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Chapter 14
Coal Combustion Residuals and Health

Julia Kravchenko and Laura S. Ruhl

Abstract Coal not only provides affordable and reliable energy worldwide but also 
produces one of the largest waste streams, coal combustion residuals (CCRs). 
Combustion of coal produces hazardous gases such as sulfur dioxide (SO2), nitro-
gen oxides (NOx), and carbon dioxide (CO2), as well as particulate matter such as 
fly ash, bottom ash, and flue gas desulfurization by-products. CCRs can also affect 
human health and ecosystems through the impacts of contaminants such as heavy 
metals, polycyclic aromatic hydrocarbons (PAHs), and radionuclides. The impact of 
CCRs can be direct through exposure to contaminants in the air, surface water, and 
groundwater. Indirect impacts are through contamination of soil by coal ash due to 
inappropriate storage conditions of coal ash impoundments and/or extreme spill 
events and subsequent inclusion into the food chain. The multitude of ways that 
coal-fired power plants can impact the environment and human health make CCRs 
and their storage a global issue.

Keywords CCRs · Coal ash · Health · Particulate matter · Coal combustion · Ash 
spill · Metals · Radionuclides

14.1  Introduction

Coal is a widely available fossil fuel that provides affordable, abundant, and reliable 
energy to populations around the globe. It is the largest source of energy for electric-
ity generation worldwide (International Energy Agency 2018b) and is projected to 
continue growing (Fig. 14.1 and Table 14.1), with coal power generation increasing 
substantially in China and India (International Energy Agency 2018a) in the upcom-
ing years. In 2018, coal made up 38% of the fuels used to generate electricity 
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Fig. 14.1 Map showing consumption of coal in 2017 (in Mt) (Enerdata 2019)

worldwide, but that percentage could decrease with the growth of renewables and 
natural gas (International Energy Agency 2018b).

The combustion of coal produces a waste product known as coal combustion 
residuals (CCRs) that encompass by-products such as fly ash, bottom ash, boiler 
slag, and flue gas desulfurization (FGD) gypsum (World Coal Association 2019). 
Additionally, the combustion of coal emits sulfur dioxide (SO2), nitrogen oxides 
(NOx), carbon dioxide (CO2), particulate matter (PM), mercury (Hg), and other 
heavy metals, in addition to the ash material (Energy Information 
Administration 2019).

Plant, animal, and human health can be affected by the by-products and emis-
sions from coal-fired power plants (CFPPs) both directly through exposure to con-
taminated air and water and indirectly through the food chain (Rowe et al. 2002). 
Human health studies that focus on ambient air and water contaminants from CFPP 
emissions or coal ash impoundments remain infrequent. In this chapter, various 
ambient air pollutants related to CFPPs are discussed. We have focused on their 
impacts on plants and animals in ecosystems, results of experimental studies in 
animal models and in vitro studies, and health impacts in humans, specifically resi-
dential populations living near coal-fired power plants. Exposures due to coal min-
ing and indoor coal burning that are important sources of air contamination in rural 
China and other regions worldwide are beyond the scope of this discussion. Several 
case studies presented in this chapter illustrate the impacts of CCRs on human and 
ecosystem health.
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14.2  What Are Coal Combustion Residuals?

14.2.1  Production of CCRs

CCRs are produced during the combustion of coal in power plants. CCRs are one of 
the largest industrial waste streams in the United States and worldwide 
(Environmental Protection Agency 2019a). In 2017, the U.S. produced over 111 
million tons (Mt) of CCRs (American Coal Ash Association 2018), while globally 
over 780 Mt. were produced (Izquierdo et al. 2013). Much of the CCRs produced 
are beneficially reused, while the remainder are stored indefinitely. A total of around 
1.5 billion tons of ash are currently stored in the U.S. (Environmental Protection 
Agency 2019a).

Coal is a complex organic rock with many inorganic components (Affolter et al. 
2011; U.S. Geological Survey 2001, 2002), including a number of contaminants 
such as arsenic (As) and selenium (Se) (Finkelman 1995; Goodarzi et  al. 2008; 
Huggins et al. 2000; Kolker et al. 2004). During the combustion process (Fig. 14.2), 
pulverized coal is combusted between 760 and 1649 °C (1400 and 3000 °F), depend-
ing on the type of combustion boiler (Ramme and Tharaniyil 2013). The high tem-
peratures break down the organic matter in the coal into gases with a small 
percentage of carbon remaining as char or coke-like particles (Swaine 1994). 
Additionally, during combustion, the elements in coal are redistributed in solid and 
gaseous phases (Affolter et  al. 2011), with the mineral matter forming coal ash 
(Swaine 1994). Flue gas desulfurization and other processes are used to treat the 
gaseous phases to further remove the contaminants that cause acid rain (e.g., NOx or 
Sulfur Oxides (SOx)).

Fig. 14.2 Schematic of the coal combustion process in a power plant with a scrubber, as well as 
exposure routes for organisms and the environment. If a plant does not have a scrubber in place, 
SOx will also be emitted from the stack (Modified figure from Affolter 2011 and USGS 2001)

J. Kravchenko and L. S. Ruhl
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14.2.2  Types and Characteristics of CCRs

There are four main categories of coal combustion residuals: bottom ash, boiler 
slag, fly ash, and flue-gas desulfurization (FGD) material (Environmental Protection 
Agency 2019a). Bottom ash and boiler slag are sand- to gravel-size particles col-
lected in the boiler after combustion (Fig. 14.2). The gas and smaller ash material 
(fly ash) (Ahmaruzzaman 2010) move through the electrostatic precipitator or bag-
house with fabric filters, which removes the fine particles from the gas stream 
(Affolter et al. 2011). Fly ash is a very fine powder (1–150 μm), while bottom ash is 
coarse angular particles, and boiler slag is molten bottom ash that has been quenched 
as a glassy pellet (Environmental Protection Agency 2019a). FGD material is a wet 
sludge or dry material produced after lime (CaO) is injected into the flue gas to 
capture SOx from the gas stream. FGD material consists of calcium sulfate or cal-
cium sulfite that is often dried and used to produce drywall. After production, CCRs 
are either beneficially reused in concrete or cement or moved to a storage location, 
such as a surface impoundment or landfill, where they remain indefinitely. The 
CCRs are transported through wet disposal with water or through dry disposal pneu-
matically and then by trucks to their final disposal site. Oftentimes, bottom ash and 
fly ash are comingled for storage. The coal furnace/boiler type dictates the quanti-
ties of ash produced. The CCR proportions produced by CFPPs are 80–90% fly ash 
and 10–20% bottom ash, whereas a cyclone boiler produces 70–80% boiler slag 
(Ramme and Tharaniyil 2013).

The fine fly ash particles are typically spherical (Fig. 14.3) and vary in composi-
tion based on coal source, combustion equipment and temperature, and pollution 
control devices (Affolter et al. 2011; Dai et al. 2012; Finkelman 1995; Izquierdo and 

Fig. 14.3 SEM micrographs of fly ash particles (taken at UA Little Rock Nanotechnology Center). 
The particles in this micrograph range in size from <10 to 100 μm. The scale bars are 1 μm in the 
upper images and 10 μm in the lower images

14 Coal Combustion Residuals and Health
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Querol 2012; Kosson et al. 2009). Fly ash has a glassy (amorphous) structure with 
a composition of mostly silica (SiO2) and aluminum oxides (Al2O3), with iron 
(Fe2O3) and calcium oxides (CaO). Bottom ash has a similar composition to fly ash, 
but contains more carbon (Ramme and Tharaniyil 2013). The percentage of these 
major components is dependent on the type of coal burned and dictates what class 
of fly ash is produced. Class F fly ash has >70% of SiO2 + Al2O3 + Fe2O3 and lower 
CaO content (1–12%) (Ahmaruzzaman 2010) and typically comes from bituminous 
or anthracite coal combustion. Class C fly ash is composed of 50–70% 
SiO2 + Al2O3 + Fe2O3 and higher CaO content (5–40%) and comes from lower rank 
coals like sub-bituminous and lignite (Ahmaruzzaman 2010). The compositional 
differences in these fly ashes have implications for their beneficial reuse, reactivity, 
and environmental impacts.

During combustion, most of the carbon is volatilized and the mineral fraction 
undergoes decomposition, volatilization, fusion, agglomeration, or condensation 
(Izquierdo and Querol 2012; Jones 1995). As flue gas travels farther from the fur-
nace, the volatile species (As, B, Hg, Cl, Cr, Se, and S) condense and form com-
pounds on the surfaces of fly ash particles. A gradient of trace elements on fly ash 
particles forms as the smallest particles travel the farthest and temperature decreases 
causing the trace elements to condense the surface of these particles (Izquierdo and 
Querol 2012; Kolker et al. 2006; Kukier et al. 2003; Smith et al. 1979). These com-
pounds vary in their solubility. Total constituent concentration within the ash is not 
a reliable indicator of leaching, which is instead a function of the pH of the material 
and the field conditions in which the material will be stored (Kosson et al. 2009). 
Certain elements tend to adsorb onto the surface of the fly ash (As, B, Hg, Cl, Cr, 
Se, S, Cd, Cu, Mo, Sb, V, and Zn), while others are more evenly distributed between 
the surface and matrix of the fly ash (Ba, Co, Cr, Mn, Ni, and Pb) (Izquierdo and 
Querol 2012; Jones 1995). When combined with water during disposal, the amount 
of elements mobilized is dependent on the pH of the ash-water system 
(Ca-concentration driven) (Chandler et al. 1997; Cornelis et al. 2008; de Groot et al. 
1989; Dubikova et  al. 2006; Izquierdo and Querol 2012; Jankowski et  al. 2006; 
Jones 1995; Moreno et al. 2005) and redox conditions (Deonarine et al. 2016; Ruhl 
et al. 2012). Elevated alkalinity mobilizes oxyanionic species (As, B, Cr, Mo, Sb, 
Se, V, and W) from ash, while attenuating Cd, Cu, Hg, Ni, Pb, Sn, Zn, and others 
(Freyer and Voigt 2003; Fruchter et al. 1990; Hassett et al. 2005; Hower et al. 1999a, 
b; Iwashita et al. 2005; Izquierdo et al. 2011; Izquierdo and Querol 2012; Jankowski 
et al. 2006; Kim and Hesbach 2009; Kim et al. 2003; Medina et al. 2010; Nathan 
et al. 1999; Nugteren et al. 2001; Querol et al. 2001; Ward et al. 2003; Yudovich and 
Ketris 2006).

