
lable at ScienceDirect

Atmospheric Environment 155 (2017) 11e20
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Impact of natural gas development in the Marcellus and Utica shales
on regional ozone and fine particulate matter levels

Yusuf H. Roohani a, Anirban A. Roy b, Jinhyok Heo c, Allen L. Robinson a, Peter J. Adams a, *

a Center for Atmospheric Particle Studies, Carnegie Mellon University, Pittsburgh, PA 15217, USA
b Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX 77004, USA
c Department of Civil and Environmental Engineering, Cornell University, Ithaca, NY 14853, USA
h i g h l i g h t s
� Effects of Marcellus gas development on regional air quality were investigated.
� The Medium Emissions scenario increased ozone design values by as much as 2.5 ppbv.
� The same scenario increased PM2.5 concentrations by 0.27 mg/m3 in some locations.
� Premature mortality for this scenario is predicted to be 200 to 460 annually.
� Ozone and PM2.5 impacts were driven primarily by NOx emissions.
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a b s t r a c t

The Marcellus and Utica shale formations have recently been the focus of intense natural gas develop-
ment and production, increasing regional air pollutant emissions. Here we examine the effects of these
emissions on regional ozone and fine particulate matter (PM2.5) levels using the chemical transport
model, CAMx, and estimate the public health costs with BenMAP. Simulations were performed for three
emissions scenarios for the year 2020 that span a range potential development storylines. In areas with
the most gas development, the ‘Medium Emissions’ scenario, which corresponds to an intermediate level
of development and widespread adoption of new equipment with lower emissions, is predicted to in-
crease 8-hourly ozone design values by up to 2.5 ppbv and average annual PM2.5 concentrations by as
much as 0.27 mg/m3. These impacts could range from as much as a factor of two higher to a factor of three
lower depending on the level of development and the adoption of emission controls. Smaller impacts
(e.g. 0.1e0.5 ppbv of ozone, depending on the emissions scenario) are predicted for non-attainment areas
located downwind of the Marcellus region such as New York City, Philadelphia and Washington, DC.
Premature deaths for the ‘Medium Emissions’ scenario are predicted to increase by 200e460 annually.
The health impacts as well as the changes in ozone and PM2.5 were all driven primarily by NOx emissions.

© 2017 Published by Elsevier Ltd.
1. Introduction

The Marcellus and Utica shales are rock formations located in
the Appalachian Basin; they contain large natural gas reserves and
recently have been the focus of intense drilling and leasing activity
(Annual Energy Outlook, 2015; Drilling Productivity Report, 2015).
Natural gas development, production, and processing activities can
be a significant source of air pollution (Roy et al., 2014). For
s).
example, equipment involved in setting up a well such as trucks,
drill rigs, and hydraulic fracturing pumps are powered by heavy
duty diesel engines that emit oxides of nitrogen (NOx), volatile
organic compounds (VOCs) and fine particulate matter (PM2.5)
(Field et al., 2014; Vinciguerra et al., 2015; Moore et al., 2014; Grant
et al., 2009). Natural gas fired compressors emit NOx and VOCs
(USEPA, 2000). Venting and fugitive emissions can also be a sig-
nificant source of VOCs (Vinciguerra et al., 2015; Kemball-Cook
et al., 2010).

In the atmosphere, VOCs and NOx react in the presence of
sunlight to produce ozone, which causes several health problems
such as asthma and decreased lung function (Levy et al., 2001). NOx
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emissions also lead to the formation of PM2.5 nitrate that, along
with primary emissions of PM2.5, leads to an increase in fine par-
ticulate concentration in the atmosphere that can ultimately result
in decreased life expectancy (Pope et al., 2009).

Field and modeling studies have also shown that the aggregate
emissions from natural gas activities, including shale gas, can have
important impacts on local and regional air quality. Schnell et al.
(2009) measured peak 1-hr ozone levels as high as 100 ppbv in
Wyoming. Elevated VOC levels were also found in and around gas-
producing regions of Colorado, Utah, Pennsylvania and West Vir-
ginia (Vinciguerra et al., 2015; Southwestern Pennsylvania, 2010;
Helmig et al., 2014; Brantley et al., 2015). Kemball-Cook et al.
(2010) used a chemical transport model to predict that gas devel-
opment in the Haynesville Shale could increase the maximum daily
8-hr average (MDA8) ozone levels by as much as 17 ppbv over parts
of Louisiana and Texas. Many counties in and around the Marcellus
region currently violate the National Ambient Air Quality Standards
(NAAQS) for ozone and PM2.5 (The Green Book), and gas develop-
ment in the Appalachian basin may complicate these existing
problems (Drilling Productivity Report, 2015; Adgate et al., 2014).
Litovitz et al. (2013) estimated that the air-quality-related damages
in 2011 from Marcellus-related activity in Pennsylvania, including
emissions of NOx, SOx, VOCs, and PM, ranged from $7.2 million to
$32 million.

