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Abstract 

Background: Electricity generated by coal represents the second-largest contribution to the 
United States energy portfolio. Resulting emissions, such as sulfur dioxide (SO2) can lead to 
various adverse health impacts. Research Question: The goal of this study was to evaluate how 
SO2 scrubber installation affected SO2 emissions from electricity generating units (EGUs). EGU 
characteristics were analyzed to determine what led EGUs to install scrubbers and the types of 
scrubbers that were installed.  Methods: EPA Air Markets Program Data was analyzed to 
compare emissions from EGUs that installed SO2 scrubbers between 1995-2015, to EGUs that 
had no scrubbers. We evaluated emissions changes from three years before to three years of post-
scrubber installation. The HYSPLIT Average Dispersion metric model was used to map 
exposure concentration a year post scrubber installation.  Results: SO2 emissions three years 
post-installation were 10% the levels of three years before installation. Locations in the eastern 
United States experienced the most significant reduction in exposure from coal EGUs. Wet 
Limestone scrubbers were installed most frequently contributing to the significant decrease. 
Discussion: The most extensive and highest emitting EGUs installed scrubbers and some of the 
best scrubber technology. Finding incentives to increase scrubber installation in lower generating 
EGUs is critical moving forward.  
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Introduction  

Electricity Generating Units Emissions 
Coal power plants are the second-largest contributor to the United States electricity 

supply, with 1,146 billion kWh produced equating to 27.4% of the energy generated in 2018 

(EIA, 2019). The emissions from coal electricity generating units (EGUs) include sulfur dioxide 

(SO2), particulate matter (PM), nitrogen oxides (NOx), mercury, lead, benzene, and carbon 

dioxide (CO2) (Casey et al., 2018). Ambient air pollutants are associated with adverse health 

effects, with air pollution leading to seven million premature deaths per year worldwide (WHO, 

2014). Specifically, acute exposure from SO2 can cause breathing difficulties, wheezing, chest 

tightness, shortness of breath, and increase in respiratory symptoms (EPA, 2015). Long-term 

exposure can increase non-accidental total mortality, as well as cause-specific mortality from 

respiratory diseases such as chronic obstructive pulmonary disease and cardiovascular diseases 

such as acute myocardial infarction (Amancio & Nascimento, 2012; Gouveia, de Freitas, 

Martins, & Marcilio, 2006).    

SO2 Emissions Regulation  

The passage of the Clean Air Act of 1970 (CAA) was a significant step in managing 

emissions from EGUs. The Act established federal and state regulations to limit emissions from 

stationary and mobile sources, with the establishment of the National Ambient Air Quality 

Standards (NAAQS) (EPA, 2017). The 1990 amendments of the CAA established additional 

regulation for these facilities. The Acid Rain Program (ARP) required the reduction of emissions 

from SO2 and NOx to decrease the occurrence of acid rain (EPA, 2018b). Specifically, a cap and 

trade program was established for SO2 (EPA, 2018b). EGUs had to reduce emissions through 

systems such as installing scrubbers, shifting to alternative fuel methods, or purchasing pollution 

credits from other facilities to cover their emissions.   

Scrubbers reduce EGU emissions by converting the pollutants to safe byproducts 

(Buecker, 2009). The main types of scrubbers are wet flue gas desulfurization (FGD) and dry 

scrubbers (Hutson, Krzyzynska, & Srivastava, 2008). The average emissions reduction from all 

SO2 scrubbers is 74% (Hansen, 2015), with wet scrubbers being the most efficient (capable of 

achieving greater than 90% emissions reduction) (EPA, 2003). As of 2005, approximately one-
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third of the US coal EGUs were using a type of FGD technology (Hutson et al., 2008). Eighty-

six percent of those facilities were using a wet scrubber, with wet limestone comprising 70% of 

the wet scrubbers (Hutson et al., 2008).   

Impact of Policies 

Researchers have been conducting studies to assess the effect policies have on coal EGU 

emissions, population exposure, and the resulting health effects. EPA’s ARP and 2005 Clean Air 

Interstate Rule (CAIR), later revised as the 2011 Cross-State Air Pollution Rule (CSAPR), has 

required significant emissions reduction of SO2 (EPA, 2018). The two rules combine to decrease 

acid rain and downstate pollution (EPA, 2018). CSAPR requires 28 states and the District of 

Columbia in the eastern half of the United States to reduce SO2 and NOx emissions from EGU 

(TQEQ, 2019). States can either participate in EPA's administered cap and trade program or 

address the emissions reductions through state efforts (TCEQ, 2019). SO2 emissions have 

significantly decreased, and acid rain dropped as a result of ARP implementation (EPA, 2018b) 

and CSAPR. By 2010, the SO2 cap was 8.95 million tons, roughly half of 1980 emissions (EPA, 

2018b).  

