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Overview
Renewable energy technologies, such as wind, achieve climate and human health benefits by reducing air emissions from fossil fueled power plants. Renewables “displace” emissions that would otherwise have been produced by the fossil fleet by producing electricity with negligible associated air emissions. Since several important pollutants (e.g. CO2) are emitted in proportion to fuel consumption, the effectiveness of this displacement depends critically on the efficiency of fossil-fueled plants. If wind causes fossil plants to be operated less efficiently, the emissions benefits of wind will be reduced.

Despite the importance of efficiency in assessing the emissions benefits of renewables, many integration studies implicitly or explicitly assume that fossil generators have constant efficiency. However, most fossil plants have decidedly non-constant efficiency. Katzenstein and Apt [1] modeled the CO2 emissions (proportional to fuel consumption) of two gas turbines as a linear function (with non-zero intercept) of power output and ramp rate. Fripp [2] modeled a separate “idling” CO2 emissions rate for gas turbines. Also, see Figure 1 below.

Here we take advantage of the large set of available air emissions and operating data from the EPA’s Continuous Emissions Monitoring System to study the efficiency of the entire U.S. fossil fleet. We first use these data to construct reliable efficiency models for the more than 4,500 generating units in the fleet. We employ non-parametric techniques to capture non-linearities in the data. We also use latent variable regression to simultaneously estimate unobserved variables such as the operation of post-combustion scrubbers and combined cycle unit operating states. 

Next, we use our efficiency models to detmine a lower bound on the error in predicted CO2 emissions from electricity generation. We then consider the systematic increase in prediction error associated with using two types of simplified efficiency models: a “constant-efficiency” model that assumes power plants have constant efficiency across their operating range, and a “linear input/output” model that assumes generating units have non-zero fuel consumption at zero power output but that each additional unit of output requires the same increase in fuel input. We decompose the emissions of the fossil fleet into a “constant-efficiency” term that is captured by constant efficiency models and an “idling penalty” term that is not. Finally, we discuss the implications of our results for the effectiveness of reducing air emissions using variable and uncertain renewable energies such as wind.
[bookmark: _GoBack]Methods
The Environmental Protection Agency (EPA) administers a Continuous Emissions Monitoring (CEM) and reporting program in support of its responsibilities to administer cap and trade programs and enforce emissions limits under the Clean Air Act [3]. The agency collects air-emissions data on all fossil-fueled power generating facilities in the continental U.S. with nameplate capacity greater than 25 MW. Fuel input, power output, CO2, SO2, and NOX emissions are sampled every 15 minutes by power plant operators and reported to the EPA as hourly averages. Operators also report facility attributes such as location, size, fuel type, and generator type. The data are publically available from 1995 to the present. We use these data to construct emissions models.

We employ a number of statistical methods to construct emissions models. We employ smoothing splines to capture non-linear relationships between fuel input and power output (see left panel of Figure 1). We employ the expectation maximization algorithm to simultaneously estimate class membership and class-conditional regression coefficients in our latent variable analysis (see right panel of Figure 1). We calculate uncertainty in emissions by using cross-validation to estimate out of sample prediction error.
[image: :Figures:cc1.pdf][image: :Figures:cc2.pdf]
[bookmark: _Ref250998897]Figure 1: Fuel input vs. power output curves for two combined-cycle units, showing clear non-linearities. Data from the EPA’s Continous Emissions Monitoring System database [3].
Results
Results are not yet available. We expect results will show non-trivial uncertainty in emissions calculations. We also expect differences in the size of the idling penalty for different types of units.
Conclusions
The performance of the U.S. fossil fleet from an efficiency perspective is extremely important for environmental assessments. However, this performance is not as straightforward to model as might be expected. We construct statistical models of the efficiency of the fleet, conditional on operating variables, and estimate the uncertainty in emissions calculations. We then estimate the magnitude of the error introduced by using constant-efficiency models and illustrate how this error may change systematically in future power systems. We expect our results to be valuable in informing studies that model energy and emissions savings from renewable energy.
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