This work investigates the impacts of Marcellus and Utica
(hereafter referred to as Marcellus-Utica or MU) development on
regional ozone and PM2.5 levels by implementing an updated
version of the Marcellus emissions inventory developed previously
in a 3-D chemical transport model (Roy et al., 2014). Specifically, we
account for impacts resulting from emissions of NOx, VOCs, and
primary PM2.5 from natural gas production, including condensate
andwet gas, but not from oil production, which has been small thus
far in the Utica formation. Different emission scenarios are evalu-
ated corresponding to different levels of development and/or air
pollution control. The health impacts of the predicted changes in air
quality, namely additional mortality stemming from increases in
PM2.5 and ozone, are evaluated using the BenMAP model. Non-
mortality health end points were not considered. Emissions of air
toxics and their potential health effects were not considered due to
insufficient data.
2. Methods

A series of simulations were performed with different emission
inventories to assess the potential impacts of Marcellus and Utica
(MU) shale gas activities on regional air quality (Table 1). All sim-
ulations were performed using 2005 meteorology for a full year to
capture seasonally varying sensitivities to MU emissions. The MU
emissions scenarios are based on projected MU activities for 2020.
The year 2020was chosen because it is far enough in the future that
a significant amount of development activity is expected to have
Table 1
List of simulations and emissions.

Simulation name Non-Marcellus-Utica emissio

2005 2005 emissions
2020 No-MU (No Marcellus-Utica) 2005 emissions scaled to 202
High Emissions 2005 emissions scaled to 202
Medium Emissions 2005 emissions scaled to 202
Low Emissions 2005 emissions scaled to 202
Marcellus-Utica NOx only 2005 emissions scaled to 202
Marcellus-Utica VOC only 2005 emissions scaled to 202

a Elemental carbon.
occurred by then and also due to the availability of scaling factors
for non-MU emissions for that year. While existing regulations on
non-MU emissions dramatically lower predicted ozone and PM2.5
concentrations in 2020 compared to 2005, this study focuses on
regional air pollution caused by MU activity.
2.1. Chemical transport modeling and non-Marcellus emissions

A 3-D chemical transport model, CAMx (version 5.41), was used
to simulate ozone and PM2.5 concentrations over the continental
United States. The modeling domain was discretized into a 36 km
by 36 km grid with 14 vertical layers up to a height of 16 km. Details
of the model are described in the CAMx User's guide (CAMx, 2011).
Briefly, CAMx simulates advection, dispersion, gas- and particle-
phase chemistry, emission, wet and dry deposition, and aerosol
microphysical processes. Chemistry was simulated using the
Carbon Bond Chemical Mechanism, 2005 (CB05) (Carbon Bond
Chemical Mechanism, 2005). The simulations used meteorology
fields generated by the Weather Research and Forecasting (WRF)
model for the year 2005 (Skamarock et al., 2008). The chemical
boundary conditions were taken from the output of a global
chemical transport model, GEOS-Chem (GEOS-Chem, 2015).

Emissions from all non-Marcellus and Utica (non-MU) sources
are from an inventory developed by Ramboll Environ Inc. for a
regulatory impact assessment conducted by the US EPA (Regulatory
Impact Analysis, 2010). The Ramboll Environ inventory is for 2005
and takes the US National Emissions Inventory (NEI) version 2 as its
starting point. CAMx has previously been evaluated for both ozone
and PM2.5 using this inventory at a finer grid resolution
(12 km � 12 km) than used here (Air Quality Modeling, 2011). We
supplement those results with evaluations using our
36 km� 36 km grid; details are in the online supplemental material
(Section S.1). In summary, the model meets the performance
standards for modeling ozone recommended by the EPA and
compares favorably with other models (UAM, 1991; Solazzo et al.,
2012). For PM2.5, model performance was within the recom-
mended thresholds of Boylan et al (Boylan and Russell, 2006). Bias
and error metrics for PM2.5 and ozone at our 36 km resolutionwere
very similar to those for the finer 12 km grid.

We investigated the effects of MU emissions in the year 2020.
Therefore, we re-scaled the 2005 emissions inventory for all non-
MU sources to 2020 using EPA NEI data and projections for the
mid-Atlantic/northeastern United States compiled by the Mid-
Atlantic Regional Air Management Association (MARAMA)
(MARAMA, 2012). The scaling factors account for effects of control
strategies promulgated by the US EPA, such as the phasing in of Tier
4 for the fleet of diesel engines and the Transport Rule. They are
sector-specific and uniformly applied across space and time.
Further details are discussed in Section S.3.

