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Abstract: 

 Previous studies demonstrate that cap and trade programs for pollution in the U.S. electricity 

sector induce substantial installation of post-combustion emissions control technologies. In this paper, I 

examine whether cap and trade programs incentivize electricity generators to operate their pollution 

control technologies in a way that minimizes their compliance costs. Focusing on a NOx cap and trade 

program in the Eastern U.S., I find that electricity generators that recover costs through regulated rates, 

as opposed to competing in energy markets, are far more likely to operate their pollution control 

technologies during periods when it is privately, and socially, not optimal to do so. 

 

1 Introduction 

 For nearly a century, economists have pushed for market-based solutions to environmental 

problems. The most frequently used market mechanism has been cap and trade. Recent studies from 

Holland et. al. (2018) and Fowlie (2010) have shown that cap and trade programs have encouraged large 

reductions in U.S. electricity-sector emissions over the last decade. These reductions are obtained in 

large part through the use of emissions control technologies. In Holland et. al. (2018), this can be seen 

via the role of scrubbers for SO2 on coal units following the Acid Rain Program. In Fowlie (2010), the 

author highlights the importance of Selective Catalytic Reduction (SCR) technology in reducing NOx 

emissions in EPA’s NOx Budget Trading Program (NBP). This raises an important question: do cap and 

trade programs incentivize generators to use pollution control technologies efficiently?  

In a perfectly competitive market we would expect that generators are operating their 

technology cost-effectively. Namely, if the marginal cost of reducing pollution using end-of-pipe 

technology was lower than the marginal cost of alternative abatement options, or lower than the price 

for pollution permits, then we would expect the firm to utilize this technology in lieu of these 

alternatives. However, the U.S. Electricity sector is by no means an example of a perfectly competitive 

market. There are numerous reasons for this, the biggest of which being the coexistence of generators 

who are subject to rate-regulations and those who are not. Owning both the generation and distribution 

infrastructure within their service territory, utility generators operate as natural monopolies, with their 

retail electricity rates and operational costs approved by the state’s public utility commission. Non-utility 

generators, also known as merchant generators or independent power producers (IPPs), participate only 

in the generation of electricity and compete against other generators in supplying electricity to the 



market1. Economists have long stressed the potential pitfalls and inefficiencies associated with the rate 

regulation of electricity generators, with previous literature pointing to rate regulation’s lack of 

incentives for generators to make cost-minimizing operational decisions (Joskow and Schmalensee, 

1986; Averch and Johnson, 1962; Knittel 2002; Bushnell and Wolfram 2005). Since generators subject to 

rate regulations fail to minimize their operational costs, this suggests that these generators also fail to 

minimize the costs of complying with cap and trade programs.  

Conditional on investing in emissions control technology, I find that generators subject to rate 

regulations are more likely than IPPs to operate this technology in a way that fails to minimize private 

costs. Work by Fowlie (2010) highlights that the coexistence of rate-regulated generators and non-rate-

regulated generators decreases the efficacy of cap and trade. This paper complements these results to 

show that it is not the disparity between rate-regulated and non-rate-regulated generators, but the 

existence of rate regulation that decreases the efficacy of cap and trade.  

 To establish this result, I use the EPA NOx Budget Trading Program (NBP) as a case study. The 

NBP was a cap and trade program designed to reduce nitrogen oxide emissions from stationary sources 

in the eastern United States. Fully in effect between 2004 and 2008, NBP capped the amount of 

allowable NOx emissions between the months of May and September2. The NBP presents itself as an 

excellent case study for this analysis by nature of it being the first widespread implementation of NOx 

cap and trade in the U.S., as well as the unique regulatory structure of the program, in which 

curtailment of NOx emissions is only required during summer months. This seasonal restriction on 

emissions makes it much easier to identify costly and unnecessary operation of emissions control 

technology. 

Using data on unit characteristics, generation, and emissions, I identify how generators are 

choosing to comply with the NBP, as well as if and when generators are operating their NOx emissions 

controls. I first compare NOx emissions in the NBP region to counterfactual emissions scenarios in which 

the NBP were not implemented to determine if and how NBP emissions reductions were achieved. I find 

that the NBP led to a sizable reduction in NOx emissions within the regulated region, with a majority of 

these reductions achieved through the use of emissions control technology. This highlights the 

importance of understanding how this technology is being used. 

I then test for privately cost-minimizing operation of emissions control technology on two 

temporal margins: outside of the ozone-regulated season and inside of the NOx-regulated season. 

Operating these emission controls bears a high variable cost, due mostly to the high costs of reagent and 

catalyst necessary for the technology to function. Outside of the NOx-regulated season I interpret any 

generator’s non-mandatory operation of emissions controls as a failure to minimize private costs. During 

the regulated season I test for cost-minimizing behavior by gauging how responsive a generator is to 

changes in the prices of emissions permits.  

                                                           
1 EIA form 920/923 indicates that utility generators currently constitute roughly 70% of generation capacity within 
the United States, with the remaining 30% operating as IPPs. The term “utility” here refers to any generator that is 
subject to rate regulations, including municipal electricity generators. 
2 After 2008, the NBP was replaced by the Clean Air Interstate Rule (CAIR), in effect from 2009-2014, and the Cross-
State Air Pollution Rule (CSAPR), which remains in effect today. 



I find that generators that are subject to rate regulations are more likely than IPPs to operate 

their emissions control technology outside of the ozone season and are less responsive to changes in 

permit prices. This unnecessary or inefficient operation of control technology leads to a sizable increase 

the generator’s operational costs. In this unique case, although generators are failing to minimize their 

private operational costs in compliance to the program, I find that this ostensibly inefficient operation of 

emissions control technology could lead to significant net social benefits. Namely, the health benefits of 

operating emissions control technology outside of the regulated season outweigh the technology’s 

private operational cost. However, under new regulations that incorporate emissions caps throughout 

the year, persistence this operational behavior could ultimately lead to social damages. By failing to 

respond to out-of-season permit prices, persistent operation of emissions control technology could 

undermine permit prices and potentially exacerbate damages from local pollutants in some areas. 

 

2 Background and Data 

2.1 NBP Overview 

 The EPA’s NOx Budget Trading Program (NBP) was a cap and trade program for nitrogen oxide 

emissions in the eastern United States. The program was a direct successor of a much smaller cap and 

trade program known as the Ozone Transport Commission NOx Budget Program (NOx OTC), which 

targeted nitrogen oxide emissions from stationary sources in 12 states in the New England region 

between 1999 and 2002. Fully in effect between 2004 and 2008, the NBP facilitated the reduction and 

trade of nitrogen oxide emissions from stationary sources between the months of May and September3. 

These summer months, or what is also known as “ozone season”, are chosen due to the heightened 

likelihood for nitrogen oxide emissions to bond with volatile organic compounds (VOCs) under hot 

weather to form ground-level ozone, a major component in smog and a cause of respiratory illness. The 

19 states subject to NBP regulations were chosen due to their heightened risk of creating and 

transporting ozone. The following subsection provides details on the composition of units located in 

these regulated states, as well as their emissions profiles. 

 

2.2 Data 

Information on each of the electricity generators located within the NBP region is recorded by 

the EPA’s Continuous Emissions Monitoring System (CEMS) database. This database provides hourly 

emissions, emissions rates, gross load, and characteristics of each fossil fuel generating unit in the NBP 

region. Table 1 lists the total number of units present within the NBP region between 2000 and 2008, as 

well as their total contribution to electricity generation and NOx emissions over the course of the 

                                                           
3 While technically beginning in 2003, the only states regulated during this year were those participating in the NOx 
OTC. The NBP targeted both electricity generators as well as large industrial sources. While these industrial sources 
constitute roughly 13% of the regulated units (EPA, 2005), I limit my focus to electric generating sources to 
maintain consistency, and because there was very little participation in emissions trading from industrial sources 
throughout this program 



program. This table shows that the vast majority of generation and emissions in the region comes from 

coal-fired units. But to what extent did the NBP influence the emissions profiles of these units? 

Figure 1 looks at the daily NOx emissions rates of fossil fuel generators in the eastern 

interconnection, the major electricity grid connecting the eastern portion of the continental United 

States, from 2000 to 20074. Emissions rates in the figure are measured as the daily total emissions of 

NOx over daily aggregate load. The top row of the figure represents states within the interconnection 

that are subject to NBP emissions regulations, with the bottom row representing states in the 

interconnection not regulated by the NBP. The columns divide each of these subsets by season. The 

right column represents emissions rates during the ozone season, between the months of May and 

September, and the left column represents emissions rates during the remaining months of the year.  

I notice a decreasing trend in emissions rates over time, as evidenced by the steady downward 

shift in daily emissions from 2000 to 2007. This trend is evident in both the NBP-regulated and 

unregulated regions, and during both the non-ozone and ozone seasons. This decline in emissions rates, 

particularly in the states not regulated by the NBP, and during the non-ozone season of NBP states, 

suggests that there are passive emissions reductions occurring over time that may not be directly 

attributable to the NBP. One such example of this would be the addition of clean capacity, or the 

retirement of dirtier capacity. While some of these capacity changes could be driven by the program, I 

do not explore that possibility in this study. 

The top-right panel of Figure 1 shows the daily NOx emissions and generation during the ozone 

season for NBP-regulated states, representing the region and time frame directly affected by the NBP 

regulation. Like the other panels of the figure, the downward trend in emissions indicates a decline in 

emissions rates over time. However, I notice that these declines in emissions rates are especially 

pronounced following the initial start of the NBP in 2003, and more so in 2004 under full NBP 

compliance. This strongly suggests that the NBP played a pivotal role in reducing NOx emissions intensity 

in the regulated region, above what would have been expected in the absence of regulation. 

 

 

Table 1 – Emissions and Generation Profile of NBP-regulated Units 

                                                           
4 The other two major grids are the Western Interconnection, covering the western United States, and ERCOT, 
covering Texas. 



