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ABSTRACT 
 
Mercury emissions from coal-fired power plants pose environmental and public health 

concerns in North Carolina.  Once converted to methylmercury in aquatic environments, 

mercury compounds can bioaccumulate in fish and other species, including humans.  In 

humans, mercury compounds can function as a neurotoxin to a fetus and impair 

neurological development of young children.  Recent multi-pollutant strategies are 

expected to reduce the amount of mercury emitted from coal-fired power plants in North 

Carolina.  To test this assumption, this study examines the mercury capture of a similar 

piece of existing legislation � the Acid Rain Program.  Holding other variables constant, 

this study finds that during the Phase II years of the Acid Rain Program, coal-fired power 

plants emitted on average 208 fewer pounds of mercury per year compared to the Phase I 

years.  These results suggest multi-pollutant strategies can be an effective strategy to 

reduce mercury emissions. 
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INTRODUCTION 
 
The North Carolina Department of Health and Human Services has had to issue health 

warnings about the consumption of fish caught in North Carolina waters.  The warnings 

are designed to limit the mercury intake of women of childbearing age, pregnant women, 

nursing women, and children under 15.  The 2006 advisory suggests theses individuals 

avoid fish high in mercury and limit their intake of fish low in mercury to two meals per 

week.  The guidance also offers of list of affected fish species to guide to North Carolina 

residents in their fish consumption.  This report will examine the impacts of regulation of 

a primary source of mercury emissions in North Carolina � coal fired power plants. 

 

Control of air pollutant emissions has historically been piecemeal as firms must deal with 

uncertain timetables and regulations that target individual pollutants (Rubin et al. 2001).  

Meanwhile, research suggests multi-pollutant strategies would be more cost effective for 

firms.  Schwarz (2005) simulates a firm�s cost-minimizing response to three increasingly 

stringent emission standards for sulfur dioxide (SO2) and nitrogen oxides (NOx).  The 

most stringent standard was the multi-pollutant approach required in the 2002 North 

Carolina Clean Smokestacks Act.  Firms responding to stepwise standards over time 

choose costly pollutant-specific controls.  In contrast, initial stringent emission standards 

for both pollutants prompted the application of cost-effective integrated control 

technologies.  This early enactment of stringent multi-pollutant standards was the only 

option to produce positive net benefits (Schwarz 2005). 

 

The positive net benefits of multi-pollutant strategies are also found in other research.  

Eskeland (1997) considers a package of control measures to reduce SO2, NOx, and 

particulate matter in Santiago, Chile.  Strategies include: emission standards for gasoline 

vehicles, emission standards for trucks, natural gas for buses, and conversion of wood-

burning industrials to sources of distillate fuel oil.  The results found the overall program, 

as well as each component, achieved a positive net benefit.  In the US, an evaluation of 

six emissions controlled within the 1990 Clean Air Act Amendments finds benefits to 

exceed costs by a ratio of 4 to 1 (EPA 1999). 
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In February 2002, President George W. Bush proposed a multi-pollutant strategy to 

control emissions of SO2, NOx, and mercury.  The Clear Skies Act would create new cap-

and-trade programs to reduce the emission of these pollutants.  Early in March of 2005, 

the legislation hit an insurmountable hurdle in the Environment and Public Works 

Committee of the US Senate.  The legislations became deadlocked, and failed to reach 

the full chamber, after a 9-9 committee vote.  The administration quickly responded with 

similar regulation issued by the US Environmental Protection Agency (EPA).  

 

On March 10, 2005, the Clean Air Interstate Rule (CAIR) created a permanent cap on 

SO2 and NOx emissions in 28 eastern states and the District of Columbia.  States are 

allowed flexibility in choosing reduction measures, but the requirements were designed to 

be cost effective under a market-based cap-and-trade system among electric utility 

generating power plants.  The EPA estimates the two-phase rule will reduce annual SO2 

emissions by 3.6 million tons in 2010 and by 3.9 million tons in 2015.  Further, annual 

NOx emissions are expected to decrease by 1.2 million tons in 2009 and by 1.5 million 

tons in 2015 (EPA 2006b). 

 

A second regulation, the Clean Air Mercury Rule (CAMR), was issued on March 15, 

2005 and established a nationwide cap on mercury emissions.  The rule is expected to 

reduce mercury emissions in two phases through a market-based cap-and-trade program.  

