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Abstract
Background
Development of Marcellus shale gas in recent years has turned into a public concern due to air quality
changes and associated health impacts caused by emissions from shale gas development. Controlling
standards and regulations were devised to provide health protection from exposure to such emissions,
but health impact incidences have been reported in the areas where shale gas activities were prevailing.
This study estimates the changes in expected health impacts associated to fine particulate matter
(PM2.5) emissions from shale gas development in Pennsylvania between 2005 and 2017.
Methods
The change in incidence rates is estimated using a Gaussian plume model to simulate PM2.5
concentrations over time and distance and a health risk model to calculate the relative risk of exposure
associated with different concentration levels.
Results
Simulation results indicate that PM2.5 emissions from shale gas development could increase the
incidence of health outcomes at specific locations over the studied timespan and in case of asthma, this
increase could be as high as 20,411 persons over 13-years.
Conclusion
This study identifies the areas in Pennsylvania where more health risk assessment could be prioritized.
An effective health-governing regulation should account for level of development activities as well as
spatial characteristics (i.e., climate and population) of their vicinity to successfully provide health
protection from air pollutants caused by shale gas development.

1. Introduction
The technological innovations in drilling and hydraulic fracturing led to a growing rate of shale gas
production in Pennsylvania in the beginning of 21st century. According to the US Energy Information
Administration (EIA), production from shale gas was 1.1 trillion cubic feet in 2011 and it increased to
more than 5 trillion cubic feet in 2016 (EIA – Shale gas production, 2019). While shale gas supports
energy security, provides fewer negative environmental impacts than other fossil fuels such as coal, and
boosts the local economy, it may yet result in environmental degradation and net economic losses if not
done properly (Sovacool, 2014).
Jaramillo and Muller (2016) listed Pennsylvania with Ohio and Indiana as the U.S. states with the highest
annual monetary damages due to exposure to air pollutants from energy production. This study
estimated
the marginal health cost of oil and gas extraction to increase from 1.23 to 1.33 billion dollars
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per one extra ton of PM2.5 emissions from 2005 to 2011 (Jaramillo and Muller, 2016). Moreover, Litovitz
et al. (2013) estimated the monetary damages of $2.2 to $4.7 million in association with shale gas
development at the regional level.
Total emissions in areas highly concentrated with shale gas development may lead to concentrations
higher than the EPA National Ambient Air Quality Standards (Banan and Gernand, 2018), and recorded
data show that in some cases, concentrations increased up to 20 to 40 times higher than the permitted
level (Sovacool, 2014). State and local governments designate the minimum distance between a shale
gas wellsite and any residential building (known as setback distance) to control the associated health
risks from emissions due to shale gas activities and to protect public safety (McKenzie et al., 2016).
However, studies showed that setback policies were not successful in achieving their purpose to the
fullest (Haley et al., 2016; Banan and Gernand, 2018).
Research shows an association between health risks and air pollutants originating from shale gas
development (Shonkoff et al., 2014). Fine particulate matter (PM2.5) is one of these pollutants (Shonkoff
et al., 2014) whose health burden is known as a serious health concern around the world (WHO, 2007).
Diesel engines and gas turbines, used during drilling and hydraulic fracturing, emit air pollutants that
have shown association with increases in risk of morbidity and mortality (McKenzie et al., 2012; Shonkoff
et al., 2014).
Many epidemiologic studies investigated the association between exposure to PM2.5 emissions and
health effects. Based on the results, long-term ambient exposures to these emissions showed significant
association with morbidity and mortality due to ischemic heart diseases (IHD) (Burnett et al., 2014; Xie et
al., 2015), lung cancer (Burnett et al., 2014; Puett et al., 2014; Gharibvand et al., 2017; Liu et al., 2017;
Morelli et al., 2016), circulatory diseases (Jerret et al., 2017), stroke and chronic obstructive pulmonary
disease (Burnett et al., 2014; Liu et al.; 2017), and premature mortality (Lelieveld et al., 2015; Morelli et al.,
2016). Epidemiological studies have also shown strong positive correlations between long-term exposure
to airborne PM2.5 and cardiovascular morbidity and mortality (Haberzettl et al., 2012; Brook et al, 2011).
According to Pascal et al. (2016), anthropogenic PM2.5 emissions are thought to be responsible for 9% of
mortality incidences in France.
According to Werner et al. (2015), despite a lack of highly relevant evidence on association between shale
gas development activities and any direct health impacts, the claim of shale gas development causing
specific health outcomes might be valid if the lack of causal link is due to recent emergence of this
industry. Other epidemiologic studies have demonstrated associations between these activities and nasal
and sinus issues, migraine headaches, and fatigue symptoms (Tustin et al., 2017), and mild to severe
asthma exacerbations (data from over 35 counties in PA) (Rasmussen et al., 2016). Weinberger et al.
(2017) stated that the symptoms reported by the residents living within 1 km of a shale gas well in
Pennsylvania were similar to the ones reported by other PM2.5 exposure studies. Results from Jemielita et
al. (2015) indicates an association between unconventional gas development and an increase in
cardiological
and neurological inpatient rate. Also, Rabinowitz et al. (2015) claimed an association
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between natural gas drilling activities and upper respiratory health impacts based on their survey results
which contained greater number of reported health symptoms by people who were living within 1 km
from these sources compared to ones living farther away.
One common approach in the evaluation of health burdens from exposure to PM2.5 emissions is to
estimate the increase in relative risk (RR) due to changes in concentrations by means of risk functions.
Different studies have applied relative risk models in form of linear models (Cohen et al. 2004), integrated
exposure-response (IER) models (Burnett et al. 2014; Maji et al 2018), and log-linear models (Burnett et al.,
2014; RTI International, 2015; Lu et al. 2016; Pascal et al. 2016) with the latter recommended by WHO in
estimation of health burdens due to air pollution (Ostro, 2004).
Risk models estimate the health risk based on pollutant exposure as their main input. Exposure changes
as a function of time and location (Brown et al., 2015) and allocation of shale gas wells in a more
dispersed pattern could cause a decrease of 80% or an increase of 600% in the number of unhealthy
exposures based on population density within the vicinity of these sources (Banan and Gernand, 2020).
Also, Morelli et al. (2016) argued that evaluating exposure risk based on emission measurements at
background monitoring stations resulted in an underestimated risk value by 8 to 20%. Therefore, it is
important to account for spatial and temporal changes in air pollution concentrations in estimating the
health risks attributed to shale gas development.
This study investigates the expected burden of disease associated with exposure to PM2.5 emissions
from shale gas development in Pennsylvania between 2005 and 2017. We used a risk model to estimate
the rate of health incidents based on the findings by epidemiologic studies on associated health effects
to these emissions. This study contributes to the previous studies on environmental and health damages
due to shale gas activities (Litovitz et al., 2013; Sovacool, 2014) by providing more spatial resolution in
the overall burden of health impacts imposed by such development in the state.