 

Figure 1 – Daily NOx Emissions vs Daily Aggregate Load by Regulated Region and Season  

 

 

Altogether, the information presented in Figure 1 provides suggestive evidence that the NBP led 

to a significant decline in NOx emissions, driven primarily by changes in emissions rates. Since coal-fired 

facilities make up the majority of emissions and generation within the regulated region, as evidenced by 

Table 1, these declines in emissions rates are most likely occurring at coal generators. Empirically, I can 

confirm that these declines in emissions rates at coal facilities are due largely to usage of emissions 

control technology. The next section looks at all units in the NBP region and establishes the impacts of 

technology usage in the program’s achieved emissions reductions. The remaining sections thereafter 

focus on coal-fired generation in the region, testing whether rate-regulated utilities and IPP generators 

operate their pollution control technology differently. 

 

3 Impact of the NBP on NOx Emissions 

3.1 Empirical Strategy 

 

 I start by exploring the impact that the NBP had on emissions. Figure 2 depicts daily NOx 

emissions in 2002, before the start of the NBP, and in 2004, the first year of full NBP compliance. The 

dashed lines represent the start and end dates of the 2004 ozone-regulated season. The discontinuous 

shifts in NOx emissions coinciding with the start and end dates of the ozone season clearly suggest that 



the NBP led to a significant drop in NOx emissions during the ozone season. However, while these 

differences in emissions provide suggestive evidence of the NBP’s role in reducing emissions, it fails to 

account for changes occurring over time that could be influencing emissions output. Two key examples 

of this are changes in electricity demand, influencing both generation and emissions, and changes in fuel 

prices, influencing the share of generation by fuel source and the dispatch order of generating units. 

 

Figure 2 – Aggregate NOx Emissions in the NBP Region (2002 vs. 2004) 

 

I account for these time-varying elements and identify the effects of the NBP regulation on NOx 

emissions by comparing observed NOx emissions in 2004 to a counterfactual scenario, where I predict 

what emissions in the regulated region would have been in 2004 in the absence of NBP regulation. 

Changes in demand for electricity are largely driven by variation in temperature. Using a counterfactual 

model allows me to control for this shifting demand by controlling for these changes in temperature5. 

Implementing a counterfactual model also allows me to control for changes in fuel prices directly. Figure 

3 lists the average daily Henry Hub natural gas spot prices over time (in dollars per mmBtu) from 2000 to 

2004. This figure clearly shows the volatility in prices in years before and after the start of the NBP, and 

the importance of accounting for this variation in the analysis. Moreover, I find that prices are uniformly 

increasing from year to year from 2002 to 2004. In order to establish common support over gas prices, I 

extend the counterfactual analysis back to 2000. 

                                                           
5 A more direct estimate of this could be done using net load data from FERC, which I am currently working on 
compiling. 



One unfortunate drawback of the counterfactual model is its inability to account for changes in 

generation capacity over time. By holding generation in the region constant prior to the start of the 

program, I am unable to disentangle capacity additions that may have occurred as a result of the NBP 

regulation from exogenous capacity additions that would have occurred independent of the program. As 

such, the changes between the true and counterfactual emissions represent the effects of the NBP on 

emissions as well as capacity changes, which may or may not be endogenous to the program. Ultimately, 

this is not a major concern as my approach still allows me to isolate the impact of technological change 

in the achieved emissions reductions. 

 

Figure 3 – Average Daily Henry Hub Natural Gas Spot Prices (2000-2004) 

Taking each of these time-varying components into account, I now consider what emissions 

would have looked like in 2004 in the absence of the NBP. I account for shifting electricity demand 

through changes in demand for heating and cooling, which I estimate using heating degree days and 

cooling degree days, respectively. I define a heating degree day in a state as the deviation in average 

daily temperature below 65 degrees Fahrenheit. A cooling degree day is similarly defined as the 

deviation above 65 degrees Fahrenheit. I account for the potential for fuel switching in meeting these 

changes in demand by interacting these heating and cooling degree day terms with daily natural gas 

spot prices. To capture daily and monthly emissions patterns, I also include a day-of-week by month 

fixed effect. I formally express each of these considerations in the following model:  

(1)          𝑁𝑂𝑥𝑑 = ∑(𝛽𝑠
1𝐻𝐷𝑠,𝑑 + 𝛽𝑠

2𝐻𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑 + 𝛽𝑠
3𝐶𝐷𝑠,𝑑 + 𝛽𝑠

4𝐶𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑) + 𝛾𝐷𝑂𝑊,𝑀 + 𝜀𝑑
𝑠

      𝑖𝑓 2000

≤ 𝑦𝑒𝑎𝑟 ≤ 2002 

 

𝑁𝑂𝑥𝑑 corresponds to the total NOx emissions generated in the NBP region during day 𝑑. 

Heating and cooling degrees for each state within the eastern interconnection on day 𝑑 are denoted by 

𝐻𝐷𝑠,𝑑 and 𝐶𝐷𝑠,𝑑, respectively. Daily natural gas prices are expressed as 𝑁𝐺𝑑. The fixed effect to capture 

daily and monthly emissions patterns is denoted by 𝛾𝐷𝑂𝑊,𝑀. 

I estimate the parameters of the model using the 2000-2002 data leading up to the start of the 

NBP. The fitted values of this regression, 𝑁𝑂�̂�𝑑, in 2004 represent the expected daily NOx emissions, 



assuming that the stock of generating capacity and emissions rates had not changed. I find these 

counterfactual estimates to be fairly robust across various pre-NBP time frames used to train the data6. 

 To gain insight into the role of abatement technology in meeting these emissions reductions, I 

loosen only the constant emissions rate assumption. By loosening this one assumption and allowing 

emissions rates to change before and after the start of the program, I am able to isolate the role of 

declining emissions rates, namely through the use of control technology, in NBP emissions reductions. I 

implement this using a second counterfactual model. While similar in design to the first counterfactual 

model, this model considers daily unit-level generation and emissions as opposed to daily emissions 

within the region. Holding the set of generating units constant, I use the 2000-2002 data to predict the 

amount of electricity a generator would have produced in 2004 in the absence of the NBP regulation: 

(2)       𝐺𝑖,𝑑 =∑(𝛽𝑠
1𝐻𝐷𝑠,𝑑 + 𝛽𝑠

2𝐻𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑 + 𝛽𝑠
3𝐶𝐷𝑠,𝑑 + 𝛽𝑠

4𝐶𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑)

𝑠

+ 𝛾𝐷𝑂𝑊,𝑀 + 𝜀𝑖,𝑑     𝑖𝑓 2000

≤ 𝑦𝑒𝑎𝑟 ≤ 2002 

Using this predicted generation level, 𝐺𝑖,𝑑, I estimate daily emissions output by multiplying this 

generation level by each unit’s average emissions rate in 2004 both during and outside of the ozone-

regulated season,  �̅�𝑖,𝑑. 

(3)            𝑁𝑂�̂�𝑖,𝑑 = �̂�𝑖,𝑑 ⋅ �̅�𝑖,𝑑 

The aggregate emissions output from in the regulated region, then, is the sum of these predicted unit-

level emissions 

(4)            𝑁𝑂�̂�𝑑 =∑𝑁𝑂�̂�𝑖,𝑑
𝑖

 

By aggregating the unit level emissions, this provides me a counterfactual emissions estimate that holds 

generation capacity constant and looks specifically at changes in emission intensity at the unit level. The 

difference between these estimates and the estimates produced by Equation 1 represents the role of 

abatement technology in meeting NBP emissions reductions. 

 

 

3.2 Results 

Results from the counterfactual models indicate that the NBP did lead to significant emissions 

reductions, and that these emissions are achieved largely through the utilization of emissions control 

technology. Figure 4 depicts the true NOx emissions in the NBP region in 2004, as well as the 

counterfactual estimates via Equation 1 and aggregated unit-level counterfactual estimates from 

Equations 2-4. The difference between the true NOx emissions and the regional counterfactual 

estimates around the beginning and end of the 2004 ozone season, denoted by the red lines, indicates 

that the NBP led to sizable reductions in emissions beyond any sort of passive reductions that would 

have occurred in its absence. The aggregated unit-level emissions estimates from Equations 2-4 line up 

                                                           
6 See Figure 15 in the Appendix 



almost exactly with the true NOx emissions. Since the only difference between the two counterfactual 

models is the relaxation of the constant emissions rate assumption, this demonstrates that the use of 

abatement technology at existing generating facilities was the primary means by which generators 

complied with the NBP regulations. Observed emissions are roughly 53% below the counterfactual 

estimates during the 2004 ozone season. Of this, about 79% of this difference is explained solely by 

allowing NOx rates to change. 

 

Figure 4 – Actual vs. Counterfactual NOx 2004 NOx Emissions w/ Unit-Level Counterfactual Estimates 

 

I support this finding by testing other potential abatement strategies using a similar counterfactual 

model as shown in Equation 1, replacing the dependent variable with either regional generation or 

emissions of other criteria pollutants (SO2 and CO2). Using regional generation estimates, I find there to 

be no significant shifts in generation from the regulated region to the unregulated region over the 

course of the program suggesting that, at the program level, leakage played an insignificant role in the 

achieved NOx reductions. More information on this estimation as well as a visualization of these results 

is shown in Figure 24 and 25 in the Appendix. Similarly, I find very little movement in the relative 

generation of natural gas or coal generation over this time, nor do I find any significant change in 

criterion pollutants generally associated with coal (SO2 and CO2), indicating that fuel switching is a 

marginal contributor, if at all, to meeting the NBP emissions target. Equations and figures supporting 

these findings are also shown in the Appendix as Figures 26-29. 

These results reveal two main features of the NBP. First, the NBP did result in a significant 

reduction in ozone season NOx emissions beyond what would have been achieved in the absence of the 

program. Second, a vast majority of the emission reductions were achieved through technological 



change to reduce emissions rates, with no evidence of leakage occurring despite the incomplete 

geographical scope of the program, and little to no fuel switching between alternative fuel sources. 

 

4 Operational Decisions of NOx Abatement Technology 

Having established that most of the NOx reductions in the NBP region are achieved through the 

use of emissions control technology, I now test for differences in the operation of this technology 

between utility generators and IPPs. Since the motivation for operating emissions control technology is 

different depending on whether or not emissions are capped, I split this analysis into two pieces: 

operation of emissions controls outside of the ozone season, and operation of emissions controls during 

the ozone season. 

