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ABSTRACT: In this paper we look at the assumptions behind a Cournot model of investment in 

electricity markets. We analyze how information influences investment, looking at the way 

common knowledge of marginal costs, expectations on the competitors’ marginal costs, 

expectations on the level and duration of demand, and conjectures on the others’ behavior, 

influence the value of a project. We expose how the results are highly dependent on the 

assumptions used, and how the investment Nash-Cournot game with perfect and complete 

information implies such a degree of coordination between players that the outcome of the game 

would be classified by any regulation law as collusive behavior. Furthermore, we introduce the 

concept of Nash Value of Complete Information. As an example we use a stylized model of 

investment in liberalized electricity markets.  
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1. INTRODUCTION 

With liberalization, the electricity industry changed from a regulated monopoly, vertically 

integrated, and managed as to maximize social welfare, to a complex system of interacting 

players in which each one of them attempts to maximize profit (within the limits of the new 

market rules, generally overseen by a regulator). Generally, the new structure of this industry has 

been design to generate a self sustainable system of interacting firms who are able to decide how 

much to generate in each hour, and how much to invest in order to guarantee the long-term 

sustainability of the industry.   

Such an important change in the nature of the electricity industry came with a shift in the 

modeling tools used to analyze decision making. These tools evolved from the centralized 

optimization paradigm of the unit commitment problem and investment planning to the 

decentralized paradigm based on game theory, including Bertrand games (e.g., Bunn and 

Oliveira, 2003),  supply function games (e.g., Green and Newberry, 1992; Anderson and 

Philpott, 2002) and Cournot games (e.g., Ramos et al. 1998; Borenstein and Bushnell, 1999; 

Bunn and Oliveira, 2007). The complexity of the new problems faced by the newly privatized 

industry has required the use of other techniques such as risk analysis (e.g., Fleten et al., 1997), 

real options (e.g., Frayer and Uludere, 2001; Botterud, 2004; Botterud et al., 2005; Bøckman et 

al., 2007; Dyson and Oliveira, 2007), agent-based simulation (e.g., Nicolaisen et al., 2001; Bunn 

and Oliveira, 2001; Son and Baldick, 2004; Guerci et al., 2005; Chen et al., 2006) and system 

dynamics (e.g., Larsen and Bunn, 1999; Dynar and Larsen, 2001), among others.  

The Cournot model of imperfect competition has arguably been the most successful one, mostly 

due to its mathematical tractability and ability to represent well short-term problems well. For 

example, it has been used to model inter-temporal decision making (e.g., Allaz and Vila, 1993) 

and geographical competition (e.g., Hobbs, 2001).  Moreover, the Cournot model has been 

extended by the conjectural variations approach (e.g., Day et. al., 2002; Song et al., 2003; 

Centeno et al. 2003b, Centeno et al., 2007), in order to use it in practice. The conjectural 

variations method explains how the players’ perceptions of the reaction functions of their 

opponents are important to explain the outcome of a game. 

However, due to the lack of robustness of equilibrium models when applied to capacity 

expansion problems, imperfect competition are usually not used to study capacity expansion 

(Centeno et al., 2003a). For this reason, only a few game theoretical models of imperfect 

competition have looked at the investment problem (e.g., Ventosa et al., 2005) by using a 

 2



Stackelberg (Ventosa et al., 2002) or a Cournot approach (e.g., Chuang et al. 2001; Pineau and 

Murto, 2003; Centeno et al., 2003a; Murphy and Smeers, 2005). 

These models tend to rely on very strong assumptions regarding the information available to the 

players and their reasoning abilities. More specifically, games based on the concept of Nash-

Cournot equilibrium rely on the basic assumption of common and complete knowledge of the 

structure of the game (payoffs, number of players, rules of the game). In these models it is 

assumed that all the players know all the payoffs associated with each decision (both for them 

and for their competitors). There is a complete and common knowledge of the other players’ 

costs, profit and reaction functions.   

The main advantage of these strong assumptions are the development of transparent and solvable 

models, which are indeed realistic for the analysis of models of short-term decision such as spot 

and forward markets, bidding behaviors in auctions and short-term pricing policies. In fact, the 

assumption of complete information is not as questionable in short and mid-term models as in 

long-term models. However, their usefulness in the context of investment in electricity markets 

is problematic, let us see why: 

a) In reality there is no complete knowledge of costs. Even though there may be a consensus 

around the merit order of the different technologies at a given moment, it is harder to defend that 

firms agree on the future costs. The Nash-Cournot models proposed so far for electricity markets 

assume that the firms agree on the level of marginal cost that should be used in the model, i.e., if 

a firm is modeling an investment it uses the same cost parameters (marginal costs) as the other 

firms in the industry.  

b) It is also difficult to argue that firms can agree on the expected level and elasticity of 

demand. Even though the level of demand in the short and medium-terms can be forecasted with 

great accuracy, a very long-term forecast (over thirty years) is harder to be common knowledge 

of the industry. Moreover, the low elasticity of demand and the relatively small range of retail 

price variation make it hard to assume that there is a common knowledge of elasticity of demand. 

This elasticity tends to be based on guess work or, at the most, selected in such a way that the 

model produces acceptable outcomes (prices and levels of production).   

c) Common knowledge of reaction functions. It is assumed that everyone agrees on the 

conjectures a player holds on the other players’ behavior. This means that the players tell each 

other how they perceive the other players will behave. 
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d) From a), b) and c) it is easy to conclude that a Nash-Cournot equilibrium implies a level of 

explicit coordination of behavior and information sharing between players that is not acceptable 

under any regulation law (see Appendix for details).    

The aim of this paper is to evaluate how these assumptions influence the way a firm values a 

project. More specifically, we want to analyze how important is the assumption of perfect 

rationality in models of investment. Within this framework we analyze how information 

influences investment, looking at the way common knowledge of marginal costs, expectations on 

the competitors’ marginal costs, expectations on the level and duration of demand, and 

conjectures on the others’ behavior, influence the value of a project. We relax these assumptions, 

one by one, and analyze how the main results of our analysis change. The results obtained in this 

study are for a very simple case (from Murphy and Smeers, 2005) which is enough for a 

qualitative analysis but of course cannot be used to obtain quantitative conclusions.   

