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Abstract

Unconventional natural gas development using hydraulic fracturing has spurred a
rapid expansion of natural gas extraction in Pennsylvania from the Marcellus Shale
formation in particular. Further, the gas reserves in the Marcellus Shale could
support significantly more gas development. We did a conditional analysis
investigating the potential impacts to Pennsylvania’s land, forests, water, air, and
population if development of the Marcellus Shale should continue until all of the
technically recoverable reserves are exhausted. We developed a geospatial analysis
methodology to identify the most likely future well locations, and derived impacts
per well or well pad from published literature or data sets. Our primary output is an
atlas: a set of maps that puts the potential impacts of the projected natural gas
development into useful spatial context. The maps cover several categories of
impacts including land use changes, forest fragmentation, population living in
proximity to well pads, air emissions, water withdrawals, and wastewater generation.
These maps, and the data developed to generate them, will be useful to policy-
makers, decision-makers, and others concerned about managing the impacts of
Marcellus shale gas extraction in Pennsylvania.
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Executive Summary

Unconventional natural gas development using hydraulic fracturing has spurred a
rapid expansion of natural gas extraction in Pennsylvania especially in the Marcellus
Shale formation. Through the almost nine years of unconventional gas development
in Pennsylvania, the Commonwealth has witnessed significant changes to energy
costs, employment, communities, and the environment. While the price of natural gas
has led to fluctuations in the rate of development, the significant quantity of gas
reserves in the Marcellus Shale could support significantly more gas development in
coming years.

The activities associated with unconventional natural gas development including
drilling, land disturbance, water withdrawals, material handling and waste
management, and operation of equipment have clear potential impacts to
environmental resources and human health. The actual impacts and outcomes of
these activities can vary considerably depending on industry practices, technology
changes, and regulation, but in general they are proportional to the level of
development. Improved practices, regulation, and monitoring can assist in managing
impacts as they are occurring, but the overall level of impact will depend on the total
amount of development that will occur. While many studies have investigated
environmental impacts of gas development as it happens, relatively few consider the
long range impacts of what might happen as development continues. In this study,
we ask:

What would be the potential environmental impacts from natural gas
development activities in Pennsylvania if the Interior Marcellus Shale
resources were fully developed?

To answer this question, we developed a geospatial analysis methodology to identify
the most likely future well locations based on the locations of existing wells relative
to spatial data layers describing the shale characteristics, terrain, infrastructure, and
hydrology of the region. We combined the probability surface generated from this
analysis with recent estimates of total recoverable reserves and average production
per well to determine how many wells could be developed and their most likely
locations. We computed potential impacts based on the well (or well pad) numbers in
a given geographic unit, and we derived impacts per well or well pad from published
literature or data sets. With information on well locations and level of impact per
well, we analyzed the spatial characteristics of impacts of natural gas development.
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The scope of this study is limited to investigating potential impacts of additional well
development in Pennsylvania in the Interior Marcellus' shale play. It does not
consider other shale plays such as the Utica Shale. This study does not examine the
full range of potential impacts from all activities associated with the natural gas
sector?, does not consider all potential impact pathways (e.g. accidental wastewater
discharges), and it does not project possible environmental and human health
outcomes based on the impacts.

For the Commonwealth of Pennsylvania, we estimated the following potential
impacts associated with this study’s projections of well development of the
Marcellus Interior Shale formation:

e Well development - We estimated that 47,600 additional wells could be
developed on 5,950 well pads over the next 30 years if the Interior
Marcellus’s technically recoverable resources were fully developed.

e Land use change - The construction of natural gas infrastructure (well pads,
gathering pipelines, and access roads) to support projected well development
would result in about 94,000 acres of land disturbance. Over half (about
51,000 acres) of the land disturbance would impact agricultural land, while
about 28,000 acres would constitute the clearing of forest cover.

e Forest change - Of the 28,000 acres of forest that would be cleared, we
found that 12,700 acres were core forest areas (over 100 meters from the
nearest forest edge). Additionally, over 88,000 acres of core forest would be
fragmented by road and pipeline development and converted to edge forest.
Thus, over 100,000 acres of core forest would be lost due to the combined
effect of clearing and fragmentation.

e Population in proximity to well pads - We estimated that the current
population in Pennsylvania living within one-half mile of a well pad is about
100,000, and, based on our projections, this number could increase to
639,000. Similarly, we estimate that the population living within one mile of a
well pad could increase from about 311,000 today to over 1.8 million at full
build-out.