The non-MU emission scaling factors are listed in Table S.1. Be-
tween 2005 and 2020, overall non-MU area source (stationary and
ns Marcellus-Utica (tons day�1)

NOx VOC ECa

0 0 0
0 0 0 0
0 212 282 4.2
0 112 76 2.5
0 38 32 1.5
0 112 0 2.5
0 0 76 2.5
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mobile) NOx emissions are reduced by 56%, SO2 emissions by 72%,
and VOC emissions by 28%. Over the same period, point source
emissions, NOx emissions are reduced by 37% and SO2 by 82%.
Primary PM2.5 emissions are reduced by 20%. No scaling factors
were applied to the biogenic emissions.

2.2. Marcellus-Utica (MU) emissions and simulation scenarios

Table 1 summarizes the simulations performed to evaluate the
impact of MU activities on regional air quality. This section de-
scribes how those emissions estimates were generated. The first of
the future simulations was a 2020 ‘No-Marcellus-Utica’ (no-MU)
simulation to calculate a baseline against which to compare the
simulations with MU emissions. MU emissions are then added onto
the No-MU 2020 inventory and the impacts of theMU emissions on
ozone and PM2.5 concentrations were determined by difference
between CAMx simulations with and without MU emissions.

The emission inventories for MU activities are based on per-
unit-activity emission factors developed by Roy et al. (2014) for
well development, gas production, and midstream processing in
the Marcellus region. The interested reader is referred to that paper
for additional details regarding relative contributions of specific
contributing activities. Briefly, Roy et al. (2014) uses a bottom-up
approach to estimate emissions of NOx, VOCs, and primary PM2.5
for the Marcellus region from well development, gas production,
and midstream activities. Per-unit-activity emission factors include
contributions from several sub-categories of equipment and ac-
tivities including compressor stations, wellhead compressors,
trucking, fracing, drilling, completion, pneumatic devices,
condensate tanks, etc. Roy et al. (2014) uses EPA AP-42 data for
some activities but goes beyond this by including measured emis-
sion factors from in-use equipment available from published liter-
ature, deriving results specific to the Marcellus region, including an
explicit uncertainty analysis, accounting for the effects of future
regulations and fleet turnover on future emissions, and deriving
results per unit gas production or well development. They found
that drilling, hydraulic fracturing, compressor stations, and
completion venting were the major sources of air pollutants from
Marcellus activities.

We combined the Roy et al. (2014) process-level emission fac-
tors with activity data to develop three different emissions sce-
narios for MU activities: Low, Medium, and High Emissions
(Table 1). Storylines for each scenario are described below to
demonstrate their plausibility and to provide a context for their
interpretation. These scenarios designed to represent a range of
potential gas development activity and emissions controls for 2020.
In each case, the same emissions could be obtained with other
combinations of activity levels and emissions factors. As shown
later, predicted ozone and PM2.5 concentrations vary almost line-
arly with changing NOx emissions between these three scenarios.
Therefore, estimates for additional emissions scenarios can be ob-
tained by simply interpolating among the three defined here.

The Medium Emissions scenario corresponds to the median
2020 process-level emission factors from Roy et al. (2014) and EIA
projections of natural gas production in 2020. The Roy et al. (2014)
median emission factors account for implementation of the EPA's
Oil and Gas Rule (Oil and natural Gas), the Tier 4 (Clean Air Nonroad
Diesel Rule, 2004) standard for off-road diesel engines, and the
2007/2010 standard for on-road heavy-duty diesel vehicles
assuming high fleet turnover – 75% for drill rigs, frac pumps, and
trucks and 98% for compressor stations and wellhead compressors.
Therefore, the majority of the sources in the Medium Emissions
scenario comply with the latest emission standards. The Medium
Emissions scenario assumes 17.4 billion cubic foot per day (bcf) of
gas production in the Marcellus shale and 4 bcf in the Utica shale in
2020, which are based on the EIA predicted (Annual Energy
Outlook, 2015) national gas production in 2020 and the fraction
of current production in Marcellus and Utica shales (22% and 5% of
total dry gas production in the United States) (Drilling Productivity
Report, 2015). The Medium Emissions scenario assumes that the
number of wells drilled in 2020 in each state is the same as the
average number drilled in 2012e2014. Over this period well
development was relatively steady with an average of 1400 wells
drilled per year in Pennsylvania, 225 in West Virginia, and 500 in
Ohio (Pennsylvania Department; West Virginia; Ohio Department).

The High and Low Emissions scenarios were designed to span a
range of potential combinations of future well development, gas
production, and emission controls. Both of these scenarios corre-
spond to plausible development scenarios. For example, the High
Emissions scenario would occur if there were a combination of
high-level of MU activity (3000 wells drilled per year and 23.8 bcf
gas produced versus 2125 wells and 21.4 bcf in the Medium Sce-
nario) and slower fleet turnover. This level of well development
corresponds to the peak drilling observed in each state since the
end of the US economic recession in 2009; this level of gas pro-
duction corresponds to the “High Oil and Gas Resource” scenario
defined by the EIA (Annual Energy Outlook, 2015). The High
Emissions scenario has slower fleet turnover than the Medium
Emissions scenario – 20% turnover for drill rigs, frac pumps, and
trucks and 30% for compressors from 2009-compliant equipment.
Therefore the High-Emissions scenario has somewhat higher
process-level emission factors and a higher level of MU activity
than the Medium Emission scenario.