We show that, in games, complete information can have a negative value and that 

misinformation can have the same impact on consumer welfare as explicit collusion by 

generation companies. The analysis of the sensitivity of the model to its parameters also reveals 

that a small forecasting error in the long-term marginal costs can have a very significant impact 

on the technological mix of the industry, most particularly when it implies a change in the merit 

order of the technologies (the rank of technologies by generation cost). Similar conclusions arise 

from the analysis of the parameters relating to electricity demand, such as the level of peak 

demand and its duration. We show that the model is extremely sensitive to the level of demand 

and just a small change carries a very strong impact on the level of investment. This is 

particularly disturbing as this parameter cannot be estimated with any reasonable certainty: this 

implies that any long-term models of investment are dependent on an unknown parameter to 

which the model is very sensitive. The duration of peak demand has also a significant impact on 

the level of investment (again, this parameter is associated with high uncertainty).  

The paper is structured as follows. In section two, we present a background on modeling 

investment in electricity generation and, more specifically, we introduce the simple investment 

game used in this paper. In section three, we present the concept of the Nash Value of Complete 

Information. In section four, we present the computational experiments. Finally, section five 

concludes the paper.  
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2. A DYNAMIC INVESTMENT GAME MODEL FOR ELECTRICITY MARKETS 

Following Murphy and Smeers (2005), we model investment in electricity markets as a dynamic 

Cournot game in which each player decides how much to generate from each plant he owns, and 

how much to invest in each technology (we look at the open-loop Cournot model). We use a 

single-clearing Cournot game in which there is one clearing price for each hour of the day. This 

model simulates a game in which each player defines how much to sell at each hour (for 

different levels of demand), given the portfolio of plants owned. More specifically, we study 

what happens when the players do not hold the same expectation regarding demand profiles (for 

the level, elasticity or duration) and marginal costs, or when the conjectures regarding the 

players’ behaviors are not consistent. (We believe this is an important analysis as there is no 

guarantee that in real markets the players’ conjectures are consistent.)  

2.1 The Open-Loop Cournot Model 

The open-loop Cournot model is a stylized and simple representation of the problem of 

investment in electricity markets. This model has two main components: an investment game in 

which each firm decides how much to invest in a given technology, given its expectations 

regarding future demand, marginal costs, and conjectures on the opponent’s behavior; an 

electricity market game in which each firm decides how much to sell in each one of the demand 

blocks of a typical year. As Murphy and Smeers (2005) explain there are two different ways to 

interpret this model: capacity is simultaneously built and sold using long-term contracts; the 

levels of investment and generation are decided simultaneously. 

In this section, we assume that each player owns a different technology and investment is 

modeled as an open-loop Cournot game. In this model, we approximate the load duration curve 

with segments, l = 1, …, L, as represented in Figure 2.1. In this dynamic Cournot game we 

model a typical generator seeking to maximize the value of his portfolio of power plants as a 

whole. Each player i chooses his output liQ , , in segment l, which is characterized by a certain 

demand, and the quantity invested by player i, IBi B. 

Let CBi B and W Bi Bstand for, respectively, the marginal cost and the investment cost of player i. 

Further let ABl B and lα  represent the intercept and slope of the inverse demand function, and DBl B 

stand for the duration of segment l. 
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Figure 2.1: Demand Segments that Approximate the Load Duration Curve 

The single-clearing market mechanism (uniform auction) allows only one price for any given 

trading period: a player receives the same price, PBl B, for the electricity generated by any plant 

selling in segment l. For a player i, the profit ( iπ ) maximization problem is represented by 

equations (2.1). The L segments partition the yearly demand into blocks representing the 

duration of demand (these may have different lengths). Moreover, for each one of the demands 

segments there is an associated demand (here assumed linear, as in Murphy and Smeers, 2005), 

see Figure 2.2.  
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Figure 2.2: Demand Level per Segment 

In order to compute the Cournot-Nash equilibrium of this investment game we need to write 

down the Lagrangian, see equation (2.2), and compute the short-term (2.3) and long-term (2.4) 

derivatives. In equation (2.2), li,λ  and li,λ represent, respectively, the shadow price for the 

upper-bound and lower-bound on the generation of player i, for market l.  
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The short-term optimal condition is computed by calculating the first derivative of the 

Lagrangian with respect to the quantities generated in each period and making it equal to zero, 

i.e., 0
,

=
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dF , the result of which is represented by equation (2.3).  
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In equation (2.3), VBi B represents the conjectural variation (Bowley, 1924) that player i uses to 

represent the behavior his opponents: it represents how this player expects the other players to 

react if he changes his production by one unit, 
li

ij
lj

i dQ

Qd
V

,

,∑
≠= , for all l. (An extensive analysis of 

conjectural variations can be found in Boyer and Moreaux, 1983; Bresnahan, 1981; or Perry, 

1982. In electricity markets, conjectural variations have been used to model spot and 

geographical competition, e.g., Day et. al., 2002; Song et al., 2003; Centeno et al., 2003b; 

Centeno et al., 2007). 

The Cournot model corresponds to conjectures in which 0=iV . In this case, when a player 

behaves a la Cournot he conjectures that the decisions of the several players are independent of 

each other and no player reacts to variations in the production level of the other players, i.e., VBi B= 

0. In the case of cooperative conjectural variations, players coordinate their generation decisions 

so that the industry as a whole produces the monopoly solution. This translates in a conjectural 

variation of VBi  B= 1. In the case of perfect-competition conjectural variations each player 

conjectures that if he reduces generation in one unit that unit will be produced by his 

competitors, so that price remains constant and the player has no market power. In this case VBi  B= 
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-1. The use of conjectural variations may also enable the simulation of the behaviour of real 

markets, in which these conjectures are changed so that simulated prices approximate real prices.  

Other important conjectural variations in electricity markets are those implicit in the Bertrand 

model, which assumes infinite conjectural variations; and the Stackelberg model which assumes 

zero conjectural variation for the follower and finite conjectural variation for the leader. The 

Bertrand case is particularly interesting as it shows that the Bertrand game can be modelled by 

the same basic model as the Cournot game, just with different conjectures. Usually, real 

oligopolistic electricity market can be modelled with conjectural-variations between -1 and 0. 

