should have ζ∗i,t =

(
D(p∗i+1,t) −∑

i∈I e
∗
i,t

)2

= 0 which contradicts the assumption of ζ∗i,t 6=
0.

Proof of Lemma IV.1 From Eq. (22) of Theorem IV.1,
we have

D(p∗i,t) =
∑
j∈I

e∗j,t ∀i ∈ I. (51)

A direct consequence of Eqs. (19) and (51) is

p∗i,t = p∗t = U ′t(
∑
j∈I

e∗j,t) > 0 ∀i ∈ I. (52)

The inequality in Eq. (52) follows from Eq. (1) (Assumption
(A9)). Finally, Eqs. (17), (22) and (23) imply ∆∗i,t = p∗e∗i,t,
and because ζ∗i,t = 0,

∂∆i,t

∂ei,t

∣∣∣∣
m∗

= p∗t − 2p∗t
0.5ζ∗

∂ζi,t
∂ei,t

∣∣∣∣
m∗

= p∗t . (53)

Proof of Theorem IV.2 Let m∗ = (x̂∗i,t, ê
∗
i,t, p

∗
i,t : ∀i ∈

I, t ∈ T ) be a NE of the game induced by the proposed
mechanism (p∗i,t > 0, ∀i ∈ I by Lemma IV.1). To show
that the allocations (x̂i,t, ê

∗
i,t : i ∈ I, t ∈ T ) are solutions of

the centralized problem MAX, we set µ∗i,t = µ̂∗i,t, ν∗i,t =

ν̂∗i,t, α∗i,t = α̂∗i,t, β∗i,t = β̂∗i,t, ∀i ∈ I, t ∈ T . Then,
Eqs. (43)-(49) along with lemma IV.1 show that Eqs. (32)-
(36) are satisfied for all i ∈ I . Consequently, ê∗, is a solution
of the centralized problem MAX. The assertion of Theorem
(IV.2) follows since m∗ is an arbitrary NE of the game
induced by the mechanism.

Proof of Theorem IV.3 Let (x∗i,t, e
∗
i,t, i ∈ I, t ∈ T ) be

the solution of the centralized problem. We set for all i ∈
I, t ∈ T

p∗i,t = U
′

d(
∑
i∈I

e∗i,t) > 0, µ̂∗i,t = µ∗i,t, ν̂∗i,t = ν∗i,t,

α̂∗i,t = αi,t β̂∗i,t = β∗i,t, θ̂∗i = 0. (54)

Then, under the above selection, Eqs. (32)-(36) imply that
Eqs. (43)-(49) are satisfied for all i ∈ I and t ∈ T . The
assertion of Theorem IV.3 follows from the fact that Eqs.
(43)-(49) considered for all i ∈ I and t ∈ T define a NE of
the game induced by the mechanism.

Proof of Theorem IV.4 From Lemma IV.1, Eq. (24), the
equilibrium price at time τ ∈ T is equal to U ′τ (

∑
i∈I e

∗
i,τ )

which is marginal utility of demand at τ . Moreover, from
Eqs. (26), (43), (46) and (47) for all i ∈ I such that 0 <
e∗i,t < Xi,0 +

∑
τ=1,...,t x

∗
i,τ , we have p∗t = C ′i,t(e

∗
i,t) which

is the marginal cost of production of the next one unit of
electricity by producers with free capacity.

Proof of Theorem IV.5 The centralized problem MAX
has a unique solution (x∗i,t, e

∗
i,t, i ∈ I, t ∈ T ). As a result

of Theorem IV.2, any NE m∗ = (x̂∗i,t, êi,t∗, p∗i,t, i ∈ I, t ∈
T ) of the game induced by the mechanism has the property
x̂∗i,t = x∗i,t, ê

∗
i,t = e∗i,t. Furthermore, from Lemma IV.1 we

have, p∗i,t = p∗ = U ′t(
∑
i∈I e

∗
i,t). Consequently, the game

induced by the mechanism of Section IV-B has a unique
NE.