! The Interior Marcellus is the primary gas-producing portion of the Marcellus formation, with
over 95 percent of its gas reserves.

? For example, this study does not consider the impacts associated with construction and
operation of interstate gas transmission pipelines. Other potential impacts such as road traffic
or groundwater contamination are not well suited to analysis using the methods employed for
this study.

iv



CNA

e Air emissions — The additional well development would result in greater
emissions of NOx, VOCs, and CH, from activities related to well pre-
production and production, and compressor stations for moving gas through
gathering lines. When the play nears full development (i.e., ongoing emissions
from producing wells reach their peak), the annual average air emissions
could reach 37,000 tons per year for NOx, 22,500 tons per year for VOCs, and
388,000 tons per year for methane.

e Water use, withdrawal, and consumptive use - We determined that the
projected natural gas development in the Marcellus would require 242 billion
gallons of water in total, in order to mix frac fluid for the hydraulic
fracturing process. Averaged over 30 years, this is a water use rate of 34
cubic feet per second or 22 million gallons per day. We found that roughly
200 billion gallons of fresh surface water would be withdrawn to support this
development, and that 167 billion gallons would be used consumptively and
would not re-join the hydrologic cycle after hydraulic fracturing injection.

e Wastewater generated — We estimated that 84 billion gallons of wastewater
would be generated from projected natural gas development in Pennsylvania.
Wastewater includes drilling fluid waste, plus flowback and produced
water/brine recovered from the shale after frac fluid injection and during gas
production.

These metrics offer a sense of the scale of the total statewide impacts of natural gas
development through full development of the Interior Marcellus Shale. But these
aggregated metrics do not tell the full story of the impacts, which have important
geographic variations. Thus, the primary output of this research is an atlas: a set of
maps that puts the impacts of the projected natural gas development into useful
spatial context. These maps, and the data developed to generate them, present useful
information to policy-makers, decision-makers, and other researchers concerned
about managing the range of impacts of shale gas extraction in Pennsylvania.

The maps can be downloaded in sets corresponding to each chapter of this report at:
www.cna.org/PA-Marcellus

Section Break.
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Introduction

Since 2007, Pennsylvania has become a major natural gas producing hub due to
technology advances that have facilitated gas extraction from the Marcellus Shale
play, which underlies portions of Pennsylvania, West Virginia, New York, Maryland,
and Ohio. The unconventional natural gas development (UNGD) technology that has
enabled this shift is high-volume hydraulic fracturing (HVHF) paired with horizontal
drilling on well pads with multiple wells per pad. Hydraulic fracturing uses a high-
volume injection of “frac” fluid (water, sand, and added chemicals) to fracture the
shale formation, which generally holds gas tightly. Horizontal drilling has allowed
each well to travel along the shale layer for several thousand feet, and the ability to
drill multiple wells per well pad has increased the speed and efficiency of gas
extraction. The net result is that the Marcellus play, which as recently as 2006 was a
small player in gas production, now accounts for over 20 percent of total U.S. dry gas
production [1].

Unlike several declining shale plays in other parts of the country, the Marcellus Shale
play still has a large portion of its reserves available, and can support continuing
development [2]. The pace of development will largely be tied to economic factors.
The price of natural gas has a significant effect on development activity, as
demonstrated by the recent declines in drilling activity in 2015 due to low gas prices.
So does the marginal cost of production, which varies regionally across the Marcellus
by a factor of three or more [1]. Economic factors in Pennsylvania (such as workforce
development) and the role of the natural gas industry in the Pennsylvania economy
will also influence development going forward. Over the long term, these economic
forces will significantly influence the pace and timing of development, but the
ultimate determinant of the amount of gas that could be developed is set by the
amount of gas reserves and the technology available to recover the gas (subject to
applicable restrictions and regulations pertaining to gas development).