The long-term condition is computed by calculating the first derivative of the Lagrangian with 

respect to investment, in each technology at time zero, and making it equal to zero, i.e. 0=
i

i

dI
dF , 

the result of which is represented by equation (2.4).  

∑
=

=
L

l
lili DW

1
,λ ,  for all i.          (2.4) 

2.2 The Open-Loop Cournot Model with Multiple Technologies 

The open-loop game with multiple technologies relaxes the assumption in (2.1) which only 

allows a given player to hold one technology. In this model, each player i chooses his output 

from generation technology g, lgiQ ,, , in segment l, which is characterized by a certain demand, 

and the quantity invested by player i in technology g, IBi,g B. Let CBi,g,B and WBi,g, Bstand for, 

respectively, the marginal and the investment costs in technology g by player i. Then, for this 

player i, the profit ( iπ ) maximization problem is represented by equations (2.5).  
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Furthermore, let lgi ,,λ  and lgi ,,λ represent, respectively, the shadow price for the upper-bound 

and lower-bound on the generation from technology g by player i for market l. Then, the KKT 
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conditions can be derived as in Section 2.1. Equations (2.6) and (2.7) represent, respectively, the 

short and long-term equilibrium conditions, in which 
lgi
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lgj
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≠= , for market l.  
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3. THE NASH VALUE OF COMPLETE INFORMATION 

Raiffa and Schlaifer (1961) defined the concept of expected value of perfect information (EVPI) 

presented in equation (3.1), in which { }saa
E ,maxπ  represents the expected profit under perfect 

information (as for each possible value of the uncertain parameter, s, the firm chooses an action, 

a, that maximizes its profit), and { }saa
E ,max π  represents the expected profit under previous 

information. 

{ } { }saasaa
EEEVPI ,, maxmax ππ −=         (3.1) 

The expected value of perfect information enables the firm to evaluate how much it is willing to 

pay in order to reduce uncertainty regarding future outcomes. In this paper, we propose a similar 

concept, the Nash Value of Complete Information (NVCI), presented in equation (3.2), to 

evaluate the loss of profit resulting from the lack of information regarding certain parameters 

defining the structure of the investment game.  

       

            (3.2) 

 

   NVCI =         Profit under the Correct Nash Equilibrium                                   
                                             - 
                              Profit under the original decisions 



We now look at the meaning of the NVCI under different problems. Similarly to the EVPI, the 

NVCI represents the value a player is willing to pay for information that reduces uncertainty 

regarding the value of some parameters.   

There is, nonetheless, a big difference between these two concepts. Whereas the EVPI implies 

that a firm can get some extra information that can improve its knowledge about the problem it is 

facing, in the case of the NVCI the knowledge is shared by all the players in the game. This is 

one of the main characteristics of the Nash-Cournot games as they assume common knowledge 

of the structure of the game: if one player gets information regarding one of the parameters all 

the other players will share this information. 

This is a very important difference, as one of the surprising results of our analysis is that the 

NVCI can have a negative value to all or to some of the players. A negative value of the NVCI 

means that a player is worse off if the correct value regarding some information is available: it is 

actually better for the player to decide under the wrong information set. This negative value 

results from the fact that the player’s profit is worsened by his opponents’ ability to make better 

decisions, under the new information set.   

Moreover, the NVCI can be simultaneously negative for all the players in the game. In this case 

all the players are simultaneously better if they decide under the wrong information set. This is 

quite puzzling. So why does it happen? The intuition behind this strange behavior is that 

misinformation has the same outcome as collusive behavior. For example, it is profitable for the 

players to collude into a total production less than the Cournot output, for example to the 

monopoly solution. This same result can be obtained if the players underestimate the level of 

demand in such a way that the Cournot production in the estimated game equals the monopoly 

production in the correct model.  

4. COMPUTATIONAL EXPERIMENTS 

In this section we use simulation to look at the impact of marginal costs, level of demand, 

duration of the demand blocks, and conjectural variations, on the outcome of the game. The 

basic demand parameters used in these experiences are as follows. We split demand into three 

different levels, peak, shoulder and baseload (times t1, t2 and t3, respectively). The durations of 

each one of these segments of demand are for peak 760 hours/year, for shoulder 3000 hours/year 

and for baseload 5000 hours/year. The intercept of demand, A(t), is also defined for each 
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segment: it is 40 for peak demand, 28 for shoulder demand, and 22 for baseload demand. The 

slope of demand,α , is the same for each segment and equal to 0.001. 

The parameters for the investment cost in thousands of monetary units per MW/year (000 

m.u./MW/year) are: 170 for baseload plants, 55 for shoulder plants, 4 for peak plants. The 

marginal costs, in monetary units per MWh (m.u./MWh) are equal to: zero for baseload plants, 

15 for shoulder plants and 30 for peak plants. 

4.1. Analyzing the Forecasts for Marginal Costs 

We start by looking at the sensitivity of the results to the forecasts regarding the marginal costs 

(assumed constant) during the period of the investment. We analyze a game with three firms 

(Player 1, Player 2 and Player 3) in which the marginal costs can assume different values for the 

six scenarios presented in Table 4.1.  

In Table 4.1 we assume that, in scenario S1, Player 1 invests in baseload plants (with marginal 

costs of zero), Player 2 invests in shoulder plants and Player 3 invests in peak plants. We look at 

the impact of changes in the marginal costs of shoulder and peak plants on the level of 

investment of each player. In scenario S1 the shoulder technology is cheap when compared with 

the other two technologies. On the opposite side of the spectrum, in scenario six the peak 

technology is relatively cheap when compared with the other two technologies.    

S1 S2 S3 S4 S5 S6
Player 1 0 0 0 0 0 0
Player 2 5 10 15 15 15 15
Player 3 20 25 30 20 15 10

Marginal Cost per m.u./MWh

 

Table 4.1: Marginal Costs for the Different Scenarios.  