The cap for the first phase � 38 tons per year � becomes effective 2010, while the second 

cap � 15 tons per year � becoming effective in 2018.  The CAMR and CAIR were 

designed so Phase I mercury reductions would be achieved through the installation of 

technologies to reduce SO2 and NOx.  Noting this multi-pollutant strategy the EAP states 

the �coordinated regulation of mercury, SO2 and NOx allows mercury reductions to be 

achieved in a cost effective manner� (EPA 2005d).1  

 

                                                
1 The EPA also issued the Clean Air Visibility Rule on June 15, 2005.  This regulation applies to power 
plants in non-CAIR states � mostly in the West � that have the potential to impact visibility and release 
other air pollutants.  The regulation will require Best Available Retrofit Technology (BART) on many of 
these power plants in 2013/2014.  
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These new regulations strengthen similar standards set by Title IV of the 1990 Clean Air 

Act Amendments (CAAA).  This legislation authorized the EPA to create the Acid Rain 

Program, requiring fossil-fuel powered plants to achieve a 10 million ton reduction in 

SO2 emissions from 1980 levels by the year 2000.   The two-phase program required the 

110 heaviest polluters to reduce emissions in 1995 and all fossil-fueled plants to meet 

standards by 2000.  Title IV also called for a 2 million ton reduction in NOx emissions.  

While the legislation did not address mercury emissions, control technologies for SO2 

and NOx have been shown to capture mercury species (EPA 2005b). 

 

This study employs regression analysis to estimate mercury capture in North Carolina as 

a co-benefit of Phase II of the Acid Rain Program.  North Carolina was chosen as a study 

site because recent legislation � called the Clean Smokestacks Act (CSA) � expects 

significant mercury capture as a co-benefit of strict reductions in SO2 and NOx emissions.  

This research is valuable because it (1) examines a program comparable to the multi-

pollutant strategy found in the CSA and the coupling of the CAIR and CAMR and (2) 

considers a multi-pollutant strategy against several exogenous factors absent in the 

existing literature.  Holding other variables constant, this study finds that during Phase II 

years coal-fired power plants emitted on average 208 pounds fewer pounds of mercury. 

These results are valuable to a wide audience, ranging from policymakers to the scientific 

community, because they provide evidence of success for multi-pollutant strategies. 
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BACKGROUND 
 
This section will begin with a discussion sulfur dioxide and nitrogen oxide emissions and 

their negative impacts on the environment and public health.  This will be followed by a 

description of the Acid Rain Program, which was aimed to mitigate these externalities.  

Finally, this section will discuss the environmental and public health impacts of mercury 

emissions, as well its relation to the Acid Rain Program. 

 

Sulfur Dioxide and Nitrogen Oxide 
 
The Clean Air Act requires the EPA to set National Ambient Air Quality Standards for 

six �criteria� pollutants: carbon monoxide (CO), lead (Pb), nitrogen oxides (NOX), ozone 

(O3), particulate matter (PM), and sulfur dioxide (SO2).  Concern over SO2 and NOX 

emissions arose from their association with acid deposition on the natural environment.  

In the atmosphere, SO2 and NOX will react with water, oxygen, and oxidants to form a 

variety of acidic compounds.  Wet deposition occurs when the chemicals reach the 

ground through precipitation (rain, snow, sleet, or fog).  Dry deposition will occur when 

chemicals fall to the ground after attaching to dust or smoke particles.  Acidic molecules 

can travel hundreds of miles before deposition. 

 

�Sensitive ecological receptors� are areas where acid deposition causes ecological harm.  

Notable areas include: lakes in the Appalachian Mountains and Adirondack Park; forests 

in the Appalachian Mountains, Colorado Front Range, and western coastal mountain 

ranges; and many east and gulf coast estuaries and coastal waters (NAPAP 2005).  In 

these regions, deposition can lead to the acidification of surface waters.  In the 1980s, 

acid deposition was found to be the dominant source of acidification in 75 percent of 

acidic lakes and 50 percent of acidic streams in the US. Further, this condition was found 

to lead to a loss of sensitive fish populations in waters unable to absorb the acidic 

deposition (NAPAP 1991).  Deposition also impacts forest ecosystems as sulfates and 

nitrates can (1) leach nutrient base cations from foliage and soils and (2) mobilize 

naturally occurring aluminum, which interferes with nutrient uptake in the roots (NAPAP 
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2005).  Environmental impacts of SO2 and NOX emissions were the primary focus of 

Title IV of the 1990 CAAA. 

