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North Carolina’s Changing Energy Generation
Profile and Reductions in Key Air Pollutants,
2000–2019
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background Coal combustion releases a number of airborne toxins. The North Carolina Clean Smokestacks Act (CSA) of 2002 required
North Carolina coal-fired power plants (CFPP) to reduce nitrogen oxides (NOX) emissions by 2009 and sulfur dioxide (SO2) emissions to
2 benchmarks by 2009 and 2013.
methods We utilized publicly available databases from the Energy Information Administration and the Environmental Protection Agency
to characterize North Carolina’s electricity generation profile from 2000 until 2019 and evaluate corresponding NOX and SO2 emissions by
sector over the same time period.
results Between 2000 and 2008 in North Carolina, approximately 60% of electric power was generated by CFPPs. Since then, North
Carolina’s electric power generation has transformed from predominant dependence on coal to approximately equal dependence on natural gas and nuclear power (each at ~ 30%), with coal close behind (~ 25%). Renewables have increased, although marginally relative to the
rapid increase in natural gas. Despite the stark drop in reliance on CFPPs for energy in North Carolina and subsequent drop in emissions,
CFPPs still contribute ~ 60% of SO2 air pollution as of 2017.
limitations This analysis relies upon electricity generation and emissions data self-reported by utilities and publicly available from federal
agencies
conclusions North Carolina’s electric utilities met the 2009 and 2013 regulatory benchmarks set by the CSA, which resulted in substantial
reductions in SO2 emissions from the fuel combustion electric generation sector. Still, CFPPs remain the primary utility-related and overall
anthropogenic contributor of SO2 air pollution in North Carolina.

C

oal-fired power plants (CFPP) emit many criteria pollutants and hazardous air pollutants that are known
to cause negative health outcomes [1]. From 1995 to 2011,
approximately 50% of the United States’ electricity was
produced by coal combustion [2, 3]. The US Environmental
Protection Agency (EPA) estimated that in 2012 more than
470 CFPPs burned over 800 million tons of coal in 47 states
and Puerto Rico [4]. While coal contributed 44% of the
electricity generated in the United States in 2011, coal combustion contributed the majority of the power sector’s air
pollution, including 98% of sulfur dioxide (SO2) emissions,
86% of nitrogen oxides (NOX) emissions, 94% of mercury
(Hg) emissions, 86% of particulate matter with a nominal mean aerodynamic diameter less than or equal to 10
micrometers (PM10) emissions, and 83% of particulate matter with a nominal mean aerodynamic diameter less than or
equal to 2.5 micrometers (PM2.5) emissions [5].
Criteria and hazardous air pollutants are predominantly
regulated by the EPA via the 1970 passage of the Clean Air
Act. The Clean Air Act requires EPA to set National Ambient
Air Quality Standards for the 6 criteria air pollutants, including NOX and SOX. The EPA uses nitrogen dioxide (NO2) as
the regulatory standard indicator for the larger group of
NOX (e.g., NO2, nitrous acid, nitric acid) [6] and SO2 as the
regulatory standard indicator for the larger group of SOX
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(e.g., SO2, sulfur trioxide) [7]. These standards are informed
by scientific literature that evaluates short- and long-term
health outcomes associated with each criteria air pollutant.
The EPA has established causal relationships for short-term
exposure to SO2 and NO2 and respiratory effects, while suggestive and likely causal evidence links long-term exposure
to SO2 and NO2 with respiratory effects [6, 7]. Additionally,
the evidence is suggestive of a causal relationship between
exposure to NO2 and cardiovascular effects, diabetes, cancer, poor birth outcomes, and mortality [6].
In 2002, North Carolina enacted regulation—The Clean
Smokestacks Act (CSA)—that required CFPPs in the state
to reduce air pollutant emissions [8]. Under this act, North
Carolina utilities had to reduce emissions of 2 criteria air
pollutants—SO2 and NOX—and, due to environmental and
public health concerns about these air pollutants, were not
allowed to depend on pollution credits used by other states
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as allowed by federal rules. The North Carolina regulation
stated:
North Carolina’s utilities must reduce actual emissions of
nitrogen oxides (NOX) from 245,000 tons in 1998 to 56,000
tons by 2009 (77% reduction). Utilities also must reduce
actual sulfur dioxide (SO2) emissions from 489,000 tons
in 1998 to 250,000 tons by 2009 (49% reduction) and
130,000 tons by 2013 (73% reduction). This represents
about a one-third reduction of the total NOX emissions and
a one-half reduction of the total SO2 emissions from all
sources in North Carolina [8].