Proof of Theorem IV.6 To prove the mechanism is
individually rational, we need to show that the utility of
GenCo i at the NE of the game induced by the mechanism
is better than its non-participation utility (which is 0). At
NE, the utility of GenCo i is∑

i∈I,t∈T

(
− Ci,t(ê∗i,t)− Ĉi,tx̂∗i,t + p∗t ê

∗
i,t

)
. (55)

which is the solution of MAXi. To show that this utility
is positive, consider the following surrogate function for
GenCo i.

max
x̃i ,̃ei

∑
t∈T

(
− Ĉi(x̃i,t)− Ci(ẽi,t) + p∗t ẽi,t

)
s.t. 0 ≤ x̃i,t ≤ xi,t

0 ≤ ẽi,t ≤ Xi,0 +
∑

τ∈{1,2,...,t}

xi,τ (56)

Call this problem MAXisur. Problem MAXisur is a convex
optimization satisfying constraint qualification conditions.
The Lagrangian for MAXisur is

LMAXi
sur

=
∑
t∈T

(
− Ĉi,t(x̃i,t)− Ci,t(ẽi,t) + p∗t ẽi,t

)
+

∑
t∈T

α̃i,tx̃i,t +
∑
t∈T

β̃i,t(xi,t − x̃i,t) +
∑
t∈T

ν̃i,tẽi,t

+
∑
t∈T

µ̃i,t

(
Xi,0 +

∑
τ=1,2,...,t

x̃i,τ − ẽi,t
)

(57)

The following KKT conditions are necessary and sufficient
for the solution.

− ∂Ci,t
∂ẽi,t

∣∣∣∣
ẽ∗i,t

+ p∗t − µ̃∗i,t + ν̃∗i,t = 0, (58)

−∂Ĉi,t
∂x̃i,t

|x̃∗i,t +
∑

t′∈1,2,...,t
µ̃∗i,t + α̃∗i,t − β̃∗i,t = 0, (59)

α̃∗i,tx̃
∗
i,t = 0, β̃∗i,t(xi,t − x̃∗i,t) = 0, ν̃∗i,tẽ

∗
i,t = 0, (60)

µ̃∗i,t(Xi,0 +
∑

τ=1,2,...,t

x̃∗i,τ − ẽ∗i,t) = 0, α̃∗i,t ≥ 0, (61)

β̃∗i,t ≥ 0, µ̃∗i,t ≥ 0, ν̃∗i,t ≥ 0. (62)

Eqs. (43)-(49) along with Lemma (IV.1) show that the solu-
tion of MAXi, (x̂∗i,t, ê

∗
i,t), satisfies Eqs. 58-62 and therefore,

is also the solution of MAXisur. Furthermore, because of
Lemma IV.1, the value of the objective function of MAXisur
at m∗ is the same as the value of the objective function of
MAXi at m∗i . Consequently, because the value of objective
function of MAXisur at (x̂∗i,t, ê

∗
i,t) is greater than its value at

{0, 0} (which is equal to zero), the mechanism is individually
rational.

Proof of Theorem IV.7 Theorem IV.2 shows that the NE
of the game induced by the mechanism is corresponding to
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the solution of the centralized problem. Therefore, equiva-
lently we can show that for the solution of problem MAX, if
xi,t ≥ 0 then there exists at least one time t′ ∈ t, t+ 1, ..., T
such that GenCo I is saturated, i.e.

e∗i,t′ = X∗i,t′ . (63)

We prove this by contradiction. Consider (x∗i,t, e
∗
i,t i ∈

I, t ∈ T ) to be the solution of the optimization problem
MAX, and assume there exists x∗i,t ≥ 0 such that GenCo
i is not saturated in t, t + 1, ..., T . We can adjust the
optimal solution by reducing x∗i,t by small enough ε such
that the constraints in problem MAX are not violated. This
way we have reduced the expansion cost at time t but
the other costs and payments are the same, which means
the utility of GenCo i increases. This contradicts the fact
that (x∗i,t, e

∗
i,t i ∈ I, t ∈ T ) was the optimal solution of

problem MAX.
Proof of Theorem IV.8 At equilibrium, at any t ∈

T , producer i receives ∆∗i,τ = p∗τe
∗
i,τ and demand pays

p∗τ
∑
i∈I e

∗
i,τ =

∑
i∈I ∆∗i,τ ; therefore, the sum of all pay-

ments at τ adds up to zero.
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