According to the U.S. Energy Information Administration’s (EIA) estimates, the
Marcellus Shale contains over 144 trillion cubic feet (Tcf) of technically recoverable
reserves, of which over 65 Tcf are considered proven reserves [3], and of which most
are in Pennsylvania. Over 11 Tcf has been produced in Pennsylvania through the end
of 2014, and over 8,800 wells have already been drilled. Taken together, these
statistics indicate that tens of thousands more wells would be needed to fully
develop the Marcellus Shale resources in Pennsylvania.
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Inevitably, UNGD results in some potential impacts to the environment across the
landscape of development due to the activities needed to support the phases of
development. Land must be cleared and developed in order to build the well pads,
roads, and pipelines necessary to access the gas. During production, HVHF requires
water to mix frac fluid, and produces volumes of wastewater along with gas that
must be handled. Equipment that is necessary to run gas development operations
(drilling rigs, pumps, trucks, compressors, and other equipment) produces air
emissions, dust, and noise. All of these activities necessary for UNGD have impacts
to land cover (including forests), watersheds, air, and human populations [4-22].
Some of these impacts can be mitigated more easily than others, and regulations,
industry practices, and simple probability (large variations well-to-well) can have a
large effect on the level of impact, or the risk of certain impacts occurring. The
outcomes associated with these impacts are largely tied to the density and pace of
natural gas development, and the underlying conditions and vulnerability of the
affected areas’ resources. But in order to understand these impacts, it is first
necessary to understand the activities that cause them.

This analysis begins to answer the question: What happens if the Marcellus Shale is
fully developed?

Understanding this report

We present this analysis as one projection of what the impacts of full development of
the Marcellus Shale may look like across the landscape of Pennsylvania. This study is
not intended to be a comprehensive examination of all potential impacts of gas
development, but rather is meant to be a starting point and useful guide that can
help identify impact categories where more in-depth analysis may be warranted. The
geographic breadth of this study limits the depth of the impact analysis.

Our methodology is relatively straightforward: Determine the number of wells
required to fully develop the technically recoverable shale resources in the Interior
Marcellus, and estimate the most likely well pad locations associated with this level
of development. Then, using the projected numbers and locations of the wells and
well pads, estimate the level of impacts using available data and scientific literature.
In general, we multiply data on “per well pad” impact by projected number of well
pads to estimate overall impact, and disaggregate results using useful geographic
delineations (counties and watershed boundaries).

The metrics used to evaluate the impacts of gas development can be most easily
explained by using the Burdens > Impacts > Outcomes framework advanced by
Krupnick et al. [23] to discuss potential environmental impacts of fracking. Burdens
are the numeric quantification of different activities that may have a potential
impact. Impacts are the resulting effects of these activities on an environmental
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resource. Outcomes refer to the secondary or indirect impacts on measures of
environmental health that are generally not solely tied to a given impact (i.e. they
depend on other factors such as the current condition of the resource). Figure 1
shows how this research effort fits within this framework. The foundation of this
analysis is the well projections and associated well pad locations calculated for the
full development of Interior Marcellus Shale. From this basis, the environmental
burdens, impacts, and outcomes may be computed.

Figure 1.  This analysis and environmental burdens, impacts, and outcomes.

Environmental
Burdens

Well pad
locations

Well projections

¢ Calculated based on e Calculated using *Numerical metrics  eEffects of burdens on e consequences from
reserves and per well Maximum entropy showing magnitude  existing resources impacts on
productivity analysis of an activity with e Contextual environmental
potential env. impact comparisons resources

*Calculated based on e Some included in this e Not part of this study
well location, impact  stydy
per well/well pad

This report is best understood as primarily a calculation of the location and
magnitude of environmental burdens associated with gas development. That is, the
metrics used relate primarily to activities (e.g., land disturbance, water withdrawal,
air emissions), but not necessarily to the direct impacts or outcomes that may result
from these activities.

Where possible, we investigate the impacts of these burdens on applicable
resources—for example, forest cover lost as a portion of existing forest cover. In this
study, we do not evaluate the potential outcomes associated with the impacts. For
example, the loss of forest cover could potentially reduce the population of a
particular bird species, or air emissions could increase the prevalence of respiratory
illness. While burdens (and some impacts) can be calculated in a relatively
straightforward manner based on the well and well pad projections, assessing
outcomes requires a much greater understanding of the current state of
environmental resources and potentially affected communities, and the mechanisms
by which stressors (burdens and impacts) may influence outcomes. These types of
evaluations are not within the scope of this study. Though we do note there is a
growing body of literature investigating connections between gas development and
these types of outcomes (see, for example [5, 8, 12-13]).