The purpose of this report is to corroborate the effectiveness of North Carolina’s CSA at reducing air pollution, specifically SO2 and NOX, within the state and assess a major
policy aimed at benefiting environmental health.

Methods
We accessed multiple publicly available US federal
government databases made available by the Energy
Information Administration (EIA) and the EPA for this analysis. The EIA is housed within the US Department of Energy
and designated as a principal statistical agency that “collects, analyzes, and disseminates independent and impartial
energy information” [9]. We used the EIA’s “Electricity Data
Browser” to access net electric power generation data by
source for North Carolina annually from 2001 to 2019 [10].
From the “Electricity Data Browser” dashboard, we downloaded data selected from categories nested as follows:
electric power, North Carolina, all fuels, and annual data. We
also downloaded data by all sectors and specific sources of
electricity generation to determine the overall contribution
of each sector: electric power, all commercial, all industrial,
and residential. For the electric power sector, we collapsed
the energy source data into 5 categories: coal, natural gas,
nuclear, renewables (conventional hydroelectric, wind, utility-scale solar, geothermal, biomass), and other (petroleum
liquids, petroleum coke, other gases, other). We did not
include “hydroelectric pumped storage” in any categories
because the net generation is negative since the category
reflects storage rather than use. We then calculated the
annual contribution of each of the 5 electric power sector’s
sources as a percent of the total contribution.
We used EIA’s “Layer Information for Interactive State
Maps” to generate a map of power plants with greater than
1 megawatt (MW) capacity in North Carolina by their 2019
energy source and total generation capacity [11]. The EIA
used Forms EIA-860, EIA-860M, and EIA-923 to create
the 2019 US power plants shapefile we adapted for this
analysis. We restricted the EIA power plants shapefile to
plants in North Carolina, and then created separate shapefiles for each energy source category to display the type
and capacity of each power plant. We defined the energy
source categories as coal, natural gas, nuclear, renewables
(biomass, hydroelectric, wind, solar), mixed use, and other

