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Overview

The trend towards liberalized electricity markets in the US and the rest of the world called for economic research to model these markets in order to predict the behavior of the market participants and assess the performance of these markets in terms of efficiency and fix any problems associated with the existing market designs. 

Supply function equilibrium (SFE) ([1], [2], [6], [8]) and auction ([7], [9]) models are the most commonly used tools for modeling electricity spot markets. SFE models, first applied to these markets by Green and Newbery (1992), became very popular since they closely mimic the bidding process of the market participants. However, finding the equilibrium in these models requires solving a set of differential equations, which is hard to do with asymmetric firms, while the symmetric case is not at all realistic. Auction models, a successful application of which is by Hortaçsu and Puller (2007), are more general than SFE models since they can also incorporate private information (i.e., contracted quantities) of the bidders.

Our contribution in this paper is twofold: We provide a new tool for modeling the bidding process in electricity spot markets and also try to resolve an issue which is completely ignored in the existing literature, namely, the possibility of multiple profit maximizing equilibria for an oligopolist, resulting from its marginal revenue curve having positively sloped segments. Although some researchers analyzed this peculiarity for a monopolist ([3], [4], [10]), they do not suggest a solution and, to the best of our knowledge, no one has yet mentioned this possibility for an oligopolist. 
Method

Baldick et. al (2004) successfully applied the SFE model to electricity markets by approximating the supply function of a firm by a piecewise affine (linear with non-zero intercept) function, albeit with a small number of pieces. This affine approximation, however, poses another problem for our purposes: Since the resulting residual demand will not be smooth, the marginal revenue curve will have jumps. These jumps will create uncertainty as to what the market clearing price-quantity pair will be. Instead of taking an ad-hoc approach such as “interpolating the quantities at the jump” ([1]), we obtain a smooth residual demand by approximating the supply function, or interpolating a given set of bid data with a (cubic) spline ([5]). This will result in a continuous marginal revenue curve. To the best of our knowledge, no authors have taken this approach before.
Results

Approximating a bid stack with a cubic spline has several advantages. First of all, since we can approximate a given function as precisely as we want using splines, we may expect to recover the results obtained in Baldick et. al. (2004) where the authors used affine approximation to supply functions. Furthermore, since the residual demand a firm faces will be smooth, thanks to our method, the resulting marginal revenue curve of the firm will be continuous. This, in turn, will resolve the uncertainty created by the discontinuity in the marginal revenue. 
During our simulations, we frequently came across positively sloped marginal revenue curves, which is not mentioned in any of the previous studies in electricity market modeling. We show the conditions under which this can occur and argue that those conditions are not stringent at all.  Indeed, the residual demand functions given in [7] and [11], which are based on real market data, respectively for Texas, USA and Australia, will all result in some segments where marginal revenue increases. This not only creates the possibility of multiple profit maximizing equilibria for the firm, but also enhances the incentives of the firms to manipulate the bidding process. Consequently, we believe that ignoring this peculiarity is not justified. 

Conclusions

With this paper, we contribute to the expanding literature on modeling the electricity spot markets by providing a new tool, use of which gives a realistic representation of the bidding process and at the same time is mathematically tractable. We also believe it will enable us to obtain a better approximation to observed bidding behavior of the market participants. Another point we want to stress is that we will frequently see positively sloped marginal revenue curves when analyzing real market data, and rather than hoping that marginal revenue and marginal cost curves will intersect at a unique point, we have to explicitly find a solution in the case where we have multiple equilibria. At later stages, we will also use our model to examine other issues such as the role of forward contracting and changes to planned outage and maintenance schedules. 
References

[1] Ross Baldick, Ryan Grant, and Edward Kahn, Theory and application of linear supply function equilibrium in electricity markets, Journal of Regulatory Economics, 25 (2004), no. 2, 143–167. 

[2] Ross Baldick and William W. Hogan, Capacity constrained supply function equilibrium models of electricity markets: Stability, non-decreasing constraints, and function space iterations, POWER Working paper, 2002. 

[3] Peter J. Coughlin, Changes in marginal revenue and related elasticities, Southern Economic Journal 51 (1984), no. 2, 568–573. 

[4] John P. Formby, Stephen Layson, and W. James Smith, The law of demand, positive sloping marginal revenue, and multiple proﬁt equilibria, Economic Inquiry 20 (1980), no. 2, 303–311. 

[5] F. N. Fritsch and R. E. Carlson, Monotone piecewise cubic interpolation, SIAM Journal on Numerical Analysis 17 (1980), no. 2, 238–246. 

[6] Richard Green and David M. Newbery, Competition in the British electricity spot market, Journal of Political Economy 100 (1992), no. 5, 929–953. 

[7] Ali Hortaçsu and Steven L. Puller, Understanding strategic bidding in multi-unit auctions: A case study of the Texas electricity spot market, RAND Journal of Economics, 39 (2008) no. 1, 86-114. 

[8] Aleksandr Rudkevich, Supply function equilibrium in power markets: Learning all the way, Tech. Report TCA Technical Paper 1299-1702, Tabors Caramanis & Associates, 50 Church St. Cambridge, MA, 02138, 1999.

[9] Ramteen Sioshansi and Shmuel Oren, How good are supply function equilibrium models: An empirical analysis of the ERCOT balancing market, last accessed on January 23rd, 2008 at www.ieor.berkeley.edu/~oren/, 2005. 

[10] A. A. Walters, A note on monopoly equilibrium, The Economic Journal 90 (1980), 161–162. 

[11] Frank A. Wolak, Identication and estimation of cost functions using observed bid data: An application to electricity markets, Advances in Economics and Econometrics: Theory and Applications, Eighth World Congress, Volume 2 (M. Dewatripont, L. P. Hansen, and S. J. Turnovsky, eds.), Cambridge University Press, 2003, pp. 133–169. 