The Low Emissions scenario represents a lower level of activity
(1350 wells drilled and 20.5 bcf gas produced) with a fleet turnover
rate of 100% for all 2009-compliant equipment. Additionally, it
assumes that 75% of the compressors and 40% of the drill rigs, frac
pumps and trucks have adopted state-of-the-art control technol-
ogy, which exceeds what is required by existing regulations. This
number of wells drilled corresponds to the lowest period of well
development in each state since 2009 (Pennsylvania Department;
West Virginia; Ohio Department). This level of production corre-
sponds to the “Low Oil Price” scenario defined by the EIA (Drilling
Productivity Report, 2015). Therefore the Low-Emissions scenario
would if occur if there was both less MU development and much
stricter emission controls than the Medium Emission scenario.

Two additional simulations were performed to investigate the
sensitivity of the model predictions to MU VOC and NOx emissions.
This was done by removing the VOC emissions entirely and only
applying the Medium Emissions NOx emissions or vice-versa.

Lacking detailed projections for the spatial distribution of future
development, the MU emissions were spatially allocated assuming
that future development would follow a similar spatial pattern to
the development to date. First, the MU region was defined within
the states of Pennsylvania, Ohio, and West Virginia. The projected
2020 MU emissions for each state were then distributed within
each state based on the number of presently active wells within
each grid cell with the results shown in Figure S1 (Pennsylvania
Department; West Virginia; Ohio Department). Areas of highest
emissions are evident in Figure S1 in eastern Ohio, southwestern
Pennsylvania, and northeastern Pennsylvania, corresponding to
areas that have seen significant development already. With these
assumptions, 65% of the 2020 MU NOx emissions occur in Penn-
sylvania and 12% and 23% occur in West Virginia and Ohio,
respectively. We also performed a sensitivity simulation in which
MU emissions had a uniform spatial distribution throughout the
Marcellus fairway. In that simulation (not shown), PM2.5 and ozone
impacts were broadly similar, but themaximum impacts were ~25%
lower in high activity areas of southwestern Pennsylvania, adjacent
areas of West Virginia and Ohio, and northeastern Pennsylvania. In
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contrast, impacts in central Pennsylvania were similarly higher.
Emissions are assumed to occur uniformly throughout the year.
Speciation profiles for VOC emissions from condensate tanks are an
average of profiles taken from Hendler et al. (2009). Otherwise,
speciation profiles for VOC emissions, which are primarily from
pneumatics, compressor stations, completion venting, gas plant
and transmission, are based on EPA's SPECIATE database.

2.3. Air quality metrics

Ozone impacts were quantified using the Maximum Daily 8-hr
average (MDA8) mixing ratio of ground-level ozone, which is
calculated by taking a running 8-hr average of CAMx ozone output
and then picking the maximum amongst these values for each
simulation day. The current National Ambient Air Quality Standard
(NAAQS) for ozone was recently revised to an MDA8 of 70 ppb
(National Ambient) after a review by the Clean Air Scientific
Advisory Committee (CASAC) that recommended that the ozone
standards be tightened to somewhere between 60 and 70 ppb
(Review of the EPA, 2014).

Another metric considered was the ozone design value.
Observed design values correspond to the 3-year average of the 4th-
highestmeasuredMDA8 value for a givenmonitor. Base case (2005)
design values are published online by the US EPA (Air Trends) and
were used as a starting point for estimating future design values
using the relative response factor method prescribed by the US EPA
(Guidance on the Use of Models (2007). The EPA protocol is espe-
cially useful since 3-year simulations would be computationally
intensive. For each of the 2020 scenarios (No-MU, Low, Medium,
and High), estimated future design values are calculated as the
product of the base case (2005) observed design value and a rela-
tive response factor computed by the model. For each future sce-
nario and monitor site, the relative response factor is the modeled
ratio of average MDA8 ozone levels in that scenario to the same for
the 2005 base case. Those modeled MDA8 levels are time averages
over a set of ‘high ozone’ days defined for each monitor. ‘High
ozone’ days were selected for all monitored locations in New York,
Pennsylvania, Ohio, West Virginia, New Jersey, Maryland and Dis-
trict of Columbia using appropriate thresholds as described in the
US EPA guidance document. This was possible since every site
satisfied theminimum threshold requirement in 2005, i.e. having at
least five days with MDA8 values greater than 70 ppb. A recent
updated draft of the same guidance report (that is still under re-
view) recommended selecting the ten highest days at each site
regardless of a threshold (Modeling Guidance, 2014). Results from
the proposed method (not shown here) predicted slightly larger
changes for counties with a higher base design value, further
aggravating the impacts especially in non-attainment counties.