(petroleum, other).
To create a similar map for power plants in North Carolina
in 2001, we used EIA’s Form EIA-860 for 2001 to identify the
power plants with > 1 MW capacity in operation during that
reporting year [12]. We used the reported energy source to
create the energy source categories that matched the 2019
EIA shapefile (i.e., biomass, coal, geothermal, hydroelectric,
hydroelectric pumped storage, natural gas, nuclear, petroleum, solar, wind, other). For each power plant, we summed
the net summer capacity by energy source over all electricity-generating units. The energy source with the largest net
summer capacity for each power plant was considered the
primary energy source for that plant.
From the EIA database for 2001, we extracted geographic
coordinates to map US power plants in North Carolina.
Because specific locational information for power plants
was not publicly available online from Form EIA-860 until
2012, we used the 2019 Form EIA–860M and the 2012 and
2019 Form EIA–860 to get the geographic coordinates. This
allowed us to create a map of power plants for 2001 similar to the map we generated for 2019. We first matched the
2001 US power plant codes (N = 5019) with the latitude and
longitude data provided in the 2019 Form EIA–860M. For
the power plants from 2001 that were unmatched (n = 134),
we used the geographic coordinates from the 2019 Form
EIA–860 to match an additional 18 and the geographic coordinates from the 2012 Form EIA–860 to match an additional
5, leaving n = 111 ungeocoded US power plants. Of these,
5 were located in North Carolina; we manually looked up
their location. We then created a 2001 US power plants
shapefile using the geographic coordinates for the US power
plants (n = 4912), then restricted to the plants in North
Carolina, and then followed the same procedures as stated
for making the 2019 map to display n = 103 mapped power
plants in North Carolina for 2001.
We used the US EPA’s National Emissions Inventory (NEI)
to calculate the reported sector-specific emissions for SO2
and NOX in North Carolina [13]. The NEI is “a comprehensive and detailed estimate of air emissions of criteria pollutants, criteria precursors, and hazardous air pollutants
from air emissions sources” released every 3 years [13]. It
is developed using data provided by state, local, and tribal
air regulatory agencies and combined with other data from
EPA that include point, nonpoint, on-road, nonroad, and
events (e.g., wildfires) [13]. We used the NEI Data Queries
dashboard for 2008, 2011, 2014, and 2017, selecting: North
Carolina, all sectors, and the 2 criteria air pollutants of interest—NOX and SO2. We defined the sector categories as: 1)
Fuel Comb: Electric Generation; 2) Fuel Comb: Industrial
Boilers, ICEs; 3) Fuel Comb: Other (including: Commercial/
Institutional and Residential); 4) Industrial Processes; 5)
Mobile: Non-Road (including: Aircraft, Commercial Marine
Vessels, Locomotives, Non-Road Equipment); 6) Mobile:
On-Road (including: On-Road Diesel Heavy Duty Vehicles,
On-Road Diesel Light Duty Vehicles, On-Road Non-Diesel
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Heavy Duty Vehicles, On-Road Non-Diesel Light Duty
Vehicles); and 7) Other (including Agriculture, Biogenics,
Bulk Gasoline Terminals, Commercial Cooking, Dust, Fires,
Miscellaneous Non-Industrial NEC, Gas Stations, Solvent,
Waste Disposal). We confirmed consistency of reporting
by year within subsectors to verify that the subsectors were
reported for all 4 NEI years analyzed. For subsectors not
consistently reported, we determined that emissions contributions were nominal to the overall sector category and
year. For example, Solvent – Degreasing was not reported for
NOX in 2008. However, the 2011, 2014, and 2017 reported
emissions for Solvent – Degreasing were 8.9 tons, 7.8 tons,
and 10.9 tons, respectively—negligible contributions to the
overall 2008 NOX NEI emissions profile (< 0.005%). We
graphically illustrated SO2 and NOX emissions (tons) by sector by NEI year.
To illustrate changes in SO2 and NOX emissions by the
fuel combustion electric generation sector in North Carolina
over time, we accessed the “State Annual Emissions Trend”
Excel file prepared by the US EPA for state reporting of Tier 1
criteria pollutants [14]. This data file is a more heavily processed and aggregated version of the year-specific NEI
data downloads. We extracted the observations for North
Carolina, FUEL COMB. ELEC. UTIL., SO2, NOX, and years 1998
to 2019. Our filter criteria output had no missing data. The
reported SO2 and NOX emissions for 2008, 2011, 2014, and
2017 match the values we calculated from the NEI for “Fuel
Comb: Electric Generation” sector described here.
We used R version 3.6.1, RStudio version 1.2.5001 [15],

and ArcGIS version 10.5 for all processing and analyzing of
data.

Results
Electricity Generation in North Carolina

Among all sectors in North Carolina that report generating electricity (i.e., electric power, industrial, commercial,
and residential), the electric power sector has consistently
accounted for approximately 98% of the net generation
between 2001 and 2019. Within the electric power sector, North Carolina’s annual net electricity generation has
remained largely stable across this time period, although
with a slight increase over time, with the minimum annual
generation in thousand megawatt hours of 113,961 in 2001
and a maximum of 132,127 in 2018. Coal was the primary
source of electric generation until approximately 2015. From
2001 to 2019 in North Carolina, the proportion of coal electric generation declined from ~ 60% to ~ 25%, natural gas
electric generation increased from ~ 1% to ~ 30%, renewables increased from ~ 1% to ~ 10%, and nuclear electric generation remained stable at ~ 30% (Figure 1).
The number of power plants in North Carolina increased
from 103 in 2001 to 745 in 2019, varying in energy source
and capacity (Figure 2, Table 1). In 2001, a majority of the
largest capacity power plants used nuclear or fossil fuels,
especially coal. Eleven of the 14 mixed-use power plants
used coal or natural gas as their primary energy source. In
2019, despite the proliferation of many small solar plants
across North Carolina, the largest-capacity plants continue

figure 1.