I first look at the operation of emissions control equipment outside of the ozone-regulated 

season. Outside of the ozone season, the only constraint on NOx emissions are those set forth by the 

National Ambient Air Quality Standards (NAAQS). Any counties found to be in non-attainment of these 

standards are required to submit an implementation plan detailing how that county will bring its 

emissions back to acceptable levels, some of which may involve the use of emissions control 

technologies. Barring NAAQS non-attainment, generators in the NBP region are not federally mandated 

to reduce their NOx emissions outside of the ozone season. For abatement technologies that can be 

readily switched on and off, operation of this technology during the non-regulated season suggests that 

generators are failing to minimize their private operational costs.  

I then consider the decision to operate emissions control technology during the ozone season. 

Generators equipped with this emissions control technology have the option to comply with these 

regulations by either running their emissions control technology to reduce their pollution output, or by 

purchasing emissions permits in lieu of abatement. Theory suggests that a cost-minimizing generator 

will choose the cheaper of these two options in meeting their emissions cap, with the propensity for 

choosing a given option increasing as the price of the other increases, and vice versa. By observing how 

generators adjust their operation of emissions control technology in response to changes in permit 

prices, I am able to discern whether or not generators are minimizing their private cost in complying 

with the program. 

The emissions technology that I focus on for this analysis is known as Selective Catalytic 

Reduction, or SCR. SCR is a scrubbing technology specifically designed to reduce end-of-pipe emissions 

of nitrogen oxides. I choose to focus specifically on SCR for several reasons. First is the prevalence of the 

technology in the NBP region. Of the 928 coal-fired units regulated under the NBP, 171 are equipped 

with SCR technology during the time of the program7. Second, costs of operating SCR are quite high. In 

addition to the sizable fixed installation costs of over $100 million, EPA estimates the annual direct cost 

of operating SCR to be roughly $8.6 million, mostly from reagent and catalyst expenses necessary to 

operate the technology. Finally, SCR can be readily switched on and off. Unlike other emissions controls 

integrated with the combustion process that constantly remain in operation, SCR is operated post-

combustion and can incorporate a bypass valve that allows the unit to operate without running the 

                                                           
7 According to CEMS unit characteristics data 



technology. A diagram, as well as additional information pertaining to the operation of SCR, is provided 

in the Appendix. 

In analyzing the operational decisions of abatement technology, I restrict the set of units in 

consideration to those 171 coal-fired generators located within the NBP-regulated region that are 

equipped with SCR. I focus on coal-fired generators since they are the largest contributors of both 

generation and emissions of NOx within the NBP region. Additionally, SCR design and operation is 

specific to the removal of NOx emissions, with operating of the technology yielding no reductions of 

other local criteria pollutants8. This allows me to allay any concerns of generators operating the 

technology for the purpose of co-benefits. 

Of this subset of generators, I find units classified as rate-regulated utilities and those classified 

as IPP to be characteristically similar and geographically dispersed, allowing them to be suitably 

compared. Table 2 shows the count of units, average vintage year, average capacity factor, average pre-

NBP emissions rate in lbs per MMBtu, and NOx damages in dollars per ton, by rate regulation status9. Of 

the 171 generating-units, 139 are classified as rate-regulated utilities and 32 are classified as IPPs10. The 

average vintage year, capacity factor, and pre-NBP emissions rates are similar between both utility and 

IPP generators. Marginal NOx damages from utility generators, however, are significantly higher than 

those of non-utility generators, suggesting that utility generators may be located closer to more heavily 

populated areas. Figure 5 shows which states contain IPP generators, utility generators, or both over the 

course of the program, and indicates that both types of units are dispersed across the NBP region.  

 

Table 2 – Average Characteristics of Coal-fired SCR Units by Regulation Status 

 

Although CEMS characteristics data provides me information on whether or not a unit has SCR 

equipped, one drawback is that I have no direct way of knowing whether or not the unit is operating the 

technology. Fortunately, SCR is by far the most effective technology for reducing NOx emissions, capable 

of achieving emissions rates much lower than any of the alternative NOx controls. In the next section, I 

demonstrate how I am able to utilize these characteristically low emissions rates to identify when 

generators are operating their SCR technology. 

                                                           
8 Aside from some minor co-benefits of reduced mercury emissions (ICAC, 2009). 
9 Rate regulation status is given by EIA form 920/923. NOx damages come from the Mendelsohn and Muller (2009) 
AP2 model. All other information comes from CEMS unit characteristics data. 
10 There are five generators that change their classification from utility to IPP over the course of the program 



 

Figure 5 – Map of Utility and IPP Coal-fired SCR-equipped Units by State (NBP Region) 

 

 

 

 

4.1 Identifying SCR Operation 

To test for differences in the operation of SCR technology, I first identify when the technology is 

in use. I accomplish this through the use of engineering estimates as well as estimates from existing 

literature. According to engineering estimates, SCR is capable of removing between 70% to 90% of NOx 

emissions from generation (EPA, 2015; Fowlie, 2010). According to the CEMS data, the average 

emissions rate for coal-fired generators in the NBP region is around 0.48 lbs per MMBtu, coinciding with 

estimates from both the EIA and existing literature that place the average emissions rate of a coal unit 

without emissions controls between 0.45 and 0.50 lbs/MMBtu. 

Using the more conservative engineering estimates as a bar, units operating SCR technology 

ought to exhibit emissions rate at roughly 30 percent of this average, or around 0.13 lbs per MMBtu. 

Figure 6 depicts the density of hourly emissions rates for coal-fired facilities equipped with SCR 

technology. I notice that a vast majority of observations lie to the left of the 30 percent cutoff, indicating 

that generators are operating their SCR equipment. Notice there is a second mode in the distribution to 

the right of the cutoff around the average emissions rate for coal units not operating emissions controls, 

suggesting that there are plants equipped with SCR that are choosing not to use it. 



This distinction is further supported by Figure 7, which shows the average hourly emissions rate 

for coal-generation without SCR technology. Here there are close to no observations below the 30% 

cutoff and a large mass around the control-free average emissions rate. There is a second mode below 

the control-free average and above the SCR threshold, suggesting that facilities not equipped with SCR 

are utilizing some other form of control technology11. The distinct differences in emissions rate patterns 

allows me to utilize this 0.13 lbs/MMBtu cutoff as an indicator for whether or not a facility is operating 

its SCR technology. While my primary results utilize this 0.13 lbs/MMBtu cutoff and hourly aggregation, I 

find that these results are robust across cutoffs and temporal aggregations. These checks are shown in 

Figures 17-22 of the Appendix. 

 

 

 

Figure 6 – Density of Hourly Coal-fired NOx Emissions Rates (lbs/mmbtu) with SCR 

 

                                                           
11 Likely Selective Non-Catalytic Reduction (SNCR), which operates similarly to SCR but it is less expensive and less 
effective at lower emissions rates. 



 

Figure 7 – Density of Hourly Coal-fired NOx Emissions Rates (lbs/mmbtu) without SCR 

I then use EIA form 920/923 to distinguish each unit’s rate regulation status. There are three 

classifications present within the CEMS data: Independent Power Producer (IPP), IPP Non-CHP, and 

Electric Utility. The first two categories are straightforward; these represent generators that are not 

under any form of rate regulation. The third category represents generators who are subject to some 

form of rate regulation12. While this is admittedly a general distinction of regulatory framework, this 

gives me a basic yet intuitive means to make qualitative comparisons of operational differences13. 

Figure 8 shows the average frequency of operating SCR by month between 2004 and 2008 for 

coal-fired generating units that are equipped with SCR control technology and located in the NBP-

regulated region, separated by utility classification. Immediately, one can see striking operational 

differences between the two types of units. First, a majority of units equipped with SCR are operating 

this technology during the ozone season. This lines up with expectations and acts as a nice litmus test 

for this approach. Second, a non-negligible set of units are operating SCR outside of the regulated 

season, indicating that generators may be operating their SCR technology in a way that fails to minimize 

their private operational costs. Third, rate-regulated units are consistently more likely to operate their 

SCR technology than their IPP counterparts are. This points to the possibility that rate regulation 

influences the operation of SCR abatement technology. 

                                                           
12 A quick reference to the EIA glossary confirms that generators listed as “electric utility” are those whose costs 
are recovered through some form of rate regulation. 
13 In practice, there are many different types of rate regulation in use today. The most common of these types is 
rate-of-return. See Knittel (2002) for an excellent discussion of alternative regulatory designs and their 
comparative efficiencies. 



 

Figure 8 – Average Frequency of SCR Operation by Month 

In formally identifying operational differences between the two types of units, I break the analysis into 

two parts: during and outside of the ozone season. I make this distinction because the factors 

influencing these operational decisions differ between these seasons.  

 

4.2 Testing for Differences in SCR Operation Outside of the Ozone 

Season 

 Outside of the ozone season, generators are subject to much less stringent emissions 

regulations. Aside from the units located in counties that are in non-compliance of NAAQS, generators 

are not required to reduce their emissions output. These units that continue to operate their SCR 

equipment when not required to do so incur unnecessary and significant costs14.  

I choose to model operational decisions outside of ozone season using a simple linear 

probability model, looking at the change in propensity for a unit to operate its SCR outside of the ozone 

season based on its rate-regulation status. The simplest specification is given by: 

(5)              𝑆𝐶𝑅𝑖,𝑡 = 𝛼 + 𝛽1 ⋅ 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 + 𝜀𝑖,𝑡 

                                                           
14 EPA estimates the direct operational cost of SCR to be roughly $8.6 million over the course of a year for an 
average coal-fired power plant. A majority of these costs come from the inputs (reagents and catalyst) necessary 
to operate the technology. 



Where 𝑆𝐶𝑅𝑖,𝑡 is a binary variable that takes a value of 1 if unit 𝑖 is operating their SCR technology in 

hour 𝑡. More specifically, this is computed as: 

𝑆𝐶𝑅𝑖,𝑡 = (𝑁𝑂𝑥 𝑅𝑎𝑡𝑒𝑖,𝑡 ≤ 0.13) 

More information on the construction of the 𝑆𝐶𝑅𝑖,𝑡 variable for more aggregated time specifications is 

detailed in the Appendix. 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 is also a binary variable, taking a value of 1 if the unit is classified as a 

rate-regulated utility at time 𝑡. I use Equation 5 as my base model for simplicity and ease of 

interpretation. However, this basic model leaves a significant amount of information in the error term 

and potentially compromises the identification of 𝛽1. There are numerous factors that may be driving a 

generator’s decision to operate SCR, one of which being location-specific characteristics. Generators 

may be more inclined to operate their emissions control technologies in regions that are more heavily 

populated or more susceptible to emissions damages. I address this concern by augmenting Equation 5 

with controls for county-level population information from the U.S. Census and pollution damage 

estimates from the Mendelsohn and Muller AP2 model. In the event that units are operating their SCR in 

response to NAAQS non-attainment, I also include specifications that drop these non-attainment units 

from the sample.  