Between 2005 and 2012, governmental policies were responsible for a 65% reduction in 

SO2 emissions in the US (Henneman, Choirat, & Zigler, 2019). Henneman et al. (2019), used the 

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) average dispersion metric 

model (HyADS) to identify the environmental transport of emissions in each ZIP code from 

EGUs. Their goal was to identify how specific policies impact various communities (Henneman 

et al., 2019). HyADS models use "air parcel trajectories, as well as complex transport, 

dispersion, transport, chemical transformation, and deposition simulations" (NOAA, 2018). They 

found that rates for cardiovascular and respiratory health impacts decreased in the study location, 

as emissions from HyADS coal EGUs were reduced by 69% (Henneman et al., 2019).  

Studies have shown that scrubbers are effective in reducing SO2 emissions. However, the 

studies do not necessarily describe which type of EGUs install them, locations, type of scrubbers 

that are installed, and the communities that are benefiting from the installation. In this analysis, 

we used EPA's Air Market Program Data (AMPD) (EPA, 2018a), which provided site-specific 

emissions data from 1995 to 2015, to evaluate how coal emissions change post-installation of 

SO2 scrubber and the resulting changes emission exposure by location using HyADS. 
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Additionally, we evaluated EGU characteristics to attempt to determine what led the EGUs to 

install scrubbers and the types of scrubbers that were installed. 

Methods 

Identifying Electricity Generating Units 

The AMPD was used to identify coal EGUs by the year and month when scrubbers were 

installed at the plant. The dataset included 80 characteristics for 1,371 EGUs across 43 US states. 

For each EGU that installed a scrubber, we identified the date of installation. We obtained the 

EGU's SO2 emissions for the date of scrubber installation, one, two, and three years prior, as well 

as one, two, and three years after the installation. The location of the every EGUs was mapped 

using the ggplot function in R from the latitude and longitude data in AMPD. EGUs that 

installed an SO2 scrubber also had the installation dated mapped by year of installation.  

Exposure 

Exposure was defined as SO2 emissions from coal EGUs. The mean SO2 emissions for 

three years before the installation date to three years post-installation were evaluated to observe 

the effect scrubbers had on emissions. Changes in the EGU characteristics: heat input, gross 

load, and operating time, were also observed to identify how SO2 scrubber installation affected 

those variables. The emissions factor, 𝐸𝐸𝐸𝐸: 

𝐸𝐸𝐸𝐸 = 𝐸𝐸/𝐴𝐴 

where, 𝐸𝐸 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, 𝐴𝐴 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎 𝑟𝑟𝑎𝑎𝑎𝑎𝑒𝑒, is a value that relates the emissions of a pollutant 

with an associated activity (Cheremisinoff, 2011), was graphed to observed how SO2 were 

associated with heat input. The change in emissions factor is a direct linear relationship 

emissions.  

HyADS Air Dispersion Model 
 HyADS was used to model the environmental fate of the emissions for each EGU with a 

new scrubber installation to evaluate the change in exposure by location. The “hyspdisp” 

package from Henneman and Choirat (2018), was used to run HyADS model. In the vignette, the 

SplitR package simulated the dispersion of emitted air parcels, approximately a cubic foot of 
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atmospheric air (Department of the Army, the Air Force, and the Marine Corps, 1986). The 

dispersion of 100 air parcels emitted was simulated for daily six-hour periods over the year 

following scrubber installation. A grid (0.19°x0.19°) was used to sum the monthly location of the 

air parcels (Henneman et al., 2019). Each grid cell was comprised of the number of parcels per 

volume, a nominal value of the area as one, with the monthly boundary layer serving as height 

(Henneman et al., 2019). The grid of concentrations was placed over the corresponding ZIP 

codes over the year (Henneman et al., 2019). The grid concentration placement was done by 

using the command sp R package, after the location of emissions by EGU was identified by ZIP 

code (Henneman, 2019).  