The burdens and impacts examined in this report are also not a comprehensive list
of potential impacts. The impacts investigated are those that can be reasonably
calculated in a straightforward manner based on the well projections. We aim to
present a set of useful impact metrics that can support decision-making and more
detailed future analyses, potentially including investigations of probable outcomes.
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Specifically, we ask: What will be the approximate level of environmental burdens to
land resources, forests, water, air, and the population of Pennsylvania that can be
reasonably expected based on projections of the numbers of wells and well pads
needed to fully develop the Marcellus Shale? We investigate particular impact metrics
such as land area needed for infrastructure, forest and core forest loss, water
withdrawals, wastewater generated, populations living in close proximity to wells,
and air emissions. The impacts investigated tend to be those that can be reasonably
estimated based on the well development numbers and locations using average per-
well factors (from peer-reviewed literature or publicly available data sources), or
additional geospatial analysis or modeling. In general, these impacts reflect average
conditions for activities necessary for well development (e.g., building well pads,
water withdrawals to mix frac fluid, or running compressors to pump natural gas).

This analysis does not investigate some other potential impacts often associated with
gas development, because of data limitations or difficulty assessing impacts at such
a large spatial scale. Some impacts such as groundwater contamination (associated
with well-casing failures, surface spills of wastewater fluids, etc.) are difficult to
investigate because the probabilistic nature of the impact cannot be directly tied to
well locations without overly simplistic assumptions. Other impacts such as
wastewater treatment and discharge, and community impacts such as truck traffic
cannot be investigated easily because they require knowing information about
natural gas operations (e.g., wastewater disposal method and location, preferred
routes) that cannot easily be determined for long-range projections of well
development. Finally, some impacts such as erosion and pollutant loading impacts
associated with land development are not investigated because the analysis required
is too complex and time-consuming to be completed at this geographic scale.

The primary output of this analysis is a series of maps displaying potential impact
from a full development of the shale in several impact categories. We present the
information in relevant geospatial context, recognizing that the impacts do vary
considerably across Pennsylvania in relation to the relative intensity of gas
development and existing condition of local resources. Specifically, we map the
impacts by county or watershed (see Figure 2) depending on the nature of the
impact. For instance, air emissions and population data are collected at the county
level, while water withdrawal impacts are associated with watersheds. For mapping
watershed impacts, we use Hydrologic Unit Code 10 (HUC-10) watershed boundaries
from the United States’ Geological Survey’s (USGS’s) Watershed Boundary dataset. In
Pennsylvania, there about 330 HUC-10s, with an average size of 162 square miles.

The maps can be downloaded in sets corresponding to each chapter of this report at:
www.cna.org/PA-Marcellus.
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ANALYSIS & SOLUTIONS

Figure 2.  The Marcellus Shale formation and Pennsylvania counties (top), and
watersheds (bottom). This analysis focuses on potential future
development within the Interior Marcellus portion of the formation only.
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Projected Natural Gas Development

This chapter presents the current landscape of the Marcellus Shale play in order to
predict how it may change in the future in response to the expansion of natural gas
extraction. In particular, we focus on the potential development in the Interior
Marcellus Shale Assessment Unit, since 95 percent of the shale’s reserves are
estimated to fall within this boundary [24], and 98 percent of the new wells
developed in the region since 2011 have been within this boundary.?

For this report, we focused our analysis to determine where this development would
most likely occur through Pennsylvania to realize full extraction of natural gas
reserves. We then modeled the extent of potential infrastructure (gathering pipelines
and access roads) necessary to support these well pads in the DRB. We did not assess
impacts from additional infrastructure needed to support natural gas extraction that
is not directly tied to individual well pads.? Additionally, we did not assess other
types of pipeline infrastructure (e.g., interstate and intrastate transmission pipelines,
or intermediate collector pipelines to connect to several gathering pipelines) that
may be developed beyond the gathering lines that bring the gas from the well pad to
the nearest connection to the existing pipeline network.

Methods, data sources, and assumptions

Well location modeling

To predict the most likely locations for the placement of future wells in
Pennsylvania, we used the same approach as in our previous analysis of the Delaware
River Basin [4], which is based on methodology employed by Johnson et al. (2010)

3 The other assessment units (Western Margin and Foldbelt) are generally thinner and less rich
in gas. Additionally, there were not a sufficient number of existing wells in these areas to
complete the geospatial analysis necessary for well location modeling.