14.3  Life Cycle and Environmental Regulations of CCRs

In 2017, the amount of CCRs beneficially reused in the U.S. increased to an all-time 
high of 64% (American Coal Ash Association 2018), in part due to the decrease in 
coal use and therefore a decrease in the amount of CCRs produced. Other countries 
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have a much higher record of CCR utilization, such as 89% in the European Union 
in 2007, 97% in Japan in 2006, and 58% in China in 2000 (Ramme and Tharaniyil 
2013). CCRs can be beneficially reused in a number of ways, categorized as either 
encapsulated or unencapsulated. The encapsulated use of CCRs binds the ash and 
minimizes movement of the CCRs into the surrounding environment. These include 
concrete, cement, roofing materials, grout, wallboard, bricks, and filler in plastics, 
rubber, and other products (American Coal Ash Association 2014; Environmental 
Protection Agency 2019b). Unencapsulated CCRs are used in an unbound form, 
such as a loose particles or sludge, often utilized as structural fills or embankment 
(Environmental Protection Agency 2019b). Encapsulated use minimizes environ-
mental releases, rendering the CCR-encapsulated material chemically analogous to 
nonCCR products with regard to its leachability (Environmental Protection Agency 
2019b). Using CCRs in this way can avoid the cost, energy, and environmental 
impacts of mining another raw source material. In 2014, the United States 
Environmental Protection Agency passed a final rule that established a set of 
requirements for the disposal of CCRs in landfills and surface impoundments 
(Environmental Protection Agency 2015b, 2019b). It also defined that the beneficial 
reuse of CCRs must (1) provide a functional benefit, (2) substitute for the use of a 
virgin material, (3) meet product specifications and/or design standards, and (4) 
when unencapsulated use involves placement of over 12,400 tons of CCR in non-
roadway applications, the user must demonstrate that environmental releases to 
groundwater, surface water, soil, and air are comparable to or lower than those from 
analogous products made without CCRs or that releases are below regulatory and 
health-based benchmarks (Environmental Protection Agency 2019a, b).

When not beneficially reused, CCRs are stored indefinitely in surface impound-
ments or landfills in a wet or dry manner. In wet CCR handling systems, the fly and 
bottom ash are sluiced (or washed/flowed) to a settling pond where most of the 
particulates settle out. The water is then discharged to a nearby waterway, while 
some facilities recycle the effluent water (Environmental Protection Agency 2009a). 
Some plants treat the effluent before it is discharged to nearby waterways, decreas-
ing the Total Suspended Solid (TSS) concentrations. Both the treated and untreated 
effluents have many dissolved metals and other constituents (Environmental 
Protection Agency 2009a; Ruhl et al. 2012). Dry CCR disposal systems use air to 
move the fly ash to a storage silo, where it is then sold for reuse or landfilled 
(Environmental Protection Agency 2009b).

Major accidental CCR spills, like the 2008 TVA Coal Ash Spill and the 2012 Dan 
River release, have encouraged many facilities to move to dry CCR handling sys-
tems (Patel 2016; Proctor 2018). Unlined impoundments at several sites have led to 
groundwater contamination (Harkness et al. 2016). In the U.S., permitted discharges 
of CCR wastewater effluent have led to surface water contamination (Ruhl et al. 
2012, 2014) and ecological impacts (Lemly 1997, 1999, 2014, 2018). Technological 
advancements in the combustion process have allowed for greater capturing of air 
pollutants (fly ash particulates, SOx, NOx, and Hg), but have also increased the 
amount of contaminants in CCRs. For example, the FGD system now not only cap-
tures SOx from the gas stream but also captures significant levels of Cl, total 
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dissolved solids (TDS), TSS, nutrients, As, Hg, and Se (Environmental Protection 
Agency 2009a).

In the U.S., coal ash is classified as a nonhazardous solid waste under the Subtitle 
D of the Resource Conservation and Recovery Act (RCRA) (Environmental 
Protection Agency 2010a, b). Therefore, the federal government does not regulate 
coal ash, but each state is responsible for regulation. Although state requirements 
are frequently nonexistent or minimal (Environmental Protection Agency 2010a), 
growing concern about the impact of coal ash exposure on health led the U.S. EPA 
to propose a Coal Ash Rule in 2010 (Environmental Protection Agency 2010a). It 
contains two distinct options for regulation under RCRA.  Specifically, under 
Subtitle C, coal ash would be considered a “special waste” and be subjected to fed-
eral regulations and enforcement regarding handling, storage, disposal, and trans-
port (Zierold and Sears 2015). Subtitle D regulates coal ash as “nonhazardous 
waste” but develops the national standards for constructing and monitoring coal ash 
storage facilities (Zierold and Sears 2015). In a 2000 Regulatory Determination, the 
U.S. EPA raised minimal health or environmental concerns about the risk or damage 
associated with agricultural use of coal combustion waste and the use of CCRs in 
the manufacture of construction materials such as concrete and wallboard (65 FR 
32230, May 22, 2000) (Environmental Protection Agency 2015c). Later studies 
suggested that hazards to human health and environment could be greater than EPA 
originally estimated, e.g., EPA’s 2010 CCR quantitative risk assessment estimated 
cancer risk from As that leaches into groundwater from CCRs exceeds EPA’s risk 
threshold (Environmental Protection Agency 2015a). Also, increased Hazard 
Quotients (HQs) were obtained for several other metals related to CCR, such as Se 
and Pb (Environmental Protection Agency 2015a). In the 2014 Disposal of Coal 
Combustion Residuals from Electric Utilities Rule, the EPA addressed the risks 
from coal ash disposal such as leaking of contaminants into the ground water, blow-
ing of contaminants into the air as dust, and the failure of coal ash surface impound-
ments (Environmental Protection Agency 2015a). The location restrictions and 
operating criteria have been established to ensure that “there will be no reasonable 
probability of adverse effects on health or the environment from the disposal of 
CCR” (Environmental Protection Agency 2015a). While some technical questions 
were raised regarding the accuracy of the risk estimates, in the 2014 EPA Rule, it 
was concluded that current management of the CCR wastes “can present, and in 
many cases has presented, significant risks to human health and the environment” 
(Environmental Protection Agency 2015a). It has also been stated that the current 
level of risk clearly warrants the issuance of federal standards to ensure consistent 
management practices and a national minimum level of safety (Environmental 
Protection Agency 2015a). A recent statement from the Agency for Toxic Substances 
and Disease Registry (ATSDR), the federal public health agency of the 
U.S.  Department of Health and Human Service that protects communities from 
harmful health effects related to exposure to natural and man-made hazardous sub-
stances, has listed dermatitis (irritation of the skin by an external agent or an allergic 
reaction to it), respiratory symptoms (difficulty breathing, chest congestion, and 
cough), and cancer of certain sites as being associated with exposure to coal ash 
compounds (Agency for Toxic Substances and Disease Registry 2018).

J. Kravchenko and L. S. Ruhl
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14.4  Impact of Air and Water Contamination on Plants, 
Animals, and Humans

14.4.1  Health Impacts of Ambient Air Contaminants

Health hazards from CFPP emissions result from the spectrum of air contaminants. 
The majority of reported health issues are associated with particulate matter (PM), 
sulfur oxides (SOx), and nitrogen oxides (NOx). Fly ash particles can be transported 
in the atmosphere up to 30 km from a CFPP; therefore, the health benefits from 
reduced air pollution could be observed in communities located some distance away 
from a power plant (Iordanidis et al. 2008; Jones et al. 2002).

14.4.1.1  Particulate Matter (PM)

Primary PM is emitted directly from CFPP smoke stacks, and secondary PM is 
formed in the atmosphere from sulfur and nitrogen oxide gas emissions (Hime et al. 
2018). Fine PM, <10 μm (PM10) and < 2.5 μm (PM2.5) in diameter, can escape emis-
sion control devices. Modern emission control devices can capture up to 99.9% of 
primary particulate emissions if the appropriate technology is installed (Miller 
2014; Pui et al. 2014; Zhang 2016). The PM remains suspended in the air and can 
deposit on animal and human skin and mucous membranes that line many organs 
including respiratory passages and the gut. Coal fly ash has particle sizes ranging 
from less than 1 μm to 100 s of micrometers in size, making it easy to deposit deep 
in the respiratory system (Balaan and Banks 1998; Blaha et  al. 2008; Iordanidis 
et al. 2008; Linak et al. 2007; Patra et al. 2012b; Reynolds et al. 2003; Teixeira et al. 
1992; Wilson and Suh 1997). They can damage the respiratory tract through inflam-
mation and direct cytotoxicity (harming cell growth, and causing cell death) (Burt 
et al. 2013). The very fine PM deposited in respiratory organs can be enriched up to 
ten times in metals relative to the bulk ash(Le Seur and Drake 1987; Teixeira et al. 
1992; Yudovich and Ketris 2005). Long-term exposure to PM is associated with 
higher morbidity and mortality from respiratory, cardiovascular, cardiopulmonary, 
and cerebrovascular diseases, as well as lung cancer (Carroll-Ann et  al. 1999; 
Committee on the Medical Effects of Air Pollutants 2009; Costa and Dreher 1997; 
Liu et al. 2013a; Proctor et al. 2006; Romieu et al. 2012; Shifrine et al. 1984). In 
addition to a wide spectrum of metals, PM from CFPP emissions includes inorganic 
combustion-derived nanomaterials that can accumulate deep in the airways (Bullard- 
Dillard et al. 1996; Hardman 2006; Koch et al. 2005; Silva and Kátia 2011a, b).

Differences in physical and chemical characteristics of PM contribute to their 
capacity to affect health (Bell 2012; Cassee et al. 2013; Ostro et al. 2009; Stanek 
et al. 2011). Studies have shown that SOx, Fe, nickel (Ni), aluminum (Al), and zinc 
(Zn) contents in PM2.5 are strongly associated with daily mortality (Burnett et al. 
2000; Dai et al. 2014; Franklin et al. 2008; Smith et al. 2009). The source of energy 
generation has been shown to be associated with a changing impact on human 

14 Coal Combustion Residuals and Health



438

health because of the changing types of PM away from a coal combustion location, 
e.g., the risk of diabetes among the residents of Canadian regions with low use of 
clean electricity sources was almost 700% higher than that in the regions with fre-
quent use of cleaner energy sources (Requia et al. 2017).