 Population relative coal exposure was determined based on the unitless concentration 

metric, which links coal EGUs with particle concentrations in a given ZIP code (Henneman, 

2019). The transfer coefficient matrix (TCM) is a source receptor matrix (Henneman, 2019). The 

HyADS TCM denoted as  𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖,𝑗𝑗,𝑡𝑡
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 presents the numerical value for pollution transport from 

each EGU (j) to each ZIP code (i) during a month (t). Annual HyADS exposure, 𝐸𝐸𝑖𝑖,𝑗𝑗
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 , from 

an individual EGU was calculated from: 

𝐸𝐸𝑖𝑖,𝑗𝑗
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = � 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡,𝑗𝑗

12

𝑡𝑡=1
 ×  𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖,𝑗𝑗,𝑡𝑡

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻     

(1) 

Where 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡,𝑗𝑗 is the monthly SO2 emissions from EGU unit j (Henneman et al., 2019). 

Total exposure from all EGUs, 𝐸𝐸𝑖𝑖
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 , at each location i is calculated by:  

𝐸𝐸𝑖𝑖
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = �𝐸𝐸𝑖𝑖,𝑗𝑗

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐽𝐽

𝑗𝑗=1

  

(2) 

With J equating to the total number of sources (Henneman et al., 2019). The outputs from 

𝐸𝐸𝑖𝑖,𝑗𝑗
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, and 𝐸𝐸𝑖𝑖

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 are known as the HyADS relative coal exposure, which represents an 

estimated amount of an area’s overall exposure to emissions (Henneman et al., 2019). HyADS, 

aggregates emissions together, such as SO2, NOx, and PM, and does not represent one specific 

estimate of a pollutant concentration (Henneman, 2018). We separated the EGUs that installed 
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scrubbers by year and used the resulting HyADS relative coal exposure from the years 2005, 

2006, 2011, and 2012, to map the exposure concentrations that those facilities produced. 

Statistical Analysis 

We conducted analyses for EGUs that installed scrubbers, using the average 

characteristics throughout the 21 years between 1995-2015. These EGUs were compared to 

EGUs that never installed scrubbers. Scrubber installation was broken up into three five-year 

periods (1995-1999, 2000-2004, 2005-2009), and one six-year period (2010-2015) to assess the 

number of installations by each period and any resulting differences in EGU characteristics. The 

mean for SO2 emissions, heat input, gross load, and operating time we calculated for each group. 

The type of installed scrubber was sorted from the AMPD. Installations by scrubber type were 

broken out by year and type and summed to find the total in each category. 

The mean SO2 emissions, heat input, and operating time were calculated the year of 

scrubber installation, and one to three years before and after installation, to observe any effects 

installation could have on these characteristics. EGU characteristics were plotted on the year line 

graph that covers three years before and after scrubber installation to visually depict the resulting 

changes.    

We evaluated the HyADS relative coal exposure values from EGUs that installed 

scrubbers. EGUs that installed scrubbers during the years 2004, 2005, 2010, and 2011 were 

selected to model the areas that were affected in the year following installation.  The annual 

values for all EGUs emissions at each ZIP code location were summed to determine the total 

amount of HyADS at each location during the year. The resulting annual ZIP code exposures 

were mapped to show the overall HyADS exposure from the EGUs that installed scrubbers. 

States and regions with the most substantial HyADS exposure were identified to show the areas 

that had the highest number and largest emitting EGUs with new scrubber installations. Mapping 

exposure can allow us to gather the areas that will benefit from emissions reductions from the 

scrubbers.  

Results 
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Locations of Coal EGUs that Installed SO2 Scrubber 

The AMPD database contained 1,371 coal EGUs (Figure 1). There were 537 facilities 

locations in the AMPD. A signal point still represents facilities that had more than one EGU on 

the map.   

Figure 1: Coal EGUs in the United States between 1995-2015 

 

Between 1995 and 2015, 285 EGUs installed SO2 scrubbers (Figure 2). EGUs in 36 of the 43 

states in the AMPD installed at least one SO2 scrubber. The states that installed the most 

scrubbers were Ohio (26), Indiana (23), North Carolina (22), Virginia (22), and Illinois (15).  

Figure 2: Coal EGUs SO2 Scrubber Installation by Year 
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Distributions of SO2 emissions, heat input, operating time, and gross load are presented for all 

EGUs, scrubber status, and year of installation are in Table 1. 