The aim of this first set of experiments is to test the impact of changes in the expected marginal 

cost on the merit order and on the level of investment in each technology, calculating how the 

assumption of complete information influences the final outcome of the game. Figure 4.1 shows 

that, in equilibrium, the player investing in the cheaper technology (when combining marginal 

and investment costs) is the one that invests the largest volume. In scenario 1 the baseload 

technology is not used as it is not competitive and all the investment is directed to the shoulder 

and peak technologies. In scenario six all the investment is directed to the peak technology (the 



cheapest one). In the other four scenarios investment is more significant in the cheapest 

technology.  

So far, the results are as expected. The important question we want to ask relates to the impact of 

the expectations regarding marginal costs on the value of the investment project for each player. 

Let us assume that scenario S3 is the base case on which the three players are planning their 

investment. In order to evaluate the Nash Value of Complete Information we compare the profit 

received by players in the correct scenario (when everyone knows and agrees this was the correct 

scenario) with the profit received when the players are wrong and decide the level of investment 

and generation not using the correct information, but assuming as correct the base case (scenario 

S3).  
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Figure 4.1: Investment as a function of the merit order 

The results of this experiment, regarding the Nash Value of Complete Information, are depicted 

in Figure 4.2. Obviously, in the correct scenario (scenario 3) the NVCI is zero, as all the 

decisions are correct. If the correct scenario is 1, then by deciding as if scenario 3 is correct the 

players commit a forecasting error. In this case, for players 2 and 3 the NVCI is positive: had 

they known that scenario 1 was the correct one they could have improved their profits, as they 

underinvested. For player 1, the NVCI is negative. In this case, the NVCI is negative as, in 

scenario 3, player 1 has some profitable investment whereas, in scenario 1, his profit is zero, as 

there is no investment. The reason for the negative NVCI is that the errors are committed by all 

the players simultaneously. A player has a negative NVCI when he benefits from the mistakes 

made by his opponents.   
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In these experiments, firms’ whose technology will become more expensive in the future do not 

benefit from complete information: if all the players believe that this is a cheap technology (i.e., 

cheaper than it will be in reality), in equilibrium, the player choosing this technology invests a 

large quantity, and the other players reduce their investment in alternative technologies. If this 

forecast is not correct, and the technology is relatively more expensive than expected, then, as 

the other players are already committed to a lower level of investment, the player owning the 

expensive technology has higher profits. On the other hand, firms’ whose technology will 

become cheaper in the future benefit from complete information: if everyone knows that that a 

technology is cheaper, the player choosing it can invest more, and symmetrically, his opponents 

will invest less in the alternative technologies, in equilibrium. Therefore, for the same level of 

demand, the player has a higher level of more effective investment. Consequently he has higher 

profits and, therefore, a positive NVCI. 
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Figure 4.2: NVCI and the Expectations Regarding Marginal Costs  

4.2. Analyzing Peak Demand Forecasts 

Consider the basic scenario in which the level of demand, A(t), is defined differently for each 

segment, respectively: peak (40), shoulder (28) and baseload (22). The slope of demand, α (t), is 

assumed to be the same for each segment and equal to 0.001. In this set of experiments, we 

compare the value of investment and information for different values of A(peak). We test several 

parameters ranging from a reduction of 12.5% to an increase of 25%.  

Figure 4.3 presents the relationship between the change in the average level of demand for the 

peak segment and investment. In this figure the base scenario has a zero percentage change in 



demand level. As expected, higher levels of demand lead to more investment, this is true for all 

the technologies but it is particularly true for the peak player.   

The impact of a small change in the demand level is impressive: a 5% increase leads to a 150% 

increase in the level of investment in peak plants; a 12.5% increase in the level of peak demand 

leads to an increase of almost 400% in the investment in peak plants; a 25% increase in the level 

of demand leads to almost a 800% increase in the investment in peak plants. Moreover, a 

decrease of only 5% in the level of demand leads to the disappearance of the entire peak 

technology, as no investment occurs under this scenario (the same is true for a reduction of 

12.5% in the level of peak demand). Investment in baseload is not very sensitive to peak prices 

(change in investment is about 1/5 of the change in price). Likewise, investment in shoulder 

plants tends to vary in the same proportion as the price (change in investment is about 2/3 of the 

change in price). 
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Figure 4.3: Investment Value as a Function of the Demand Level  

These results show that the Cournot-Nash investment game is very sensitive to small changes in 

the level of the specific parameters chosen. The type of industry emerging from just a small error 

in forecasting the level of demand (5%) is completely different. However, as we know, the level 

of demand A(t) cannot be estimated with any degree of accuracy, as statistically the estimation of 

such a parameter would imply extrapolation. Nevertheless, the level of demand seems to be 

central to the results of the model.   

In Figure 4.4 we analyze the NVCI in this example. We have simulated the six different 

scenarios presented above: S1 (-12.5%), S2 (-5%), S3 (0%), S4 (5%), S5 (12.5%) and S6 (25%).   
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Figure 4.4: Demand Level vs. NVCI  

We analyze how much the players’ profit change if the true scenario was different from the one 

that they believe (S3), and how complete information would benefit the players. As expected, if 

demand increases complete information has a positive value: in this case, if players know that 

demand is higher they invest more and receive higher profits; the forecasting error leads to lower 

investment than the optimum and, therefore, to lower profits.  

On the other hand, if demand decreases, complete information has a negative value. In order to 

understand why let us look at investment in peak demand. As we have shown, if the level of 

demand decreases in 5% there is no investment in this technology. So, why is the NVCI 

negative? If all the players have access to the correct information, i.e., a lower level of demand 

than expected, then the peak player has zero profit. However, due to the pre-commitment to a 

given level of investment, even if demand decreases the peak player still makes a profit, as the 

other players accommodate their investments to the level of installed capacity.   

Moreover, the fact that all the players in scenarios S1 and S2 have negative NVCI shows that the 

industry as a whole benefits from misinformed players. A situation in which the players invest 

and decide production as if S3 is correct when the correct scenario is S1 or S2 can represent a 

situation of explicit collusion that is not detectable by a regulator. The players benefit from 

misinformation.    