The decision to operate SCR may also be driven by unit characteristics. For example, larger or 

older generators may be more prone to operating this technology than smaller or newer units. Temporal 

differences, such as particularly hotter or dirtier seasons, may also influence operational decisions. I 

account for these possibilities by incorporating fixed effects for capacity bins of 100 MW each, vintage 

bins of ten years each, month of the year, and for each year from 2004 to 2008 into the model. Equation 

6 incorporates these adjustments, with 𝑿𝑖,𝑡 representing the vector of controls and fixed effects applied 

to the base model. Standard errors reported for the estimates of Equations 5 and 6 are robust to 

heteroscedasticity and clustering at the unit level. 

(6)              𝑆𝐶𝑅𝑖,𝑡 = 𝛼 + 𝛽1 ⋅ 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 + 𝜃 ⋅ 𝑿𝑖,𝑡 + 𝜀𝑖,𝑡 

Estimates of Equations 5 and 6 are shown in Table 3. The first two columns present output from 

Equations 5 and 6, respectively, for the full sample of SCR-equipped coal generators. The last two 

columns mimic the first two, dropping non-attainment generators from the sample. 



 

Table 3 – Non-Ozone Season, Hourly 

 

The results confirm the findings from Figure 8 showing that, indeed, rate-regulated utilities are 

more likely to be operating their SCR than IPPs. Outside of the non-ozone season, I find that IPP units 

have roughly an 8 percent likelihood to operate their SCR technology in a given month whereas rate-

regulated utilities are 5 percent more likely (i.e. 13 percent likely) to operate their SCR outside of the 

ozone season. This result is similar, though not significant, after incorporating controls and fixed effects. 

More importantly, I find that these results are greatly amplified when dropping units located in 

NOx or ozone non-attainment counties. In general, generators are not required to reduce their emissions 

output outside of the ozone season, with the primary exception to this being units found in non-

attainment of NAAQS. Units found in NAAQS non-attainment are required to submit implementation 

plans for bringing their county back to attainment level, some of which may require units to operate 

their emissions controls outside of the ozone season. The amplification of the 𝑢𝑡𝑖𝑙𝑖𝑡𝑦 term after 

dropping non-attainment units suggests that utility generators are operating their technology when it is 

unnecessary to do so, whereas IPP generators are largely operating their SCR out of necessity in order to 

achieve NAAQS attainment status. Controlling for unit and location characteristics as well as non-

attainment status, the results presented in column 4 represent the cleanest estimate of rate-

regulation’s effect on SCR operation outside of the ozone season. 

Tables 5, 7, 9, 11, and 13 in the Appendix show that these estimates are robust across all levels 

of time aggregation. Although SCR can theoretically be switched on and off within an hour, this stability 

allows me to remain relatively agnostic about the timing in which this operational decision is made while 

maintaining the integrity of the results. Due to more exacting regulations on NOx Ozone Transport 

Commission (OTC) states over this time, where these states were effectively treated as if they were in 

NAAQS non-attainment, I also include a specification where I drop generators from these states as well 



as non-attainment regions. These results are shown in Table 16 in the Appendix. Variations of Table 4 

using fixed effects for non-attainment generators and OTC states are shown in Tables 18 and 20 in the 

Appendix. Inclusion of OTC states, as well as using fixed effects in lieu of dropping non-attainment and 

OTC observations, has only a marginal effect on the results. 

 

4.3 Testing for Differences in SCR Operation During the Ozone 

Season 

During the ozone season generators are required to reduce their emissions or surrender 

emissions permits. During these regulated seasons, a generator weighs the decision to operate their SCR 

technology against other compliance options (i.e. purchasing emissions permits). Presumably, a cost-

minimizing firm would treat SCR operation and permit prices as substitute compliance options; as the 

price of one increases, the likelihood of using the other should increase and vice versa. Failure to 

respond to these price incentives can be thought of as a failure to minimize private costs of complying 

with the program. Unfortunately, while I am able to observe daily permit prices over the course of the 

program, the prices of operating SCR are much more nebulous. A majority of the cost of operating SCR 

comes from vendor-specific reagent and catalyst prices, which I am only able to observe at the yearly 

level. 

 I model operational decisions during the ozone season using a linear probability framework 

similar to those used in the non-ozone season analysis, but incorporating the effect of permit prices on 

operational decisions: 

(7)            𝑆𝐶𝑅𝑖,𝑡 = 𝛼 + 𝛽1 ⋅ 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 + 𝛽2 ⋅ 𝑃𝑡 + 𝛽3 ⋅ (𝑢𝑡𝑖𝑙𝑖𝑡𝑦 ⋅ 𝑃)𝑖,𝑡  + 𝜀𝑖,𝑡 

(8)            𝑆𝐶𝑅𝑖,𝑡 = 𝛼 + 𝛽1 ⋅ 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 + 𝛽2 ⋅ 𝑃𝑡 + 𝛽3 ⋅ (𝑢𝑡𝑖𝑙𝑖𝑡𝑦 ⋅ 𝑃)𝑖,𝑡  + 𝜃 ⋅ 𝑿𝑖,𝑡 + 𝜀𝑖,𝑡 

𝑃𝑡 represents the NOx permit price during hour 𝑡. An Interaction term between this variable and 

𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 is included to allow for more flexibility between IPPs and utilities in response to permit prices. 

Specifications for Equations 7 and 8 using alternative time aggregations are explained in the Appendix. 

Equation 8 uses the same vector of controls and fixed effects as the out-of-season analysis, with 

reported standard errors similarly robust to heteroscedasticity and clustering at the unit level. 

 A significant reservation with this framework is the possibility that NOx permit prices are 

endogenous to a generator’s decision to operate SCR.  While unfortunately I cannot rule out this 

possibility, it also does not invalidate the results of this analysis. Anything left inside the model’s error 

term, such as SCR operational costs, could potentially create bias. A positive error term means 

generators are more likely to operate their SCR, which could feedback to lower permit prices. Results 

would indicate an increase in SCR operation coinciding with lower permit prices, leading us to falsely 

conclude that permit price drops lead to more usage of SCR (i.e. understate the responsiveness of SCR 

operational to permit price). As such, if permit prices are indeed driven by SCR operational decisions, I 

expect to see a negative relationship between the permit price and the error term. Ultimately, the goal 

of this analysis is to determine the relative difference in an IPP and utility generator’s decision to 

operate SCR. So long as both types of generators experience the same negative bias, this difference 

remains relatively unaffected. 



Figure 9 overlays the average NOx permit price over each ozone season with the percentage of 

utility and IPP units operating SCR across each of these seasons. Both types of units behave as 

anticipated; I observe frequent SCR usage in 2005 coinciding with the high permit price and a steady 

decrease in the operation of SCR in subsequent years once the permit price falls. I also notice that IPPs 

are much more responsive to these changes in permit prices than utilities. 

 

 

Figure 9 – Share of Units Operating SCR by Season-Year 

 

 Table 4 estimates these differences in ozone season SCR operation based off Equations 7 and 8. 

The first two columns represent estimates from Equations 7 and 8, respectively, with the following two 

columns replicating the first but dropping units located in NOx or ozone NAAQS non-attainment 

counties. These results reinforce the information conveyed in Figure 8, indicating that the probability of 

operating SCR is much higher during the ozone season. IPP units have a 71 percent probability of 

operating the SCR during the ozone season with rate-regulated utilities roughly 7 percent more likely at 

78 percent.  



 

Table 4 – Ozone Season, Hourly 

Though rate-regulated utilities are somewhat more likely to operate their SCR during the ozone 

season, this likelihood falls considerably in columns three and four, suggesting that a majority of the 

ozone-season SCR operation from IPP units is done in non-attainment counties. Since generators located 

in these non-attainment counties may be operating their technology out of necessity in order to comply 

with NAAQS, units in these counties may not be accurately responding to changes in permit prices. As 

such, the results omitting these non-attainment units and controlling for unit and location 

characteristics, presented in column four, are the cleanest estimates of the effect of changing permit 

prices on the decision for utility and IPP generators to operate their SCR technology. 

I also observe a positive relationship between SCR operation and NOx permit prices for IPP units 

and a negative relationship between SCR operation and permit prices for utilities. Though insignificant, 

this suggests that IPPs decrease SCR operation as permit prices fall, whereas utility generators increase 

their operation of SCR as permit prices fall. These findings are relatively persistent across all levels of 

temporal aggregation, with alternative specifications shown in the Appendix. 

 The lack of statistical significance from the ozone season specifications could be attributed to a 

number of factors. The first lies in a relative lack of variation between observations during this time 

period. The main feature distinguishing inefficient operational behavior during the ozone season is the 

price of permits. Unfortunately, there is relatively little movement in the price of pollution permits 

during each year’s ozone season15. This slow movement in prices coupled with fewer observations in the 

                                                           
15 Prices only change four or five times per season, and only by around $50 to $100 per ton each time. 



ozone season relative to the non-ozone season makes it difficult to draw enough useful variation to 

discern operational responses to permit price changes16. 

 An even larger confounding factor in the ozone season analysis is the presence of 

unobservables. This manifests itself in a couple of different ways. First is the variable cost of operating 

SCR. While permit prices could be a driving factor in a generator’s decision to operate SCR, what is 

perhaps even more important is the cost of operating SCR itself, namely in the form of catalyst and 

reagent prices. Figure 11 shows the summer average vendor quotes for anhydrous ammonia and urea, 

the most commonly used reagents for SCR, estimated by the U.S. Geological Survey. While the lack of 

granularity prevents me from incorporating this price series in the formalized model, the dramatic 

increase in the price of both reagents over the course of the program strengthens the argument that 

generators ought to be reducing their SCR usage over time. 