14.4.1.2  Sulfur Oxides (SOx)

SO2 is another common air pollutant emitted by coal-fired power plants. It exacer-
bates respiratory symptoms and increases the risk of asthma attacks, especially in 
vulnerable children and older adults (65+ years old) (Environmental Protection 
Agency 2008b). Concentrations of SO2 as low as 10 parts per billion (ppb) (24-h 
average) can increase the risk of respiratory and cardiovascular deaths by 2% for 
every 10 ppb increase of SO2 level in the air (Environmental Protection Agency 
2008b). SO2 reacts with the mucous lining of respiratory organs affecting the sur-
face glycans (also called polysaccharides or carbohydrate-based polymers, which 
are essential biomolecules for structure support, energy storage, and system regula-
tion) and mucins (lubricants or protectants on external and internal surfaces of the 
body) (Hussain et al. 2013, 2016; Pourgholami et al. 2005). SO2 has been shown to 
promote the progression of bronchitis (inflammation of the lining of bronchial tubes 
in respiratory passages) and cystic fibrosis (an inherited life-threatening disease of 
the lungs and digestive systems) (Hussain et  al. 2013, 2016; Pourgholami et  al. 
2005). It also was associated with increased risk of lung and colon cancers when 
circulating in the organism for a prolonged time (Hussain et  al. 2013, 2016; 
Pourgholami et al. 2005). People living in the areas with increased levels of ambient 
SO2, including the residents of communities located near CFPPs, had a shorter life 
expectancy compared to people living in the areas without CFPPs near residential 
settings (Bascom et al. 1996; Kelsall et al. 1997; Pope et al. 1995).

Ambient SO2 can affect not only human health but also nearby plants. Exposure 
to SO2 has been shown to lead to leaf injury, affect plant growth, destroy chloro-
phyll, disrupt photosynthesis, and reduce the diversity of plant species (Rajput et al. 
1977; Winner et  al. 1985). However, studies on the effects of SO2 on plants are 
limited and research stresses the need for further detailed investigations (Barretti 
and Benedict 1970; Padhi et al. 2013; Swain and Padhi 2015).

Contamination from the CFPPs is also associated with the issue of acid rain. 
Sulfite (SO3

2−) and sulfuric acid (H2SO4) can affect plants, animals, and human 
health. For example, sexual behavior of certain marine species can be inhibited in a 
highly acidic water (Kitamura and Ikuta 2001). Acid rain can damage vegetation 
and cause impairment of human and animal skin cells (Kitamura and Ikuta 2001; 
Singh and Agrawal 2007; Thornton and Plant 1980).

14.4.1.3  Nitrogen Oxides (NOx)

NOx is another major pollutant resulting from coal combustion. It has a strong oxi-
dizing ability (Levy et al. 1999). Higher levels of ambient nitrogen dioxide (NO2) 
affect pulmonary function and exacerbate asthma attacks (Li et  al. 2001). Even 
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exposure to low concentrations of NO2 increases susceptibility to respiratory 
infections (Environmental Protection Agency 2008a), while exposure to higher NO2 
levels is associated with higher risk of genetic mutations (Arroyo et  al. 1992; 
Isomura et al. 1984; Wink et al. 1991). NO2 can react with volatile organic com-
pounds (VOCs) to form ozone, which in its turn increases the risk of asthma attacks, 
particularly in infants (Gent et al. 2003). Similar to SO2, NO2 contributes to acid 
rain, via formation of nitrous acid (HNO2) and nitric acid (HNO3), which can cause 
skin irritation and inflammation (Singh and Agrawal 2007). NOx can also impair 
heart rhythms and increase the risk of heart attack(Peters et al. 1999).

14.4.1.4  Carbon Monoxide (CO) and Carbon Dioxide (CO2)

During coal combustion, both CO2 and CO are emitted as a result of oxidation. 
These gases can impact ecosystem and human health by contributing to climate 
change and increasing the risk of cardiovascular diseases, asthma, and malaria 
(Munawer 2017). The latter effect is due to the warming effect with higher tempera-
tures in which mosquitoes thrive (Munawer 2017).

14.4.1.5  Polycyclic Aromatic Hydrocarbons (PAHs)

When inhaled, PAHs released during coal combustion (Boström et al. 2002) con-
tribute to the formation of deoxyribonucleic acid (DNA) adducts, the form of DNA 
damage that, if not removed by the cell, leads to mutations with increased risk of 
cancer development (Edwards et al. 2010; Jedrychowski et al. 2003; Perera et al. 
2012, 2008; Tang et al. 2008). This damage is used as biomarkers for exposure to 
chemical hazards. Exposure to PAHs can also affect child neurodevelopment, result-
ing in alteration of cognitive function that includes worsening of memory and ori-
entation, lower attention, and some other mental processes, as well as poorer 
learning function in children (Edwards et al. 2010; Jedrychowski et al. 2003; Perera 
et al. 2012, 2008).

14.4.2  Health Impacts of Contaminants in Water and Soil

In addition to air pollutants emitted by CFPPs, water and soil contamination are of 
increasing concern (Bhattacharyya et al. 2009). The majority of coal ash generated 
by burning coal is stored in landfills and retention ponds, many of which are located 
near residential communities that have low income (Zierold and Sears 2015). Many 
impoundments are structurally inadequate, meaning that deposited fly ash can con-
taminate soil, surface waters, and groundwaters with leaking toxins (Choi et  al. 
2002; Southeast Coal Ash n.d.; Sushil and Batra 2006). Water and soil can be con-
taminated over larger areas by extreme weather such as hurricanes and flooding.
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Before environmental regulations, CCRs were stored in unlined holding ponds 
and landfills, some of which are still utilized today. The U.S. EPA established a 
deadline of August, 31, 2020 for these impoundments to stop receiving CCR waste 
and begin closure (Environmental Protection Agency 2019b). The large number of 
unlined coal ash impoundments around the globe present many potential environ-
mental risks. In an investigation of 15 coal ash ponds in five U.S. states (Tennessee, 
Kentucky, Georgia, Virginia, and North Carolina), CCR constituents (Ca, Mn, Fe, 
Se, As, Mo, V, and SO4) were identified at all sites at concentrations above the back-
ground levels (Harkness et al. 2016). Of the 165 monitoring wells, 49 had high CCR 
contaminant levels and 65 had high boron (B) concentrations (Harkness et al. 2016). 
Boron has a very narrow range over which it transforms from a beneficial plant 
nutrient to a phytotoxic substance (Cox et al. 1978; Kot 2009).

14.4.2.1  PAHs and Trace Metals

PAHs and heavy metals, such as As, Hg, Pb, Cd, and many others, are associated 
with CFPP emissions and coal combustion waste storage and can negatively impact 
ecosystem and human health through various mechanisms. Neurotoxic effect has 
been reported when they produced an adverse effect on structure or function of the 
central and/or peripheral nervous system. They also had carcinogenic, teratogenic 
(impaired fetus development and increased risk of birth defects), and mutagenic 
(changes in DNA that increase frequency of mutations above the natural back-
ground level) effects (Bednar et al. 2013; Dutta et al. 2009; LeGalley and Krekeler 
2013; Liu et al. 2008; Patra et al. 2012a; Roper et al. 2013; Žibret et al. 2013). Fish 
and other aquatic animals ingest the trace metals and other contaminants through 
food and/or absorb them through their skin and gills. Toxic metals can bioaccumu-
late in their livers or kidneys and then are being transferred to humans through the 
food chain (Akintujoye et al. 2013; Al-Kahtani 2009; Shikha and Sushma 2011). 
The presence of CCRs and trace elements near the coal ash impoundments can also 
decrease soil pH, resulting in unfavorable conditions for most agricultural crops 
(Mandal and Sengupta 2006), thus indirectly affecting the food chain. Vanadium 
(V), chromium (Cr), Ni, Ca, Pb, As, Zn, molybdenum (Mo), Hg, and other metals 
were detected in the water leached from the ash from the coal ash slurry spill at the 
Tennessee Valley Authority (TVA) Kingston Fossil plant in Roane county, Tennessee, 
the site of the largest fly ash release in the U.S. history (Ruhl et al. 2009). They 
could have substantial negative impacts on health of the residents of nearby com-
munities (Nyale et al. 2014; Patra et al. 2012a; Ribeiro et al. 2011; Swaine 2000). 
Potential health effects of these contaminants are summarized in Table  14.2. 
Beryllium (Be), tungsten (W), Mo, and phosphorus (P), which are present in high 
concentrations in coal ash, are often overlooked in health studies of residential com-
munities (Izquierdo and Querol 2012), although they could have environmental rel-
evance locally.

Various species of metals have different oxidation states and differ in their degree 
and mechanisms of toxicity. For example, As(III), Cr(VI), Pb(III), and MeHg have 

J. Kravchenko and L. S. Ruhl



441

Table 14.2 Trace metal that is present in coal ash: potential health effects obtained from the 
literature overviewa

Metal

Diseases and symptoms 
potentially associated with 
exposure

Some particular aspects of 
exposure

Whether this metal is 
recognized by the 
special agency as a 
hazardous substance 
for humans

Arsenic Increased risk of cancers of 
bladder and lungs, skin 
damage (pigmentation 
changes and hyperkeratosis), 
cardiovascular disease, 
neurotoxicity, diabetes, and 
liver damage (Silva et al. 
2012; IARC 2016; 
Steinmaus et al. 2013; 
Martinez et al. 2011; 
Whiteside and Herndon 
2018)
Neurotoxicity, including 
Alzheimer’s disease (Gong 
and O’Bryant 2010; 
Gharibzadeh and Hoseini 
2008)
Impaired development of 
fetus and child (Rasheed 
et al. 2016)

The evidence on 
carcinogenic effect is 
compelling for both the 
inhalation and ingestion 
routs of exposure. There is 
evidence of dose-response 
relationships within 
exposed populations for 
both types of exposure 
(IARC 2018a)

Carcinogen 
recognized by IARC 
(IARC  2013, 2016, 
2018a)

Cadmium Impaired functions of 
digestive and respiratory 
systems, skin, kidney, and 
skeletal system 
(osteoporosis) (Godt et al. 
2006; Nawrot et al. 2010)
Increased lung cancer risk 
(IARC 2016; Whiteside and 
Herndon 2018; Brown et al. 
1984)

Cadmium exposure at 
early age should be limited 
as much as possible to 
prevent both direct effects 
on children and to prevent 
accumulation of cadmium, 
which may have serious 
health effects manifesting 
at older ages (Schoeters 
et al. 2006)

Recognized as a toxic 
metal that constitutes 
a major environmental 
health concerns (Wang 
et al. 2011)

Cobalt Impaired cardiovascular and 
respiratory functions 
(Simonsen et al. 2012)
Hematological and endocrine 
dysfunctions (Leyssens et al. 
2017)

An essential trace element, 
but is toxic in higher 
concentrations (Hu et al. 
2006)

IARC has reported its 
carcinogenic potential 
and reproductive 
toxicity (IARC 2003)

(continued)

14 Coal Combustion Residuals and Health



442

Table 14.2 (continued)