4.3. Analyzing the Forecast for Peak Duration 

In this section, we look at another parameter of the model (duration of the peak demand) and 

analyze how it affects the level of investment. In Table 4.2 we summarize the six scenarios 
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analyzed in these experiments. The duration of demand at baseload is kept at 5000 hours. The 

duration of demand for shoulder and peak demand change from one scenario to another. In 

scenario S1 peak demand has duration of 700 hours and shoulder demand has duration of 3060 

hours. From scenario S1 to S6 the duration of peak demand increases (to a maximum of 860 

hours) and the duration of shoulder demand decreases (to a minimum of 2900 hours).   

S1 S2 S3 S4 S5 S6
Peak 700 740 760 800 820 860
Shoulder 3060 3020 3000 2960 2940 2900
Baseload 5000 5000 5000 5000 5000 5000

Duration Levels

 

Table 4.2: Durations of Demand for Different Scenarios  

As before, assume that the base scenario is S3. As shown in Figure 4.5, and as expected, an 

increase in the duration of peak demand leads to higher investment in all the technologies. 

Inversely, a decrease in the duration of peak demand leads to a decrease in the level of 

investment. This effect is not linear as it tends to affect much more the player investing in peak 

technology. In this case an increase of 100 hours (approx. 13%) in the duration of peak demand 

leads to an increase of approx. 40% in the level of investment.  

Furthermore, as shown in Figure 4.6, the NVCI is positive when the duration of peak demand is 

lower, and negative when the duration of peak demand is higher (with the exception of the NVCI 

for the peak player in scenario S6, which is slightly positive).      
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Figure 4.5: Investment for different scenarios of duration of demand  
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Figure 4.6: NVCI for Different Durations of Demand  

The intuition for this case is very simple. When peak demand duration is below the expectations 

in the base scenario (S3) the Nash value of Complete Information is positive, as the players have 

invested expecting a higher average demand (this is the case in scenarios S1 and S2). In the case 

of the peak player, in scenarios S5 and S6, the NVCI is also positive. The NVCI for this player, 

in scenario S5, is approximately 3000 m.u. and, in scenario S6, is approximately 26000 m.u., as 

he could have invested more, had he known the correct value of this duration.   

On the other hand, when the duration of peak demand is higher than expected, the NVCI is 

negative for the shoulder and baseload players. This happens has for higher durations of demand, 

under complete information, the peak player would increase substantially more (up to 40%, as 

we have seen) and, therefore, decreasing the profits of the baseload and shoulder players. This is 

why these players benefit from forecasting errors.   

Another important point about these results regards scenario S4. In this scenario the NVCI is 

negative for all players. This means that had they forecasting wrongly demand (by 

underestimating the duration of peak demand) they would invest and generate less and, therefore, 

receive higher profits than in the case of complete information. In this case, once again, players 

profit from their mistakes. Hence, if the industry as a whole “agrees” that the duration of peak 

demand is lower than it will actually be, the players actually invest less and prices are higher.  

4.4. Analyzing Conjectural Coordination 

The final set of experiments analyses the issue of conjectural coordination. As presented in the 

discussion of equation (2.3), it is well known that by changing the conjectures a player holds on 
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his competitors we obtained very different types of behavior. For a Vi = 0 we have a Cournot 

player, for a Vi = 1 we have collusion, for Vi = -1 we have a player a price taker.  

In this set of experiments we analyze what happens in the investment game when coordination 

fails. As presented by Murphy and Smeers (2005), players behave a la Cournot, i.e., each player 

holds a conjectural variation on his opponents’ behavior such that Vi = 0. Moreover, not only a 

player holds a given conjecture on his opponent’s variations but he also knows the conjectural 

variations held by his opponents, and furthermore, he knows that his opponents know his 

conjectural variation. Obviously, such a reflexive knowledge of each others’ conjectures implies 

a very high degree of behavioral coordination and communication between the players. 

In this section we analyze the impact of these conjectures on the value of investment, and we 

look at the impact of coordination failures on the NVCI.  In Table 4.3 we present scenarios for 

conjectural coordination. The rows represent the players and the columns represent the model 

held by the column players on the behavior of others. 

Correct 
Player 1 Player 2 Player 3 Model

Player 1 0 1 0 0
Player 2 0 1 0 1
Player 3 0 1 1 1

Model of player
Conjectural Variations

 

Table 4.3: Scenarios for Conjectural Coordination  

In this example, the correct model is given in the last column. Player 1 behaves as a Cournot 

player (as he conjectures that the others will not change their output), and expects the others 

behave as Cournot players as well, i.e., Vi  = 0, for i = 2, 3. Player 2 behaves as collusive player, 

as he believes that the others will change their generation in order to get the monopoly solution 

for the industry as a whole, Vi = 1 and that the others also believe in the monopoly solution, i.e., 

Vi = 1, for i = 1, 3. Player 3 behaves as a collusive player (as he believes that the others will 

follow is change). However, he thinks that the others do not hold the same conjectures, as he 

believes that they will behave as Cournot players, i.e., Vi = 0, for i = 2, 3. In Figure 4.7 we 

analyze the level of investment for each one of the models conjectured: one model for each one 

of the conjectures by each player, and a fourth model that represents the outcome when all the 

players hold the correct model on the others’ behavior. 
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Figure 4.7: Investment for Different Models per Player  

In Figure 4.7 the first bar for Player 1, the second bar for Player 2 and the third bar for Player 3 

represent the actual investment of these players, as they believe that the others share the same 

model as they do. Player 1 believes that Players 2 and 3 decide by using the same model as him, 

Player 2 believes that Players 1 and Player 3 use his model, and finally Player 3 believes that the 

other two players are following his model instead. 

The final three bars (correct model) represent the level of investment of each player if they knew 

the correct conjectures held by the other players. By comparing the actual generation with the 

one expected under complete information (correct model), we can see that Player 1 and Player 3 

have underinvested slightly (as they were expecting a higher investment by others) and that 

Player 2 has over invested (as he was expecting the others to invest less than they did). 