Table 1: EGU Characteristics 

 EGU Characteristics 
   Scrubber Status Year of Installation 
  All No Yes 1995-2015 1995-99 2000-04 2005-09 2010-15 
N  1,371 778 5931 285 22 15 140 108 

SO2 (tons) Min 0 0.001 0.001 0.001 57.45 68.52 0.228 0.066 
 Max 19,100.3

3 
19,100.33 11,297.72 19,100.33 4,118.45 3,375.57 5,724.17 11,297.72 

 Mean 
(sd) 

719.64 
(988.34) 

878.82 
(1,110.24) 

356.13 
(503.14) 

1,161.963 

(1,449.52) 
970.874 

(1,047.31) 
825.72 
(1,096.66) 

510.83 
(829.46) 

539.95 
(1,575.00) 

 Median 
(IQR) 

369.30 
(788.4) 

507.72 
(919.67) 

160.84 
(373.41) 

691.64 
(1,433.22) 

666.11 
(899.56) 

288.27 
(695.38) 

197.88 
(523.42) 

146.96 
(398.72) 

Heat 
input (106 

MMBtu) 

Min 04 0 0 0.0017 3.50 1.38 0.10 0.0017 

 Max  18.50 18.50 13.51 12.50 7.06 4.96 6.83 6.00 
 Mean 

(sd) 
1.59 
(1.59) 

1.47 
(1.39) 

2.21 
(1.83) 

2.28 
(1.67) 

2.66 
(1.87) 

1.85 
(1.71) 

1.65 
(1.40) 

1.88  
(1.47) 

 Median 
(IQR) 

1.97 
(2.07) 

7.59 
(1.49) 
 

1.78 
(1.62) 

1.91 
(2.47) 

2.36 
(2.20) 

8.07 
(3.51) 

1.29 
(2.08) 

1.40 
(2.16) 

Operating 
Time 
(Hrs) 

Min 0 0 0 0 379 168.04 0 0 

 Max 745 745 744 745 744 744 744 744 
 Mean 

(sd) 
567.1 
(235.79) 

554.1 
(243.65) 

596.8 
(213.93) 

595.57 
(210.88) 

652.89 
(112.47) 

623.25 
(178.87) 

563.875 
(257.58) 

442.73 
(272.06) 

 Median 
(IQR) 

675.4 
(220.8) 

672 
(256) 

693.6 
(162.2) 

687.55 
(167.18) 

694.25 
(84.94) 

623.25 
(216.11) 

563.88 
(445.20) 

528.84 
(508.81) 

Gross 
Load 
(GW/h) 

Min 0 0 0 0 26,217 18,937 0 0 

 Max 1,263.72 1,024.06 1,263.72 1,044.45 545.88 510.53 678.80 58,223.32 
 Mean 

(sd) 
179.35 
(168.63) 

146.94 
(147.41) 

254.03 
(189.46) 

242.33 
(175.82) 

245.39 
(151.85) 

205.90 
(163.71) 

177.04 
(146.06) 

177.08 
(147.13) 

 Median 
(IQR) 

116.53 
(232.97) 

91.24 
(162.07) 

223.37 
(277.96) 

204.63 
(262.12) 

240.65 
(228.18) 

189.16 
(315.03) 

142.63 
(218.26) 

133.98 
(226.10) 

1”Yes" scrubber group includes an additional 308 EGUs that installed a scrubber before 1995. The emissions for the "Yes" group 
post-installation emissions. 
2Emissions for 1995-2015 are mean emissions over the study period, which includes emissions prior and post-installation. 
3Emissions for 1995-99, 2000-04, 2005-09, and 2010-15 groups are the emissions calculated during the month following 
installation.   
4Excluded the value -3,662.1 MMBtu from Heat Input since energy cannot be negative. 
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 The period between 2005-2009 experienced the highest number of SO2 scrubber 

installation with 140. The EGUs that installed scrubbers between 1995-2015 had higher average 

SO2 emissions at 1,161.96 tons (1,449.52) compared to 878.82 tons (1,100.24 ), operated more 

with a mean rate of 595.57 hrs (210.88) compared to a rate of 554.10 hr (243.65), had a higher 

gross load at 242.33 GW/h (175.82) compared to 146.94 GW/h (147.41), and higher heat input 

2.28*106 MMBtu (1.67) compared to 1.47*106 MMBtu (1.39) in the no scrubber group.  We 

excluded missing data when evaluating the characteristics.  