Impacts on PM2.5 concentrations were quantified using mean
annual concentrations of total PM2.5 mass. The current annual
primary and secondary NAAQS for PM2.5 are 12 mg/m3 and 15 mg/m3

respectively (National Ambient ). Species-wise contributions were
also studied to assist in the development of regulatory solutions.

2.4. Estimating public health effects

The premature mortality associated with PM2.5 and ozone
formed from MU emissions of NOx, primary PM2.5, and VOCs was
estimated using BenMAP-CE software (Final Ozone, 2008; RTI,
2015). Emissions of air toxics and their effects were not consid-
ered. The method involves two steps: the estimation of premature
deaths based on concentration-response relations from epidemio-
logical studies and their valuation using the Value of a Statistical
Life (VSL). Other health endpoints were not analyzed because
mortality costs generally dominate other costs (Final Ozone, 2008).
Monte-Carlo simulations are done to explore the uncertainties
surrounding the concentration-response relations and VSL.

The changes in premature deaths were estimated for changes in
PM2.5 (annual average) and O3 (MDA8) concentrations between
scenarios (No-MU, High, Medium, and Low Emissions). For PM2.5,
concentration-response relations from Krewski et al. (2009) and
Lepeule et al. (2012) were used, which are the latest follow-up
studies from two landmark cohort studies on PM2.5 health effects.
For ozone, two studies were used: Bell et al. (2004), an analysis of
the National Morbidity, Mortality, and Air Pollution Study, and Levy
et al. (2005), a meta-analysis. Other ozone concentration-response
functions fall between the two used here (Bell et al., 2005; Ito et al.,
2005; Schwartz, 2005; Huang et al., 2005). BenMAP population
projections for 2020 were used. Baseline mortality rates for 2020
were based on a series of Census Bureau mortality projections (RTI,
2015). The valuation of the estimated changes in mortality relied on
a Weibull distribution of VSL based on 26 VSL studies, which is
recommended by U.S. EPA (Economic Analyses, 2010). Adjusted for
income level in 2020 using U.S. EPA's official adjustment factors
provided in BenMAP, the distribution has the mean value of $9.6
million (in 2010 USD).

3. Results

3.1. Ozone impacts

3.1.1. Spatial impacts on MDA8 ozone
Fig. 1 shows maps of predicted MDA8 ozone mixing ratios

averaged across the entire ozone season (MarcheOctober).
Fig. 1(b)e1(d) illustrate the impacts of various MU emission sce-
narios on ozone levels in 2020, each map showing the difference in
ozone-season (MarcheOctober) average MDA8 between each MU
scenario and the 2020 No-MU simulations. Impacts of at least
0.2 ppbv are predicted in all three scenarios in most of Pennsyl-
vania, southern New York, eastern Ohio and northern West Vir-
ginia. The largest increases in ozone levels are predicted to occur in
northeastern and southwestern Pennsylvania and eastern Ohio
where most of the MU-related activity is taking place, but some
impacts occur downwind in major East Coast cities. Within the
modeling domain, the greater sensitivity of rural areas to emissions
from MU activity is likely due to their NOx-limited nature.

As seen in Fig. 1(c), the Medium Emissions scenario increases
the ozone season average MDA8 ozone by 0.5e0.8 ppbv across
much of the Marcellus Fairway. Fig. 1(b) shows that the maximum
ozone impacts for the Low Emissions scenario over the same area
are ~0.3 ppbv, thus highlighting the potential air quality benefits of
lower levels of MU development in the region and tighter emission
controls. Similarly, the ozone impacts for the High Emissions sce-
nario are nearly twice as severe as those in the Medium Emissions.

The ozone impacts shown in Fig. 1 are considerably less severe
than those predicted by Kemball-Cook et al. (2010) for the Hay-
nesville region. This difference is likely due to a number of factors.
First, there are several notable differences in how they developed
their emissions inventory versus the one used here. For example,
they did not assume any controls on midstream sources like
compressor stations, which contribute a significant fraction of NOx

emissions. Additionally, Kemball-Cook did not account for the ef-
fects of the EPA's Oil and Gas Rule (Oil and natural Gas) since it was
not implemented at that time. The Kemball-Cook low and high
emissions scenarios for 2012 have 61 and 140 tons day�1 of NOx
from gas development activities, which is similar to the 129 tons
day�1 emitted in our Medium Emissions (2020) scenario. However,
the Kemball-Cook emissions are more concentrated in the Hay-
nesville region, which is more than 10 times smaller than the MU.
Moreover, we expect that the impact of NOx emissions depends