 

Since the passage of the legislation, public health issues have also become a prominent 

concern.  In the presence of sunlight, NOX will react with volatile organic compounds to 

produce ozone (O3).  An EPA (2005c) survey of relevant literature links ozone in the 

troposphere2 to a variety of respiratory problems requiring hospital visits and absences 

from school.  Recent research even finds an association between short-term changes in 

ozone and mortality in urban settings (Bell et al. 2004).  In addition to public health 

concerns, tropospheric ozone has chronic toxic effects on plants and acute toxic effects 

on the leaves of plants.  Coupled with the depleted nutrient and aluminum mobilization 

mentioned earlier, elevated levels of ozone will cause trees to become more susceptible to 

drought, temperature extremes, and diseases (Winner 1994). 

 

SO2 and NOX emissions are also precursors to another criteria pollutant � particulate 

matter (PM).  In the atmosphere, the molecules will react with other compounds to form 

secondary �fine particles.�  This class of PM has a diameter of 2.5 micrometers in 

diameter or smaller (PM2.5), and poses significant health risks as the particles can travel 

deep into the lungs.   A review of literature by the EPA (2005c) finds PM2.5 to have a 

variety of health effects ranging from: premature mortality to morbidity effects including 

respiratory and cardiovascular symptoms resulting in hospital admissions, asthma 

exacerbations, and acute and chronic bronchitis. 

 

The degradation of public goods is a final negative externality of SO2 and NOX 

emissions.  Cultural assets, such as outdoor artwork and historic buildings, are 

susceptible to corrosion from acid deposition.  The unique and irreplaceable nature of 

these items makes their deterioration a cause for concern.  For PM2.5, can also causes 

reduced visibility at sensitive ecological receptors.  For instance, the visibility at many 

national parks � including Shenandoah National Park, Great Smoky Mountains National 

                                                
2 Ozone occurs naturally in the stratosphere where it contributes to climate regulation as a greenhouse gas.  
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Park, and the Grand Canyon National Park � is reduced in part due to PM2.5 originating 

from emissions of SO2 and NOX (NAPAP 2005). 

 
Acid Rain Program 
 
The Acid Rain Program was established under the Title IV of the 1990 CAAA.  The 

program targets fossil-fuel burning power plants and is designed to �achieve 

environmental benefits through reductions in SO2 and NOX emissions; facilitate active 

trading of allowances� to minimize compliance costs, maximize economic efficiency, 

and permit strong economic growth; and promote� energy efficient strategies and 

technologies� (EPA 2006a). 

 

The program departed from a traditional command and control regulatory approach by 

creating a SO2 emission cap-and-trade system.  Facilities are issues a fixed number of 

allowances that may be bought, sold, or banked for future use.  A single allowance 

authorizes a facility to emit one ton of SO2.  While existing units are allocated allowances 

each year, new units must purchase allowances through the program.3  At the end of each 

year, firms have a 60-day grace period to ensure they have acquired enough allowances.  

At the end of this �Allowance Transfer Period,� facilities must surrender one allowance 

for each ton of SO2 emitted.  Firms with insufficient allowances receive a monetary fine 

and reduction in the number of allowances the following year.  

 

Requirements for SO2 emission reductions were implemented in a two phase program.  In 

1995, Phase I required compliance from 263 units, residing at 110 plant.  These units 

were typically higher emitting units over 100 megawatts.  An additional 182 units 

participated in Phase I as part of multi-unit compliance plans.  Throughout Phase I, most 

facilities emitted well below their emission allowances, creating a significant bank of 

allowances to be sold or used at a later date. 