* For example, equipment storage sites, industrial wastewater treatment plants, centralized
wastewater impoundments, quarries, water withdrawal sites, and other supporting
infrastructure not associated with individual well pads.
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[18]. Briefly, we combined geospatial analysis and maximum entropy (Maxent)
modeling using historical well location data and geological and environmental data
layers for the Marcellus Shale. This method produced a probability surface in which
each pixel contained a value that denoted the likelihood for development. We then
determined the projected well pads’ locations across the surface by using spatial
averaging to center the locations on the highest Maxent value neighborhoods, and
used exclusion distances to ensure adequate average well pad spacing.’® While a full
description of the methodology can be found in our previous report [4], we present
below the assumptions, data sources, and updates that we used for this analysis:

Well development will occur at eight wells per well pad on average, based on
recent trends of development in the state. New well pads would be built to
accommodate each new set of wells. All wells drilled are horizontal wells.

Development continues until all technically recoverable reserves for the
Interior Marcellus (144 trillion cubic feet) are exhausted, at an estimate of 1.9
Billion cubic feet (Bcf) estimated ultimate recovery (EUR) per well. Both values
are based on EIA estimates for the Marcellus Shale. We did not include
development outside of the Interior Marcellus (e.g., in the Foldbelt or Western
Margin Marcellus) or in other shale plays such as the Utica.

For this analysis, “build-out” or “full development” are terms that refer to the
condition when the EIA estimate of technically recoverable reserves in the
Interior Marcellus play has been exhausted. We assume that build-out will
occur over 30 years. We do not explicitly factor in economics (natural gas
price projections, costs of development, etc.) in determining extent of
development.

Well spacing was based on an average lateral length of 5,000 feet and lateral
spacing of 600 feet with eight horizontal wells per well pad, consistent with
average Marcellus wells in 2014 [26].

Well pad location exclusions followed PA regulations [27]:
o Buildings — 500 ft (GIS address points [28]);

o Streams and Wetlands — 300 ft; (NHDPlus v2 flowlines, NHDPlus v2
waterbodies [29]);

o Outside 100-year floodplains (FEMA flood hazard layer [30]);

> This methodology differs from that of a previous analysis [25], which used fixed or grid
spacing for estimating well pad locations. The spatial averaging of Maxent values helps place
the well pad in the center of a favorable development zone.
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o Protected areas (USGS Gap Analysis Program Protected Areas
Database, class 1 and 2 [31]).

e UNGD development with HVHF is not currently permitted in the portion of
Pennsylvania within the Delaware River Basin (primarily affecting Wayne and
Pike counties). For this analysis, we assumed that development would be
permitted in this area, in order to analyze potential impacts to the Delaware
River Basin.

Key parameters

The projections of the ultimate number of wells and well pads across the Marcellus
are sensitive to several key assumptions. Notably, the number of wells per well pad,
the estimated EUR per well, overall reserves estimate, and the number of horizontal
versus vertical or directional wells drilled all affect the overall well numbers. Average
well pad spacing (a function of lateral length and wells per pad), and exclusion areas
will impact well locations. We also assume that all future well development will use
HVHEF with horizontally drilled wells. Although vertical and directional wells are still
drilled in the Marcellus, nearly all new Marcellus wells in Pennsylvania are drilled
with horizontal drilling [2].

We used an assumption of eight wells per well pad on average as reflective of typical
development practice over the time horizon of this study (roughly 30 years). This is
higher than the current average, but there is a clear upward trend in both the number
of well pads with multiple well drilling, and the number of wells drilled on multi-well
pads [32]. Also, recent analysis has found that nearly all new development is
completed with multiple wells per pad [2]. Figure 3 presents the trend of well pad
development in the Marcellus Shale and shows that the average number of wells on a
multi-well pad has increased from fewer than three wells per pad in 2008 to almost
six wells per pad in 2013. Further, there are already instances of well pads with 16 or
more wells drilled. The number of wells per pad can have a significant influence on
the level of impacts for several impact categories (e.g., land disturbance, forest
fragmentation, population affected), and less influence for others (e.g., water
withdrawal, air emissions). With more wells per pad, fewer well pads get developed
across the landscape, given the same total number of wells. Previous studies [4, 18]
have investigated how impacts differ depending on the number of wells per pad.
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Figure 3.  Average number of wells drilled per well pad in the Marcellus Shale from
2005 to 2013. After UNGD with hydraulic fracturing started in PA in 2007,
drilling multiple wells per pad has become common, and the trend is still
increasing.
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Based on recent EIA estimates [24], we assumed an average EUR per well of 1.9 Bcf.
This value is lower than current average EUR estimates for wells drilled in the past
few years, which range from approximately 4 to over 6 Bcf per well [3, 33].° But the
current wells are drilled in some of the most favorable locations, and this analysis,
which takes a longer-term view, includes projected drilling in the future when many
of the most productive areas would have been fully developed. Development outside
of these “sweet-spot” areas currently targeted has a lower expected per-well
productivity (by initial production, and correspondingly, EUR) [34]. In any case, the
EUR estimate is used only to project number of wells that would be needed to
exhaust the current estimate of technically recoverable resources. (We do not project
expected gas production by county or watershed in this report.)

