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Overview
In fundamental electricity market models, the inverse-demand curves, that is, the functional price-volume relationship of electricity markets, is usually assumed to be linear. This is in contrast to the merit-order supply curve, which is usually modelled in much more detail using the characteristics of the different supply technologies. One reason for the assumption of linearity is that linear market equilibrium models can be solved numerically relatively easy. Another reason is that empirical market data on the inverse demand function was formerly not available. New computational tools for market equilibrium models allow for tractable, non-linear demand curves, and, due to the data transparency measures imposed by market regulators, detailed empirical market data of inverse-demand curves is now available for relevant electricity markets in Europe. We present results from a fundamental electricity market model that measures the impact of non-linear demand curves on electricity prices and market volumes within a coupled market area. In particular, we employ as analysis tool a technology-detailed game-theoretic Nash-Cournot equilibrium model to capture price mark-ups caused by scarcity effects, which can include distortions by market power. In a first step, we analyse the quality of the linear, and of different non-linear fittings of the empirical demand curve data. The main analysis comprises how different non-linear demand curves influence the estimation of market power. In particular, we evaluate the Lerner index in different load periods for the coupled market areas. Related, we quantify how much the different non-linear demand curve assumption can account (at least partially) for electricity price spikes without assuming large, hidden market distortions.

Methods
We analyse a coupled market area comprising (in the current analysis) Germany, France, Italy, Austria, and Switzerland. For the fundamental modelling of the electricity prices, we employ a technology-detailed game-theoretic Nash-Cournot equilibrium model (Panos & Densing, 2019). We model the day-ahead market with the 24 hourly sub-markets in four yearly seasons with the underlying available generation mix. Electricity plants in the countries are aggregated on plant type level. The model includes the option of seasonal and diurnal storage technologies. The numerical model has in total 96 representative load periods for a year. The data from the empirical demand curves is taken from the EPEX market platform (Austria, France, Germany, Switzerland) and GME (Italy). We apply least-square fitting with linear, exponential, and polynomial curves for the different load periods. We quantify also the deviation from the assumption of constant price elasticity of demand. The equilibrium model is formulated using the EMP framework (Kim & Ferris, 2019), which allows convenient reformulations using the different non-linear demand curves. For each of the different curve assumptions, the model is calibrated to empirical market prices and volumes using a conjectural variation approach. The difference in required price mark-ups leads to different Lerner indexes for each of the load periods. To measure the impact on price spikes, we vary also the availability of intermittent renewable generation to cover typical scarcity situations. 

Results
[bookmark: _GoBack]Estimation of demand curves from historical data is delicate because the demand curve includes extreme bids, which are rarely attained and almost never contribute to market clearing price formation (for example the upper bound of bids is usually chosen to represent the value of lost load in a market area). By choosing gradually larger price-volume intervals for the fitting, we observe larger deviations of clearing prices and volumes between the different non-linear price curves (exponential, polynomial, constant elasticity). The current analysis suggest that polynomials of order three are the most adequate fit to recent empirical demand data in terms of accuracy versus model complexity. By implementing the different demand curve into the fundamental market equilibrium model, strictly convex demand curves can improve the calibration to current empirical prices, and reduce significantly the Lerner index, especially in scarcity load periods that have low intermittent renewable generation and relatively high loads. In a side analysis, we model also a reserve effect: The Lerner-Index is an input and varied parametrically, and the output are the markets prices and volumes in the different load periods. In this analysis, the outcome is that the intermittency of renewables has a lower impact in prices if the market power increases, such that the prices are more flat over the considered load periods.  

Conclusions
Price levels and price volatilities on wholesale markets can deviate significantly from (marginal) cost-based model analysis. Capturing price deviations by a fundamental model quantitatively is challenging because both supply and demand should be modelled in sufficient detail. Our analysis complements existing analysis on market power in European electricity markets by quantifying how the linearity of demand curves can lead to an overestimation of such price deviations, which may attributed falsely to large market power. Our results show that a game-theoretic model using non-linear demand curves can help to improve the analysis of such price effects.
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