We are now able to analyze the NVCI for the case of conjectural coordination. In Figure 4.8 we 

can see that Players 1 and 3 have a positive NVCI whereas Player 2 has a negative NBCI.  Player 

1 (and Player 3) has a positive NVCI as he should have invested more, given that the other two 

players invested less than he expected. On the other hand, Player 2 has a negative NVCI, this 

implies that this player has profited from coordination failure. 
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Figure 4.8: The NVCI under Conjectural Coordination  

Player 2 expects all three players to collude into the monopolistic solution for the industry. 

However, as Player 1 broke the coalition by playing a la Cournot, Player 2 over-generates, when 

compared to the optimal value under complete information, and he receives a lower profit.   

4.5. Modeling Similar Players 

In this section, we relax the assumption that different players invest in different technologies and 

allow each player to invest in any technology, as in model (2.5). In this case, under the Cournot 

investment game with perfect and complete information all players in the industry always choose 

the same investment portfolio (i.e., they invest exactly the same quantities in the same 

technologies). As an example let us look at the base case in which the marginal costs of 

generation are as presented in Table 4.4.  

Baseload 0 
Shoulder 15 

Peak 30 
 
Table 4.4: Marginal Costs per Technology  

In this case, the new levels of production and investment (which are equal) are presented in 

Figure 4.9.   
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Figure 4.9: Investment by Player in the Cournot Investment Game  

In Figure 4.9 the Heterogeneous results are the ones in the base case in which each player invests 

in a different technology, and the Homogeneous results represent the case in which the players 

are allowed to invest in any of the available technologies. In the case of the homogenous solution 

each one of the players invests 1552.5 MW in baseload capacity only. The total investment 

increases from 4108.2 MW in the case of heterogeneous players to 4657.5 in the case of 

homogeneous players.  

The most important result from this analysis is that in equilibrium, if all the players are allowed 

to invest in any technology, all players have the same investment strategy. This shows that the 

Cournot model is not able to explain the diversity of portfolios and diversity of investment that 

happens in real markets. One possible solution for this issue is to allow the different players to 

have different marginal costs of investment or generation. However, in this case we would be 

back to the case of heterogeneous players. 

5. CONCLUSIONS AND DISCUSSION 

The main goal of this paper is the analysis of the implications of the complete information on the 

outcomes of an investment game. This game is particularly interesting as the values involved are 

very high and a small mistake can be very costly. Furthermore, we analyze its sensitivity to its 

parameters such as marginal costs, level and duration of demand, and conjectures. 
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A first important conclusion from our analysis and simulations is that complete information, in 

the context of investment games, can have a negative value. This implies that, under certain 

conditions, a firm can benefit from forecasting errors. Moreover, we show that in the case where 

all the firms simultaneously benefit from forecasting errors and, therefore, have a negative 

NVCI, misinformation has the same impact on total generation and profits in the industry as 

collusive behavior.    

Furthermore, we show that a small forecasting error regarding the level and duration of demand 

or the marginal costs of the industry (all of which are hard to forecast in models of investment 

that look at long-term behavior such as investment games) can re-shape completely the 

generation structure of the industry. A similar conclusion is reached by analyzing marginal costs. 

Equally important are the conjectures on the other players’ behavior and a player’s perception on 

the conjectures his opponents hold on his own behavior.   

Overall, our analysis of the investment game shows that even non-cooperative games require a 

very high level of coordination between players, regarding cost structure, payoffs, demand and 

conjectures. Most importantly, such a high degree of coordination would be classified under 

most competition laws as collusive behavior (as developed in the Appendix).  

In this paper, we have restricted our analysis to deterministic models in order to emphasize the 

impact of the assumptions (and their failures) on the results of the investment game. This 

analysis can be extended to stochastic models. In this case there are two different issues: first, if 

there is complete and common knowledge of the moments of the distribution of payoffs then the 

same critiques to the deterministic model apply in this case; second, in stochastic models we 

need to use a new subjective parameter to model the players’ attitude towards risk (risk aversion, 

risk neutral, risk seeking) which faces a similar problem to conjectural variations.  

It seems, therefore, that the Nash-Cournot model game with perfect and complete information is 

a very limited away of modeling a very complex reality such as investment and long-term 

planning (in the Cournot model the players only choose quantities when in reality firms have a 

variety of decision variables), independently of the industry analyzed. (Moreover, this critique to 

the Nash-Cournot model also applies to any other model of investment with imperfect 

competition, as Bertrand or Supply functions, when assuming complete information.) There is, 

therefore, a need to develop better and realistic models for long-term analysis (by removing the 

assumption of complete and common knowledge) which, at the same time, preserve the elegance 

of the Nash-Cournot paradigm.   

 22



The results obtained in this paper are for a very simple case study. This case is enough for a 

qualitative analysis, but, of course, quantitative conclusions cannot be extrapolated to real-size 

studies. This model does not take into account investment lead times, load factors and 

availabilities; this rends it not useful for using in actual decision making. The development of 

such models would be, therefore, an important step forward in this area.  

APPENDIX: The Cournot Model and Collusive Behavior 

We start by analyzing the USA’s Federal Energy Regulatory Commission rules of behavior 

regarding collusion, as described in the Stroock Special Bulletin (2005). This bulletin refers to 

section 284.288(a)(2) and 284.403(a)(3) of the Natural Gas Order which prohibit “collusion with 

another party for the purpose of manipulating market prices, market conditions, or market rules 

for natural gas.” In the Stroock Special Bulletin it is noticed that “collusion” is undefined and it 

is argued that collusion does not imply intent as the Commission explains that sections 

284.288(a)(2) and 284.403(a)(3), “merely expand our general manipulation standard … to 

include acts taken in concert with another party.” 

Furthermore, Consumers’ Advocates (Roberti, 2003, p. 11) argue that from a consumers’ point 

of view, market power in itself (as exercised by Cournot players) leads to a loss of consumer 

welfare. The Consumer Advocates’ also defend that not only overt collusion but also strategic 

bidding can raise market prices well above competitive levels. Therefore, it should be forbidden 

as it leads to prices well above marginal cost bidding, “as this strategic bidding is likely to be the 

predominant means for generation owners to exercise market power and market manipulation”, 

Roberti (2003, p. 27). The Cournot model captures the behaviour of players that by their actions 

manipulate prices to increase profits, taking into account the strategic interactions with other 

players. Therefore, following Roberti (2003) such behaviour should not be allowed, as it leads to 

prices above marginal costs.   