2. Methodology
This evaluation comprises of two analytical steps. The first step is the simulation of PM2.5
concentrations originated from each developed shale gas well over the period of 2005 to 2017 in the
Marcellus shale region of Pennsylvania. We identified the locations where annual mean concentration of
PM2.5 changed due to shale gas development and estimated the number of people who could have
experienced this exceedance. In the second step, we calculated the health risk associated to the
simulated concentrations and determined the potential number of health problem cases, based on the
results from epidemiological studies.

2.1. Model
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The main model, implemented MATLAB (R2015a), is a health risk function which simulates the health
risk due to exposure to PM2.5 emissions. For the purpose of this study, concentration-response function is
a better method than dose-response function due to uncertainty in actual internal dose which serves as
the input for the latter function. Concentration-response function (CRF) is as formulated below (Evans et
al., 2013):

[(

RR C − C = exp β C − C 0
0

) ], ∀C ≥ C0(1)

where RR C − C is relative risk at exposure C compared to the reference exposure C 0, and β represents
0

the pollutant effect coefficient which indicates association between chronic emission exposure and
cause of mortality or a disease. Coefficient β is retrievable from epidemiological studies.
Results from CRF will be the input of the health impact function. In this study, we used a typical log-linear
health impact function, introduced by Fann et al. (2012) as follows:

(

)

Δy = y 0 RR C − C − 1 . Pop(2)
0
where Δy indicates resulting change in the number of adverse health outcomes, y 0 is the baseline
incidence rate associated to reference exposure C 0, Pop is the population affected by the change in air
quality.
In this evaluation, we estimate exposure C and the population affected by the change in air quality Pop
at each specific distance from every developed well between 2005–2017. For this purpose, we applied the
Gaussian plume model developed by Banan and Gernand (2020) which simulates the concentration of
non-reactive air pollutants such as primary PM2.5 within the vicinity of their source and sync the results
with census data to provide an estimate of people experienced exposure to certain level of such pollutant
concentrations. For the purpose of this analysis, we modified Banan and Gernand (2020) model to
identify any location beyond PA’s setback from each developed well where the change in PM2.5
concentrations due to emissions from shale gas development was estimated to be positive. More details
on the modified Gaussian plume model used in this evaluation is available in the Additional Text File.