Metal

Diseases and symptoms 
potentially associated with 
exposure

Some particular aspects of 
exposure

Whether this metal is 
recognized by the 
special agency as a 
hazardous substance 
for humans

Hexavalent 
chromium

Dermatitis, 
bronchopulmonary disorders, 
kidney disease, liver damage, 
diseases of circulatory 
system, lung cancer, and 
complications of pregnancy 
and labor (IARC 2018b)
Higher risk of genotoxic 
effects such as chromosomal 
aberrations (IARC 2018b)
Higher lung cancer risk and 
faster progression (Whiteside 
and Herndon 2018; IARC 
2018b)

Hexavalent chromium is 
potentially carcinogenic 
and highly soluble 
(Huggins and Huffman 
2004), whereas trivalent 
Cr(III) is less soluble and 
of much less concern to 
human health

IARC has classified 
chromium(IV) in 
Group I (carcinogenic 
to humans) (IARC 
2018b; Christensen 
et al. 1992a, b)

Lead Abdominal pain, memory 
loss, damage of developing 
nervous system in fetus, 
miscarriages, and intellectual 
disabilities in children 
(Mertz 2012)

No known level of lead 
exposure is considered safe
The neurological effects of 
lead are believed to be 
irreversible

The World Health 
Organization (WHO) 
has recognized it as 
one of the ten 
chemicals of major 
public health concern 
(WHO 2010)
Classified as the coal 
ash component that 
constitutes a major 
environmental health 
problem (Wang et al. 
2011)

Mercury Exposure of pregnant women 
can cause lower intelligence 
levels, delayed 
neurodevelopment, and 
changes in vision and 
memory in the offspring 
(WHO 2007)
Affect fetus development 
with toxic effects on central 
and peripheral nervous 
system, (including cognitive 
and motor dysfunction), 
gastrointestinal, and immune 
systems, as well as on lung, 
kidneys (may cause kidney 
failure), skin, and eyes 
(Lippmann et al. 2003)

Human ingest mercury 
with consumption of 
methylmercury- 
contaminated fish (WHO 
2007)

The WHO considered 
it to one of the top ten 
chemicals of major 
public health concern 
(WHO 2007)

(continued)
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Table 14.2 (continued)

Metal

Diseases and symptoms 
potentially associated with 
exposure

Some particular aspects of 
exposure

Whether this metal is 
recognized by the 
special agency as a 
hazardous substance 
for humans

Reactive 
iron

Increased lung cancer risk 
(Whiteside and Herndon 
2018) and more aggressive 
lung cancer forms 
(Whiteside and Herndon 
2018)

Elemental iron is essential 
for cell growth and 
homeostasis. However, 
through the redox cycling, 
iron can be toxic (Veranth 
et al. 2000) and even 
carcinogenic (Steegmann- 
Olmedillas 2011), in 
particular, it increases risk 
of nonsmall cell lung 
cancer (Chanvorachote and 
Luanpitpong 2016)

Occupational exposure 
to iron is classified by 
IARC as Group 1 
(carcinogenic to 
human) substance 
(IARC 2019)
Iron as a component in 
various complexes is 
classified by IARC as 
Group 3 (Not 
classifiable as to its 
carcinogenicity to 
humans) (IARC 2019)

Quartz and 
crystalline 
silica

Higher concentrations of 
coal-derived components of 
ash of ultrafine size quartz 
and nanoparticles (<50 nm) 
of crystalline silica 
correlated with increased 
risk of lung cancer 
(Whiteside and Herndon 
2018; Tian 2004)

The IARC Working Group 
noted that “carcinogenicity 
may be dependent on 
inherent characteristics of 
the crystalline silica or on 
external factors affecting 
its biological activity or 
distribution of its 
polymorphs” (Borm et al. 
2011)

IARC reclassified 
quartz and crystalline 
silica from a class 2 to 
a class 1 carcinogen 
based on sufficient 
evidence of its 
carcinogenicity in 
both humans and 
experimental animals 
(Silva and Kátia 
2011a, b)

Vanadium Occupational exposure is 
associated with tremor, 
nausea, transient coronary 
insufficiency, cardiac 
arrhythmias, anemia, 
leukopenia, and lung 
inflammation (the latter is 
reported for high-dose 
exposures) (Campen et al. 
2001)
Modest dose-related increase 
in inflammation in lung and 
cardiovascular symptoms 
(arrhythmia) (Campen et al. 
2001; Lees 1980)
May augment lung 
carcinogenesis in susceptible 
individuals through oxidative 
stress-mediated pathways 
(Rondini et al. 2010)

Excessive intake of 
vanadium has been 
recognized as a potentially 
dangerous substance for 
human health (Silva et al. 
2012)
Data on the effects of 
low-dose vanadium 
exposure on hematopoiesis 
are inconsistent 
(Gruzewska et al. 2014)

The International 
Agency for Research 
on Cancer (IARC) has 
determined that 
vanadium is possibly 
carcinogenic to 
humans (ATSDR 
2012)

aThis is an updated version of the table on health impacts of trace elements published in NCMJ, 
2018 (Kravchenko and Lyerly 2018a)
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higher toxicity for ecosystem and human health than other species of respective 
metals (Jain and Ali 2000; Lohren et al. 2015). At present, data on the differences 
between the species in toxicity to humans remain very limited.

14.4.2.2  Mercury Emissions

Hg is emitted to the atmosphere when coal is burned (Burt et al. 2013) as well as to 
the environment through the release of coal ash (Bartov et al. 2013). Coal combus-
tion is the major anthropogenic source of Hg emissions across the globe: over 25% 
of cumulative Hg emissions in the world (Streets et al. 2011) and approximately 
50% of the total Hg emissions in the U.S. (Deonarine et al. 2013) are due to coal 
combustion. When combined with chlorine, sulfur, and other elements, Hg forms 
inorganic salts. Human exposure to inorganic Hg salts can occur both in occupa-
tional and environmental settings. Hg substantially impacts plants, mammals, and 
human health. It deposits in waterways and passes up the aquatic food chain through 
bioaccumulation (accumulation of a contaminant in the organism) and biomagnifi-
cation (the increase of concentration of a compound in the tissues of organisms as it 
travels up the food chain) (Lippmann et al. 2003; National Research Council, 2010). 
Microorganisms (i.e., bacteria) can combine Hg with carbon, thus converting it 
from an inorganic to organic form, methylmercury (MeHg). MeHg is a highly toxic 
organic compound that bioaccumulates in the tissues of smaller aquatic organisms 
before they are consumed by larger organisms. While inorganic Hg is membrane 
bound, MeHg accumulates in cytoplasm of cells of the living organisms (Mason 
et al. 1995). Both, inorganic Hg and MeHg, accumulate in phytoplankton as the 
smallest organisms in the food chain; however, bioaccumulation of MeHg by fish 
can be at least 16 times greater than accumulation of inorganic Hg (Mason et al. 
1995) In contrast to MeHg, inorganic Hg does not undergo biomagnification (Mason 
et al. 1995). There is also lower elimination of MeHg from the body compared to 
inorganic Hg (Chirby 2012; Trudel and Rasmussen 1997). This makes MeHg more 
hazardous than the inorganic Hg compound to impact animal and human health. 
When accumulated in mammals and humans, MeHg acts as a strong neurotoxin that 
can increase the risk of impaired brain function in fetuses (Hsu-Kim et al. 2013; 
Poulain and Barkay 2013). Microtubules are polymers of tubulin, which provide 
structure and shape to the cell and are involved in a variety of cellular processes and 
cell division. Being a strong neurotoxin, MeHg binds to the proteins that form 
microtubules in neurons, resulting in brain deformities in newborns of mothers who 
consumed contaminated fish during their pregnancy (Lu and Holmgren 2014; Silva- 
Adaya et al. 2014; World Health Organization 2007). Exposure to MeHg increases 
the risk of neurological diseases in children and teenagers (Bisen-Hersh et al. 2014; 
Fischer et al. 2007; Manfroi et al. 2004) and may cause irreversible brain damage 
(Fischer et al. 2007; Llop et al. 2013). MeHg can also affect heart, liver, and kidney 
function in mammals and humans (Hansen et al. 1989).
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14.4.3  Potential Health Impacts of Radioactive Contaminants

In addition to toxic metals, radioactive contaminants in CFPP emissions and coal 
ash are increasingly recognized as environmental hazards. During coal combustion, 
isotopes of uranium (238U and 235U), thorium (232Th), radium (226Ra and 228Ra), 
potassium (40K), polonium (210Po) (Janković et al. 2011), and ruthenium (44Ru) as 
well as their decay products are released from the coal matrix, distributed between 
the gas phase and the solid combustion products, and have been reported in coal ash 
(Ruhl et  al. 2009; Yao et  al. 2015). Naturally occurring radioactive materials 
(NORMs) are among the inorganic constituents that are present in coals and enriched 
in CCRs following the combustion of coal. Depending on the ash (mineral) content 
of the feed coal, typical NORM concentrations in CCRs in the U.S. have total radia-
tive activity 7–10 times the activities of NORM in the parent coal (Lauer et  al. 
2015). When accumulated in human body, these isotopes gradually enter circulation 
and deposit in bones and teeth, where they remain for life. Exposure to radioactive 
isotopes from CCRs and leaching products (Ibrahiem et al. 2000) can affect kidney 
function and increase cancer risk (Amin et al. 2013; Gagnaire et al. 2011; Ibrahiem 
et al. 2000).

In 1978, it was found that population doses of radioactivity from CFPPs can be 
higher than those from the pressurized-water or boiling-water nuclear reactors 
(McBride et al. 1978). Almost a decade later (in 1987), the National Council on 
Radiation Protection and Measurements stated that the population effective dose 
equivalent of radioactivity from CFPPs is up to 100 times the dose for populations 
of communities located relatively close to nuclear power plants (National Council 
on Radiation Protection and Measurements 1987). Further studies showed that the 
potential risk to human health from coal combustion waste is comparable to the 
effects of nuclear waste (Christensen et  al. 1992a, b; Gabbard 1993). Therefore, 
increased attention is given to radioactive contaminants.