 

Phase II of the program, which took effect in 2000, tightened emission standards for 

Phase I units and established standards for over 2,000 smaller units.  In general, electric 

                                                
3 This was found not to be a substantial barrier to entry (Elleman 2003). 
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utility units serving generators larger than 25 megawatts were required to comply with 

Phase II standards.  In 2004, the EPA issued allowances for 9.5 million tons of SO2 

emissions.  Drawing upon banked allowances, facilities emitted a total of 10.3 million 

tons of SO2 in 2004.  The EPA expects firms to continue to rely on the bank of 6.85 

million allowances that were available in 2005.  This bank is likely to decrease as the SO2 

emissions cap becomes more stringent, eventually reaching 8.95 million tons in 2010 

(EPA 2005a). 

 

The Acid Rain Program was also designed to reduce NOX emissions to 6.1 million tons, 

or 2 million tons below the calculated emissions in the absence of the program in 2000.  

Instead of tradable allowances, the program limits the NOX emission rate in pounds per 

unit of heat input (lb/mmBtu).  The NOX emission rate varies depending on the boiler 

technology and was implemented in two phases.  Phase I, beginning in 1996, required 

boilers impacted by Phase I SO2 standards to limit emissions to 0.50 lbs/mmBtu for dry 

bottom wall-fired units and 0.45 lb/ mm Btu for tangentially-fired units.  In 2000, Phase 

II took effect and impacted 1,046 units.  Earlier in the program, several Phase II units 

took advantage of an �early election� option. These units were required to meet Phase I 

standards in 1997, but would not have to meet stricture stricter Phase II requirements 

until 2008. 

 

NAPAP (2005) describes additional ways a facility complies with NOX requirements:  

• Emission Averaging � a group of boilers are subject to a group NOX limit that 

is calculated at the end of each year.  The group limit must be equal to or less 

the sum of what would be required for individual units. 

• Alternative Emission Limitations (AEL) � After properly installing and 

maintaining NOX emissions technology, a facility can petition for a less 

stringent AEL if they are unable to meet the standard limit. 

These flexible management options have made the program successful at meeting its 

emission goals.  In 2004, NOX emissions were 3.8 million tons of NOX, a reduction of 4 

million tons when the required reduction was only 2 million tons. 
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The environmental and public health outcomes attributable to the Acid Range Program 

range from disappointing to unexpected.  Through the Temporally Integrated Monitoring 

of Ecosystems (TIME) and Long-Term Monitoring (LTM) projects, the EPA has 

monitored a sample of Eastern lakes and streams since the early 1980s.  A study of these 

surface waters found a significant reduction in sulfate concentration, reductions in nitrate 

concentration dependent on location, and a limited reduction in the number of acidic 

lakes and streams (EPA 2003).  These findings, coupled with other studies, have led 

researchers to conclude that reductions in SO2 and NOX emissions stemming from the 

Acid Rain Program are insufficient to achieve a full recovery in some ecosystems 

(NAPAP 2005).  The disappointing environmental assessment is countered with health 

benefits that where unexpected during the design of the program.  Public health benefits, 

originating from reductions in PM2.5 levels, are expected to exceed $10 billion in 2010 

(Chestnut and Mills 2005). 

 

Mercury 
 
In addition to emitting SO2 and NOX, coal-fired power plants are the primary 

anthropogenic source of mercury in the US (EPA 1998).  The element can be released in 

a variety in forms including: elemental mercury (Hg0), mercury chloride (HgCl2), 

mercury oxide (HgO), mercury sulfate (HgSO4), mercuric nitrate [(Hg(NO3)2], and 

several other compounds (Kilgroe and Senior 2003).   The mercury in these compounds 

can be categorized into three groups: elemental mercury (Hg0), oxidized mercury (Hg2+), 

and particulate bound mercury (Hgp).   

 

The combustion of coal, which contains trace amounts of mercury (~0.1 ppm on 

average), will only produce elemental mercury.  This elemental species is oxidized into 

Hg2+ through homogenous (gas-gas) and heterogeneous (gas-solid) reactions.  The 

primary homogenous reaction occurs when the thermodynamic equilibrium of cooling 

gases shifts to favor of HgCl2.  As a result, the homogenous oxidation of mercury is slow 

and highly dependent on the amount of chlorine present (Livengood et al. 2004).  

Oxidation through the heterogeneous processes is more complex, but involves the 
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availability of surfaces, such as fly ash or unburned carbon, that have electrophyllic 

groups that attract the electron-rich elemental mercury (EPA 2005b). 