2.2. Data Sources
This study focuses on estimation of changes in the incidences of health impacts associated with
residents’ exposure to PM2.5 emissions from shale gas developments between 2005 and 2017 in
Pennsylvania. Thus, we simulate such impacts in association with any developed well during this period
of time in Marcellus shale region of Pennsylvania.
Well data comprising of location, number of wells per wellpad, and “SPUD Date” (the date that drilling
operation
started) was retrieved from the reports by Pennsylvania Department of Environmental
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Protection (Department of Oil and Gas Reporting website, 2019). We used the wind data provided by Iowa
Environmental Mesonet (IEM, 2018), measured at seventeen weather monitoring stations in Pennsylvania
between 2005 and 2017, comprising of hourly wind direction, wind speed, relative humidity, and cloud
coverage.
Solid information is not available on the rate of pollutant emissions from shale gas development stages.
We repeated the Monte Carlo simulation by Roy et al. (2014), accounting for drilling rate of 1000 ft/day
and fracking rate of 1000 ft/day in three stages estimated in literature and technical reports (McKeon,
2011; Facts about Canada’s Oil and Natural Gas Industry, 2019; Coloradans for Responsible Energy
Development, 2019). The final estimated mean and 95% CI for PM2.5 emission rates used in this
evaluation were estimated to be 0.45 (0.1–1.3) and 1.06 (0.28–1.88) gr/hr from drilling and hydraulic
fracturing, respectively (refer to Additional Text File for more details). In this manuscript, the PM2.5
concentration simulations and health risk evaluations are mainly associated to the high (97.5th
percentile) emission rate value for either operation phase (unless otherwise noted). Detailed results for
mean and low emission rates are available in Additional Excel File.
We used the latest U.S. Census block data (Census Data, 2010) to investigate potential number of people
who might have experienced air quality changes due to emission from shale gas development.
Corresponding data was population, block area, and block geographic location (latitude and longitude).
Pollutant coefficient (β, Eq. 1) and baseline incidence rate (y 0, Eq. 2) for different health outcomes are the
two main inputs of our model. Epidemiologic studies have provided estimated pollutant coefficients for
the health issues which evaluations show associations between exposure to PM2.5 emissions and
increase in their incidence. Table-1 provides the list of pollutant coefficients and baseline incidence rates
used in this evaluation. The U.S. EPA developed the environmental Benefits Mapping and Analysis
Program (BenMAP) which has been used as an analytical tool by scientists, policy analysts, and decision
makers for air quality management purposes and policy assessment and to estimate the human health
impact associated with changes in air quality (RTI International, 2015). Therefore, we used the same
reference studies included by BenMAP in order to keep the same ground for our analytical estimates as
the ones used in policy and regulatory purposes before.
[Table-1: Pollutant coefficients and baseline incidence rates for health impacts, attributable to hazardous
level of PM 2.5 emissions]
Currently, the health effects associated with exposure to PM2.5 emissions may not be attributed to
specific source or individual components of PM2.5 emissions (EPA, 2010; Burnett et al., 2014; WHO, 2007).
This study estimated the health impacts based on number of available pollutant effect coefficients for
any source or component of PM2.5 emissions (listed in Table-1).