It is important to establish a strict control of the radionuclide content in both coal 
and their combustion products that are released into the environment to reduce 
occupational and residential exposures (Krylov and Sidorova 2013). Radioactive 
contaminants such as those from CCRs are referred to as Technologically Enhanced 
Naturally Occurring Radioactive Materials (TENORMs). About 10–20% of fly ash, 
bottom ash, and boiler slag consists of TENORM. CCRs can contain concentrations 
of TENORMs that are 3–5 times higher than background levels in average soil in 
the U.S. (Environmental Protection Agency 2018). Although EPA and others work-
ing on the problem have already learned a lot about TENORM effects, the risk of 
radiation exposure to humans and the environment is not completely understood. 
Future studies are needed to estimate the concentration of radionuclides in inhaled 
air containing suspended CCR particulates, to calculate inhalation doses to high- 
risk populations, and to evaluate “radionuclide dissolution/adsorption and mobility 
in the environment near coal ash disposal ponds” (Lauer et  al. 2017,; Lauer 
et al. 2015).
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Another aspect of potential environmental and health hazards is the use of CCRs 
in manufacturing and production. For example, in China, approximately 70% of 
CCRs are used in the production of cement and other building materials (bricks, 
etc.), road and dam construction, and production of agriculture fertilizer, while 
about 30% of CCRs are disposed of in coal ash ponds and landfills (Lauer et al. 
2017). It has been calculated that in China, CCRs originating from coal with U 
concentrations >10 ppm could pose radiation risks if used for building materials in 
a residential building (Kovler 2011).

14.4.4  Studies on the Health Impacts of Contaminants 
from Coal-Fired Power Plants

Coal and coal ash impact the health of animals and people from the initial mining of 
coal to the postcombustion disposal of coal ash (Burt et al. 2013). Coal combustion 
and coal ash can affect cardiovascular and respiratory systems, increase the risk of 
certain cancers, affect neurological development and cognitive function in children, 
impact maternal and infant health, and increase all-cause/total mortality (García- 
Pérez et al. 2009; Hermann et al. 2004; Karavuş et al. 2002; Perera et al. 2008). 
Children, pregnant women, people with lung diseases (such as asthma, lung infec-
tions, and chronic obstructive pulmonary disease), and older adults (65+ years old) 
are the most vulnerable to negative impacts of contaminants from CFPPs (Becker 
et al. 2002). Based on a 2019 update of evaluation made in 2012, coal indoor emis-
sions from household combustion, coal gasification, and coal tar distillation/pitch 
are recognized as Group 1 carcinogens (carcinogenic to humans) by the International 
Agency for Research on Cancer (IARC) (International Agency for Research on 
Cancer 2019). Using the most recent evaluation, coal dust is listed as Group 3 car-
cinogen (i.e., not classified as to its carcinogenicity to humans) (International 
Agency for Research on Cancer 2019).

Typically, studies on health impacts of coal ash are based on animal models or 
in vitro studies (in a test tube, culture dish, or elsewhere outside an organism). These 
studies showed that coal ash-related PM affects lung epithelia (moistens and pro-
tects the airways), causes inflammation, and alters immunological mechanisms and 
lymphocyte blastogenesis (transformation of lymphocytes into larger cells capable 
of duplication), thus increasing the risk of heart and lung diseases (e.g., chronic 
bronchitis, chronic obstructive pulmonary disease, congestive heart failure, and 
emphysema) (Carroll-Ann et al. 1999; Costa and Dreher 1997; Proctor et al. 2006; 
Shifrine et  al. 1984). Coal fly ash can generate reactive oxygen species (ROS) 
(Liberda and Chen 2013) and induce interleukin-8 (IL-8, chemokine that acts as a 
mediator of the immune reaction attracting leukocytes to the inflamed spot) in the 
lungs (Aust et al. 2002; Smith et al. 2000). In laboratory experiments, mutagenicity 
and cytotoxicity of coal fly ash have been demonstrated (Mumford and Lewtas 
1982). It has also been shown that coal fly ash can damage the genetic information 
of a cell causing mutations (i.e., the genotoxic effect) (van Maanen et al. 1999).
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Many experimental studies investigating health effects of inhaled coal fly ash are 
reported (Liberda and Chen 2013); however, most of these studies are laboratory 
experiments that used much higher exposure than those occurring in the natural 
environment (Mauderly et al. 2011). Studies reported much higher levels of neutro-
phils in the lungs of mice exposed to fly ash compared to unexposed mice (Gilmour 
et al. 2004). Neutrophils are the first cell types that travel to the site of infection: 
they ingest microorganisms and release enzymes to kill infectious agents. Also, 
mice exposed to fly ash had increased levels of tumor necrosis factor alpha (TNF-a, 
a cell signaling protein involved in systemic inflammation that makes up the acute 
phase reaction), macrophage inflammatory protein 2 (MIP-2, crucial for immune 
responses toward infection and inflammation), and interleukin 6 (IL-6, a cell- 
signaling protein involved in systemic inflammation) (Gilmour et al. 2004). A study 
on golden hamsters with intratracheal instillation of coal fly ash (when a substance 
was placed directly into trachea, i.e., widely used method to test respiratory toxicity 
of a substance) did not produce any malignant tumors (i.e., cancers) (Persson et al. 
1988). Also, rabbits exposed to coal fly ash did not show significant difference 
between the study and control group (Ogugbuaja et al. 2001). It is important that not 
only animal type, dose, duration, and way of exposure but also type of coal used in 
the experiment impacted the results. For example, depending on the levels of sulfu-
ric acid and alkali content in the fly ash of Illinois (U.S.), no. 6 fly and of Montana 
(U.S.) lignite the impacts of fly ash on lung capacity of guinea pigs differed (Chen 
et al. 1990) (i.e., the impact on the volume of air in the lungs upon the maximum 
effort of inspiration). In summary, the toxicity of coal fly ash is related to several 
factors including exposure duration, particle size, method by which the coal was 
combusted, the type of coal used, the cell type or animal used in the experiments, 
particle dose, and the elemental species adsorbed onto the particle (Liberda and 
Chen 2013). Taking all these factors into account, it is very difficult to extrapolate 
the findings from animal model or in vitro studies to general human population or 
specific subgroups of populations (Liberda and Chen 2013).

14.4.4.1  Health Studies in Human Populations

Studies on the impact of CFPPs on human populations include the studies of occu-
pational exposure of workers and studies of the residents of communities located 
near a coal-fired power plant. These studies showed that working at or living close 
to coal-fired power plant was associated with higher mortality from all causes (total 
mortality), cardiovascular disease (e.g., ischemic heart disease), respiratory disease, 
pneumonia, and lung cancer (Dai et al. 2014; Laden et al. 2000; Ostro et al. 2011; 
Smith et al. 2009; Thurston et al. 2013). These people also had higher rates of hos-
pital admissions and emergency department visits for respiratory (Atkinson et al. 
2010; Kim et  al. 2012; Ostro et  al. 2008; Sarnat et  al. 2008; World Health 
Organization 2013) and cardiovascular (Committee on the Medical Effects of Air 
Pollutants 2009; World Health Organization 2013) diseases. In the U.S., up to an 
18% increase in cardiovascular deaths per 10 μg/m3 increase in PM2.5 concentration 
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has been observed for combustion emissions (Lewtas 2007). In Spain, increased 
risk of death from lung, larynx, and urinary bladder cancer has been reported in resi-
dential communities located near combustion installations (García-Pérez et  al. 
2009; Siemiatycki et al. 2004). A study that included 117 Canadian regions from 
2007–2014 showed that an increase of 10 μg/m3 in PM2.5 was associated with 5.34% 
(95% confidence interval from 2.28% to 12.53%) higher risk of incidence of diabe-
tes, 2.24% (95% confidence interval from 0.93% to 5.38%) increase in asthma, and 
8.29% (95% confidence interval from 3.44% to 19.98%) increase in arterial hyper-
tension risk (Requia et al. 2017).

In European countries, the use of coal-fired sources of energy has been shown to 
predict a decrease in life expectancy of 0.5 years (Gohlke et al. 2011). In countries 
with higher levels of air contamination (e.g., India and China), up to 2.5–3.5 years 
of decrease in life expectancy was predicted (Gohlke et al. 2011). A large European 
study showed that for every terawatt-hour (TWh) of electricity produced from coal 
in Europe, there are 24.5 excessive deaths and 13,288 minor and 225 serious ill-
nesses (such as congestive heart failure and chronic bronchitis) (Markandya and 
Wilkinson 2007). The type and quality of coal impact the spectrum of pollutants 
released and, therefore, the health hazards association with coal combustion. For 
example, when the softest form of coal (lignite) is used, every TWh of electricity 
produced from its combustion results in higher health hazards than for nonlignite 
coal; it was associated with 32.6 excessive deaths, 17,676 minor illnesses, and 298 
serious illnesses (Markandya and Wilkinson 2007). Additionally, lignite has a low 
heat content, and therefore, nearly twice as much lignite needs to be combusted to 
achieve the equivalent energy output of higher heat content coal, resulting in roughly 
twice the pollutant emissions. The worldwide health toll associated with air pollu-
tion from coal combustion has been estimated to be 210,000 deaths, almost two 
million serious diseases, and over 151 million minor illnesses per year (Burt et al. 
2013). It has also been suggested that in the countries with fewer and/or less strict 
air pollution standards, intensive use of coal of poorer quality may result in addi-
tional deaths and illnesses compared to the countries with more strict standards for 
control on air pollution (Burt et al. 2013).

Several recent studies on human health and air contaminants related to CFPPs 
were based on source apportionment, the practice of “deriving information about 
pollution sources and the amount they contribute to ambient air pollution levels” 
(Belis 2014). Three main approaches were used in these studies: emission invento-
ries, source-oriented models, and receptor-oriented models (Belis 2014). The emis-
sion inventory approach represents a forecast of the emissions produced by a group 
of emission sources in a given time period. This approach is used for air pollution 
trend analysis, regional and local air quality modeling, regulatory impact assess-
ments, and human exposure modeling (Environmental Protection Agency 2017a). 
Inventories of air pollution from mobile sources are often produced by emission 
models such as the MOtor Vehicle Emission Simulator (MOVES). A source- oriented 
model is used to compute the contributions of different emission sources to regional 
fine particle concentrations, ozone, and other gaseous pollutant concentrations 
(Kleeman and Cass 2001). The receptor-oriented models apportion the measured 
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mass of an atmospheric pollutant at a given site (called the receptor) to its emission 
sources by using multivariate analysis to solve a mass balance equation (Belis 
2014). This approach has the advantage of providing information derived from the 
real-world measurements, including estimations of output uncertainty.