 
Mercury speciation in flue gas will influences the amount of mercury capture that occurs 

as a co-benefit of other air pollution control technologies.  In this context, �co-benefit� 

refers to the amount of mercury captured without adding mercury-specific control 

technology or management practices.  For example, technology controls designed to 

capture SO2 and NOx emissions � such as flue gas desulfurization (FGS) and selective 

catalytic reduction (SCR) � will also capture oxidized mercury.  Other practices, such as 

cleaning coal to reduce SO2 emissions, will also reduce mercury emissions (EPA 1998).  

The mercury co-benefit derived from these control technologies and management 

practices will vary and depend on a complex array of factors including coal composition, 

presence of air pollution control technologies, and boiler operations (which can alter 

levels of fly ash and unburned carbon).4 

 
Designated as a hazardous air pollutant by the EPA, mercury capture reduces the 

environmental and public exposure to this toxic element.  Once airborne, elemental 

mercury will be transported significant distances as it is not susceptible to deposition.  

Conversely, oxidized and particulate bound mercury are prone to wet and dry deposition 

and are likely to be deposited locally (EPA 1997).  After atmospheric removal, oxidized 

and particulate mercury can enter aquatic environments where they may be transformed 

by microorganisms into methylmercury (Guimaraes et al. 2000).  This compound 

bioaccumlates in organisms in the lower regions of the aquatic food chain, such as fish.  

Moving upward in trophic levels of the food chain, the toxic biomagnifies and its 

presence has been found in bald eagles and Florida panthers (EPA 1997). Further, EPA 

findings suggest wildlife exposed to methlymercury experience increased mortality, 

reduced fertility, and slower growth. 

 

                                                
4 For a detailed discussion of mercury chemistry and control technologies see Kilgroe and Senior (2003), 
Feeley et al. (2003), (Livengood et al. 2004), EPA (2005b), Feeley et al. (2005), and Srivastava et al. 
(2006). 
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Public health concerns also arise from methylmercury.  The National Academy of 

Sciences concluded methylmercury in a mother�s womb, even at low levels, can be a 

neurotoxin to the fetus (National Research Council 2000).  Trasande et al. (2005) 

estimate that each year 316,000 to 637,000 children are exposed to elevated levels of 

methylmercury in the womb.  The loss of productivity, calculated through reduced 

intelligence, has been estimated to amount to $8.7 billion each year.  After birth 

methylmercury remains a concern as it can also cause impairment of neurological 

development in young children (EPA 1997).  With primary exposure linked to consuming 

contaminated fish, 44 states had established fish advisories by 2004. 

 

Purpose of Study 
 
The purpose of this study is to estimate the mercury capture in North Carolina that 

occurred as a co-benefit of Phase II of the Acid Rain Program.  North Carolina has been 

chosen as a study site because of the 2004 Clean Smokestack Act (CSA).  Departing from 

the federal system of cap-and-trade regulations (CAIR and CAMR), the CSA requires 

coal-fired power plants in North Carolina to achieve physical reductions in SO2 and NOx 

emissions, which cannot be substituted for with the purchase of allowances.  The General 

Assembly was also interested in reducing mercury emissions, but did not promulgate 

specific regulations.  The legislative body noted in Section 12 of the CSA that �measures 

implemented to achieve the reductions in emissions of oxides of nitrogen (NOx) and 

sulfur dioxide (SO2)� will also result in significant reductions in the emissions of 

mercury from coal-fired generating units.�   

 

This research will be valuable to relevant stakeholders for two reasons.  First, the study 

examines a multi-pollutant strategy that is comparable to recent federal regulations 

(CAIR and CAMR) and state legislation (CSA).  This is valuable because research on 

mercury capture as a co-benefit has been focused on the technological process and this 

will be first study to assess the impact a program level.  Second, this study will 

incorporate exogenous factors, such as management decisions, that are also absent from 

the technological studies. 
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METHODOLOGY 
 
The research employed regression analysis to estimate mercury capture in North Carolina 

following Phase II of the Acid Rain Program.  Emissions from 14 coal-fired power plants 

in North Carolina were examined from 1997 to 2003.  This timeframe was chosen 

because mercury emission data is incredibly poor prior to 1997 and several plants began 

using natural gas combustion boilers in 2004.  The survey includes seven plants owned 

and operated by Duke Power (Allen, Bellows Creek, Buck, Cliffside, Dan River, 

Marshall, and Riverbend) and seven plants owned and operated by Progress Energy 

(Ashville, Cape Fear, Lee, Mayo, Roxboro, LV Sutton, and Weatherspoon).  The analysis 

was conducted in Stata, a statistical software package.  