Table 2: SO2 Scrubber Installation by Type and Year 

Scrubber Installation by Year and Type 

Year Dry Lime 
FGD 

Dry 
Sorbent 
Injection 

Fluidized 
Bed 
Limestone 
Injection 

Sodium 
Based 

Wet Lime 
FGD 

Wet 
Limestone 

Other Total 

1995     1 6  7 
1996      2  2 
1997      1  1 
1998 1   1  5  7 
1999 2     3  5 
2000      1  1 
2001 1     4  5 
2002 2   1  3  6 
2003   2 1    3 
2004        0 
2005    5 4  1 10 
2006   1  4 2  7 
2007 3    6 16 1 26 
2008 18   1 18 13 1 51 
2009 3    25 18  46 
2010 5 2   10 27  44 
2011 2  1 1 11 4  19 
2012 3   1 5 5  14 
2013  2   8 2  12 
2014 10 4   1 3  18 
2015  1      1 
Total 50 9 4 11 93 115 3 285 
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There were seven types of scrubbers installed between 1995 and 2015. The types of 

scrubbers installed were dry lime FGD, dry sorbent injection, fluidized bed limestone, sodium-

based, wet lime FGD, wet limestone, and other. Wet limestone was installed the most with 115 

installations, wet lime FGD had 93 installations, and there were 50 dry lime FGD installations. 

Two hundred and twelve of the 285 installed SO2 scrubbers were wet or fluidized.   

SO2 Emissions Pre- and Post- Scrubber Installation 

The characteristics of EGUs – SO2 emissions, heat input, and operating time, are 

presented for the year of scrubber installation and three years, two years, and one year prior and 

post-installation (Table 3).   

Table 3: EGU Characteristics Prior and Post Installation  

EGU Characteristics Prior and Post Installation (n=285) 
 Before Installation  Post Installation 
 Three Years Two Years One Year Installation One Year Two Years Three Years 

SO2 (tons) 1,658.66 1,627.81 1,543.96 577.58 230.95 187.71 164.28 

Heat Input 
(106*MMBtu) 

2.30 2.28 2.13 1.83 2.29 2.13 2.08 

Operating 
Time (Hrs) 

633.91 632.20 476.17 561.51 591.11 560.47 549.51 

 

Levels of SO2 decreased steadily after scrubber installation down. All characteristics were 

reduced during the year of installation, though various fluctuations occurred in characteristics 

after installation. These patterns are illustrated in Figure 6. 

 

Figure 6: EGU Characteristic Three Years Before and After Scrubber Installation 

SO2 Emissions 
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SO2 emissions decreased between three years prior installation to three years post-

installation. Scrubber installation led to a drop in SO2 tons that was lowered to 164.28 tons three 

years post-installation, approximately 10% of the emissions three years before installation. Heat 

input fluctuated after installation and did not show an overall increase or decrease. Operating 

time fluctuated as well though three years post-installation the mean was 549.51 hours compared 

to 633.91 hours three years before scrubber installation. The emissions factor was analyzed to 

evaluate the relation of emissions to the activity variable heat input. The emissions factor showed 

a decline, as well. Three years before installation, the emissions factor averaged 7.2*10-4 and 

dropped to 7.88 *10-5 . 

 

HyADS Exposure from EGUs that Installed SO2 

 HyADS relative coal exposure values for the years 2005, 2006, 2011, and 2012. Since 

there were no SO2 scrubber installations for the year 2004, we did not map the 2005 HyADS 

exposure from EGUs with new scrubber installations. The HyADS Exposure from EGUs that 

installed scrubbers map is presented for 2006, 2011, and 2012 (Figure 10-12). 

Figure 7: 2006 HyADS Exposure from EGUs that Installed Scrubbers in 20051,2 

 

HyADS exposure is a unitless concentration metric which links coal EGUs with particle concentrations in a given ZIP code1 

The total range of values determined the color scale for each map and was plotted accordingly per map. 2 

Figure 8: 2011 HyADS Exposure from EGUs that Installed Scrubbers in 2010 
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Figure 9: 2012 HyADS Exposure from EGUs that Installed Scrubbers in 2011 

 

The areas with the highest HyADs exposure were located in the eastern United States. In 2006 

the states with EGUs with new SO2 scrubbers that contributed the most to HyADS exposure 

were in Kentucky, Ohio, Indiana, and Maryland. In 2011 the states Illinois, Alabama, South 

Carolina, North Carolina, Pennsylvania, New Jersey, and Delaware were shown as additional 

states high HyADS exposure for the scrubber EGUs. Lastly, in 2012, West Virginia, Virginia, 