The number of scientific publications in this field has been increasing steadily. 
Studies have reported the associations between exposure to PM from CFPP emis-
sions and all-cause mortality, as well as mortality from cardiovascular disease, 
pneumonia, and lung cancer (Ito et al. 2006; Laden et al. 2000; Ostro et al. 2011; 
Thurston et  al. 2013). The U.S. studies in cities such as Atlanta (Georgia), 
Washington (District of Columbia), and Phoenix (Arizona) have shown that higher 
risk of emergency department visits for respiratory disease, higher all-cause mortal-
ity rates, and higher daily cardiovascular mortality were associated with exposure to 
PM2.5 from coal-fired power station emissions but not with PM2.5 apportioned to the 
gasoline, diesel exhaust, or wood smoke (Ito et al. 2006; Sarnat et al. 2008) (with 
the exclusion of daily cardiovascular mortality associated with both PM2.5 from 
coal-fired power stations and traffic (Mar et  al. 2006)). These observations were 
consistent with the findings from Barcelona, Spain (Ostro et  al. 2011). In the 
American Cancer Society’s Cancer Prevention II Study, long-term exposure to 
PM2.5 from coal combustion explained most of the increased mortality from isch-
emic heart disease (Thurston et al. 2013). Source apportionment studies have also 
reported a greater magnitude of health effects associated with PM2.5 from CFPPs 
relative to total PM2.5 mass (i.e., from other sources) (Ostro et al. 2011; Sarnat et al. 
2008). The biological mechanisms specific to these observations remain largely 
unknown. It has been suggested that coal combustion-derived PM can cause inflam-
mation via oxidative stress (a disturbance in the balance between the production of 
reactive oxygen species, free radicals, and antioxidant defenses) and activation of 
redox-sensitive transcription factors, which act as signaling messengers for perpetu-
ation of inflammation that is often associated with degeneration and cell death 
(BéruBé et al. 2007). People who spend plenty of time near CFPPs had elevated 
levels of blood markers for oxidative stress and oxidative DNA damage (Possamai 
et al. 2010; Wong et al. 2005). In a series of toxicological studies, it was suggested 
that the toxicity of PM from coal-fired power plants increases as the particles are 
atmospherically transformed (i.e., photochemically aged) (Environmental Protection 
Agency 2012).

14.4.4.2  Maternal and Child Health

Maternal exposure to high levels of PM, SO2, and NO2 during pregnancy was asso-
ciated with lower birthweight in newborns (Šrám et  al. 2005). Moreover, higher 
infant mortality has been reported in Chile, China, Mexico, Thailand, Germany, and 
Australia in association with higher production of energy from CFPPs (Gohlke 
et al. 2011). Children are more vulnerable to air contaminant exposure due to their 
prolonged time participating in outdoor activities, greater air consumption relative 
to lung mass and body weight, and greater propensity for mouth-breathing 
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(resulting in less filtering through nasal passages) (Kravchenko and Lyerly 2018a, 
b). Children living near a 60-year old coal-fired power plant in Kentucky (U.S.), 
which has the third largest coal ash storage capacity in the country, more often had 
respiratory diseases and learning disorders than children living far from the plant 
(Zierold and Sears 2015). Some of these children lived within 50 yards of the land-
fill that stored a mix of coal ash products on 163 acres. While the results of this 
study might not be generalized to other U.S. communities located near coal ash 
storage facilities because the results were not adjusted by socioeconomic character-
istics (Zierold and Sears 2015), several other studies confirmed that chronic expo-
sure to PM, including those from coal ash, was associated with elevated levels of 
inflammatory cytokines (proteins that have specific effects on the interaction and 
communication between cells) in the brain and a higher risk of disorders of central 
nervous system in children (Block and Calderón-Garcidueñas 2009; Calderón-
Garcidueñas et al. 2007). Also, children exposed to PM had higher prevalence of 
attention-deficit hyperactivity disorder (ADHD), a disorder defined by a specific 
pattern of inattention, and/or hyperactivity-impulsivity that interferes with function-
ing and development of a child (Berhane et al. 2014; Braun et al. 2006; Liu et al. 
2013b; Nigg et al. 2010; Pan et al. 2014; Wendt et al. 2014). It has been estimated 
that coal ash storage facilities in the U.S. have the potential to affect the health of 
more than 1.5 million children. Therefore, research on health effects in children liv-
ing near coal-fired plants and coal ash impoundments should be an important 
research priority (Zierold and Sears 2015).

Recently, many of the older CFPPs in the U.S. and several other countries have 
been retired. This provides an opportunity to investigate the impact of power plant 
closures on human health by comparing the health of local populations before and 
after these events. A study in California showed that when a nearby power plant was 
retired, the rates of preterm birth reduced within 10 km of the retired plant (Casey 
et al. 2018). Specifically, pregnant women living within 5 km of the retired coal 
power plant had a reduction in preterm birth from 7.0% to 5.1% (Casey et al. 2018). 
Preterm birth (also known as a premature birth) is a birth that takes place more than 
3 weeks before the baby’s estimated due date, i.e., it occurs before the 37th week of 
pregnancy. Being born early can cause both short-term (breathing and heart disor-
ders, brain hemorrhage, low body temperature, and some other health issues) and 
long-term (cerebral palsy, impaired learning capabilities, poor vision and hearing, 
and other chronic health issues) health issues in children (Mayo Clinic 2019). This 
health impact was confirmed in other studies showing that air pollution increases 
the risk of preterm birth by altering normally progressing gestation through activa-
tion of pro-inflammatory cytokines (Engel et al. 2005), higher risk of preeclampsia 
(a life-threatening pregnancy complication characterized by high blood pressure 
and symptoms of damage of other organs, most often the liver and kidney) 
(Malmqvist et al. 2013), growth restriction (Pereira et al. 2012), or increased mater-
nal susceptibility to infections (Pereira et al. 2013).
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14.4.4.3  Studies in Highly Contaminated Areas

Impacts to human health can differ for low- and high-dose exposures to contami-
nants from CFPPs. Therefore, health studies from countries with high levels of con-
taminants provide very important information. China is the largest consumer of coal 
in the world; in 2018, it accounted for over 53% of world coal consumption 
(International Energy Agency 2019). For comparison, the top countries behind 
China are India (14%) and the U.S. (9%), where India surpassed the U.S. in coal 
consumption in 2015 (International Energy Agency 2019). The average trace ele-
ment composition of Chinese coals is similar to that of the U.S. (Dai et al. 2012). 
Coal burning was found to be the single largest contributor to ambient PM2.5 pollu-
tion in China, causing an estimated 366,000 deaths in 2013 (GBD MAPS Working 
Group 2016). The reasons for the prevalence of coal-related health problems in 
China include the abundant coal deposits located in most Chinese provinces, the 
elevated concentrations of toxic components in coal deposits, deforestation, and the 
widespread use of domestic coal burning (Finkelman and Tian 2018). Most of the 
serious coal-related health problems in China result from residential indoor coal use 
(Finkelman and Tian 2018). Another important issue is a coal gangue, an industrial 
coal residual discharged during coal processing and utilization (Qingbao 1997). In 
China, coal gangue stockpiles reached approximately 4.5 billion tons and that num-
ber is increasing by approximately 750 million tons per year (Haibin and Zhenling 
2010). Consequently, the disposal of gangue, which contains large amounts of trace 
metals (e.g., Pb, Hg, As, and many others) raises a number of questions on environ-
mental and health issues (Wang et al. 2000; Zhao et al. 2008). The levels of trace 
elements, PM, SO2, CO, and PAHs contaminating the air and water from coal stock-
piles in China (Zhao et al. 2008) are very high. The spectrum of diseases of increased 
risk in communities located near coal stockpiles remains understudied. However, 
higher risk has been reported for hyperkeratosis (scaly lesions on the skin), Bowen’s 
disease (dark precancerous lesions of the skin), and squamous cell carcinoma, 
which are all three conditions associated with As poisoning from coal residual dis-
charges (Finkelman 2004). Also, people living near coal stockpiles more often had 
dental (the damage of tooth enamel) and skeletal (limited movement of the joints 
and bone deformation) fluorosis caused by high levels of fluoride and the symptoms 
of Se poisoning such as skin discoloration and loss of hair and nails (Finkelman 
2004). They also had an increased risk of lung cancer due to exposure of high levels 
of PAHs (Finkelman 2004).

Recently, the problem of health hazards caused by air contamination in China 
has attracted much attention. As one of the leading nations in developing renewable 
energy resources, China is attempting to reduce its dependence on coal (Finkelman 
and Tian 2018), thus reducing the impacts of coal combustion on the health of its 
population. According to amendments to China’s 2015 Air Pollution Protection 
Law, all CFPPs are now required to use pollution control systems (Zhang 2016) to 
minimize the release of SO2, PM2.5, and potentially harmful trace elements in order 
to help mitigate the health issues caused by coal in China.
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14.5  Case Studies

14.5.1  Coal Ash Spills

14.5.1.1  The 2008 TVA Coal Ash Spill

In recent history, there have been several major coal ash spills (Table 14.3), with the 
largest being the 2008 Tennessee Valley Authority (TVA) coal ash spill in Kingston, 
Tennessee, U.S. (Proctor 2018). On December 22, 2008, more than 4.2 million 
cubic meters of wet CCR material was released into the Emory, Clinch, and 
Tennessee Rivers (Fig. 14.4). The coal ash material contained high levels of toxic 
elements (As, Hg) and radioactivity (226Ra and 228Ra) (Ruhl et  al. 2009), which 
posed potential health risks to humans and wildlife in the area. Initially, contami-
nants leaching from the ash into the surface water (As, Ca, Mg, Al, Sr, Mn, Li, and 
B) caused contamination in areas with limited water exchange (with As above 
drinking water limits). The Emory and Clinch Rivers had slightly elevated levels of 
contaminants from the coal ash, but the concentrations were below U.S. EPA drink-
ing water regulatory limits (Ruhl et al. 2009). Further investigations revealed that 
the rivers diluted the concentrations of contaminants from the coal ash spill to below 
regulatory limits for drinking water and aquatic organisms. Although in areas with 
limited water exchange, such as porewater (the interstitial water in the sediment/ash 
at the bottom of the river) and coves filled with ash, extremely high levels of con-
taminants were measured (e.g., up to 2011 μg/L of As) (Ruhl et al. 2010). These 

Table 14.3 Table of major coal ash spills (AP 2014; Biesecker 2018; Messinger and Silman 2016; 
Patel 2016)

Date Location
Amount spilled 
(cubic meters)

Unknown, 1967 Clinch River, Carbo, Virginia, U.S. 492,104
December 2000 Lake Sinclair, Milledgeville, Georgia, U.S. 132
July 2002 Euharlee Creek and the Etowah River, 

Cartersville, Georgia, U.S.
378,541

August 2005 Oughoughton Creek and the Delaware 
River, Lower Mount Bethel Township, 
Pennsylvania, U.S.

8517

February 2007 and January 
2008

White River, Morgan County, Indiana, U.S. 113,561 (2007)
113,562 (2008)

December 2008 Emory, Clinch, and Tennessee Rivers, 
Kingston, TN, U.S.