2.3. Analysis
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This study provides an estimation of the health impacts imposed by shale gas development as a
contribution to similar efforts by studies such as Litovitz et al. (2013) and Sovacool (2014). The output of
our model is the estimated change in the number of health impact incidences due to exposure to PM2.5
emissions from shale gas development activities by county and year.
Assuming perfect compliance with the setback policy in Pennsylvania (152.4 m), our model indicates the
points beyond this distance from wellsites with non-zero concentration. These points are specified by a
grid size of 25-by-25 meters. Population density at each of the grids is estimated using Census data for
the closest census block. The model assumes even distribution of population for each census block,
similar to the approach previously considered by Czolowski et al. (2017). Thus, expected number of
affected people is equal to the product of population density (persons per area of the block) at each grid
and the grid size (625 m2).
For each wellpad, our model uses the “SPUD DATE” as well as the total drilled and fractured length of
wells to specify the activities time window. It then uses the hourly wind data measurements at the closest
weather monitoring station to that wellsite during the corresponding time window to simulate the PM2.5
concentrations at each hour of operation. The model assumes zero accumulation of emissions from hour
to hour, but it accounts for accumulation of emissions dispersed from multiple sources at every hour to
simulate PM2.5 concentrations at each grid.
The reference exposure (C 0 in Eq. 1) at any location is assumed to be equal to the level of PM2.5 before
the air quality was changed due to emissions from shale gas development. Therefore, the model
estimates the increase in the incidence of any health impact from the expected number of incidences
corresponding to no shale gas development in those areas. Incidence rate data was not available for all
identified health impacts which were identified to be associated to chronic exposure to PM2.5 emissions.
Thus, the model estimated the increase in the health impacts with available incidence rate.
For the purpose of this study, we used the unit of person-years in calculating the potential number of
affected people by PM2.5 emissions from shale gas development over years. Person-years is an
epidemiologic jargon which allows to accommodate for persons coming into and leaving the study when
quantifying incidence rate of a health outcome. Therefore, it accounts for the possibility that same
person be counted in multiple years.
Our model only accounts for emissions from diesel engines at the wellsite and does not consider
emissions from trucks, fugitive dust, mineral dust from proppant handling, or road dusts. We also
assumed a flat terrain (no buildings or similar structures) around the wellsite, as most of the shale gas
wellsites in Pennsylvania are generally located in rural areas with few or no such a structure within their
close vicinity. We assumed constant weather conditions for each hour of operation at each wellsite as
well as the same hourly emission rates for drilling and hydraulic fracturing stages of all wells. The model
assumes zero precipitation which is a typical assumption in Gaussian plume modeling. This study does
not account for the role of delays due to weather, equipment failures, or other factors on the actual
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duration of development operations at the wellsites, as this information is not publicly available. Such
delays would extend the period of emissions being released from the diesel engines in-use and could
increase the annual average concentration within the vicinity of shale gas wellsite. This increase implies
higher relative risk value (Eq. 1) and therefore, greater increase in the incidence of different health
impacts (Eq. 2).

3. Results
[Figure-1: Simulated changes in the incidence of health impacts due to shale gas activities (person). For
the cases of asthma, chronic bronchitis and lung cancer, the lower and upper bounds are the estimated
incidence cases based on available data for pollutant coefficients and baseline incidence rates. For other
health impacts only one set of data was retrieved.]
Table-2 provides the estimated changes in the incidence of discussed health impacts at three simulated
levels of emission rates during the drilling and hydraulic fracturing phases of development. The mean
values and 95% confidence intervals in this table are with respect to mean emission rates and their 95%
CI, i.e. 0.45 (0.1–1.3) and 1.06 (0.28–1.88) gram per hour for drilling and fracturing, respectively (refer to
Additional Excel File for more detailed results).
Table-2: Simulated changes in the incidence of discussed health impacts with respect to different rates of
PM2.5 emissions during shale gas development
Health Impact

Change in Incidence
Mean

95% Confidence Interval

Upper Respiratory

28

(7–64)

Asthma

20,157

(20,012–20,411)

Chronic Bronchitis

1,825

(1,606–2,208)

Heart Attack

446

(424–485)

Ischemic Heart Disease

36

(9–84)

CVD (Morbidity)

68

(17–157)

CVD (Mortality)

28

(7–65)

CHD (Mortality)

14

(3–32)

Lung Cancer

7

(2–17)