Fig. 1. Mean MDA8 ozone mixing ratios (ppbv) during the ozone monitoring season (MarcheOctober) in the MU shale region for: (a) the No-MU case in 2020. Panels (b) - (d) show
the differences between the No-MU base case simulation and the three MU emission scenarios: (b) Low Emissions (c) Medium Emissions (d) High Emissions.
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strongly on the pre-existing VOC/NOx ratios resulting from the
baseline (without gas development) emissions.
3.1.2. Impacts on ozone design values
To understand the predicted ozone impacts from a regulatory

perspective, future ozone design values were estimated for selected
urban and rural sites (Fig. 2) using the methods described above.
The projections were done for the 2020 No-MU case and for the
three MU emission scenarios. By definition, changes in design
values are larger than ozone-season MDA8 changes because they
represent effects during high ozone episodes when ozone levels are
more sensitive to changes in emissions. Overall, the results indicate
that MU development could result in pronounced ozone changes in
regions with significant gas development. Long-range transport
from the MU region could still affect downwind nonattainment
regions including New York, Philadelphia and Washington, DC.

The greatest impacts occur in counties located in and around
regions with high MU activity, such as northeastern and south-
western Pennsylvania and eastern Ohio. For the Medium Emissions
scenario, design values for counties in the Pittsburgh, Cleveland,
and Charleston areas are predicted to increase by 1e2 ppbv due to
MU activities in 2020 (Fig. 2(a)). For the High Emissions scenario,
this increases to 2e4 ppbv in the most-affected regions. In Alle-
gheny County, which is located in southwestern Pennsylvania, the
impact of the Medium Emissions case on the ozone design value is
1.7 ppbv while the impact of the High and Low Emissions scenarios
are approximately a factor two higher and lower. Smaller impacts,
0.1e0.5 ppbv, depending on the emissions scenario considered, are
predicted for non-attainment areas such as New York City, Phila-
delphia and Washington, DC that are located downwind of the MU
region.
Although the rural regions experiencing the most MU devel-
opment presently meet existing ozone standards, the effect of MU-
related activities on ozone levels is predicted to be noticeably larger
in these regions than in urban areas. For example, rural counties in
southwestern Pennsylvania and eastern Ohio such as Greene
County in PA and Washington County in OH show design value.

Impacts between 1.9 and 2.3 ppbv for the Medium Emissions
scenario, while adjacent urban counties such as Allegheny County
in PA and Washington county in PA have lower impacts of around
1.5 ppbv. Marcellus development would contribute to non-
attainment status in several of these rural counties if a future
regulatory review lowered the ozone standard to 60 ppbv, a value
that was considered in the most recent review. Figure S2 and
Table S6 in the Supplemental Information show the predicted MU
impacts on ozone design values for all monitored counties in and
around the MU region.

Cumulative distribution functions (CDFs) of the MU ozone im-
pacts in select locations are shown in Figure S1 to further illustrate
the temporal variability of increases in MDA8 values during high
ozone days for different MU related emissions scenarios. While the
largest impacts are in northeastern and southwestern Pennsylvania
and eastern Ohio, similar trends are predicted across the entire MU
region. For the Medium Emissions scenario, the largest increases
are in the range of 2e2.5 ppbv. Another clear trend is the sub-
stantial reduction in the severity of impacts for the Low Emission
scenario which corresponds to a future with tighter emissions
controls and less MU development.
3.2. PM2.5 impacts

Fig. 3 shows the predicted annual-average PM2.5 concentrations



Fig. 2. (a) Impacts of Marcellus emissions on future design values for different MU emissions scenarios. Plotted results show the difference between the estimated future design
value for the Low, Medium, and High emissions scenarios and the No-MU case in 2020. (b) Projected design values (ppbv) for selected monitored counties shown as the height of
the black bar for the No-MU case in 2020. The yellow bars correspond to the change in design value caused by the Medium Emissions scenario. The solid horizontal line represents
the current attainment standard of 70 ppbv while the dotted line represents the stricter of the CASAC recommended standards. Both panels are vertically divided into seven
metropolitan areas (numbered from left to right): Pittsburgh, Cleveland/Youngstown, Charleston/Morgantown, Buffalo/Rochester, Philadelphia, Washington, DC and New York. Red
numbers correspond to regions that are in non-attainment of ozone as of 2015. The eighth panel displays some of the most highly impacted counties. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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in 2020 for the No-MU emission scenario as well as the PM2.5 in-
creases due to Low, Medium, and High Emissions scenarios. Emis-
sions fromMU activities are predicted to appreciably increase PM2.5
levels. For example, the Medium Emissions scenario predicts in-
creases of ~0.25 mg/m3 in parts of northwestern Pennsylvania and
eastern Ohio. The maximum impacts range from ~0.1 to ~0.4 mg/m3