 

The dependent variable in the regression is annual mercury emissions (in pounds) for 

each facility.  Mercury emission data was collected from two sources: the Toxic Release 

Inventory (TRI) and the NC Division of Air Quality (NC DAQ).   The majority of 

mercury emission data was collected from NC DAQ.  While the TRI was used to 

supplement missing NC DAQ from 2000-2003, it was unable to fill several omissions in 

1998 and 1999.  During these years, facilities were not required to report mercury 

emissions to the state.  Also during this time period, the TRI had a higher reporting 

threshold for mercury, resulting in low levels of reporting. The key independent variable 

or �treatment� in this study will be the presence of Phase II requirements from the Acid 

Rain Program.  This condition was coded as a binary variable in the analysis. 

 

Several covariates for the analysis were obtained from the Clean Air Markets database 

which is maintained by the EPA.  The number of boilers for each facility was chosen 

because a larger number of boilers could provide more operational options when 

attempting to meet emission standards.  The hours of operation for each boiler was 

extracted and aggregated for each facility.  Boiler technology present in this study 

include: dry bottom wall-fired, cell burner, tangentially fired, and combustion turbines.  

Since a variety of boiler technology could offer greater management options, the number 

of boiler types at each facility is also included. 
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The Clean Air Markets database also records whether a facility participated in the early 

election option when meeting NOx regulations.  This covariate was recorded as a binary 

variable in the analysis.  A final covariate extracted from the database is the gross load or 

output per facility measured in megawatt hours.  

 

Two other variables were important for this analysis.  Several counties in North Carolina 

established an Ozone Early Action Compact with the EPA to address concerns over 8-

hour ozone attainment designations.  While the agreement was reached in December 

2002, it is likely coal-fired power plants in these counties had begun to adopt strategies to 

address the compact.  Consequently, the four facilities residing in counties adhering to 

the Early Action Compact were designated with a binary variable.  The final variable was 

a binary designation on Duke Energy facilities to account for potential differences in 

management between companies.    

 

The results of the regression analysis will be presented in terms of average level of 

reduction per facility, as opposed to a percent reduction.  This strategy has been chosen 

since this type of reporting could be more useful in terms of assessing public health risks 

and benefits.  Consequently, the regression analysis can be depicted by the following 

equation: 

 

itiititit

ittiittit

CompanyActOzoneEarlyGrossLoadectionNOxEarlyEl
BiolerTechHoursOpersNumberBoilPhaseIIMercury

εββββ
βββββ

++++
+++++=

8765

43210  

where i represents the individual plant, t represents time, and ε is an error term. 
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RESULTS 
 
To accurately evaluate a policy reflective of a multi-pollutant strategy, this study needed 

to confirm the Acid Rain program achieved its intended goal of lowering SO2 and NOX 

emissions.  Therefore, a regression analysis was first conducted on SO2 and NOX 

emissions.  The results � displayed in Figure 1 � indicate the program was effective in 

North Carolina coal-fired power plants.   During Phase II years, the average SO2 emission 

was 5,722 pounds less compared to Phase I years, holding all other variables constant.  

Similarly, the average NOX emission was 8,690 pounds less in Phase II years compared 

to Phase I years, holding all other variables constant. 

 

Two interesting points should be noted in the SO2 and NOX data.  First, early adoption 

NOX standards reduced the average facility emissions of not only NOX, but SO2 as well.  

Operational practices curtailing emissions of both pollutants are likely responsible for 

this effect.  The second point worth highlighting is that facilities in counties agreeing to 

the ozone early compact produced more SO2 than their counterpoints and these 

differences are statistically significant.  These facilities also produced more NOX, but the 

difference was not statistically significant (p=0.262).  The elevated level of emissions is 

most likely due to the larger North Carolina power plants residing in counties agreeing to 

the ozone early compact. 

