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Overview

Power system operators typically schedule and dispatch generators with the objective of minimizing the sum of operation costs, subject to a set of physical and reliability constraints.  In the first-best solution, the operation cost of each generator needs to include its environmental damage per megawatt-hour (MWh).  However, in reality, environmental damage is typically included only to the extent that generators must pay something to emit, for example as a result of an emission cap-and-trade program.  The price that generators must pay to emit is rarely designed to match any estimate of environmental damage per ton.  Even if it were, the price for each ton of a non-uniformly mixing pollutant would need to vary from generator to generator based on its location, since emissions are more damaging in some locations than in others.  Using an air pollution fate-and-transport model, we individually calculate this price for the nitrogen oxide (NOX) and sulfur dioxide (SO2) emissions of each of the thousands of utility-scale thermal generators in the US.  Then, using a detailed and realistic new model of the US electric supply system built with the support of the US government and industry, we calculate the estimated change in welfare that would result from adding each unit’s estimated environmental damage per MWh to its direct marginal cost per MWh before scheduling and dispatching the generators.  We also calculate the value of geographic differentiation of emission prices, by finding the best geographically uniform emission prices and comparing welfare in that case with welfare in the optimal geographically differentiated emission price case.  Finally, we compare the effects of accounting for NOX and SO2 damages with the effects of applying a price to carbon dioxide emissions and with the effects of both in combination. 
Methods

Our electric grid model has a total of 8,000 nodes and consists of three separate parts:  the East, West, and Texas.  Each part is a modified Ward reduction (i.e. simplification) we created (Shi et al. 2012) from a more detailed model provided by the grid’s owners.  Our data about each generator comes from an extraordinarily detailed new dataset we have created.  It is the first publicly available dataset to combining the datasets provided by the US Energy Information Administration and the US Environmental Protection Agency, in spite of their different numbering of generation units.  We supplement this with data from Energy Visuals, Inc.  We assume fuel prices similar to those observed in 2013.
The air pollution fate-and-transport model we use is the Climatological Regional Dispersion Model funded by the US Environmental Protection Agency.  It is the same model used in a US National Research Council (2010) report.  The environmental damage that we calculate, value, and use in the paper is the estimated premature mortality caused by fine airborne particulate matter that forms from NOX and SO2 emissions.  According to the NRC report, this is the main type of damage from power plant emissions other than carbon dioxide.
We have a year of hourly data on electricity demand, wind, and sun at each node in our model.  We use these data to create 40 representative hours that represent the year.  Each representative hour represents between 4 and 400 real hours to which it is similar.  
Once we have calculated the marginal operating cost of each generator, with or without environmental damage adders, we solve for the operation of the power grid in each of the 40 representative hours, using our SuperOPF Planning Tool (Murillo-Sánchez et al. 2013), a significantly enhanced version of the widely used, open-source Matpower power system simulation software (Zimmerman et al. 2014).  In it, we model demand at each node as a step function that approximates a demand function with a constant elasticity of -0.3, since that seems to be a typical short-run elasticity of demand for electricity according to the meta-analysis by Jorgenson et al. (2012).
Results

The first three scenarios we model are no prices on emissions, the best geographically uniform prices on NOX and SO2 emissions, and the optimal (geographically differentiated) prices on NOX and SO2 emissions.  We then simulate these again with a $50-per-ton price on carbon dioxide emissions.  For each of the six scenarios, we report direct operating cost, estimated value of mortality from NOX and SO2 emissions, average electricity price, estimated social surplus, and carbon dioxide emissions.  To characterize the effect of having only estimates of true marginal damage, we also recalculate the value of social surplus if the true marginal damages are 0.5 and 1.5 times those assumed.
Conclusions

This paper demonstrates for the first time the combination of a realistic electric power system-and-market model with an air pollution fate-and-transport model.  This combination enables more complete estimation of the welfare effects of policies, generators, and transmission lines, because it allows the user to include air pollution-induced premature mortality in welfare estimation.  As a result, this paper is the first to use a realistic power sector model to estimate the effect on welfare of adopting the first-best policy of including the environmental cost of each generator in its cost per MWh before calculating the cost-minimizing set of generators to use.  It also calculates the value of optimal geographic differentation of emission prices.  Finally, it compares the effects of pricing generators’ NOX and SO2 emissions, pricing their CO2 emissions, and pricing both.  As part of this, it calculates the co-benefits of each kind of pricing, and the incremental benefit of each if added to the other.  In stages, we are publicly releasing the data and tools that we develop.
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