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Overview
In the past two years, enforcement actions addressing episodes of price manipulation in organized electricity markets have attracted national attention in the U.S. The Federal Energy Regulatory Commission (FERC) accused several energy trading companies (e.g. Constellation Energy Commodities Group, Deutsche Bank Energy Trading and Barclays Bank) of placing virtual bids and/or physical schedules that were unprofitable on a stand-alone basis, but were intended to move prices in a direction that would enhance the value of related financial positions (like swaps or financial transmission right--FTR--positions). 
Ledgerwood and Pfeifenberger (2013) describe how an energy trader could manipulate day-ahead electricity prices in a single hour of market operation, by placing uneconomic virtual demand bids at a node representing the sink of its FTR position. Because the FTR pays the holder, for each megawatt awarded, the difference between the day-ahead congestion price at the sink and at the source of the FTR contract, placing virtual load bids at the sink increases the value of the FTR position. However, cases in which an energy trader surprises other market participants with similar trading strategies and profits from them cannot represent an economic equilibrium. By repeatedly placing uneconomic bids at a node, the trader would create a persistent divergence between day-ahead and expected real-time prices. This should encourage entry and competition for arbitrage opportunities, in turn leading to price convergence and making manipulation of day-ahead electricity prices hard to sustain. 
How could an energy trader affect day-ahead electricity prices over a sustained period of time, by limiting the ability of other market participants to profit from arbitrage opportunities created by uneconomic virtual bidding? Our goal is to develop a theoretical model of manipulation by energy traders in day-ahead electricity markets. The model could help identify the conditions that would indicate its occurrence when analyzing the actual operation of day-ahead electricity markets, and provide guidance on how to support efficient market design to mitigate manipulation.
Methods
The theoretical literature on the limits of arbitrage investigates how barriers to entry faced by arbitrageurs in asset markets can prevent them from elimitating mispricings and providing liquidity to other investors. Illiquidity is traced back to underlying imperfections in financial markets such as asymmetric information, risk, constraints on capital and transaction costs (Gromb and Vayanos, 2010; Vayanos and Wang, 2011). 
Price manipulation has been studied extensively in the context of equity markets. For example, Kyle’s (1985) analysis shows how an informed trader would choose to transact to maximize the value of private information in a two-step auction. Futures markets are also considered susceptible to price manipulation: a classical example is represented by a market corner, in which a trader purchases a large number of futures contracts, demanding delivery of more of the commodity than available in the market and profiting by letting sellers out of the futures contract obligation at a price above the competitive level. The unique features of electricity (notably, its non-storability) imply that a purely financial participant cannot engage in traditional cornering strategies that are possible in markets for storable commodities. Kumar and Seppi (1992) develop an equilibrium model describing how a trader without superior information on market fundamentals could successfully manipulate the spot price for a stock in a market where futures contracts on the asset are cash-settled on the delivery date. The Kumar-Seppi theory could be applied to the case of an FTR auction followed by a two-settlement electricity market to discuss and illustrate some of the issues related to day-ahead price manipulation through uneconomic virtual bidding.
Preliminary results
At a single electricity node, an FTR auction at date 1 is followed by a day-ahead energy market at date 2 and a real-time energy market at date 3. A trader who is perfectly informed about market fundamentals participates in the day-ahead energy market, while noise traders and an uninformed trader participate in both the FTR auction and the day-ahead market. All market participants are risk neutral and submit virtual bids in the day-ahead market. At each date, market orders are batched and the market-clearing price is set based on the aggregate order flow. Assuming linear pricing rules and trading strategies, the model has a unique equilibrium in which the uninformed trader manipulates the day-ahead energy price by randomizing its orders on the FTR market with equal probability, and then trading in the day-ahead market. The manipulator loses, on average, on the day-ahead market, but gains on the FTR market: if the FTR position is larger than the expected position on the day-ahead market, the manipulation strategy is profitable. To discuss how manipulation could be sustained over time, it is useful to consider a repeated version of the equilibrium model and focus on the expected day-ahead price. Preliminary findings suggest two ways in which manipulation could occur in equilibrium. First, the manipulator could create a persistent divergence between the expected day-ahead and real-time price. In this case, the price differential should be lower than the entry costs for other virtual traders. For example, in the case of a market participant repeatedly placing virtual demand bids at a node, the differential between the average day-ahead and real-time prices should be compared to the transaction costs of placing offsetting virtual supply positions. A question of possible price manipulation would arise if the observed price differential was lower than the transaction costs.
The second type of manipulation is implied by the application of Kumar and Seppi’s model over a sustained period of time. In this case, the expected day-ahead price is equal to the expected real-time price, but the variance of the day-ahead price increases, relative to the case in which no manipulation occurs. Conditions that could point to the possibility of price manipulation include engagement in randomized FTR trading strategies by a financial market participant, and a positive correlation between its FTR position and the day-ahead energy price. 
 Conclusions
Over the past two years, FERC Enforcement has imposed multi-million dollar sanctions on several energy trading companies for the alleged manipulation of electricity markets. Some cases involved instances of uneconomic trading in day-ahead electricity markets to benefit financial positions whose value was tied to the manipulated power price. Although the issue presents relevant implications for the design of organized electricity markets, no consistent theoretical framework of manipulation by financial market participants has been developed yet. Such framework may help identify market design features that implicate manipulation, as well as conditions that would need to be observed for empirical analysis. Our paper will attempt to address this gap. Preliminary findings suggest that manipulation over time could create a persistent divergence between the expected day-ahead and real-time price, or increase the variance of the day-ahead price. Future work will consider a more elaborate version of Kumar and Seppi’s (1992) equilibrium model, accounting for randomized trading by location and time. We will also consider whether a profitable manipulation strategy could involve a random sequence of disequilibria at a given location.
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