The claim presented in this paper is stronger: in investment Cournot games of perfect and 

Complete Information, which imply knowledge of long-term marginal costs, demand functions 

and conjectural variations, and therefore explicit collusion, a situation in which “explicit 

communication between them [players] has occurred (constituting collusion)”, Roberti (2003, p. 

27).   

 In every model, assumptions have consequences and can be more or less justifiable. The 

Cournot model with perfect and complete information it is, arguably, a good approximation of 
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how firms behave strategically in energy markets in order to increase profits. However, for the 

following reasons, its assumptions are too strong for modelling investment as a one-shot game:   

1. Marginal costs of generation and investment are common knowledge. These costs are 

real numbers and, therefore, statistically, there is a zero probability that two different 

firms can hold exactly the same estimate for the marginal generation and investment 

costs, unless they communicate.    

2. In the Cournot model it is assume that all the players have a conjectural variation equal to 

zero. It is well known from the research on this topic, e.g., Day et. al. (2002), Song et al. 

(2003), Centeno et al. (2003b), Centeno et al. (2007), that the conjectural variation is a 

subjective parameter, which usually can assume any real number usually between  -1 (for 

perfect competition) and 0 (for Cournot). However, statistically, there is a zero 

probability of players choosing a Cournot conjectural variation, unless they 

communicate.   

3. Demand parameters and duration. Once again, only through previous communication and 

sharing of all the information regarding the parameters for demand can the players use 

exactly the same parameters to decide how much to invest in a given technology.  

Given the reasons in 1-3 it is obvious that in a one-shot investment game, the assumption of 

common knowledge of costs, conjectural variations and demand parameters is too strong, 

implying communication between players. This assumption is very good for short-term 

modelling as it explains the strategic interactions between players, as in Roberti (2003), but it is 

not acceptable to explain long-term behaviour, and to guide regulatory or investment policies.     

REFERENCES 

Allaz, B., Vila, J.-L., 1993. Cournot Competition, futures markets and efficiency. Journal of 

Economic Theory, 59 (1): 1-16. 

Anderson, E. J., and A. B. Philpott (2002): “Using Supply Functions for Offering Generation 

into an Electricity Market,” Operations Research, 50 (3), 477-489. 

Bøckman, T., S.-E. Fleten, E. Juliussen, H.J. Langhammer, I. Revdal, 2007. Investment timing 

and optimal capacity choice for small hydropower projects. Forthcoming, European 

Journal of Operational Research. 

 24

http://www.iot.ntnu.no/users/fleten/BFJLR_Des06.pdf
http://www.iot.ntnu.no/users/fleten/BFJLR_Des06.pdf


Borenstein S, Bushnell J, An Empirical Analysis of the Potential for Market Power in 

California’s Electricity Industry, The Journal of Industrial Economics XLVII (3), 285 – 

323, 1999. 

Botterud, A., 2004. Evaluation of Investments in New Power Generation using Dynamic and 

Stochastic Analyses. 8’ lntemational Conference on Probabilistic Methods Applied to 

Power Systems, Iowa State University, September 12-16. 

Botterud, A., M. D.Ilic, I. Wangensteen, 2005. Optimal Investments in Power Generation Under 

Centralized and Decentralized Decision Making. IEEE Transactions on Power Systems, 

20(1). 

Bowley, A.L., 1924, The Mathematical Groundwork of Economics, Oxford, Oxford 

University Press. 

Boyer, M., and M. Moreaux, 1983, Consistent versus Non-Consistent Conjectures in Duopoly 

Theory: Some Examples, The Journal of Industrial Economics, 32(1): 97-110. 

Bresnahan, T.F., 1981, Duopoly Models with Consistent Conjectures, The American Economic 

Review, 71 (5): 934-945. 

Bunn, D.W., and F. S. Oliveira, 2001. Agent-based Simulation: An Application to the New 

Electricity Trading Arrangements of England and Wales, IEEE Transactions on 

Evolutionary Computation, 5 (5): 493-503. 

Bunn, D.W., and F. S. Oliveira, 2003. Evaluating Individual Market Power in Electricity 

Markets via Agent-Based Simulation, Annals of Operations Research 121 (1-4), 57-77. 

Bunn, D. W., and F. S. Oliveira, 2007. Agent-Based Analysis of Technological Diversification 

and Specialisation in Electricity Markets, European Journal of Operational Research, 181 

(3): 1265-1278.  

Centeno, E. , J. Reneses, R. García, J.J. Sánchez. 2003a. Long-term Market Equilibrium 

Modeling for Generation Expansion Planning. IEEE PowerTech 2003. 

Centeno, E., J. B. Gil, J. I. León, A. M. S. Roque, M. V. Rodríguez, J. G. González, A. M. 

González, and A. M. Calmarza, 2003b. Competitors' Response Representation for Market 

Simulation in the Spanish Daily Market. In Bunn (ed.), Modelling Prices in Competitive 

Electricity Markets, Wiley. 

Centeno, E. , J. Reneses, J. Barquín, 2007. Strategic analysis of electricity markets under 

uncertainty: A conjectured-price-response approach. IEEE Transactions on Power 

Systems, 22 (1), 423-432.  

 25



Chen, H., K.P. Wong, and D.H.M. Nguyen, 2006. Analyzing Oligopolistic Electricity Market 

Using Coevolutionary Computation. IEEE Transactions on Power Systems, 21 (1): 143-

152.  

Chuang, A. S., F. Wu , P. Varaiya, 2001. A Game-Theoretic Model for Generation Expansion 

Planning: Problem Formulation and Numerical Comparisons. IEEE Transactions on 

Power Systems 16 (4), 885-890. 

Day, C. J., B. F. Hobbs, and J. S. Pang, 2002. Oligopolistic Competition in Power Networks: a 

Conjectured Supply Function Approach. IEEE Trans Power Systems 17, 597-607. 

Dyner, I. and Larsen, E.R. 2001. From planning to strategy in the electricity industry. Energy 

Policy 29: 1145-1154.  