 

 

Figure 11 – Average Summer Reagent Prices 

 

In addition to the true cost of both SCR and pollution permits, another confounding factor could 

be the expectations of both of these prices. Depending on the margins on which a firm decides to 

operate its SCR technology, these expected prices, in addition to the prices themselves, could also be 

influencing operational behavior. Nonetheless, these findings are consistent with those from the non-

ozone season, suggesting that rate-regulated generators are more likely to operate their SCR equipment 

in a way that fails to minimize costs. 

                                                           
16 Recall that ozone season spans only five months (May – Sep) whereas the non-ozone spans seven months (Oct – 
Apr) 



 

4 Discussion 

 The results of this analysis indicate clear differences in the operation of SCR between IPP 

generators and rate-regulated utilities. But why are these operational differences occurring? Looking 

back at Table 3, recall that much of the SCR operation from IPP units outside of the ozone season 

occurred in areas found to be in NAAQS non-attainment for NOx or ozone emissions, compared to utility 

generators which were mostly operating their SCR in attainment counties during these times. Since rate-

regulated utilities are not predominantly operating SCR technology in non-attainment regions, their 

choice to operate the technology must be driven by something other than NAAQS. The most plausible 

explanation is that these operational differences can be attributed to various nuances within a utility’s 

regulatory framework. Nearly every state’s Public Utility Commission allows for recovery of investment 

and operating costs that are deemed to be “just, reasonable, and non-discriminatory” or “used and 

useful”. However, it is unclear whether or not a utility is able to recover the costs of operating its SCR 

outside of the ozone season without knowing if its Public Utility Commission (PUC) views this activity as 

“useful”. 

 During the ozone season, I observe that both IPPs and utilities have a high probability of 

operating their SCR equipment. This result makes good intuitive sense. Over the course of the program 

SCR presents a viable compliance strategy, especially during the first few years of the program when 

allowance prices were highest. Unfortunately, the lack of statistical significance and pertinent 

information on SCR input costs makes it difficult for me to make any definitive claims about cost 

efficiency of SCR operation during regulated months. If we believe the ozone season results to be 

accurate, then utility generators seem fail to express cost-minimizing operational behavior by increasing 

their use of SCR when permit prices rise. This behavior may also be tied to the cost recovery rules for 

permits and technology use set by the PUC but, as before, this hinges upon knowing these ratemaking 

guidelines. 

 Interpreting these results leads me to conclude that rate-regulated generators are operating 

their SCR technology in a manner that fails to minimize their private costs. Note that this is only a 

conclusion on the broad set of rate-regulated generators; this does not mean all forms or cases of rate 

regulation lead to most costly behavior. But generally speaking, this builds upon a strongly established 

literature indicating the failure of rate-regulation to minimize operational costs, as well as the findings 

from Fowlie (2010) indicating that rate-regulated generators in the NBP region were more likely than 

IPPs to invest in costly emissions control technology (e.g. SCR). In comparing counterfactual simulations 

in which all generators in the NBP region are assumed to be rate-regulated or deregulated, Fowlie 

(2010) finds the program compliance costs of these comprehensive scenarios to be comparable, and 

that it is heterogeneity in rate regulation that leads to a decrease in net social benefits. My findings build 

upon these results to show that the costs associated with these two counterfactual scenarios may, in 

fact, not be comparable. Namely, conditional on investing in SCR, I find that rate regulation encourages 

costly behavior in the operation of this abatement technology, particularly outside of the NOx-regulated 

ozone season. 

 



4.1 Social Costs and Benefits 

 One of the unique aspects of the NBP was the lack of emissions regulations outside of the ozone 

season. Although the damages associated with NOx emissions are highest during the ozone season, 

these emissions are also damaging outside of the ozone season. Results show that utility generators 

were prone to operate their SCR technology outside of the ozone season despite having no obligation to 

do so, suggesting that generators are failing to minimize their private costs of operation. On the other 

hand, this drop in NOx emissions provides benefits to society in the form of decreases in respiratory and 

environmental damages. Do the social benefits from decreasing NOx emissions outside of the ozone 

season exceed the costs of operating SCR? 

To answer this question, I estimate the benefits and costs of operating SCR outside of the ozone 

season. To estimate the benefits, I utilize emissions rate data from coal-fired generators equipped with 

SCR in the NBP region that are utilizing their SCR for at least 20% of non-ozone season hours. There are 

34 units that meet this criteria, 30 of which are classified as rate-regulated utilities. The benefits of 

operating SCR can be thought of as the avoidance of damages that would have been caused by NOx 

emissions had SCR not been operating. To calculate this, I start by comparing each unit’s NOx emissions 

rates outside of the ozone season while SCR is operating, and when SCR is not operating. Holding each 

unit’s generation constant, this gives me an estimate of the NOx emissions a generator avoids outside of 

the season by operating SCR. I then quantify benefits by multiplying each generator’s avoided emissions 

by the damages these emissions would have produced, estimated at the county level using the AP2 

model. After calculating the total damage increase, I divide these damages by the total amount of 

electricity generated while SCR is operating to get the average damages avoided per megawatt-hour. It 

is important to mention, however, that there are sizable limitations to this estimation approach, most 

notably the lack of seasonal and yearly variation in the marginal damage estimates. 

The most significant limitation of using the AP2 damage estimates in calculating the benefits of 

SCR operation is the lack of seasonal variation in pollution damages. Emissions damage estimates from 

AP2 are presented in the form of yearly averages by county. Since NOx is much more damaging in 

summer months due to increased probability of ozone formation under hot weather, the damages from 

one ton of NOx is much higher in the summer than it is in the winter. As such, these yearly averages 

overestimate the marginal damages of NOx output during the non-ozone season. The difference 

between these yearly average marginal damages and true seasonal damages is highly variable, 

depending largely upon seasonal weather patterns and geographic conditions. Estimating these true 

marginal damages, unfortunately, lies beyond my ability and expertise. I will, however, test the 

sensitivity of my results by presenting a scenario that deflates these marginal damage estimates when 

calculating benefits. 

Two other drawbacks to this approach are the lack of yearly observations in AP2 as well as the 

assumption of constant generation. Over the course of the NBP, yearly marginal damages are only 

available in 2005 and 2008. While this is likely less problematic than the lack of seasonal variation in 

temperature for determining NOx damages, this further limits my ability to account for temporal 

variation in damages. Another assumption imposed in this approach is that generation remains constant 

before and after the start of the NBP. Fortunately, results from Section 3 demonstrate that changes in 



generation had only a modest effect on influencing NOx emissions, making this a fairly reasonable 

assumption17.  

I estimate each unit’s average variable cost of operating SCR using engineering formulae 

provided by the EPA18. The cost of operating SCR varies considerably across units, determined largely by 

each unit’s characteristics and how it is operated. To calculate each unit’s direct annual cost of operating 

SCR, I input its rated capacity, as well as its average annual generation, average number of operating 

days, and average number of SCR-operating days between 2004 and 2008 into the EPA’s engineering 

equations19. I divide each unit’s direct annual cost of operating SCR by its average annual generation to 

calculate its average variable cost. 

I calculate the average damage avoided to be $11.70 per megawatt-hour. I find the average 

direct annual costs of operating SCR in the sample to be roughly $5.6 million, with average variable costs 

of $1.91 per megawatt-hour. Assuming the yearly average marginal damage estimates of NOx are 

representative of the true marginal damages outside of the ozone season, this suggests that a coal-fired 

generator’s decision to operate SCR outside of the NOx-regulated season produces social benefits that 

far outweigh the private cost of operating the technology. However, these yearly average marginal 

damages may not be representative of the true non-ozone season damages, nor do they demonstrate 

the variance in avoided damages and operational costs between units. As such, these results warrant 

further scrutiny.  

 Figure 12 shows each unit’s social net benefits per megawatt-hour of operating SCR during the 

non-ozone season, calculated as the difference between its social benefits from avoided NOx emissions 

and its average variable cost of operating SCR. Here we see that there is large heterogeneity of the 

benefits of operating SCR, with a majority of units receiving only a modest benefit and a select few 

receiving an immense benefit. Of the 34 units in the sample, 26 receive at least some degree of benefit 

to operating their SCR technology. 

                                                           
17 Note that if generation were to change, one would expect the benefits of operating SCR to weakly increase (as 
variable cost falls when SCR is turned off). This would then understate the resulting increase in pollution. 
18 Refer to EPA (2016) spreadsheet for estimates of the cost and formulae. 
19 There are several other factors listed in the EPA’s formulae that also influence operational costs. Due to my 
inability to observe these characteristics, I use the default values provided by the EPA. 



 

Figure 12 – Social Net Benefits of Operating SCR Outside Ozone Season by Unit 

 

To loosen the assumption that the yearly average marginal damages of NOx are representative 

of the true marginal damages during the non-ozone season, I perform back-of-the-envelope calculations 

that deflate these marginal damages. I perform two different deflations in this analysis, one that reduces 

the yearly average emissions damages by 13%, and another that reduces the yearly average damages by 

50%. I first choose 13% as this is the average difference in price between ozone and non-ozone season 

NOx permits in NBP’s successor program, CAIR. If we assume that the emissions cap under CAIR was set 

correctly, the difference in the price of permits between seasons ought to reflect the difference in 

emissions damages20. I include the deflation of 50% for the more cynical crowd that believes the true 

non-ozone season emissions damages to be much less than the yearly average. Another possible, yet 

perhaps extreme, deflation is the difference in ozone and non-ozone season permit prices under the 

current NOx cap and trade program, CSAPR. Here I notice a much starker difference in seasonal permit 

prices; non-ozone season permit prices are less than 1% of the ozone season price. If we are to believe 

that this appropriately represents the difference in damages between seasons, then this suggests that 

there are essentially no benefits to operating SCR outside of the ozone season. 

As a disclaimer, these deflations are simply what I believe to be reasonable or illustrative 

approximations. The true damages outside of the ozone season will vary considerably based on several 

topographical and meteorological factors, and do not scale monotonically between seasons. The goal of 

this exercise is not to pin down the exact social benefits of operating SCR, but rather to illustrate 

whether or not the operation of SCR outside of the regulated season was likely to have been socially 

beneficial. 

