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Overview
The electricity generation profile in many regions of the U.S. has been changing quite significantly over the last several years. This change is primarily marked by two features – an increasing share of generation coming from renewables and a dramatic decrease in natural gas prices. The increase in renewables has been driven by state-level renewable portfolio standards (RPS), which have been adopted by 29 states and the District of Columbia, as well as federal production and investment tax credits.[footnoteRef:1] Natural gas prices have fallen rapidly due to an increase in supply brought about by shale gas plays becoming economically viable using hydraulic fracturing extraction techniques.[footnoteRef:2] Together, the increasing generation from renewables and lower natural gas prices can present challenges for coal-fired generators. Indeed, there has been a sizeable decline in coal-fired generation over the last decade, falling from approximately 50% of total net generation to less than 40%. In this paper, we empirically examine how these features, individually and combined, have affected utilization rates, efficiency, and emissions from coal plants in order to quantify the source of these historic shifts in generation profiles and to predict effectiveness of future energy and environmental policies.  [1:  In the U.S., from 2002 to 2012, the share of net generation from renewable sources (including hydro) has grown from almost 9% to over 12%. This increase has been primarily driven by increased wind generation. From 2002 to 2012, wind generation has increase by a factor of 14 and has almost doubled from 2009 to 2012.]  [2:  In 2008, natural gas spot prices reached over $12/MMBtu, while in 2012 these prices fell to under $2/MMBtu. ] 

The impacts of renewables and low natural gas prices have been addressed to some degree in previous studies. For example, Novan(2011), Cullen (2013), Kaffine et al (2013) use data from ERCOT to determine emissions offset by additional wind generation, which also provides information about which generation technologies are being displaced by increased wind generation. These papers generally find the subsidies provided to wind producers are greater than the benefits from the emissions reduced. More recently, several studies have also examined the effect of low natural gas prices on generation profiles. For example, Holliday and LaRiverie (2013) find some evidence that in certain NERC regions low natural gas prices have significantly altered the marginal emission rates. This suggests that during some intermediate levels of demand natural gas generators have become inframarginal and pushed coal generators to marginal generators. Similarly Cullen and Mansur (2013) have found empirical evidence of rapid switching from coal to natural gas generators when the gas-to-coal price ratio falls below a certain threshold, though the rate of change varies by NERC region. 
While these studies provide valuable insights into the impacts of increasing renewables and decreasing natural gas prices, analysis of the response of electricity generators to either of these factors in isolation may be missing important interaction effects. For example, renewable generation from wind is generally large during low demand periods. If wind generation increases, residual demand will decrease and thus operating profits for traditional off-peak generators, such as coal plants, will decrease. However, even with low, or even negative, operating profits it may beneficial for coal plants to produce in these low-demand/ high-renewables periods so that they are available for supplying in the more profitable high demand periods.[footnoteRef:3] During these high demand periods, natural gas generators have typically been the marginal (i.e., price-setting) generators. When natural gas prices are high inframarginal coal generators enjoyed large operating profits, but as natural gas prices fall so falls the electricity prices and operating profits of coal plants during these high demand periods. Therefore, when renewable generation is high in low demand periods and natural gas prices are low, coal generators may be faced with low/negative profits in the low demand periods and smaller-than-usual profits in the high demand periods. The two factors combined may then force coal generators into a situation where shutting down is the optimal production decision. Additionally, if one just examines the effect of natural gas prices and renewable generation on coal plant operations, the interaction effect of combined low natural gas prices and high renewable generation may be missed. [3:  Traditionally, coal-fired generators have not been designed for rapid “cycling”, meaning they cannot shutdown and then rapidly turn back on. Thus, coal plant generally do not shutdown completely for some hours of a given day and then ramp up rapidly to produce in other hours of the day.] 

Methods
To explore the importance of this interaction effect, we create a data set of daily generation and emissions for coal plants across various regions of the U.S. using the EPA’s CEMS database. We also collect various plant-level characteristics daily regional load values, regional renewable generation data, regional natural gas prices, and coal plant fuel prices. The data is collected for years 2007 – 2013. 
Using this data, we econometrically estimate, for each ISO region separately, various forms of the following equation:

In this regression  is the dependent variable of capacity factor (daily net generation/capacity), heat rate (MMBtu of fuel use/MWh of power generated), or emissions for plant i on day t,  is the natural gas price in plant i’s region,  is plant i's coal price,  is the daily renewable generation in plant i’s region, and  is a vector of other relevant variables. In this specification,  picks up the interaction effect of renewable generation and relative natural gas prices.
Results
Preliminary results suggest that there is statistically and economically significant interaction effect. That is, we do find evidence that increasing renewable generation increases the impact of relative natural gas prices on various coal plant operating characteristics. For example, falling natural gas prices decreases capacity factors of coal plants, as one would expect, and increasing renewable generation strengthens this effect – meaning the rate of decline in capacity factors with falling natural gas prices increases as renewable generation increases. Similar results are found for emission levels and heat rates.
We also use the parameter estimates from this analysis in a policy simulation of applying a carbon tax and having a renewable portfolio standard. Note that the recent falling gas-to-coal price mimics expectations of a carbon tax.  Likewise, increasing RPS’s increase regional renewable generation. Based on our parameter estimates we find that applying a carbon tax with an RPS reduces emissions more quickly than using either policy instrument alone because the interaction effect promotes more switching from coal plants to natural gas plants.
Conclusions
Our results show that the interaction of the near simultaneous natural gas price drops and renewable generation increases explains a significant portion of the decline in coal-fired generation. The results also have significant policy implications. Namely, our parameter estimates indicate that while it may seem as if RPS and carbon pricing schemes are overlapping policies, the use of these two policies in concert may improve their effectiveness in terms of reducing emissions due to the interaction effect of falling relative natural gas price and increasing renewables.
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