4,200,000

January 2009 Jackson County, Alabama, U.S. 38
October 2011 Lake Michigan, Oak Creek, Wisconsin, 

U.S.
1911

February 2014 Dan River, Eden, NC, U.S. 22,112 (ash)
66,245 (ash + water)

September 2018 Wilmington, NC, U.S. 1530
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Fig. 14.4 The Tennessee Valley Authority (TVA) coal ash spill that occurred on Dec 23, 2008 in 
Kingston, TN, US spilling over 1 billion gallons of wet ash into the Emory, Clinch, and Tennessee 
Rivers (TVA 2009)

elevated concentrations of contaminants were associated with some degree of 
anoxic conditions, pH conditions, and a lower water-to-ash ratio (Ruhl et al. 2010). 
Reducing conditions caused the Fe and Mn oxyhydroxides in/on the ash material to 
dissolve, which therefore released the adsorbed contaminants such as As. Certain 
contaminants were also more mobile in the rivers’ pH conditions, which also 
impacted the concentrations measured. The lower water-to-ash ratio resulted in less 
dilution and therefore higher concentrations of contaminants (Ruhl et al. 2010).

The sediment in the spill region was mixed with the coal ash, and subsequently, 
contaminant concentrations and mobility increased in the spill region. Babyak et al.
(2010) reported that the sediment mixed with coal ash from the spill had higher 
concentrations of extractable elements compared to upstream sites. Additionally, 
the majority of extractable As was bound to iron and manganese oxides, which 
could be liberated under reducing conditions (e.g., during stratification of the water 
during the summer).

The region of the spill had a long legacy of environmental contamination with 
Hg and radionuclides from the Department of Energy Oak Ridge Reservation site 
(Environmental Protection Agency 2017b). After the spill occurred, there was a 
question as to the source of such contaminants in the Clinch and Emory Rivers. 
Boron (11B/10B) and Sr (87Sr/86Sr) isotopic ratios were used to differentiate the con-
taminants between from the spilled coal ash and those from other sources (Ruhl 
et al. 2014). Additionally, Bartov et al. (2013) utilized Hg isotopes (δ202Hg) to dif-
ferentiate the sources of Hg in the spill region and the contributions from different 
end-members in mixed samples in the spill region. The surface water after the spill 
was not impaired by total Hg concentrations, although the concentrations of total 
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Hg in sediments near the spill were 3–4 times greater than upstream sediments 
(Deonarine et al. 2013). MeHg content in the spill region was slightly elevated (up 
to 3×) relative to upstream sediments, which was up to 2% of the total Hg in sedi-
ments with coal ash, which is a concern due to neurotoxic and bioaccumulative 
effects of MeHg. The coal ash was also hypothesized to provide substrates such as 
sulfate that stimulated MeHg production (Deonarine et al. 2013).

During the TVA spill, hundreds of fish were killed from the physical impact of 
the ash release (Tennessee Valley Authority 2009), which also destroyed many 
docks in the reservoir. Additionally, the spilled ash smothered many benthic com-
munities in the rivers, and the dredging activities during clean-up also caused many 
disturbances and losses of benthic communities, reported as a loss of 1224 discount 
service acre years (DSAYs) (State of Tennessee Department of Environment and 
Conservation 2015). A discounted service acre year refers to the value of all the 
ecosystem services provided in one acre of habitat per year. The impact to aquatic 
wildlife initially was threefold: (1) statistically elevated fish body burdens for As 
and Se, (2) body burdens statistically different between fish species for As, Se, Ag, 
V, and Tl, and (3) Se in fish tissues found above biological effect concentrations, 
particularly in a freshwater redear sunfish (Lepomis macrolophus) (Jackson 2011). 
In 7-day laboratory tests performed with spilled ash material, fathead minnow 
(Pimephales promelas) showed no short-term significant effects in hatching suc-
cess, the percentage of fish eggs hatched to normal nauplii (or the first stage after 
hatching and swims freely) within the observed period, developmental abnormali-
ties, or embryo-larval survival (Greeley et al. 2014). Two years after the spill, fish 
populations still had elevated concentrations of toxic elements, although they likely 
benefited from the movement of other populations in and out of the area, sustaining 
populations (Jackson 2011). Greeley et al. (2016) also found elevated whole body 
and ovary Se concentrations in Lepomis macrolophus in coal ash exposed sites, 
while As and Hg fish concentrations were not correlated with ash exposure. 
Additionally, Otter et al. (2012) measured elevated levels of As and Se in tissues 
from various fish species (Micropterus salmoides, Pomoxis annularis, Lepomis 
macrochirus, and Lepomis macrolophus) at the spill impacted sites. Several investi-
gations into fish populations, communities, and reproduction found that the long 
term effects in this riverine system were minimal (Greeley et al. 2016; Pracheil et al. 
2016; Rigg et al. 2015), which is likely due to the system’s riverine (and transi-
tory) nature.

The coal ash sites at the TVA spill also had enriched 15N and 13C isotopes, which 
indicated differences in food web dynamics (i.e., incorporating coal ash-associated 
compounds into local food webs and/or a shift in diet) between sites (Otter et al. 
2012). The relative carbon source (food) was also a better predictor of Se bioaccu-
mulation in turtles within the spill region than relative trophic position (Van Dyke 
et  al. 2013). Additionally, the turtle clutch eggs had higher concentrations and a 
more even distribution of trace elements (Ba, Se, Sr, and Tl) than swallow (bird) 
eggs from the spill region (Van Dyke et al. 2013). For animals that produce eggs 
slowly, like turtles, and use a small geographic area for food resources, contamination 
of their territory results in contamination of all eggs and, consequently, of all their 
offspring. Birds have sequential egg production and use greater territory as food 
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resources, and so they can forage on both contaminated and uncontaminated food 
sources (Van Dyke et al. 2013). This is why bird embryos may experience variable 
exposure to contaminants within a clutch; some of their offspring could be affected, 
and some could be intact. Therefore, the impact of coal ash contaminants on certain 
chains of the ecosystem (e.g., turtles and other animals with similar behavioral and 
reproductive characteristics) could be dramatic, when the whole generation or even 
several generations of population of these living organisms are affected.

Costing over $1.1 billion U.S. dollars, the three clean-up phases and remediation 
ended in 2015 (Oak Ridge Today Staff 2017) with the removal of most of the ash in 
the spill region. Approximately 390,000 cubic meters of ash remain in the river 
system (Van Dyke et al. 2017), which is part of the Monitored Natural Attenuation 
(MNA) clean-up plan where natural processes, like mixing, sedimentation, etc., will 
reduce the ecological risks posed by the residual ash (Oak Ridge Today Staff 2017). 
Several studies took place after the first and second phases of remediation occurred. 
One such investigation by Van Dyke et al. (2014) revealed that different species of 
turtles (Sternotherus odoratus and Trachemys scripta) from the spill region trans-
ferred different trace elements to their embryos. The hatchlings partially assimilated 
elements present in the eggs, which further indicated that maternal transfer and 
embryonic assimilation are element- and species-specific (Van Dyke et al. 2014). 
An investigation by Steen et al. (2015) revealed that turtle hatchling success was 
reduced by 11% compared to a reference river, but determined that after remedia-
tion, the risks of excessive element exposure and limited reproductive effects 
were low.

A study of raccoons collected in 2009 and 2010 from the spill site near the Emory 
River embayment of Watts Bar Reservoir in east Tennessee has shown that although 
As in hair, Fe in muscle, Ni in hair, Se in hair and muscle, strontium (Sr) in hair, and 
V in hair and liver were increased in spill site animals compared to unexposed ani-
mals (Souza et al. 2013), no clinically important differences were observed between 
the groups regarding blood tests or histopathology. This study concluded that there 
was no substantial accumulation of metals/metalloids with consequent negative 
health effects in raccoons associated with exposure to coal fly ash compared to 
unexposed animals (Souza et al. 2013).

Among 214 community residents participating in the screening program for 
evaluation of their health following the Kingston coal fly ash spill, the most com-
monly reported symptoms were related to irritation of the upper respiratory tract, 
and no evidence of heavy metal toxicity was found (Nichols et al. 2014). Another 
study on human health outcomes, a Vanderbilt University Medical Center Health 
Screening Assessment administered through the Oak Ridge Associated Universities 
(Oak Ridge Associated Universities 2010), found that the most common health 
symptom reported by participants who lived near the Kingston ash spill was upper 
airway irritation in the weeks following the spill. Calculated PM2.5 and PM10 doses 
for Kingston emissions for in vivo exposures, such as those from Smith et al. (2006), 
used total daily doses delivered in experiments to rodent’s lungs that were similar to 
calculated human exposures. However, after accounting for the differences in lung 
surface areas between species, the experimental animal doses appeared to be more 
than ten times higher per unit area than the human dose. Similarly, while an instilled 

14 Coal Combustion Residuals and Health



456

dose of coal fly ash in an experiment may seem to be reasonable for mice lungs, on 
a lung surface area basis, such a dose can be more than 35 times that of a similar 
dose recalculated for humans (Liberda and Chen 2013). It has been speculated that 
while health outcomes (such as mild pulmonary inflammation) may have been 
observed in laboratory animal exposures, extrapolating those effects to humans 
presents difficulties, even using a worst-case scenario (i.e., of the strongest expo-
sure) of 100% deposition (Liberda and Chen 2013).

14.5.1.2  Duke Energy Dan River Spill

On February 2, 2014, the Duke Energy Dan River Steam Facility near Eden, North 
Carolina (U.S.), spilled between 40,000 and 82,000 tons of coal ash and 27 million 
gallons of ash pond water into the Dan River (Department of Interior 2019; 
Environmental Protection Agency 2019a). The estimated costs of the ecological 
damage, recreational impacts, effects on use, and esthetic values for this much 
smaller spill totaled approximately $295 million (U.S. dollars) (Lemly 2015). The 
impact on the Dan River basin, which is a popular recreation area for fishing, boat-
ing, and wildlife viewing, was significant. The concentrations of hazardous sub-
stances in the surface water and sediment were high enough to cause a measurable 
adverse change (i.e., injury) to fish and other aquatic biota (Dan River Natural 
Resource Council 2014, 2019). It was estimated that natural resource services were 
lost as a result of exposure to hazardous substances from ash covering, ash removal, 
and exceedances of As and Se criteria in surface water and sediment (Dan River 
Natural Resource Council 2019). In addition to the natural resources affected, the 
coal ash spill also negatively affected recreational uses and opportunities such as 
sport fishing, water contact recreation, boating, canoeing, hiking, nature observa-
tion, hunting, and other activities, limiting public use and access between May and 
August 2014 (Dan River Natural Resource Council 2019). Nearby counties issued a 
recreational water advisory and fish consumption advisory.