                                                           
20 Work by Novan (2017) suggests that the emissions cap for CAIR was set too low, in which case these price 
differences are not indicative of the true social cost of NOx emissions. 



Figure 13 shows the net social benefit of operating SCR outside of the ozone season for each 

unit under the yearly average estimates, a 13% deflation, and a 50% deflation, respectively. The net 

benefits are truncated at $3 per megawatt-hour to better illustrate the net social benefits the majority 

of units. As expected, by deflating the damage estimates the benefit of operating SCR becomes much 

less pronounced. Units that had experienced substantial benefits to operating SCR under the yearly 

average estimates still find it highly beneficial to do so, though units that had only received a modest 

benefit before now find operating their SCR to be more costly than it is beneficial. Regardless of the 

deflation imposed, results suggest that operating SCR outside of the regulated season likely led to 

substantial benefits for a select few generators, but was only modestly beneficial, or potentially even 

net-costly, for most. 

 

Figure 13 – Social Net Benefits of SCR Operation Outside of Ozone Season by Unit 

In the case of the NBP, the privately costly operation of SCR outside of the ozone season could 

have resulted in net social benefits for a select subset of generators, but persistence of these 

operational behaviors may not have led to the same outcome in subsequent programs. The NOx cap and 

trade programs following the NBP saw a dramatic change in regulatory structure, instituting even more 

stringent ozone season caps, but also regulating emissions outside of the ozone season. If utility 

generators continue to operate their SCR technology throughout the year without regard to permit 

prices, a different bevy of concerns presents itself. Namely, persistent operation of SCR without regard 

to permit prices will cause permit prices to fall much lower than would be optimal in a perfectly 

competitive setting. In driving down this year-round permit price, cost-sensitive generators may choose 

solely to purchase permits, foregoing abatement entirely and potentially exacerbating the damage 

caused by local emissions. Namely, as illustrated in the damages presented by the AP2 model and 

discussed in Fowlie (2010), there is large heterogeneity in susceptibility to local air pollution damages in 

the NBP region. A severe drop in the permit price could cause generators in higher damage regions to 

forego operation of their emissions control technology, nullifying or mitigating the benefits of the cap 



and trade program in said regions. While this analysis is left for another time, this serves as a poignant 

example of the effects of rate-regulation in driving compliance choices, and the importance of 

accounting for this behavior when designing policy. 

 

 

5 Conclusion 

 Cap and trade is one of the most frequently used market mechanisms for solving environmental 

problems. In a perfectly competitive market setting cap and trade is efficient, allowing firms to meet 

abatement targets at the lowest possible cost. However, the U.S. electricity sector is nowhere near 

being a perfectly competitive market. Perhaps the most poignant example of this is the distinction 

between generators whose electricity rates are determined by their state public utility commission, who 

act as natural monopolies in the supply of electricity, and independent power producers, who compete 

against one another in supplying electricity. Previous literature has demonstrated that rate regulation of 

electric utilities can lead to outcomes in which generators have less incentive to act as cost-minimizers, 

with this behavior pervading into some aspects of cap and trade programs. This paper adds to this 

current body of literature to demonstrate that rate-regulated utilities are more prone to operate their 

emissions control technology in a more costly manner than are generators not subject to such 

regulations 

 To demonstrate this, I use the EPA NOx Budget Trading Program (NBP) as a case study. I find that 

nearly all of the emissions abatement in compliance to the program occurred through the use of 

emissions control technology, most notably selective catalytic reduction (SCR). Using each generator’s 

hourly emissions rate and utility classification, I discern where and when SCR is utilized between the 

start of full program compliance in 2004, and its end in 2008. 

 I find that generators that are subject to rate regulation are more likely to operate their SCR 

technology in an inefficient or seemingly unnecessary manner. I observe this in two ways. First, I find 

that utility generators are more likely to operate their SCR technology outside of the ozone-regulated 

season, incurring unnecessary additional operational costs. Second, I find that utility generators are less 

responsive to changes in NOx allowance prices during the ozone-regulated season. The reasons for these 

operational differences are yet unclear, though I suspect this behavior to be tied to a utility’s nebulous 

cost-recovery rules determined by the state public utility commissions. 

 Importantly, although utility generators are failing to minimize their private costs of compliance 

in their decisions to operate their SCR technology, I find that these operational decisions could 

potentially lead to a social net benefit. By operating their SCR outside of the NOx-regulated season, the 

decrease in emissions and the resulting health benefits from improved air quality, while relatively 

modest for most units, was incredibly beneficial in areas that NOx was particularly harmful. However, 

these fortuitous net benefits are likely due to the unique regulatory structure implemented by the NBP. 

This highlights the importance of careful consideration of social costs in the construction of 

environmental programs and the effect that rate regulation has on influencing compliance strategies 

and resulting social outcomes. 
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Appendix 

 

For alternative time specifications, 𝑡, I use the average permit price over that time frame in lieu 

of hourly permit price. For such specifications, the in-season operational decisions are modeled as 

(8)            𝑆𝐶𝑅𝑖,𝑡 = 𝛼 + 𝛽1 ⋅ 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 + 𝛽2 ⋅ 𝑃�̅� + 𝛽3 ⋅ (𝑢𝑡𝑖𝑙𝑖𝑡𝑦 ⋅ �̅�)𝑖,𝑡  + 𝜀𝑖,𝑡 

(9)            𝑆𝐶𝑅𝑖,𝑡 = 𝛼 + 𝛽1 ⋅ 𝑢𝑡𝑖𝑙𝑖𝑡𝑦𝑖,𝑡 + 𝛽2 ⋅ 𝑃�̅� + 𝛽3 ⋅ (𝑢𝑡𝑖𝑙𝑖𝑡𝑦 ⋅ �̅�)𝑖,𝑡  + 𝜃 ⋅ 𝑿𝑖,𝑡 + 𝜀𝑖,𝑡 

Where �̅�𝑖,𝑡 represents the average permit price over time aggregation, 𝑡. 

 

 

Table 5 – Non-Ozone Season, Daily Aggregation 

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0543* 0.113*** 0.158*** 0.150*** 0.192***

(0.0279) (0.0298) (0.0378) (0.0412) (0.0456)

Constant 0.0862*** - - - -

(0.0208) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 157,507 157,507 157,507 157,507 117,010

R-squared 0.004 0.185 0.229 0.250 0.304

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Non-Ozone Season, Daily Aggregation



 

Table 6 – Ozone Season, Daily Aggregation 

 

Table 7 – Non-Ozone Season, Weekly Aggregation 

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0842 0.0425 -0.0136 -0.00164 -0.0840

(0.0638) (0.0529) (0.0577) (0.0567) (0.0547)

Permit Price 0.00134 0.00119 0.00130 0.00166 -0.000880

(0.00229) (0.00236) (0.00239) (0.00285) (0.00317)

util ity * Permit Price -0.00339 -0.00317 -0.00395 -0.00381 -0.00115

(0.00257) (0.00256) (0.00258) (0.00257) (0.00225)

Constant 0.718*** - - - -

(0.0588) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 117,245 117,245 117,245 117,245 86,814

R-squared 0.002 0.080 0.106 0.144 0.129

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Ozone Season, Daily Aggregation

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0609** 0.131*** 0.179*** 0.171*** 0.222***

(0.0300) (0.0342) (0.0404) (0.0439) (0.0487)

Constant 0.0913*** - - - -

(0.0227) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 22,006 22,006 22,006 22,006 16,362

R-squared 0.005 0.199 0.245 0.265 0.327

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Non-Ozone Season, Weekly Aggregation



 

Table 8 – Ozone Season, Weekly Aggregation 

 

Table 9 – Non-Ozone Season, Monthly Aggregation 

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0903 0.0596 0.00629 0.0222 -0.0575

(0.0649) (0.0528) (0.0571) (0.0552) (0.0544)

Permit Price 0.00125 0.00113 0.00115 0.00374 0.000592

(0.00228) (0.00236) (0.00237) (0.00339) (0.00409)

util ity * Permit Price -0.00386 -0.00391 -0.00475* -0.00459* -0.00149

(0.00257) (0.00255) (0.00256) (0.00255) (0.00224)

Constant 0.749*** - - - -

(0.0596) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 17,142 17,142 17,142 17,142 12,698

R-squared 0.003 0.103 0.136 0.197 0.186

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Ozone Season, Weekly Aggregation

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0705** 0.140*** 0.177*** 0.166*** 0.217***

(0.0317) (0.0376) (0.0439) (0.0482) (0.0516)

Constant 0.0995*** - - - -

(0.0240) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 5,200 5,200 5,200 5,200 3,867

R-squared 0.006 0.204 0.250 0.280 0.340

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Non-Ozone Season, Monthly Aggregation



 

Table 10 – Ozone Season, Monthly Aggregation 

 

 

Table 11 – Non-Ozone Season, Yearly Aggregation 

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.111 0.0994 0.0409 0.0543 -0.0921

(0.0779) (0.0617) (0.0689) (0.0671) (0.0600)

Permit Price 0.00317 0.00349 0.00365 0.00616 0.000394

(0.00290) (0.00311) (0.00311) (0.00458) (0.00504)

util ity * Permit Price -0.00592* -0.00630* -0.00716** -0.00704** -0.000172

(0.00313) (0.00324) (0.00328) (0.00326) (0.00253)

Constant 0.777*** - - - -

(0.0736) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 3,819 3,819 3,819 3,819 2,831

R-squared 0.004 0.154 0.193 0.230 0.210

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Ozone Season, Monthly Aggregation

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0825*** 0.159*** 0.192*** 0.185*** 0.249***

(0.0314) (0.0325) (0.0419) (0.0451) (0.0515)

Constant 0.0417* - - - -

(0.0216) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Attainment Only - - - - YES

Observations 716 716 716 716 534

R-squared 0.011 0.348 0.408 0.428 0.511

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Non-Ozone Season, Yearly Aggregation



 

Table 12 – Ozone Season, Yearly Aggregation 

 

Table 13 – Non-Ozone Season, All Aggregations 

 

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0923 0.182** 0.102 0.118 -0.129

(0.0954) (0.0890) (0.0958) (0.0953) (0.0975)