® In some ‘sweet spot’ areas, there are reports of much higher per well recovery (over 10 Bcf).
Additionally, some wells are being drilled with much longer laterals (over 9,000 ft), which also
increases per well recovery.
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We also use EIA estimates for assumed technically recoverable resources as 144 Tcf
for the entire Interior Marcellus (including areas outside Pennsylvania, but only
where drilling is permitted). Technically recoverable resources are unproven, and
represent an estimate of the portion of total gas in place (excluding production to
date) that can be extracted with current technology. As shown in Figure 4, the
technically recoverable resources are larger than the economically recoverable
resources and the proven reserves (which EIA estimates at 65 Tcf of gas for the
Marcellus). Resource estimates can and do change in response to better information
about production from across the shale, more geological data, and changes in
technology that allow more recovery (HVHF is an example). And, economically
recoverable resources can expand as technology improves over time (lowering
development costs), or in response to gas price changes. Since both economics and
technology may change over time, it is reasonable to use technically recoverable
resources as an estimate for this type of full development or build-out analysis.

Figure 4. Resource categories for various gas-in-place estimates used in industry
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There may be considerable debate about the “best” EUR or reserves estimates to use
for this type of analysis, and many organizations have their own values they use to
support their own analyses. We have selected the EIA estimates of these values
because they are the most widely accepted, are publicly available, and are
transparent with respect to methodology and limitations. We recognize that changing
the estimates could significantly change outcomes. Of course, our well placement
methodology is flexible enough that it would be a relatively simple change to
increase or decrease the estimate of total wells projections, and investigate the
differences in potential impacts.
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Infrastructure modeling

In addition to well pads, we considered other natural gas infrastructure required to
support development, which at a minimum includes roads to move equipment and
materials to and from the well pad, and gathering pipelines which move gas
produced at the well pad to market. To model the roads and gathering lines, we used
the least-cost path-optimization approach, which is a common approach for siting
and analyzing linear infrastructure. This methodology was used in our earlier study
of the DRB, and we provide further detail in that report. [4] Briefly, to perform this
modeling, we first developed a cost surface for Pennsylvania by combining a variety
of geospatial layers’ relevant to routing, and assigning a cost to the values associated
with each layer. We used this cost surface with the “Least Cost Path” tool in ArcGIS
10.2 to determine the most efficient route from each of the projected well pads to
the existing infrastructure.®

Results

Based on the EIA estimate of technically recoverable resources divided by the EIA
average total production per well, and subtracting the number of existing Marcellus
wells, we get the number of new wells expected, which is over 66,000 for the entire
Interior Marcellus. In our modeling, Pennsylvania accounts for 72 percent of these
expected wells (47,600). Based on a scenario of 8 wells per pads, this amounts to
5,950 well pads that may be developed throughout the Commonwealth to
accommodate these new wells.

Based on our infrastructure modeling, we found that 5,832 miles of gathering
pipeline and 1,342 miles of road would be developed to support full build-out of the
Marcellus Shale in Pennsylvania based on our projections of well pad locations. The
infrastructure modeled only includes roads/pipelines needed to connect well pads to

7 These geospatial layers, including slope, land use, roadways, streams, floodplains, and
protected lands, are used in least-cost optimization to reflect the relative difficulty of building
infrastructure through or across these landscape features. For example, building on flat land is
easier than building on steep slopes, and crossing wetlands is more difficult than crossing
pastures. In general, the least-cost “path” will be the most efficient path to minimize distance
while avoiding terrain features that are difficult to cross.