 

Having established that these methods can be used to demonstrate Phase II�s effects on 

regulated emissions, I then employ the same methods to examine the impacts on mercury.  

The regression analysis for mercury emissions produced four statistically significant 

variables.  Phase II of the acid rain program was found to decrease annual mercury 

emissions by an average of 208 pounds, holding all other variables constant.  While a 

valuable finding, this figure can be deceptive because some North Carolina facilities had 

annual mercury emission less than 200 pounds during Phase I.  Table 2 presents the 

average annual mercury emission for the two phases for each coal-fired power plant.  

Statewide, the average annual mercury emission decreased 48 percent between Phase I 

and Phase II.  With increases in emissions, the Cape Fear and Mayo facilities are clear 
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anomalies.  Limited Phase I data for both of these facilities may contribute to the 

discrepancy.   

 

Returning to Table 1, the other variables found significant in the mercury analysis are 

gross load, county participation in the ozone early action compact, and hours of 

operation.  The positive and significant coefficients found on the gross load and hours of 

operation are logical � increases in production and operation will produce additional 

mercury emissions.  The significance of the early ozone compact variable may reflect that 

some of the largest mercury emitters (i.e. Belews Creek and Marshall) reside in these 

counties.  

 
Table 1. Regression results for annual North Carolina pollutants (in pounds), 1997-2003. 

Variable SO2  NOx  Mercury   

Phase II -5,722** 
(1,824) 

-8,690** 
(2,039) 

-208.4** 
(40.5) 

Gross Load 
(MWh) 

3.54x10-3** 
(4.40x10-4) 

1.12x10-3** 
(3.61x10-4) 

2.83x10-5** 

(1.04x10-5) 

Company 
(Duke Energy) 

20,283** 
(5,699) 

39,311** 
(9,340) 

258.3 
(-157.0) 

NOx Early 
Election 

-23,728** 
(6,118) 

-41,421** 
(9,504) 

-292.1 
(167.0) 

Ozone Early 
Action Compact 

8,266** 
(2,036) 

1,985 
(1,756) 

81.9* 
(36.0) 

Number of 
Boilers 

-2,622* 
(1,098) 

-726 
(688) 

-10.7 
(16.7) 

Hours of 
Operation 

2.12** 
(0.195) 

0.728** 
(0.181) 

0.190* 
(.0037) 

Number of 
Boiler Types 

1,189 
(2,496) 

1,531 
(1,879) 

11.0 
(52.5) 

Constant -21,275** 
(3,003) 

-5,193 
(2,761) 

-158.7 
(80.2) 

Observations 91 91 84 
R2 0.946 0.811 0.814 

Significance: ** p < 1%;  * p < 5 % 
Standard errors for coefficients appear in parenthesis. 
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Table 2. Percent change in average annual mercury emissions by facility. 

Average Annual Mercury 
Emissions (in pounds) 

Facility 
Phase I 

(1997-1999) 
Phase II 

(2000-2003) 
Percent 
Change 

Asheville 171.0 129.5 -24% 

Cape Fear 49.0 87.5 79% 

Lee  117.5 102.3 -13% 

LV Sutton 195.0 132.0 -32% 

Mayo 150.0 244.5 63% 

Roxboro 1114.0 683.3 -39% 

Weatherspoon 54.3 36.3 -33% 

Progress Energy 299.2 202.2 -32% 

Belews Creek 1118.7 474.8 -58% 

Buck 136.8 96.3 -30% 

Cliffside 296.0 147.5 -50% 

Dan River 83.0 38.3 -54% 

Allen 428.0 220.8 -48% 

Marshall 1023.7 495.5 -52% 

Riverbend 145.2 118.5 -18% 

Duke Energy 537.8 227.4 -58% 

North Carolina 414.9 214.8 -48% 
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DISCUSSION 
 
This section further analyses the results and discusses their scientific and policy 

implications.  The section also addresses possible limitations of the study. 