for the Low Emissions and High Emissions case, respectively,
highlighting the substantial effects of the scale of activity and
emission controls. Outside of the MU development region, PM2.5
increases tend to be less than 0.1 mg/m3. Nitrate, ammonium, and
elemental carbon account for all of the predicted increases in total
mean PM2.5 mass concentrations (Fig. 4). Across most of the MU
region and downwind areas, ammonium nitrate accounts for
80e90% of the predicted PM2.5 increase. Around Pittsburgh and
northern West Virginia, elemental carbon accounts for 40e55% of
the predicted increase in PM2.5, but the impacts of directly emitted
elemental carbon are much less elsewhere. The increases in
elemental carbon are due to primary emissions from diesel engines.
The PM2.5 nitrate is due to atmospheric oxidation of NOx emissions
from diesel and natural gas fired engines and turbines, the latter
occurring at the well pad and within the gathering network. The
model predicts substantial increases in summertime PM2.5 nitrate
concentrations (see Section S.2).

4. Discussion and conclusions

4.1. Estimated public health costs

Estimated annual premature deaths associated with PM2.5 and
ozone increases from MU emissions and their economic values are
presented in Tables S4 and S5, respectively. Estimates based on
Krewski et al. (2009) and Bell et al. (2004) are presented as lower
bounds and those based on Lepeule et al. (2012) and Levy et al.
(2005) as upper bounds. MU emissions are projected to increase
premature deaths by 200e460 annually for the Medium Emissions
scenario, by 350e800 for the High Emissions scenario, and by



Fig. 3. Mean annual PM2.5 concentration (mg/m3) in the MU shale region for the (a) No-MU case in 2020. Panels (b) - (d) show the differences between the No-MU 2020 simulation
and the three MU emission scenarios: (b) Low Emissions (c) Medium Emissions (d) High Emissions.

Fig. 4. Speciation of MU-related PM2.5 impacts in the Medium Emissions scenario. Panels (a)e(c) display the fractional contribution of each species to the overall PM2.5 increase for
(a) elemental carbon (PEC) (b) nitrate and (c) ammonium.
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73e170 for the Low Emissions scenario. The economic value of the
annual premature deaths caused by MU emissions are estimated to
be $1600 million to $3700 million for the Medium Emissions sce-
nario and proportionally higher and lower in the High and Low
Emissions scenarios. Depending on the concentration-response
relation, ozone health effects account for 2%e21% of the total eco-
nomic value.

Our estimates, ranging from $590 million to $6900 million, are
approximately two orders of magnitude larger than those of
Litovitz et al. (2013). The differences are due to multiple factors:
emissions scenario, air quality modeling, dose-response, and eco-
nomic valuation. First, the Litovitz et al. (2013) analysis was done
for 2011, which had lower emissions than the 2020 emissions used
here (e.g. Litovitz et al. (2013) estimated 17,000e28,000 tons of NOx
in 2011 versus 14,000e77,000 tons here). A second factor is the
methodology used to estimate air quality impacts from MU emis-
sions. Litovitz et al. (2013) used a reduced-form model, APEEP
(Muller and Mendelsohn, 2007, 2012), to value health damages per
unit emissions. APEEP relies on a Gaussian dispersion model with a
simplified representation of PM2.5 formation from NOx emissions
compared to CAMx, the air quality model used here. Other com-
parisons have shown that, all other factors being equal, CAMx
predicts PM2.5 formation from NOx emissions in Pennsylvania that
is ~5 times higher than APEEP (Heo, 2015). In addition, the overall
emissions landscape is rapidly changing, which alters the sensi-
tivity of ambient concentrations to changes in emissions (Ansari
and Pandis, 1998). For example, Holt et al. (2015) found that
sensitivity to NOx emissions increased by as much as a factor of two
due to emissions changes between 2005 and 2012. This is impor-
tant as APEEP calculates impacts using 2002 as a baseline year
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whereas the values presented here account for recent and pro-
jected changes in emissions from non-MU sources. Recent updates
from APEEP modeling show NOx social costs increasing by ~50% in
Pennsylvania between 2002 and 2008 (Nick Muller, personal
communication). A third factor is the concentration-response
function. Our lower bound is based on Krewski et al., which is a
very similar concentration-response function to the APEEP default
(Pope et al., 2002), but our upper bound is more than two times
higher (Lepeule et al., 2012). Finally, we use VSL to monetize pre-
mature mortality here, which is about three times higher than the
age-adjusted VSL values from APEEP used in Litovitz et al. (2013).
Other differences in methodology include changes in population
distributions and adjustments to VSL for income growth or infla-
tion, but these factors only play a minor role in the differences.
4.2. VOC/NOx sensitivity and control strategies

Fig. 5 illustrates the sensitivity of ozone concentrations to MU
VOC and NOx emissions for the Medium Emissions scenario. NOx
emissions account for more than 80% of the impact on regional
ozone across most of the region while VOC emissions only play a
limited role in some urban regions. These patterns are consistent
with the well-known spatial patterns of ozone formation, namely
that rural ozone levels tend to be NOx-limited (Tsimpidi et al.,
2008). The 36 km resolution used in this study probably does not
fully resolve the VOC-limited nature of urban core regions; there-
fore, geographically small but high-population downtown areas
may be more sensitive to VOC emissions than these results predict.

