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Overview
The concurrent deregulation of the German power market and increased percentage of electricity generated using intermittent renewables have resulted in the occurrence of significantly negative wholesale power prices and increased overall price volatility. Many studies of methods to curb price volatility suggest that dynamic pricing may be part of the answer. However, few studies have analyzed the resulting consumer price response behavior in the context of intermittent renewables and the subsequent negative prices that have become more common as the use of renewables has increased. This study serves as a preliminary attempt to evaluate the effects of dynamic pricing on negative prices. Using a set of hours from the year  2009, chosen to represent different levels of demand and wind in-feed, and a linear demand curve that can be used to model demand when prices are negative, I compare price changes resulting from increases in wind in-feed and the implementations of dynamic pricing mechanisms in the German power market. Using this methodology, I find that without a significant level of consumer price elasticity, dynamic pricing may not be beneficial and in some cases even harmful to market efficiency. Based on these comparisons, I make recommendations for further research to define policy measures for the successful deployment of demand side management techniques. 

The paper is organised as follows: First, the topic and exisiting literature on wind power and dynamic pricing are discussed. Then, before studying the effect of dynamic pricing on negative price (and traded volume), I explore the behavior of existing market characteristics that will impact my analysis; namely the load profile, distribution of prices and wind generation. Furthermore, I explore the relationships between them. Understanding these relationships provides a solid foundation to contextualize the market changes which my analysis evaluates. 
In the next section, I introduce the hours that I use for the analysis. The final sections address the results derived from the model and offer a comparative study of the price changes that occur from the different market scenarios, as well as the relative differences occurring amongst the set of  representative hours.
Methods
Using historic market data from the European Energy Exchange, I first constructed supply and demand curves for a set of hours that represent different combinations of market conditions. The four combinations are as follows: high demand, high wind infeed; high demand, low wind infeed; low demand, high wind infeed; low demand, low wind infeed
Once the base case curves are mapped and the existing market clearing price and volume are determined, 3 different scenarios are examined:
(1) the market with existing price structure and increased wind generation
(2) the market with induced dynamic pricing and existing wind generation
(3) the market with both dynamic pricing and increased wind generation
I first analyze how wholesale prices change when the amount of wind infeed increases, holding constant retail consumer behavior. I then apply the model specifications that simulate different levels of consumer price response for each hour, thereby producing a series of demand curves with different price elasticities. The next step of the analysis will determine whether RTP can be utilized to raise price above zero in the case of the hour with negative prices and how effective dynamic pricing will be across all the representative hours.
Results
I find, in the case of hours of high demand, even if consumers were highly averse to changing their consumption patterns, RTP would still drive prices down.  Since, if demand were perfectly inelastic, the retail price under dynamic pricing would still be lower than the existing wholesale price. The effect, however, in reducing price volatility would be minimal as the wholesale price and volume under an RTP scheme would be barely lower than the price without consumer exposure to extreme prices. 
Turning to the hours of low demand, there is a different story. In these hours, low levels of consumer price elasticity could potentially drive prices even lower than the wholesale price would be without dynamic pricing. Meaning that if consumers weren’t responsive enough to fluctuations in price, a market with RTP could actually cause prices to be even lower than one without it.
Conclusions

This analysis has shown that theoretically dynamic pricing could be used to correct the market inefficiency that results from negative prices, given the appropriate level of demand side price elasticity. However, from a practical policy stance, the likelihood of stimulating the necessary price response needed to organically create the load shift necessary is small. Since the majority of hours in which negative prices occur are late night or early morning, price elasticity can be expected to be fairly low. A policy maker would need to be careful to ensure that consumers could be induced to change their consumption patterns before implementing such a program. Having a good estimate for expected consumer price elasticity is critical for implementing an RTP plan to mitigate negative prices, since it can be shown that at very low levels of elasticity, RTP may even aid in further lowering negative prices. 
The end conclusion suggests that given existing grid technology and the lack of smart appliances/outlets/power storage options etc., the best type of DSM is most likely a full control demand response type system. Most negative prices are occurring on off-peak hours when consumers price elasticity is estimated to be quite low. Without improvements to existing infrastructure, a real time pricing mechanism will likely fall short of the results that could be achieved through other DSM techniques.
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