Georgia, Texas, Wyoming, and North Dakota depicted high HyADS exposure. In 2011, the 

facilities that installed scrubbers had the highest impacts on HyADS exposure, reaching 16,000+ 

in some areas, between the three maps.   
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Discussion  

 The results showed that the installation of SO2 scrubbers was efficient in decreasing the 

SO2 emissions from the EGUs. After installing SO2 scrubber, EGUs were emitting 10% of their 

three-years prior emissions, three years post-installation. EGUs that installed SO2 scrubbers were 

on average more immense power generating facilities. The installation in larger power 

generating facilities resulted in the EGUs that installed scrubbers having higher average 

emissions of SO2 throughout the duration 21-year period than EGUs that do not have a scrubber. 

 Additionally, EGUs that installed scrubbers operated more, had a higher gross load, and 

more substantial heat input compared to EGUs that did not install scrubbers. These trends show 

that often the most extensive and highest emitting EGUs installed scrubbers leading to 

significant emissions reductions. Smaller EGUs did not install scrubbers at the same rate, as 

more extensive facilities which could be due to potential challenges such as cost and regulations.  

HyADS Exposure and Locations of Scrubber Installation 
 This study was one of the first studies that used HyADS model. Previous research 

primarily focused on the regular HYSPLIT. Though HYSPLIT is widely used it can create a 

variety of issues. A study conducted by Challa et al. (2008) found that the HYSPLIT results 

could be influenced by choices relating to the planetary boundary layer, land surface, and other 

factors, which could significantly affect the simulated concentrations. HyADS uses advance 

approaches in parallel computing to estimate exposure down to ZIP code (Henneman et al., 

2019). HyADS adds additional ways to improve the accuracy of running models through 

HYSPLIT.  

 The results from the study show that there was an increase in the number of facilities that 

installed SO2 scrubbers between 2005-2015 years compared to 1995-2005. Eleven of the states 

with the highest number of new SO2 scrubbers were located in the eastern half of the United 

States: Alabama, Georgia, Illinois, Indiana, Kentucky, North Carolina, Ohio, Pennsylvania, 

Tennessee, Virginia, and West Virginia; except for Colorado and Wisconsin. The locations with 

highest scrubber installation correlate with requirements for eastern states in CSAPR as well 

what was observed through mapping HyADS exposures. This correlation helps show the 

effectiveness of CSAPR and build on the significance of regulations. 
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 Previous approaches have often focused on assessing exposure by the distance from an 

emissions source. Models such as the Community Multiscale Air Quality (CMAQ) model, which 

uses a single chemical transport simulation, are not the most accurate in assessments of health 

improvements (Henneman, 2018). CMAQ is not able to directly evaluate single-source impacts, 

and at times, could make indirect relationships between emissions and health outcomes 

(Henneman, 2018). Chen et al. (2014a) evaluated population exposure to air pollution emissions 

using CMAQ. To estimate exposure, they had to combine observational data, such as inverse 

distance weighting, with the CMAQ results to depict a more accurate estimate of SO2 emissions 

(Chen et al., 2014a). Relying on CMAQ alone can create significant biases in assessing health 

outcomes.  Henneman et al. (2019) showed that HyADS annual exposure between 2005-12 

exposure correlated close to one to one relationship with SO2 emissions from EGUs. In this study 

we showed that the amount by which the emissions change and the years of significant 

reductions. We can additionally, evaluate the direct relationship between HyADS exposure and 

emissions changes for the years 1995-2004 and 2013-2015.  

Wet Scrubbers Benefits  
 The 90% SO2 drop is consistent with what EPA projects (EPA, 2003).  The most 

commonly used technology was Wet Limestone scrubber. The period between 2007-2010 had 

the highest amount of wet scrubber installation with an average of 33 wet scrubbers installed per 

year. Using a wet scrubber was vital in the total SO2 reduction because they reach reduction rates 

above 98%, and dry scrubbers typically average less than 80% of emissions reduction (EPA, 

2003). Wet lime scrubbers specifically have one of the highest emissions reductions efficiency, 

with rates between 95-99% (National Lime Association, 2019). Since 212 of the 285 EGUs 

installed wet or fluidized scrubber help lead the EGUs to have a drop of 90% of prior emissions. 

Installation Challenges 
 Initial capital cost, along with the annual cost, can discourage EGUs from installing SO2. 