Permit Price -0.000466 7.96e-05 0.000337 -2.938** -3.401***

(0.00472) (0.00523) (0.00524) (1.294) (1.143)

util ity * Permit Price -0.00608 -0.00733 -0.00832 -0.00815 0.00146

(0.00501) (0.00536) (0.00544) (0.00547) (0.00550)

Constant 0.854*** - - - -

(0.0903) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Attainment Only - - - - YES

Observations 742 742 742 742 554

R-squared 0.013 0.193 0.259 0.337 0.384

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Ozone Season, Yearly Aggregation

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Hourly Hourly Daily Daily Weekly Weekly Monthly Monthly Yearly Yearly

VARIABLES SCR SCR SCR SCR SCR SCR SCR SCR SCR SCR

utility 0.149*** 0.189*** 0.150*** 0.192*** 0.171*** 0.222*** 0.166*** 0.217*** 0.185*** 0.249***

(0.0406) (0.0454) (0.0412) (0.0456) (0.0439) (0.0487) (0.0482) (0.0516) (0.0451) (0.0515)

Constant - - - - - - - - - -

- - - - - - - - - -

State FE YES YES YES YES YES YES YES YES YES YES

Nox Damages YES YES YES YES YES YES YES YES YES YES

Population YES YES YES YES YES YES YES YES YES YES

Capacity FE YES YES YES YES YES YES YES YES YES YES

Vintage FE YES YES YES YES YES YES YES YES YES YES

Year FE YES YES YES YES YES YES YES YES YES YES

Month FE YES YES YES YES YES YES YES YES - -

Attainment Only - YES - YES - YES - YES - YES

Observations 3,749,651 2,779,193 157,507 117,010 22,006 16,362 5,200 3,867 716 534

R-squared 0.267 0.320 0.250 0.304 0.265 0.327 0.280 0.340 0.428 0.511

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Non-Ozone Season, All Aggregations



 

Table 14 – Ozone Season, All Aggregations 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Hourly Hourly Daily Daily Weekly Weekly Monthly Monthly Yearly Yearly

VARIABLES SCR SCR SCR SCR SCR SCR SCR SCR SCR SCR

utility -0.000829 -0.0863* -0.00164 -0.0840 0.0222 -0.0575 0.0543 -0.0921 0.118 -0.129

(0.0530) (0.0513) (0.0567) (0.0547) (0.0552) (0.0544) (0.0671) (0.0600) (0.0953) (0.0975)

Permit Price 0.00201 -0.000805 0.00166 -0.000880 0.00374 0.000592 0.00616 0.000394 -2.938** -3.401***

(0.00278) (0.00308) (0.00285) (0.00317) (0.00339) (0.00409) (0.00458) (0.00504) (1.294) (1.143)

util ity * Permit Price -0.00281 0.000300 -0.00381 -0.00115 -0.00459* -0.00149 -0.00704** -0.000172 -0.00815 0.00146

(0.00240) (0.00215) (0.00257) (0.00225) (0.00255) (0.00224) (0.00326) (0.00253) (0.00547) (0.00550)

Constant - - - - - - - - - -

- - - - - - - - - -

State FE YES YES YES YES YES YES YES YES YES YES

Nox Damages YES YES YES YES YES YES YES YES YES YES

Population YES YES YES YES YES YES YES YES YES YES

Capacity FE YES YES YES YES YES YES YES YES YES YES

Vintage FE YES YES YES YES YES YES YES YES YES YES

Year FE YES YES YES YES YES YES YES YES YES YES

Month FE YES YES YES YES YES YES YES YES - -

Attainment Only - YES - YES - YES - YES - YES

Observations 2,812,613 2,082,394 117,245 86,814 17,142 12,698 3,819 2,831 742 554

R-squared 0.127 0.114 0.144 0.129 0.197 0.186 0.230 0.210 0.337 0.384

Ozone Season, All Aggregations

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1



 

Table 15 – Ozone Season (2005-2008), No Aggregation 

  

(1) (2) (3) (4) (5)

VARIABLES SCR SCR SCR SCR SCR

utility 0.0765 0.00316 -0.0288 -0.0176 -0.0872*

(0.0549) (0.0429) (0.0506) (0.0491) (0.0517)

Permit Price 0.00519*** 0.00469** 0.00426** -0.000698 -0.00429

(0.00190) (0.00202) (0.00200) (0.00285) (0.00324)

util ity * Permit Price -0.00289 -0.00244 -0.00253 -0.00270 0.00133

(0.00224) (0.00230) (0.00229) (0.00227) (0.00215)

Constant 0.675*** - - - -

(0.0497) - - - -

State FE - YES YES YES YES

Nox Damages - YES YES YES YES

Population - YES YES YES YES

Capacity FE - - YES YES YES

Vintage FE - - YES YES YES

Year FE - - - YES YES

Month FE - - - YES YES

Attainment Only - - - - YES

Observations 2,316,712 2,316,712 2,316,712 2,316,712 1,744,788

R-squared 0.004 0.084 0.106 0.122 0.108

Cluster-robust standard errors (unit level) in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Ozone Season (2005-2008), No Aggregation



 

Table 16 – Non-Ozone Season, Hourly w/ OTC Dropped 

 

Table 17 – Ozone Season, Hourly w/ OTC Dropped 



 

Table 18 – Non-Ozone Season, Hourly using Attainment FE 

 

Table 19 – Ozone Season, Hourly using Attainment FE 



 

Table 20 – Non-Ozone Season, Hourly using Attainment and OTC FE 

 

Table 21 – Ozone Season, Hourly using Attainment and OTC FE 



 

Table 22 – Number of Operating Units by Fuel-Year-Region 

 

 

 

Table 23 – Percentage of Total Aggregate Load (MW) by Fuel-Year-Region 

 

 

 

Table 24 – Total Aggregate Load (In Millions of MW) by Year-Region 

 

 

Table 25 – Percentage of NOx Emissions (lbs) by Fuel-Year-Region 

 



 

Figure 13 – 2002 and 2003 Daily Natural Gas Spot Price ($ per mmbtu) 

 

 

 

 

 

Figure 14 – 2000-2003 Daily Natural Gas Spot Prices ($ per mmbtu) 



 

Figure 15 – Actual vs. Counterfactual NOx Emissions (lbs), Both Regions 
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Event Study Specifications 

(𝐸𝑆 1)    (𝑂𝑢𝑡𝑝𝑢𝑡 𝑉𝑎𝑟. )𝑖,𝑡
= 𝛼 + 𝛽1𝐻𝐷𝐷𝑖,𝑡 + 𝛽2𝐶𝐷𝐷𝑖,𝑡 + 𝛽3𝐷𝑎𝑦𝑠 𝐵𝑒𝑓𝑜𝑟𝑒𝑡 + 𝛽4𝐷𝑎𝑦𝑠 𝐴𝑓𝑡𝑒𝑟𝑡 + 𝜷𝟓𝒑𝒐𝒔𝒕 + 𝜀𝑖,𝑡 

(𝐸𝑆 2)      (𝑂𝑢𝑡𝑝𝑢𝑡 𝑉𝑎𝑟. )𝑖,𝑡 = 𝛼 + 𝛽1𝐻𝐷𝐷𝑖,𝑡 + 𝛽2𝐶𝐷𝐷𝑖,𝑡 +𝜷𝟑𝒑𝒐𝒔𝒕 + 𝜀𝑖,𝑡 

(𝐸𝑆 3)    (𝑂𝑢𝑡𝑝𝑢𝑡  𝑉𝑎𝑟. − 𝑂𝑢𝑡𝑝𝑢𝑡 𝑉𝑎𝑟.̂ )
𝑖,𝑡
= 𝛼 + 𝛽1𝐷𝑎𝑦𝑠 𝐵𝑒𝑓𝑜𝑟𝑒 + 𝛽2𝐷𝑎𝑦𝑠 𝐴𝑓𝑡𝑒𝑟 + 𝜷𝟑𝒑𝒐𝒔𝒕 + 𝜀𝑖,𝑡 

 

 

Table 26 – Event Study Results, Specification 1 

 

(1) (2) (3) (4)

OUTPUT VARIABLE NBP Non-NBP NBP Non-NBP

NOx -1.024*** 0.173 3.953*** 0.0567

(0.217) (0.103) (0.450) (0.141)

SO2 -1.282*** 0.345** 2.265** 0.287

(0.455) (0.160) (0.877) (0.274)

CO2 0.0499 -0.00167 0.0157 0.0177

(0.0404) (0.0243) (0.0632) (0.0377)

Load 0.0860** -0.0392 -0.0729 0.0376

(0.0416) (0.0262) (0.0691) (0.0389)

Observations 121 121 121 121

Entering Ozone Season Leaving Ozone Season

Newey-West Standard errors in parentheses

*** p<0.01, ** p<0.05, * p<0.1

Event Study Results: Specification 1



 

Table 27 – Event Study Results, Specification 2 

 

 

Table 28 – Event Study Results, Specification 3 

(1) (2) (3) (4)

OUTPUT VARIABLE NBP Non-NBP NBP Non-NBP

NOx -0.966* 0.150 3.747*** 0.0667

(0.534) (0.145) (0.566) (0.187)

SO2 -1.011 0.279 1.121 0.0876

(1.379) (0.272) (2.145) (0.401)

CO2 0.0815 0.0134 -0.0531 0.00117

(0.105) (0.0366) (0.158) (0.0486)

Load 0.120 -0.0138 -0.135 0.0160

(0.119) (0.0408) (0.177) (0.0544)

Observations 121 121 121 121

Event Study Results: Specification 2

Entering Ozone Season Leaving Ozone Season

Newey-West Standard errors in parentheses

*** p<0.01, ** p<0.05, * p<0.1

(1) (2) (3) (4)

OUTPUT VARIABLE NBP Non-NBP NBP Non-NBP

NOx -2.195*** -0.537* 3.525*** -0.163

(0.616) (0.304) (0.403) (0.187)

SO2 -2.900*** -1.554*** 0.116 -0.00650

(0.584) (0.584) (0.781) (0.382)

CO2 0.0310 -0.0286 -0.0683 -0.0186

(0.0502) (0.0265) (0.0571) (0.0279)

Load 0.143** -0.000906 -0.172** 0.0100

(0.0713) (0.0260) (0.0686) (0.0257)