 
Analysis 
 
The results clearly indicate Phase II of the Acid Rain Program resulted in emission 

reductions of target pollutants � SO2 and NOX.  An unintended co-benefit of the program 

was the significant reduction in mercury emissions.  Mercury emissions from North 

Carolina coal-fired power plants fell nearly 50 percent.  A partial regression analysis 

found that Phase II accounts for 8.6 percent of the variation in mercury emissions.  Only 

the hours of operation variable accounted for more variation at 10.1 percent.  These 

results imply that changes in facility operations, intended to reduce SO2 and NOX 

emissions, also decreased mercury emissions.  For instance, improving the operational 

efficiency of a boiler unit could result in reductions in all three pollutants. 

 

A comparison of Duke Energy and Progress Energy reveals an interesting dynamic.  With 

two facilities emitting large amounts of mercury, Duke Energy displays a higher average 

annual mercury emission during Phase I years relative to Progress Energy (Table 2).  

With its elevated starting point, Duke Energy managed a larger percent reduction relative 

to Progress Energy.  However, the regression analysis found that, relative to its 

competitor,  Duke Energy facilities emitted an annual average of 157 pounds (p=0.026) 

more mercury during Phase II years, holding all other variables constant.  In other words, 

even though Duke Energy managed to greatly reduce mercury emissions, their facilities 

still emitted on average more mercury than Progress Energy facilities during Phase II 

years. 

 
Implications 
 
The results have significant scientific and health-related implications.  The observed 

emission reductions should result in a corresponding decrease in the deposition of 

oxidized and particulate bound mercury in North Carolina.  In turn, this should result in a 

reduction of methylmecury in aquatic environments, leading to a decrease in the rate of 
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bioaccumulation and biomagnification.  Declining levels of methylmercury in fish would 

reduce the public health risk associated with this chemical.  A reduction in this compound 

would benefit women of childbearing age, pregnant women, nursing women, and 

children less than 15 years of age.  Reducing the exposure of infants and young children 

to methylmercury could mitigate losses in intelligence and productivity.  However, even 

with this optimistic outlook, existing methylmercury in North Carolina�s environment 

may prolong the amount of time needed before methylmercury levels in fish decline; 

thereby delaying the anticipated public health benefits.  

 
The study also offers valuable insight into the effectiveness of multi-pollutant strategies.  

As noted, reducing mercury emissions was not the intent of the Acid Rain Program.  

Regardless, the management strategies to reduce SO2 and NOX emissions also lowered 

the release of mercury at no additional cost to facilities.  The CAIR and CAMR were 

designed to compliment each other in a similar fashion.  The findings of this study 

suggest these policies have the potential to be highly effective.  In North Carolina, the 

CSA is also likely to result in mercury capture as anticipated.  However, the mercury 

reduction associated with Phase II of the Clean Air Act dramatically lowered mercury 

emissions in North Carolina.  Less mercury is available for capture, meaning future 

multi-pollutant strategies may produce smaller reductions � both in absolute and percent 

terms � than found in this study. 

 
Limitations 
 
This study has two potential limitations that should be addressed in conjunction with this 

discussion.  The first cause for concern is the relatively small sample consisting of 14 

power plants.  The small sample of facilities is configured with a short timeframe � a 

study period of 7 years.  Such a small sample size could have led to Type II error, where 

treatment effects are true, but not evident because of the small sample size.  This does not 

appear evident since the regression analyses produced relatively high R-squared values 

and several statistically significant variables.  

 
Omitted variable bias is a second concern and possible limitation of this study. I would 

like to have included annual compliance and inspection data for each facility.  The 
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rational being a facility experiencing several inspections or violations early in the study 

would become more vigilant in their operations over time.  This shift in management 

priorities could result in emissions reductions.  Even though this type of data was 

unavailable, this omission should be a minor cause for concern.  The relatively high R-

squared values indicate the model accounts for the majority of the variation. 
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CONCLUSION 
 
This study found reductions in mercury emissions as a co-benefit of Phase II of the Acid 

Rain Program.  Holding other variables constant, facilities on average emitted 208 fewer 

pounds of mercury during Phase II years.  While Duke Energy reduced emissions, by a 

greater percentage compared to Progress Energy, the company still emitted more mercury 

in absolute quantities. Eventually reductions in mercury emissions could result in lower 

levels of methylmerury in fish, thereby reducing the human health risk associated with 

fish consumption.  Finally, these findings offer encouragement for new mutli-pollutant 

strategies, but future reductions are likely to be less dramatic since a significant portion 

of mercury has already been captured. 
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