Dyson, R., and F. S. Oliveira, 2007. Flexibility, Robustness and Real Options. In Supporting 

Strategy:  Frameworks, Methods and Models. Frances O’Brien and Robert Dyson (Ed.), 

Wiley, Chichester, 343-366. 

Fleten S.-E., S. W. Wallace and W. T. Ziemba, 1997. Portfolio Management in a Deregulated 

Hydropower based Electricity Market. In E. Broch, D. K. Lysne, N. Flatabø and E. 

Helland-Hansen (Eds), Hydropower '97 - Proceedings of the 3rd international conference, 

Trondheim, Norway, 30. June-2. July 1997, A.A.Balkema, Rotterdam, pp. 197-204.  

Frayer, J., and N.Z.Uludere, 2001. What Is It Worth? Application of Real Options Theory to the 

Valuation of Generation Assets. The Electricity Journal, 14 (8), 40-51. 

Green R., D. Newbery, 1992. Competition in the British Electricity Spot Market, Journal of 

Political Economy 100 (5), 929-953.  

Guerci, E., S. Ivaldi, S. Pastore, and S. Cincotti, 2005. Modeling and Implementation of an 

Artificial Electricity Market Using Agent-based Technology. Physica A-Statistical 

Mechanics and Its Applications, 355 (1): 69-76. 

Hobbs B. F., 2001. Linear Complementarity Models of Nash-Cournot Competition in Bilateral 

and POOLCO Power Markets. IEEE Transactions on Power Systems, 16 (2), 194-202. 

Larsen, E. R., and D. W. Bunn, 1999. Deregulation in Electricity: Understanding Strategic and 

Regulatory Risk. Journal of the Operational Research Society, 50: 337-344. 

Murphy FH, Smeers Y, Generation Capacity in Imperfect Competitive Restructured Electricity 

Markets, Operations Research 53 (4), 646-661, 2005. 

Nicolaisen, J., V. Petrov, and L. Tesfatsion, 2001. Market Power and Efficiency in a 

Computational Electricity Market with Discriminatory Double-Auction Pricing. IEEE 

Transactions on Evolutionary Computation, 5 (5), 504-523. 

 26

http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S2ImnlJ1PN6PpDmgEmh&Func=Abstract&doc=6/1
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S2ImnlJ1PN6PpDmgEmh&Func=Abstract&doc=6/1
http://www.ingentaconnect.com/content/els/10406190
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S1LdHPF81ooOo2DChj6&Func=OneClickSearch&field=AU&val=Guerci+E&curr_doc=4/4&Form=FullRecordPage&doc=4/4
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S1LdHPF81ooOo2DChj6&Func=OneClickSearch&field=AU&val=Ivaldi+S&curr_doc=4/4&Form=FullRecordPage&doc=4/4
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S1LdHPF81ooOo2DChj6&Func=OneClickSearch&field=AU&val=Pastore+S&curr_doc=4/4&Form=FullRecordPage&doc=4/4
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S1LdHPF81ooOo2DChj6&Func=OneClickSearch&field=AU&val=Cincotti+S&curr_doc=4/4&Form=FullRecordPage&doc=4/4


Perry, M.K., 1982, Oligopoly and Consistent Conjectural Variations, The Bell Journal of 

Economics, 13: 197-205. 

Pineau P.-O., Murto P., 2003. An Oligopolistic Investment Model of the Finnish Electricity 

Market. Annals of Operations Research 121, 123-148. 

Raiffa H, Schlaifer RO. Applied Statistical Decision Theory. Cambridge (MA): Division of 

Research, Graduate School of Business Administration, Harvard University; 1961. 

Ramos, A., M. Ventosa, and M. Rivier, 1998. Modelling competition in electric energy markets 

by equilibrium constraints. Utilities Policy, 7, 233-242. 

Roberti, P., 2003. Investigation of Terms and Conditions of Public Utility Market-Based Rate 

Authorizations. Docket Nos. EL01-118-000 and EL-118-011. Request for Rehearing on 

Behalf of Colorado Office of Consumer Council. Assistant Attorney General, Chief, 

Regulatory Unit, Rhode Island Department of Attorney General, 150 South Main Street, 

Providence, RI 02903, http://www.pulp.tc/FERCRehearingEL01-118-final12-18-03.pdf.  

Son, Y.S., and R. Baldick, 2004. Hybrid Coevolutionary Programming for Nash Equilibrium 

Search in Games with Local Optima. IEEE Transactions on Evolutionary Computation, 8 

(4), 305-315. 

Song, Y., Y. Ni, F. Wen, Z. Hou and F. F. Wu, 2003. Conjectural Variation Based Bidding 

Strategy in Spot Markets: Fundamentals and Comparison with Classical Game Theoretical 

Bidding Strategies. Electric Power Systems Research, 67, 45-51.  

Stroock Special Bulletin, 2005, October. An Overview of FERC’s Market-Behavior Rules for 

Wholesale Sellers of  Natural Gas and Electricity. Stroock & Stroock & Lavan LLP, Los 

Angeles, New York, Miami, http://www.stroock.com/SiteFiles/Pub396.pdf. 

Ventosa, M., R. Denis, C. Redondo, 2002. Expansion planning in electricity markets. Two 

different approaches. Proceedings of the 14th PSCC Conference, Seville, July. 

Ventosa, M., A. Baıllo,A. Ramos, M. Rivier, 2005. Electricity Market Modeling Trends. Energy 

Policy 33, 897–913. 

 27

http://www.pulp.tc/FERCRehearingEL01-118-final12-18-03.pdf
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S2ImnlJ1PN6PpDmgEmh&Func=Abstract&doc=6/5
http://apps.isiknowledge.com/WoS/CIW.cgi?SID=S2ImnlJ1PN6PpDmgEmh&Func=Abstract&doc=6/5
http://www.stroock.com/SiteFiles/Pub396.pdf

	coversheet_template
	OLIVEIRA 2008 The value of information
	KEYWORDS: Cournot, Dynamic, Electricity, Game, Investment.
	3. THE NASH VALUE OF COMPLETE INFORMATION
	4. COMPUTATIONAL EXPERIMENTS
	5. CONCLUSIONS AND DISCUSSION