The major sources of MU NOx emissions are drill rigs, truck
traffic, and compressor stations (Roy et al., 2014). Our simulations
suggest that tighter controls on these sources would reduce the MU
ozone impacts. The Low Emissions scenario (Fig. 1(b)) shows that
implementing state-of-the-art controls on these sources (equiva-
lent to more than a 90% reduction) strongly reduces the impact of
MU activities on ozone levels. Controls on VOC emissions benefit
smaller regions compared to NOx controls, but these are generally
urban areas with the most severe ozone problems and the highest
population.

Control of NOx emissions will also reduce the majority of the
PM2.5 impacts as more than 80% of the predicted PM2.5 increases in
most of the domain are associated with NOx emissions with the
balance due to direct primary emissions (Section 3.2).
Fig. 5. Assessment of the relative contributions of MU VOC and NOx emissions to the ov
contribution of VOC emissions assessed as MU ozone increases in the Marcellus-Utica VOC
NOx emissions using the Marcellus-Utica NOx only scenario.
4.3. Impacts of emission controls

The three emissions scenarios also provide insight into potential
emission controls options. For example, the Low and High Emis-
sions scenarios can also be derived using the same activity level as
the Medium scenario level coupled with varying degrees of emis-
sions controls. Therefore, the High and Low Emissions scenarios
illustrate the benefits of both existing regulations and possible
further reductions.

The Low Emissions scenario is probably most interesting. It can
be derived using the Medium Scenario activity coupled with full
implementation of state-of-the-art control technology on all sour-
ces and equipment (e.g. selective catalytic reduction units for NOx
control on all engines and turbines). Therefore the differences be-
tween the Medium and Low Emissions scenarios illustrate the
predicted ozone and PM2.5 reductions achievable given full
implementation of stringent control technologies at an interme-
diate level of MU activity.

Similarly, the High Emissions scenario can be constructed if one
assumes that no new controls are added to 2009-compliant
equipment in 2020 combined with intermediate activity. This
would represent a hypothetical future scenario in which there was
very little equipment turnover or the Oil and Gas Rule, Tier 4
standards, and on-road vehicle standards were not implemented in
the oil and gas sector. Thus comparing the differences between
High and Medium Emissions scenario illustrate the benefits of
these recently promulgated regulations for an intermediate level of
MU activity.
4.4. Potential benefits of reduced end-use emissions

At point of use, natural gas generally has lower emissions than
other fossil fuels, especially coal (De Gouw et al., 2014). However,
the analysis presented here accounts only for the emissions asso-
ciated with the development and production of MU gas on regional
ozone and PM2.5 levels. A broader assessment would also account
for changes in emissions associated with the end uses of MU gas.
For example, regional NOx emissions may decrease if a portion of
the MU gas is used to repower or replace older coal-fired power
plants in the region because gas-fired power plants emit approxi-
mately one tenth of the NOx per unit MWh compared to coal-fired
plants (USEPA, 2013). In this scenario, fuel switching from coal to
gas could bring significant benefits to regional ozone and PM.
However, these hypothetical emission reductions must be
erall MU impacts on MDA8 ozone in the Medium Emissions scenario. (a) Fractional
only scenario normalized by those in the Medium Emissions scenario. (b) Same but for
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evaluated in the larger regulatory context. The Cross-State Air
Pollution Rule (CSAPR) has set strict caps for NOx emissions from
power plants in the eastern US. It is not clear if fuel switching from
coal to MU gas will reduce regional emissions below the CSAPR
caps. For example, fuel switching from coal toMU gas is likely being
done by companies in lieu of other control strategies such as the
installation emission control devices. Therefore, switching to nat-
ural gas likely provides the required emissions reductions at lower
cost than adding emission controls to coal-fired power plants, but it
does not necessarily mean that the overall regional emissions from
the electricity sector will be lower than the CSAPR cap. Alterna-
tively, if abundant gas lowers energy prices such that overall energy
use grows, then an increase in NOx emissions beyond that projected
here may occur (Ansari and Pandis, 1998). These sorts of scenarios
are difficult to forecast and therefore beyond the scope of the work
presented here. Nevertheless, our results indicate that the direct
impacts of gas development alone will increase ozone and PM2.5
levels significantly and therefore merit regulatory attention in their
own right.
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