Note: CVD, Cardiovascular Disease; CHD, Coronary Heart Disease. Mean values and 95% confidence
intervals for estimated changes in the incidence of health issues are associated to mean and 95% CI
for emission rate during drilling and hydraulic fracturing phases; i.e., 0.45 (0.1–1.3) and 1.06 (0.28–
1.88) gram per hour for drilling and fracturing, respectively.
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Also, Figure-2 demonstrate the impact of implementing different setback distances on the estimated
change in the incidence of asthma cases due to PM2.5 emissions from shale gas development. Value at
each setback level indicates the corresponding reduction in the number of incidences in Pennsylvania
estimated at setback distance of 152.4 m from any wellsite; i.e. 20,411 persons (Figure-1).
[Figure-2: Estimated reduction in the number of asthma outcomes due to PM 2.5 emissions from shale
gas development at different setback distances compared to current setback distance in Pennsylvania
(152.4 m or 500 ft.) for the case of Asthma.]
Previous studies discussed density of shale gas activities per wellsite and their proximity to residential
areas as critical factors in the evaluation of individual exposures to PM2.5 emissions (Banan and
Gernand, 2020; Brown et al., 2015). Figure-3 and Figure-4 demonstrate the estimated contribution of shale
gas emissions to the increase in the incidence of nine health impacts over the studied time with respect
to location of developments.
[Figure-3: Simulated contribution of emissions from shale gas activities to changes in incidence of
mortality outcomes by county: a) Coronary heart disease (CHD), b) Cardiovascular disease (CVD), and c)
Lung cancer.]
[Figure-4: Simulated contribution of emissions from shale gas activities to changes in the number of
morbidity outcomes by county: a) Acute upper respiratory disease, b) Asthma, c) Chronic bronchitis, d)
Cardiovascular disease (CVD), e) Heart attack, and f) Ischemic heart disease (IHD).]
Table-3: Well and population statistics of counties with the highest estimated contribution to the increase
in number of morbidity or mortality outcomes.
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County

Affected
Population
(person-year)

Fraction of
Affected
Population by
Multiple Wellsites
(%)

Population
Density
(person/km2)
Mean

Median

No.
of
Wells

Wellpad Density

Mean

Median

Allegheny

2,326,990

5.14

207.8

82.3

128

4.9

5

Armstrong

1,544,606

1.59

218.7

25.8

244

1.3

1

Beaver

1,750,600

12.25

144.8

36.8

83

1.9

1

Bradford

1,395,803

1.72

81.2

11.5

1437

1.9

1

Butler

4,531,100

0.51

79.0

44.5

568

2.4

2

Fayette

3,480,000

5.17

179.7

34.2

290

2

1

Greene

1,588,924

2.32

83.5

18.2

1246

3.1

2

Lycoming

1,216,785

8.89

41.2

41.2

958

2.7

2

Susquehanna

1,841,501

1.70

67.3

15.6

1431

2.3

2

Tioga

1,456,012

4.00

22.6

10.1

954

2.3

1

Washington

4,527,606

1.81

73.4

26.3

1702

3.6

3

Westmoreland

3,815,460

3.90

303.7

37.6

278

1.9

1

Note: Affected population is the simulated number of people (person-year) who experienced changes
in PM2.5 concentrations due to shale gas development activities between 2005 and 2017. The column
of “Fraction of Affected Population by Multiple Wellsites” lists the percentage of affected population
which could have experienced the exposure to PM2.5 emissions from development of multiple
wellsites. Population density is the mean population density of the three closest census blocks within
152.4 m distance to each developed well in each county.
Butler, Fayette, Westmoreland and Allegheny are the next four counties (in decreasing order) with high
shares of the estimated total number of people affected by low air quality due to shale gas development
(see Additional Excel File, Table-S2 to Table-S27). Table-2 provides more details on the wellsite-specific
factors that could explain the contribution of listed counties in Figure-4 to the estimated changes in
incidence of associated morbidity outcomes. Corresponding population and activity statistics in these
counties (Table-3) indicate that the contribution of Washington County to the simulated changes is
attributable to level of activity (number of developed wells and wellpad density) as well as proximity to
more populated areas. Results presented in Figure-3 and Figure-4 are based on high level of PM2.5
emission rate during drilling and hydraulic fracturing stages. Refer to the Additional Excel File, Table-S28
for corresponding estimations based on mean and low levels of PM2.5 emission rates.
The density of shale gas development in terms of the number of wells per area is found to be a
significant
factor in case of Fayette, Westmoreland and Allegheny counties. For instance, data indicate
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that 5.2% of the estimated total people affected by low air quality due to shale gas development in
Fayette is attributable to the cumulative effect of emissions from these activities. In case of Butler
County, the level of activity (number of developed wells and wellpad density) found to be a less
significant factor, but proximity to more populated areas explains the high contribution of this county to
the estimated total incidence of morbidity cases.