8 We modeled the least-cost path for each well pad independently, but in (the many) cases
where pipeline or road infrastructure followed the same path, we assumed they could share a
road/pipeline (i.e., we did not double count this length). Modeling the infrastructure build-out
in sequence, well pad by well pad, or centralized planning of intermediate collector lines could
result in slightly lower distances per well pad, but likely would not change results significantly.

12
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the nearest (or least costly to reach) point in the existing road or pipeline network.
The analysis does not consider additional infrastructure needed to support
increasing gas production on regional or statewide basis such as interstate or
intrastate gas transmission pipelines. Note that these projections are intended to
illustrate the potential scale of infrastructure with a reasonable estimation of spatial
extent and are not meant to predict exact locations.

We have developed a variety of maps to present the statewide results of projected
natural gas development, in order to provide spatial context for our discussions.
Table 1 gives an overview of these maps. The discussion section provides
descriptions and information that will help readers understand each map.

Table 1. Well Projections Map Index.
Access maps at www.cna.org/PA-Marcellus

Map Title

1.1 Probability surface for well pad development in the Interior Marcellus
1.2 Projected well pad development locations

1.3 Projected well development by county

1.4 Projected well development by watershed

15 Projected well development density

1.6 Projected natural gas infrastructure by county

Discussion

Map 1.1 - Probability surface for well pad
development in the Interior Marcellus

This map shows the probability surface generated by the Maxent program based on
existing well locations, and ‘environmental variables’ including shale characteristics,
existing infrastructure, land use, and terrain. The surface has 30-meter resolution
and uses a color scheme to depict the relative likelihood of development (i.e., Maxent
value) based on the environmental variables, with “cooler” colors denoting areas with
a lower probability of development, and “warmer” colors denoting those with a
higher probability of development. These probabilities are based on the
characteristics of the underlying geospatial layers at existing Marcellus wells
developed from 2007 to 2013. The Maxent surface was developed for the Interior
Marcellus play only. We have also included the boundaries of the full extent of the
Marcellus formation. These boundaries will be included in all maps generated from
this analysis for spatial context. The two major hotspots for existing drilling are in
the southwest and northeast portions of the Marcellus Shale in Pennsylvania.
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Map 1.2 - Projected well pad development locations

This map shows the location of projected additional well pads that would be
developed in the Pennsylvania portion of the Interior Marcellus Shale through full
development of EIA technically recoverable resources. We determined the projected
well pad locations from the probability surface by using spatial averaging to center
the locations on high Maxent value “neighborhoods” instead of particular individual
pixels with high probability scores. The 5,950 well pads are divided into color-coded
quintiles based on their Maxent value, to illustrate the relative suitability of each
location. The existing Marcellus wells in the state are also depicted on the map, in
grey, for reference.

Map 1.3 — Projected well development by county

This map shows the number of projected additional wells that would be developed in
the Pennsylvania portion of the Interior Marcellus Shale through build-out by county.
We developed well projections based on the projected well pad locations (see Map
1.2) with an average of eight wells per pad. The bars show the number of
horizontally drilled to date, and then the projected number of additional wells
broken into five groups (quintiles) ranging from most likely (red) to least likely (blue)
as determined from the Maxent probability score.

Map 1.4 - Projected well development by watershed

This map shows the number of projected additional wells that would be developed in
the Pennsylvania portion of the Interior Marcellus Shale through build-out by HUC10
watershed. We developed well projections based on the projected well pad locations
(see Map 1.2) with an average of eight wells per pad.

Map 1.5 - Projected well development density

This mabp, like Map 1.4, shows the number of additional wells to be developed in each
watershed based on the projections in this study. In this case, the map shading
shows the additional wells normalized to watershed area in terms of wells per
square mile. This map shows the relative density of well development independent
of watershed size. (Large watersheds can accommodate more well pads, which might
skew the perception of where development is most intense, absent this correction.)
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Map 1.6 — Projected natural gas infrastructure by
county

This map shows the amount of projected road and gathering pipeline infrastructure,
in miles, that would be developed in Pennsylvania to support natural gas
development to build-out. We used least-cost path optimization to model the
gathering pipelines and access roads that could be developed to connect the
projected well pads to existing infrastructure in the state. The map includes the
existing pipeline infrastructure in the state, in red, for reference and context (the
existing road infrastructure is too dense to provide meaningful information). Within
each county, we also present the average miles of infrastructure developed to
support a well pad in the county, which is a function of the proximity or density of
existing infrastructure. The values show first the average miles of pipeline per well
pad, and then the average miles of road per well pad.