Percent Electric Power Generation by Source in North Carolina From 2001 to 2019

Note. Renewables (plus symbol) includes conventional hydroelectric, wind, all utility-scale solar, geothermal, biomass. Others
(open square symbol) include petroleum liquids, petroleum coke, other gases, and other. Hydroelectric pumped storage was
excluded from these net percentage calculations. (Data from US EIA)
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figure 2.

Power Plants in North Carolina by Energy Source Category and Capacity: A) 2001 and
B) 2019

Note. Power plants with more than 1 MW capacity are shown. (Data from US EIA). Energy source category is
indicated by grey scale color. Capacity is indicated by size of circle.

to rely on nuclear and fossil fuels, with 3 of the 4 mixed-use
power plants relying primarily on coal and petroleum.

SO2 and NOX Emissions by Source Sector in North Carolina

Both SO2 and NOX emissions levels dropped over time
between 2008 and 2017 based on the NEI estimates for
the 2 criteria air pollutants. The majority of SO2 emissions
in North Carolina came from fuel combustion electric gen-

eration (Figure 3, Left). Within the fuel combustion electric
generation sector, coal accounted for nearly all ( > 98%) SO2
emissions. NOX emissions also declined within the fuel combustion sector, but unlike SO2 emissions, overall reductions
in NOX emissions were primarily due to the on-road mobile
sector (Figure 3, Right).
The North Carolina Clean Smokestack Act tasked North
Carolina utilities with reducing emissions of NOX and SO2

table 1.

Number of Power Plants in North Carolina by Energy Source in 2001 and 2019
			
TOTAL by		
TOTAL by
			
Energy Source		
Energy Source
Energy Sourcea
Subcategory
# in 2001
in 2001
# in 2019
in 2019
Coal
Coal
21
21
7
7
Natural gas
Natural gas
6
6
19
19
Nuclear
Nuclear
3
3
3
3
Other
Other
1
14
1
45
Petroleum
13		 44
Renewables
Biomass
7
45
33
667
Hydroelectric
38		
39
Solar
0		594
Wind
0		1
Mixed-useb
14		 14
4		 4
TOTAL			
103			
745
The energy source categories and total by energy source matches the values represented in Figure 2.
Mixed-use: For power plants that reported more than one energy source with greater than 1.5 MW.

a

b
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figure 3.

Sulfur Dioxide [LEFT] and Nitrogen Oxides [RIGHT] Emissions in 2008, 2011, 2014, and 2017 by Sector in North Carolina

Note. Year of National Emissions Inventory = NEI. Sectors stacked in same order as the legend from light grey to black. (Data from US EPA’s NEI)

by 2009 and 2013 benchmarks. Within the fuel combustion electric generation sector, specifically, the utilities met
those regulatory requirements (Figure 4). In large contrast
to the late 1990s/early 2000s, less SO2 than NOX was emitted by the fuel generation sector in 2019. Statewide, overall
SO2 emissions decreased primarily due to reductions in the
fuel combustion electric generation sector, whereas overall
NOX emissions decreased primarily due to reductions in the
mobile sectors.

Discussion
Over the past 20 years, North Carolina’s energy generation has shifted away from coal toward natural gas, while
dependence on nuclear power has been stable. Renewable
energy has increased slightly over the past 5 years. While
the number of solar power plants has increased dramatically from 0 solar plants of at least 1 MW in 2001 to 594
solar plants of at least 1 MW in 2019, the overall contribu-

figure 4.

Sulfur Dioxide [TRIANGLES] and Nitrogen Oxides [CIRCLES] Emissions Annually from 1998 to 2019 by
the Fuel Combustion Electric Generation Sector