4. Discussion
Results from this study are simulation of the contribution of PM2.5 emissions from shale gas
development to the increases in incidence of specific diseases. These results are consistent with the
findings by Jaramillo and Muller (2016) and Litovitz et al. (2013) on the increases in the incidence of
health issues due to PM2.5 emissions from shale gas development, while they add more resolutions in
spatial distribution of such increase. The current analysis also estimates the incidence of specific health
outcomes by county.
Our results show the inefficacy of current policies to achieve public health protection at every location,
especially when accounting for accumulation of PM2.5 emissions from multiple wellsites. In the case of
asthma, one of the predominate health impacts of exposure to these emissions, we estimated emissions
from shale gas development wellsites to result in an increase of 20,157 (95% CI: 20012, 20411) incidents
in Pennsylvania. The mean value of this range represents a 2.3% increase in the total cases in the state
over the time period 2005–2017 (with respect to the estimated asthma cases in 2008) (Center for Disease
Control and Prevention, 2019). Moreover, corresponding values for the estimated increase in mortality
incidences of lung cancer (7; 95% CI: 2, 17) in Pennsylvania reflect an increase of 0.1% in this state.
Evaluation of estimated changes in the incidence of health outcomes with respect to location shows the
spatial heterogeneity in these impacts. Results from Litovitz et al. (2013) also demonstrated spatial
heterogeneity in the impacts associated with shale gas development. Our results are consistent with the
counties identified by Litovitz et al. (2013) as most burdened by air pollution damages in 2011, with
Washington County ranked first. From our results, part of the potential change in the incidence of
associated health impacts are attributable to the counties with either higher level of shale gas
development (i.e. more developed wells per wellsite or per area) (such as Washington, Bradford and
Susquehanna), or higher population density within the vicinity of developments (Westmoreland).
However, there is still a considerable portion of estimated increase in health problems such as asthma in
the less-populated counties (Greene) or counties with a relatively lower level of shale gas development
(Allegheny), or both (Fayette). Our results indicate that estimated total change in the incidence of
associated health impacts should be investigated with respect to a combination of factors (i.e. number of
wells, wellpad-density, well density per area, and population density). For example, despite a lower
number of developed wells in Allegheny County, a higher number of wells per wellpad and proximity of
development activities to more populated areas help explain the estimated change in the incidences of
associated
health impacts in this county (Table-3).
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Contribution by other counties listed in Table-2, such as Armstrong and Beaver, is estimated to be lower,
but still significant. Despite fewer developed wells in these counties, corresponding PM2.5 emissions are
estimated to increase the number of asthma incidences in Armstrong and Beaver by about 860 (95% CI:
857, 866) and 977 (95% CI: 972, 986) cases, respectively. A combination of factors could explain the
outcomes in such cases. For instance, in Beaver County the cumulative emissions from multiple sources
(which would lead to greater change in PM2.5 concentrations) as well as proximity to more populated
areas could increase the number of asthma cases. A county-level analysis does not provide sufficient
data with which to statistically evaluate the contributions of these factors and their interactions, but
future analysis should continue to investigate these effects with an aim towards the amelioration of
current policy.
Presented results associated with unconventional natural gas development activities over 13 years (2005
to 2017) demonstrate the potential limitations of current management of this development in
safeguarding the public welfare. Other studies, such as Haley et al. (2016) and Banan and Gernand
(2018), have previously discussed the insufficiency of current setback policies for shale gas wellsites to
achieve compliance with EPA’s standards on PM2.5 exposure. However, results presented here indicate
that even though increasing setback distance would reduce the exposure of people to high PM2.5
concentrations, it does not seem to have much protective effect with respect to population health. The
area experiencing low increases in concentrations is much larger and much more populated than the
close-in area adjacent to the wellsites where concentrations tend to exceed NAAQS. This presents a
unique environmental management challenge that could be addressed more efficiently by reducing
emissions at the wellsites rather than pushing these wellsites further from occupied buildings.
Results from this study imply the need for a health protection policy which accounts for spatial
characteristics within the vicinity of developed wellsites as well as the level of activities. Such a policy
should consider the impact of cumulative emissions from multiple sources, even in low-populated areas
(similar to the case of Beaver County). Said otherwise, a policy which sets a cap on number of wells to be
developed per site and/or the minimum distance from development sites may not be sufficient to achieve
health protection from PM2.5 emissions due to shale gas development in Pennsylvania.
A positive association between exposure to PM2.5 emissions and cardiovascular mortality has even been
observed at PM2.5 concentrations of 8.7μg / m 3 in Canada (Crouse et al., 2012). Nevertheless, there is no
evidence of a lack of adverse health impacts below a specific threshold (WHO, 2013). Therefore, we
conducted this evaluation for any level of increase in PM2.5 exposure due to shale gas development
activities and did not suggest that the health risk is zero at any specific concentration level. Our goal was
to evaluate the effectiveness of current policy in providing public health protection and our results
indicate the extra incidences of any specific health impact due to emissions from shale gas development.
There are some limitations pertaining to this evaluation. The even population distribution may reflect a
rough assumption to incorporate the impact of population spatial distribution. Few studies have
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emission sources (Michanowicz et al. 2019; McKenzie et al. 2016). Still, data limitation on true residential
locations and household population serves as an obstacle to accurately estimate the number of people
who lives within the vicinity of developed wells (Michanowicz et al. 2019).
Results from this study are an estimation of changes in the incidence of health impacts due to shale gas
development, based on the described associations between exposure to PM2.5 emissions and such
impacts by peer-reviewed epidemiologic studies. While such estimates are made with the best
methodology available, predicting effects from exposures to specific pollutants when the studied
populations were exposed to complex mixtures leaves some irresolvable uncertainty. The best way to
reduce such uncertainty for future research involves monitoring of exposures as they occur rather than
reconstructing them from historical data and recording health effects of the affected population during
and after such exposures. Such studies would be resource intensive, but this analysis presented here
should offer information to enhance the feasibility of these future studies. Our results indicate that the
overall impact of this industry is non-trivial, and greater scrutiny of the air quality impacts of the industry
as a whole is warranted.
This study is an estimation of expected changes in the incidence of health impacts associated with fine
particulate matter only and these results do not indicate the contributions of other typical emissions
originating from shale gas wellsites (nitrogen oxides, volatile organic compounds, etc.) to such
outcomes. Emission inventories (Litovitz et al., 2013; Roy et al., 2014) have indicated that emissions of
VOCs and NOx from shale gas development could exceed PM2.5 emissions by mass (by an order of
magnitude in case of NOx), while the EPA dictates more restricted limits on these pollutants; e.g., the limit
of 53 ppb and 100 ppb on annual and daily NOx emissions, respectively (NAAQS, 2012). Therefore, there
is a significant need for future work to evaluate the impact of these emissions as well.