Specifically, the concentrations of Al, Fe, Zn, Mo, Ti, and Ni were elevated near 
the spill site (within a sediment curtain) and subsequently decreased downstream 
below toxicity standards within 1 day of stopping the spill (Yang et  al. 2015). 
Arsenic concentrations within the river were below regulatory limits, but elevated 
As concentrations were measured many times above regulatory limits in seepage 
from a coal ash impoundment drain pipe flowing into the river (i.e., the source of the 
spill) (Yang et al. 2015). The dominant form of As was found to be sorbed to aggre-
gations of iron oxyhydroxide nanoparticles, while the remainder was dissolved 
(Yang et al. 2015). These aggregates were transported downstream and could impact 
water quality if reductively dissolved (Erbs et al. 2010; Ruhl et al. 2012; Swartz 
et al. 2004; Yang et al. 2015). Additionally, TiO2 nanoparticles sorb other metals 
(Cu, Fe, and Al), were identified in the river water samples collected from the spill 
site, and could have environmental repercussions downstream. The consideration of 
nanoparticles in water quality analysis is novel, yet plays an important role in the 
environmental impact of coal ash spills and releases (Yang et al. 2015).
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14.5.2  Surface Water Discharge from Coal-Fired Power Plants

While the coal ash spills garner much attention, there are many contaminants 
released from coal-fired power plants to surface water bodies on a daily basis. Coal- 
fired power plants use water to (1) make steam to run a turbine and make electricity 
with no CCR contact and (2) move ash or FGD material to a holding pond. When 
water comes into contact with the CCR material, some of the constituents, like B, 
Sr, As, and Se (Querol et al. 1995; Ruhl et al. 2009), can be leached into the water 
easily. After the particles have settled out, the water is returned to a surface body of 
water (i.e., lake and river). Not all facilities have water treatment processes, which 
can have a major impact on the contaminant concentrations in the effluent released 
to the water body. A study of nine bodies of water receiving effluent from CCR set-
tling ponds revealed that facilities that had combined flue gas desulfurization and 
ash processes had greater enrichment of many contaminants relative to the original 
source water, including Ca, Mg, Cl, SO4, Sr, Mn, B, Cr, Ni, As, Se, Rb, Mo, Sb, Tl, 
and Pb. However, the ash-only facilities had greater enrichment of Li, Al, and V 
relative to the original source water (Ruhl et al. 2012). This study also revealed that 
effluents from the facilities contain high levels of contaminants, sometimes above 
regulatory limits, and the impact of the effluent on water quality is dependent on the 
size of the receiving water body. Additionally, contaminants can be recycled in the 
receiving water bodies through adsorption onto suspended particles and rereleased 
/to deep surface water or pore water in sediments during reducing conditions, such 
as thermal stratification (Ruhl et al. 2012). Boron (11B/10B) and strontium (87Sr/86Sr) 
isotopic ratios were used to differentiate the CCR effluent from other contaminant 
sources (Ruhl et al. 2014). This case study illustrates the impact of permitted dis-
charges from CCR facilities on water bodies and the availability of contaminants.

In addition to permitted discharges, there are occasionally smaller releases of 
CCRs to nearby waterways. Vengosh and colleagues indicated that there had been 
several unmonitored coal ash spills into Sutton Lake in North Carolina (U.S.), pos-
sibly due to storm events (Vengosh et al. 2019). The sediment with the spilled coal 
ash at the bottom of the Sutton Lake was enriched in metals (As, Se, Cu, Sb, Ni, Cd, 
V, and Tl), exceeded ecological screening standards for sediments, and had been 
mobilized to the porewater (Vengosh et al. 2019). This significantly impacted the 
water quality of Sutton Lake, which has been used as a cooling pond for the coal- 
fired power plant for several decades. An investigation by Lemly revealed that ele-
vated Se concentrations in the lake have caused elevated fish tissue concentrations 
and teratogenic effects in the aquatic wildlife of the lake (Lemly 2014). A startling 
28.9% of the juvenile Lepomis species collected in 2013 exhibited signs of Se poi-
soning, which consist of spinal and craniofacial malformations (Lemly 2014). 
Similar elevated Se concentrations and impacts (spinal and craniofacial malforma-
tions) on fish have also been reported for Herrington Lake, KY (U.S.) (Lemly 2018), 
which also received discharge from a CFPP. Belews lake in North Carolina (U.S.) 
had a history (from 1974–1985) of elevated Se concentrations in the water and 
aquatic wildlife (invertebrates, fish, and birds) due to CCR wastewater discharges to 
the lake, but the electric utility changed its ash disposal practices, significantly 
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lowering the concentration of Se in water and wildlife in the following years (Lemly 
1997). Despite the decrease in Se in the water and wildlife 10 years after the Se 
inputs were stopped, Se in the sediment-detrital food pathway still affected organ-
isms (Lemly 1997).

14.6  Conclusion: Current Issues, Future Study, 
and Policy Directions

Our understanding of health impacts from exposure to coal-fired power plant emis-
sions and coal ash impoundments remains limited. At this time, it is not possible to 
estimate the specific health impacts of coal ash components due to lack of informa-
tion about the rate at which they are released into the atmosphere and about the 
chemical, physical, and synergistic properties that impact morbidity and mortality 
in each particular geographic area. Occupational and environmental health stan-
dards that are based on the results of community- and population-based health stud-
ies of the CFPP workers and residential populations (including different age-, sex-, 
and race/ethnic-specific subgroups) have not yet been developed for toxic com-
pounds associated with air, water, and soil contamination, largely due to the limited 
information about their effects on human health and ecosystems. The specific health 
effects of exposure to these pollutants among power plant workers and residential 
communities remain largely unknown; therefore, monitoring of at-risk populations 
for these environmental exposures is needed (Mayfield and Lewis 2013) around 
CFPPs. Even if all power plants had identical control equipment, coal sulfur con-
tent, and combustion efficiencies, health impacts per kilowatt-hour could vary sub-
stantially due to the differences in exposures per unit of emission (Levy et al. 2009). 
It is also important to note that while there is some evidence that PM from coal-fired 
power station emissions may elicit greater health effects compared to PM from 
other sources, the to-date evidence does not provide a clear ‘hierarchy’ of harmful-
ness for PM from different emission sources (Hime et al. 2018). Further studies on 
health effects of source-specific PM with more advanced approaches to exposure 
modeling, measurement, and analysis are required to develop an effective strategy 
to minimize negative health effects from exposure to PM.

It is important to stress that human health studies, specifically in the communi-
ties located near CFPPs, should include the data on population exposure per unit of 
emissions. Nonlinearities and/or thresholds in the concentration response functions 
influence the precision of evaluation of the health risks (Levy et al. 2009). Due to 
the complicated effects of multiple factors on populations exposed to coal plant 
emissions, modeling approaches such as the CALPUFF system for simulating 
atmospheric pollution dispersion or the Community Multiscale Air Quality model 
can be used to evaluate potential health impacts of coal ash on human health in addi-
tion to conventional epidemiological studies. Such complex chemistry transport 
models have been used to analyze health-related hazards of power plant emissions 
with the focus on the relationships between plant emissions and population expo-
sures (Environmental Protection Agency 2005; Levy et al. 2002a, b, 2003; Levy and 
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Spengler 2002; Lopez et al. 2005). The socioeconomically patterned distribution of 
air pollution complicates the study of the relationship between race/ethnicity, socio-
economic factors, and preterm birth (Casey et al. 2018). Compared to nonHispanic 
whites, people of all other races/ethnicities tend more often to be the residents of 
communities located near coal power plants and/or coal ash impoundments, where 
they can experience higher levels of air pollution and other environmental hazards 
prenatally (Bell and Ebisu 2012; Cushing et al. 2015; Lu and Chen 2004; Woodruff 
et al. 2003) and during their life span.

The use of coal for power generation remains a great worldwide concern because 
even with reduced SO2, NO2, and PM emissions, CFPPs remain the most carbon- 
intensive source of energy and continue to produce a substantial amount of air pol-
lution and by-products of combustion that may impact ecosystems and human 
health in nearby and even certain distant communities (Gohlke et al. 2011; Holdren 
et al. 2000; Markandya and Wilkinson 2007; Wilkinson et al. 2009). The mass of 
particles that are emitted is considered to be more important than the type of source- 
specific PM. However, taking into account that different particle characteristics are 
associated with different health impacts, a better understanding of the relative health 
impacts of PM from different sources will enable development of public policy that 
targets specific emission sources to maximize benefits to human health (Hime 
et al. 2018).

To improve the health outcomes associated with coal power plants in countries 
with the rapid economic development, the strategy of controlling a single pollutant 
during certain periods and adding another in the next period has achieved some suc-
cess, such as a gradual control strategy of SO2 reduction adopted in China (Zhang 
et al. 2015). However, this strategy may not be as effective as a multipollutant con-
trol strategy, which can yield more net benefits, including health benefits, than the 
gradual control strategy (Zhang et al. 2015). It has been shown that in China, the 
average cost difference between the multipollutant control strategy and gradual con-
trol strategy for 600 MW generators is $0.4 per MWh, but the health benefit differ-
ence is $6.9 per MWh (that is 15 times the magnitude of the difference in control 
costs) (Zhang et al. 2015). Raising electricity prices to offset increased control costs 
is a potential means of balancing benefits between power plants and electricity users.

Many counties in Europe have announced plans to phase out coal-fired power 
completely by the 2030s or sooner (Bixel 2019; International Energy Agency 2017). 
India committed to reduce fossil-fuel emissions by 33–35%, and China committed 
to lower CO2 emissions by 60–65% by 2030 (using 2005 as a baseline), while 
increasing nonfossil fuel consumption for primary energy usage (International 
Energy Agency 2017; Liu et al. 2018). In the U.S., electricity generation from coal 
gradually declined as coal has become less cost competitive compared to natural gas 
and renewables (Jones 2019). In 2018, natural gas in the U.S. accounted for 34% of 
total electricity generation, and it is projected to continue to grow to 40% by 2032 
(Jones 2019). Globally, there is no clear evidence about decline in coal use as the 
source of energy, despite its environmental and public health contraindications 
(Hendryx et al. 2020). Impacts on ecosystem and human health disproportionately 
affect populations that also have socioeconomic disadvantage (Hendryx et al. 2020). 
These issues will persist or even increase for nations that continue to utilize more 
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coal for energy. Through scientific investigations and policy, much knowledge can 
be obtained and translated into safer practices that will help to improve human 
health and ecosystems in areas that intensively use coal for energy generation.
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