The grey triangles and circle indicate NC Clean Smokestacks Act regulatory benchmarks in 2009 and 2013 for SO2 (250,000 tons by
2009 and 130,000 tons by 2013) and NOX (56,000 tons by 2009). (Data from US EPA’s NEI)
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tion to North Carolina’s energy profile remains small with all
renewables contributing just over 10% of the net electricity generation in 2019. Statewide, the primary source of SO2
is emissions from coal-fired power plants and the primary
source of NOX is mobile emissions; both have decreased
over time. Importantly for public health, there has been a
striking drop in SO2 emissions, achieving a major goal of
the North Carolina CSA of 2002. Health benefits associated with the CSA or the reduction of criteria air pollutants
in North Carolina have been observed by 2 studies. Li and
MacDonald Gibson (2014) confirmed a reduction of SO2
from 2002 to 2012 and estimated that pollutant reductions
decreased the risk of premature death by 63% in North
Carolina [16]. Kravchenko and colleagues (2014) conducted
an ecological study using monthly averages of pollutant concentrations measured across the state and monthly statelevel death rates; they observed declines in emphysema
deaths, asthma deaths, and pneumonia deaths associated
with decreasing levels of SO2 as well as other ambient air
pollutants in North Carolina from 1993 to 2010 [17].
The electric utilities in the state achieved the NOX and
SO2 regulatory goals set forth by the CSA through multiple
strategies. To reach the 2009 benchmarks, many of the
largest-capacity CFPP facilities incorporated selective catalytic reduction devices to reduce NOX emissions and flue gas
desulfurization equipment (FGD; i.e., scrubbers) to reduce
SO2 emissions. The FGDs also capture hydrogen chloride,
mercury, and particulate matter before emissions exit the
stacks [18]. Hoppock and colleagues (2012) [19] argue
that the investments in the early 2000s aided subsequent
compliance with federal environmental regulations of the
Cross-State Air Pollution Rule of 2011 [20] and the acid gas
requirements of the Mercury and Air Toxics Standards [21].
To reach the 2013 SO2 regulatory goal, many of the older and
smaller-capacity > 150 MW CFPPs were retired because of
the expense of retrofitting the stacks with necessary equipment [22], and most of these utility facility sites were then
converted to natural-gas-fired power plants. Thus, due to
either the installment of FGDs at CFPPs or the retirement of
CFPPs, the CSA had the additional benefit of reducing other
hazardous air pollutant emissions than SOX and NOX across
the state.
It is important to remember that air pollution crosses
state boundaries. Our study does not characterize the
changes in air pollution emissions from power plants or
other emission sources located in nearby states. We do not
compare EPA criteria pollutant standard concentrations in
North Carolina over the study period because that relies on
ambient air pollution, which is driven by state-specific emissions as well as emissions derived and transported from
outside of the North Carolina state boundary. Our study
is focused on source emissions of 2 criteria air pollutants
(SO2 and NOX) regulated by the CSA within the state of
North Carolina; however, any reductions in air pollution from

sources near the North Carolina border would likely enhance
the reduction of ambient air pollution concentrations across
the state. Kravchenko and coauthors (2018) described an
additional aspect of the CSA that required North Carolina to
hold upwind states and utilities accountable for comparable
air pollution reductions, which resulted in court-ordered
SO2 and NOX emission reductions from the CFPPs of the
Tennessee Valley Authority [23].
Regardless of data limitations and access challenges,
the available data effectively illustrate North Carolina’s
changing energy profile and improving air pollutant emissions for SO2 and NOX over the past 20 years. Despite North
Carolina’s closure of large CFPPs and proliferation of small
solar plants, the net electricity generation within the state
remains driven by nonrenewable sources, i.e., fossil fuels
and nuclear. As North Carolina plans for its energy generation future, such as commitments made by Executive Order
No. 80 (North Carolina’s Commitment to Address Climate
Change and Transition to a Clean Energy Economy) [24] and
House Bill 951 (Energy Solutions for North Carolina) [25],
the state should consider the co-benefits of implementing
environmental regulatory policies for mitigating climate
change and improving health outcomes across the state
[23, 26].

Conclusion
North Carolina’s CSA legislated reductions rather than
trades to meet emission standards [8], which likely magnified emission reductions directly affecting North Carolina
residents. North Carolina’s CFPPs met the 2009 and 2013
regulatory benchmarks set by the CSA, resulting in substantial reductions in SO2 air emissions emitted by the fuel combustion electric generation sector within the state. Since
early 2000s, North Carolina’s electric power generation has
undergone a transformation from predominately dependent
on coal to a considerable ramp-up of natural-gas-fired plants
resulting in approximately equal dependence on natural gas
and nuclear power over coal. Renewables have increased in
the past 20 years, although marginally compared with the
rapid increase in natural gas.
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