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Overview

Coal-fired power plants account for 14% of all U.S. anthropogenic sources of nitrogen oxides (NOx), an important precursor for tropospheric ozone (O3).  Here, we illustrate how daily electrical grid management decisions can incorporate information from air quality forecasts in an attempt to avoid daily O3 exceedances—non attainment days—by shifting the location of electricity generation.  Temporarily redispatching generation away from forecasted regions of high O3 has the potential to reduce the costs associated with traditional emissions control strategies while still achieving pollution reductions.  We use the direct decoupled method integrated sensitivity analysis tool in CAMx to estimate the sensitivity of 8-hr O3 to NOx emissions from two sets of power plants within the Eastern Interconnect and PJM.  Those sensitivities are then used to estimate the least-cost means of reducing high O3 by coupling them with electricity dispatch done via OPF run PowerWorld Simulator.  
We illustrate this dynamic management system in the eastern US on two days in August, 2005, for which modeled ozone in and around Pittsburgh PA exceeded the 8-hr. standard.  We examined several urban regions near Pittsburgh and showed that at most 27 individual power plants had a measurable impact on O3 concentrations, and, in fact, there were instances where just one or two plants contributed the majority of the O3 sensitivity.  After identifying the plants whose NOx emissions contribute most to high 8-hr O3, we used our calculated sensitivities in an electric power grid dispatch model to evaluate different decision rules that electric system operators might use to respond to predicted O3 exceedances by shifting power generation (and thus NOx emissions) away from some power plants to others with spare capacity.  One decision rule would be to shut down power plants with the highest absolute sensitivity, while another would be to take a cost-based approach and shut down power plants with the highest O3 reductions per dollar of substitute electricity.  The results are used to develop marginal cost curves of the O3 abatement.
This coordinated modeling system provides a framework for an adaptive air quality management system that dynamically targets individual power plants through redispatch.  This, in effect, reduces emissions from critical sources without requiring costly investment in smokestack controls, thereby eliminating much of the cost associated with traditional pollution abatement strategies.  It is found in some scenarios that key power plants lie outside the PJM control region, indicating the need for cross-RTO coordination. 

Methods
This paper couples the output of an atmospheric chemical transport model (CAMx) with an electricity dispatch model (run via PowerWorld Simulator) by using SimAuto, an add-on that gives Simulator Microsoft Component Object Model (COM) compatibility, so that it can interface with Matlab (and other programs).  The models were integrated by calculating sensitivities which describe how much power plants contribute to the ozone peak; each sensitivity is the reduction in expected ozone at a specific location given that a specific power plant is shut down for 24 hours when it would otherwise have been operating.  

Individual power plants were then ranked by their sensitivities.  A cost curve describing the overall system cost of reducing pollution in nonattainment zones was developed by running lossless de-coupled optimal power flows (DCOPFs) for before and after scenarios in seven regions near Pittsburgh, PA for an August 2005 event.  In each scenario power plants were shut off based on their ranked sensitivity.  
To test for the importance of which power plants were considered, the scenarios were run for two sets of power plants: 1) the eighty largest fossil fuel plants in the Eastern Interconnect, and 2) all fossil fuel plants within approximately 200 mile radius of Pittsburgh.  To test the importance of the atmospheric conditions for the particular ozone event, everything was recalculated and run for a second event in August 2005 which took place a week after the first.
This method is notable in that a pollution limit is set, rather than a cost limit, thus allowing for a cost curve to be built so that the marginal cost of abatement can be determined.  This dynamic approach allows for the targeting of a socially optimal level of abatement that targets a specific nonattainment areas rather than an entire dispatch region.  This technique could be extended further to target multiple nonattainment areas.

While the US power grid is an AC system, the complex nature of AC OPFs make them notoriously difficult to solve Several decision rules are used here to enable this OPF to be solved in a reasonable timeframe.  First, the dynamic element is greatly simplified by using eight-hour averages of sensitivities rather than eight separate hourly dispatches.  Ozone reaches a maximum during the day because it is produced photochemically, and in all cases the highest eight hour-long sensitivities for all generators were consecutive.  Generators were then ranked by their 8-hr average sensitivities from greatest to least.  For each target ppb reduction point in the cost curve, the minimum number of generators was turned off to meet the reduction threshold.  It was assumed the marginal plant was shut down completely rather than throttled down partway.  Alternatively, the sensitivities could have been used to calculate an expected average cost for each plant, and then been ranked that way instead.  PowerWorld’s lossess DC OPF was used, and generator ramping limits and unit commitment were ignored.   Finally, the OPF was run over the entire PJM footprint.   
Results

Only a few of the power plants are relevant in each scenario.  There are clear differences in the seven regions of the magnitude of how much abatement can be managed and at what cost.  In Pittsburgh and two other regions, the levels will remain virtually the same regardless of how the dispatch is modified, and reductions in ozone levels in New Castle and Columbus are also minimal following redispatch.  However, three regions could all see ozone reductions of more than 1.0  ppb with just single power plant being shut down.  One of the most important atmospheric factors is the prevailing wind direction, and so regions directly in the downwind plume of major power plant emissions—on this particular day—are the most easily adaptable.  In some cases, turning off power plants in advance can actually increase ozone concentrations because of the chemistry is highly non-linear, although only to effects of  < 0.01 ppb.  The two different sets of generators considered show similar (although not equal) results.  Surprisingly, it was found that generators outside the PJM control area were highly important.  For instance, a cluster of generators located along the Ohio River on the Indiana Kentucky are highly relevant but not within the PJM control area.  We are currently analyzing the data set for the second ozone event.  
Conclusions

In the test regions, the cost curves sharply increase as the pollution reduction increases, implying the marginal cost curve is upward sloping.  This suggests that it may be most cost effectively to target specific ozone reduction quantities in specific regions on specific days rather than the NAAQS.  

Still, if this is done the question remains as to who is bearing the cost of the shift of pollution.  In the case of transboundary pollutants such as ozone, the health effect costs are borne mostly by those downwind of the stacks emitting high NOx emissions; they may or may not be the ones consuming the electricity generated by the upwind power plants.  The target ozone reduction shifts the emissions elsewhere, as well as the associated costs of negative health effects.  The exposure-response curve of ozone is not well known, but evidence suggests that if there is a threshold it is likely about 20 ppb, which is much lower than the NAAQS 8-hr standard. 

More important than the individual results in this case is the demonstration of a method which could potentially be utilized by RTOs in a targeted fashion.  For areas projected to be in nonattainment, a cost curve could be developed.  The addition of a marginal cost cap would avoid a scenario of an unreasonable cost.  For instance, if ozone concentration was projected to be at 77 ppb, it may cost only a trivial amount to reduce this to 76 ppb through a redispatch, whereas reducing the concentration to 75 ppb would be significantly higher. 

One of the most challenging aspects to implementing this would be the lack of accessible real-time emissions data from power plants.  It could also have an impact on electricity markets in at least two ways.  First, certain generators which cleared the day-ahead market but are curtailed would still need to be paid.  Second, ancillary services markets could be negatively affected in that fewer generators would be available for balancing and regulation.  This is especially important in considering that the most likely time a power plant would need to be curtailed due to emissions is during peak summer loads when there is little slack in the system.  