5. Conclusion
This study indicated the inadequacy of current policy to provide public health protection at all locations
by estimating the increases in incidence of adverse health effects associated with PM2.5 emissions from
shale gas development. Such increases are not correlated with the total number of developed wells in all
locations. Rather these effects are attributable to the case of wellsites with high wellpad density or
multiple wellsites with fewer wells per wellpad within a close proximity to each other being developed in
more populated areas.
Results from this study show that potential changes in the incidence of health impacts are not uniform
across the Marcellus shale region in Pennsylvania. There is no one specific factor that governs the
pattern of these changes, and rather it is the complex combination of wellpad density, well area-density
(number of wells per area), the number of developed wells, and population density that explain the
differences in the changes of health impacts incidences at different locations. Therefore, an
environmental policy that seeks to reduce the health burden of hazardous emissions such as PM2.5
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resulted by shale gas development should consider spatial characteristics of the neighborhood alongside
the level of activities at the future development wellsites.
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Figures

Figure 1
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Simulated changes in the incidence of health impacts due to shale gas activities (person). For the cases
of asthma, chronic bronchitis and lung cancer, the lower and upper bounds are the estimated incidence
cases based on available data for pollutant coefficients and baseline incidence rates. For other health
impacts only one set of data was retrieved.

Figure 2
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Estimated reduction in the number of asthma outcomes due to PM2.5 emissions from shale gas
development at different setback distances compared to current setback distance in Pennsylvania (152.4
m or 500 ft.) for the case of Asthma.

Figure 3
Simulated contribution of emissions from shale gas activities to changes in incidence of mortality
outcomes
by county: a) Coronary heart disease (CHD), b) Cardiovascular disease (CVD), and c) Lung
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cancer.

Figure 4
Simulated contribution of emissions from shale gas activities to changes in the number of morbidity
outcomes by county: a) Acute upper respiratory disease, b) Asthma, c) Chronic bronchitis, d)
Cardiovascular disease (CVD), e) Heart attack, and f) Ischemic heart disease (IHD).
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