Observations 121 121 121 121

Event Study Results: Specification 3

Entering Ozone Season Leaving Ozone Season

Newey-West Standard errors in parentheses

*** p<0.01, ** p<0.05, * p<0.1



 

Figure 16 – Event Study Residuals 

 

For different time aggregation, 𝑡, 𝑆𝐶𝑅𝑖,𝑡 takes a value of 1 if the average emissions rate of unit 𝑖 over 

time interval 𝑡 is consistent with the expected emissions from SCR technology. Using a threshold of a 

70% reduction in the control-free emissions rate (0.13 lbs per MMBtu), this is defined as 

𝑆𝐶𝑅𝑖,𝑡 = (𝑁𝑂𝑥 𝑅𝑎𝑡𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑖,𝑡 ≤ 0.13) 

It is worth noting that the most appropriate time aggregation, 𝑡, is the temporal margin in which a 

generator decides whether or not to operate their SCR technology. Since SCR technology can be 

installed with a bypass, allowing the technology to be easily and readily switched on and off, this 

decision can be made at any level of time aggregation. 
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Figure 17 – Density of Daily Coal-fired NOx Emissions Rates (lbs/mmbtu) with SCR 

 

 

Figure 18 – Density of Weekly Coal-fired NOx Emissions Rates (lbs/mmbtu) with SCR 

 

 

 



 

 

Figure 19 – Density of Monthly Coal-fired NOx Emissions Rates (lbs/mmbtu) with SCR 

 

 

Figure 20 – Density of Daily Coal-fired NOx Emissions Rates (lbs/mmbtu) without SCR 

 

 



 

 

Figure 21 – Density of Weekly Coal-fired NOx Emissions Rates (lbs/mmbtu) without SCR 

 

 

Figure 22 – Density of Monthly Coal-fired NOx Emissions Rates (lbs/mmbtu) without SCR 

  



A formal event study estimate for the effect of the NBP on NOx emissions can be expressed as 

𝑁𝑂𝑥 𝐸𝑓𝑓𝑒𝑐𝑡𝑑 = 𝑁𝑂𝑥𝑑 − 𝑁𝑂𝑥�̂� 

Where the “effect” represents the change in actual pollution output relative to the counterfactual 

emissions that would have occurred in the region, as estimated by Equation 1, had the NBP never 

occurred. Figure 23 shows the results of the effect on NOx emissions within the NBP regulated region in 

2004. Each point represents the difference between realized NOx emissions in 2004, and the emissions 

predicted by the counterfactual model. The red dashed lines represent the respective start and stop 

dates of the NBP’s ozone-regulated season in 2004. Effects of the program are estimated using linear 

fitted lines in 1-month windows before and after the start and stop of the season, and allow for different 

slopes at each cutoff. 

While there is no apparent discontinuity at the start of the 2004 ozone season, the shift in emissions 

rates at the end of the season suggest that the NBP is indeed influencing emissions output. Additionally, 

the negative sign on the effect variable outside of the 2004 ozone season illustrates that capacity 

additions have had a large impact in reducing NOx emissions independent of the NBP’s effect on 

emissions.  

 

Figure 23 – Difference between Actual and Counterfactual 2004 NOx Emissions (lbs) 
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Leakage 

 To address the concern of leakage, I utilize a similar counterfactual model as that shown in 

Equation 1, focusing on total generation inside and outside of the NBP-regulated region in lieu of 

emissions. The counterfactual model can be expressed as 

          𝐺𝑒𝑛𝑑 = ∑(𝛽𝑠
1𝐻𝐷𝑠,𝑑 + 𝛽𝑠

2𝐻𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑 + 𝛽𝑠
3𝐶𝐷𝑠,𝑑 + 𝛽𝑠

4𝐶𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑) + 𝛾𝐷𝑂𝑊,𝑀 + 𝜀𝑑
𝑠

      𝑖𝑓 2000

≤ 𝑦𝑒𝑎𝑟 ≤ 2002 

Where 𝐺𝑒𝑛𝑑 represents the aggregate generation in the NBP-regulated region on day 𝑑. To account 

for existing trends in generation, I then use the fitted estimates from generation in the region from 2000 

to 2002 to estimate what generation in the region may have looked like in 2004 absent the NBP. Call this 

counterfactual generation estimate  𝐺𝑒�̂�𝑑. The difference between 𝐺𝑒𝑛𝑑 and 𝐺𝑒�̂�𝑑 represents the 

change in generation attributable to the NBP. I then perform this same analysis on generation in the 

non-regulated region and compare generation outcomes. 

 Leakage effects can be detected in this model as an equal and opposite shift in generation from 

the regulated region to the unregulated region as generators seek to avoid emissions constraints. 

Figures 24 and 25 show the difference between actual and predicted generation in 2004 in the NBP-

regulated and unregulated regions, respectively. The lack of significant shifts in generation from either 

region coinciding with the NBP start and stop dates, denoted by the red dashed lines, suggests that no 

presence of leakage in response to the program. 

 

 

 

Figure 24 – Difference between Actual and Counterfactual 2004 Load Estimates (MW), NBP-regulated Region 
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Figure 25 – Difference between Actual and Counterfactual 2004 Load Estimates (MW), Non-regulated Region 
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Fuel Switching 

 Any significant amount of fuel switching occurring in response to the NBP regulation can be 

identified through changes in emissions of other criterion pollutants. Coal, which makes up a majority of 

the generation in the region, is by far the highest emitter of NOx, CO2, and SO2 emissions. As NOx 

becomes regulated by the NBP, a shift away from coal towards cleaner fuel sources (i.e. natural gas) 

would also be associated with a decrease in SO2 and CO2 emissions in the region. This can be modeled 

using a similar counterfactual design as shown in Equation 1 

         𝑆𝑂2𝑑 = ∑(𝛽𝑠
1𝐻𝐷𝑠,𝑑 + 𝛽𝑠

2𝐻𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑 + 𝛽𝑠
3𝐶𝐷𝑠,𝑑 + 𝛽𝑠

4𝐶𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑) + 𝛾𝐷𝑂𝑊,𝑀 + 𝜀𝑑
𝑠

      𝑖𝑓 2000

≤ 𝑦𝑒𝑎𝑟 ≤ 2002 

         𝐶𝑂2𝑑 = ∑(𝛽𝑠
1𝐻𝐷𝑠,𝑑 + 𝛽𝑠

2𝐻𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑 + 𝛽𝑠
3𝐶𝐷𝑠,𝑑 + 𝛽𝑠

4𝐶𝐷𝑠,𝑑 ⋅ 𝑁𝐺𝑑) + 𝛾𝐷𝑂𝑊,𝑀 + 𝜀𝑑
𝑠

      𝑖𝑓 2000

≤ 𝑦𝑒𝑎𝑟 ≤ 2002 

 Using this counterfactual framework, I compare the realized emissions of SO2 and CO2 in the NBP-

regulated region from 2000 to 2002 and use these levels to predict what emissions output would have been 

in 2004 without the NBP. Call these counterfactual emissions estimates 𝑆𝑂2̂𝑑 and 𝐶𝑂2̂𝑑. The difference 

between these counterfactual estimates and the true emissions of each of these pollutants shows the effect 

that the NBP had on its emissions. Figures 26 and 27 show this difference. As was the case with generation, I 

find no apparent shifts in emissions output from either pollutants around the NBP cutoffs, suggesting a 

minimal role of fuel switching in meeting NBP NOx reductions. 

 

 

Figure 26 – Difference between Actual and Counterfactual 2004 SO2 Estimates, NBP-regulated Region 

-1
5

-1
0

-5
0

5
1
0

S
O

2
 M

a
s
s
 (

M
ill

io
n
 l
b

s
)

01jan2004 01apr2004 01jul2004 01oct2004 01jan2005
Time

Change in SO2 Mass (lbs) Predicted Change: Apr 1 - May 1

Predicted Change: May 1 - May 31 Predicted Change: June 1 - July 1

Predicted Change: Sep 1 - Sep 31 Predicted Change: Oct 1 - Oct 31

NBP States

Change from Counterfactual SO2 Estimates in 2004



 

Figure 27 – Difference between Actual and Counterfactual 2004 CO2 Estimates, NBP-regulated Region 
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Figure 28 – Actual vs. Counterfactual Generation (MW) in 2004 by Fuel Source, NBP-regulated Region 

 

Figure 29 – Actual vs. Counterfactual 2004 NOx Emissions (millions of lbs), NBP-regulated Region 



Selective Catalytic Reduction (SCR) Process 

 

 Selective Catalytic Reduction (SCR) is a technology used after a combustion process to reduce 

tailpipe NOx emissions through a chemical bonding process. This flue gas from a combustion process 

travels out of the economizer and into the ammonia injection grid. Here, a urea or anhydrous ammonia 

reagent is aerosolized into ammonia vapor and mixed with the flue gas. Once mixed, the flue gas travels 

into the SCR chamber where it reacts with a metal catalyst to turn the NOx gas into nitrogen and water. 

2𝑁𝑂 + 2𝑁𝐻3 +
1

2
𝑂2

     𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡     
→         2𝑁2 + 3𝐻2𝑂 

 While capitally intensive, technology achieves reductions in NOx emissions rates of anywhere 

between 70-90% relative to baseline. The treatment process is specific to NOx emissions, resulting in 

negligible co-benefits to other key pollutants such as SO2 or CO2. Some of the newer designs of SCR 

claim to have some benefits of decreasing the emission of mercury, though I am unable to measure this 

directly. 

 A majority of the operational costs (70-80%) associated with operation of SCR come from the 

costs associated with acquiring and replacing catalyst and reagent. While a majority of the cost lies in 

these two components, the actual costs of both of these components is highly variable and difficult to 

identify. Recent average vendor quotes between 2011 and 2013 place the cost of urea reagent at 

around $1.62 per gallon, with a yearly operating cost of roughly $3.5 million for an average-sized coal-

fired power plant (EPA, 2016). 

 Importantly, SCR can be installed to include an SCR Bypass in the event that the generator 

chooses not to utilize the technology. This bypass can be readily turned on or off, allowing the generator 

to utilize SCR technology more effectively during the ramping up or cooling down process, as well as 

turning the technology off entirely in the case of time-sensitive programs, namely the NBP. 