For a 100 MW EGU using a wet scrubber, the cost would equate to a capital cost between $25 

million and $150 million, with an annual operating cost between $5 million to $20 million (EPA, 

2003). The average cost per kW decreases for scrubber installation and maintenance as unit size 

increases. For a 500 MW EGU using a wet scrubber, the cost would equate to a capital cost 

between $50 million $125 million, with an annual operating cost between $10 million to $25 



17 
 

million (EPA, 2003). The cost can initially dissuade EGUs from installing scrubbers, so 

regulators have turned to policy to increase installation. One method to lower cost is through the 

development of scrubber technology that has multi-pollutant controls for pollutants such as SO2, 

NOx, and mercury (Hutson et al., 2008). An example of multi-pollutant control is through 

combining 95-97% hydrated lime scrubber with 3-5% activated carbon, to remove mercury 

(National Lime Association, 2019). In 2011, EPA developed the Mercury and Air Toxics 

Standards (MATS) rule that required EGUs to limit the emission of hazardous pollutants such as 

mercury, arsenic, and other metals (EPA, 2017b). A multi-pollutant system can help systems 

keep up with MATS, though reemission of mercury can become a possible challenge (Chen, Liu, 

Gao, & Liu, 2014b). Keeping operating temperatures and the pH of the mixture low to reduces 

the possibility of re-emission of mercury (Chen et al., 2014a). Since wet FGD scrubbers can 

remove oxidized mercury from flue gas, EGUs have added incentives to install scrubbers 

(Hutson et al., 2008).  

The trend of the developing regulations that increase scrubber installation continued with 

the Clean Power Plan (CPP) in 2015 which included a reduction of EGUs sulfur dioxide 

emissions by 90% of 2005 levels (EPA, 2017c). In the past two years, though, there has been a 

shift of regulatory rollback of environmental rules. Air pollution and emissions rules relating to 

toxic emissions limits from major industrial facilities, pollution monitoring at refineries, and the 

CPP have been in the process of being removed or changed (Popovich et al., 2018). Regulatory 

review and change shave the ability to reduce the number of coal EGUs that get outfitted with 

new SO2 scrubbers, limiting emissions reduction. It is imperative to find additional incentives 

outside of regulations to increase scrubber installation in smaller EGUs, reduce costs, and other 

avenues that motivate installation.  Accomplishing those tasks can further lead the emissions 

reductions across the country.   

Strengths and Limitations 
The robust AMPD dataset was able to provide all the characteristics that we were looking 

to evaluate. A key strength was the use of HyADS model, which allowed for a detailed 

assessment of AMPD for EGU, location, and year. Using HyADS provided a metric to directly 

show what areas were impacted, down to the ZIP code, by the action of scrubber installation. 

Having that location-specific information is vital, in terms of assessing the range of impact 
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EGUs with new scrubbers will have. Using a 21-year study period allowed to examine an 

extensive period of change, which included the establishment of several regulations that 

impacted EGUs. 

There were missing data points for different EGUs, during different years. The absence 

of data for different EGU characteristics could affect the results. SO2 emissions have been 

declining at EGUs without scrubbers as well. There could be additional ways that EGUs reduce 

emissions, and this study does not incorporate an evaluation of those additional areas. 

Future Research 
The study provided a base that can continue to expand in the future. We can map the 

HyADS exposure for the other 17 years in the study period. Additionally, we can observe 

additional EGU characteristics, such as NOx or PM, to future see changes before and after 

scrubber installation and any correlations. Operational status could be evaluated to assess the the 

characteristics that could lead to retirement. Lastly, research focusing on emissions from natural 

gas EGUs could be used to see emissions change overtime and the communities most affected by 

it.  

Conclusion  

 Our study found that scrubbers SO2 emissions significantly decreased during the year of 

installation and the following years. Overall, the decreases lead to emissions drops upward of 

90%. Larger facilities tended to install scrubbers more often than smaller facilities. The HyADS 

relative coal exposure map showed that exposure changed the most in the eastern half of the US, 

with a significant impact during high scrubber installation years. As emissions continue to 

decrease, this can lead to lower population exposure, which can result in improved health 

outcomes. The financial cost and regulatory policies may pose challenges to the number of 

scrubbers installed.  Developing additional ways to incentivize installation may become 

necessary to scrubber use in future years. As the United States works to shift its energy profile 

toward lower-emitting sources, scrubbers offer a way to accomplish that goal.  
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