General discussion

To begin the study, we examined potential well development across the full extent of
the Interior Marcellus. Evaluation of the probability surface shows two distinct areas
with a concentrated high probability of development: one in the northeast region of
Pennsylvania (around Tioga, Bradford, and Susquehanna counties), and the other in
the southwest region of the state (around the Pittsburgh area). These two areas are
consistent with a majority of the existing shale gas development seen in the
Marcellus region. There are several other smaller hotspots, and large regions with
somewhat lower potential for development.

The probability surface and well projection estimates are subject to several
important caveats. By necessity, the reserves estimates represent a snapshot in time;
they are constantly changing based on new information collected from drilling
productivity and geological review. It is likely these estimates will continue to
change, but we have elected to use the most recent EIA data available at the time of
the study. Since this a long-range analysis, we also assume no regulatory constraints
(other than those listed in the methods section)® or economic constraints when
developing the probability surface.

Our projections show that 12 counties could each see development of over 2,000
new wells to support full extraction of the resources in the Interior Marcellus. Many
of these counties are located within the current hot spots, but a few, such as Potter,

® For example, this analysis does allow development in the Delaware River Basin, and in state
forests, which are locations that currently have moratoriums on new development.
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Elk, and Armstrong counties, are not experiencing as much development today and
thus would see larger increases in development, albeit possibly not until the current
hot-spots are nearly fully developed. Even with the updated assumptions used in the
modeling for this analysis, it is worth noting that our results for Wayne County
(2,328 potential wells) are still very consistent with those from our previous analysis
(2,424 potential wells) that focused on the Delaware River Basin.

We project well pad locations to support the calculation of impacts, but they should
not be interpreted as explicit predictions of where wells will actually go. Although
high-resolution spatial data allows fairly precise well pad siting, this analysis is most
useful for identifying which portions of the Marcellus Shale may be most suitable for
development (relative to all the others). Actual locations of wells depend on many
site-specific factors, not the least of which is a legal lease contract to perform drilling
on a property. Furthermore, the projected well pad locations should not be used to
estimate impacts at small scales, such as for individual parcels or neighborhoods.
Further, our modeling of the natural gas infrastructure was based on a standard GIS
approach to provide a representative picture of this development, and carries the
same caveat as the well pad locations. The actual routes could depend on additional
site-specific factors, such as lease holds and applicable laws and regulations.

We found that the average length of pipeline developed to support well pads varied
widely across the state, owing to the extent of existing infrastructure in place.
Counties in northeast Pennsylvania showed an average length of about 1.5 miles of
pipeline per pad, which is consistent with previous studies on pipeline development
[36-37]. However, the counties in the southwestern part of the state showed much
lower averages of a half-mile or less per pipeline. Examination of the existing pipeline
infrastructure supports these results, as the pipeline network is much denser in
southwest Pennsylvania, reducing average distance needed to connect to it. This
produced a statewide average of pipeline length per pad of around 1 mile. The
average length of road per well pad was much more consistent across the state, not
deviating much from about 0.2 miles per pad, likely owing to the dense network of
road infrastructure already in place.

Of course, there are several caveats to keep in mind related to the infrastructure
modeling. The infrastructure modeled only includes the well pads, gathering
pipelines, and roads that are necessary, at minimum, for unconventional gas
development. In the next section, land cover impacts are limited to these
infrastructure types, and do not include other facilities such as equipment storage,
or centralized waste processing facilities. The routes selected by the least cost path
analysis do not consider the suitability of the existing roads or pipelines for handling
the traffic or gas volume from the new wells. Rather they consider the most efficient
route to the nearest (or least costly to reach) existing road or pipeline. A longer path
could be necessary if there are access, capacity, or usage issues with the nearest
road/pipeline. Also note that the roads and especially pipeline data may not be
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completely up to date if they are available at all [38], so shorter paths could exist in
areas that have had recent road or pipeline construction. Finally, planning pipeline or
road layouts for several well pads at a time (if a single company operated them, for
instance) could result in different infrastructure development patterns (total length
could be shorter or longer).

In general, our estimates for gathering pipeline length are lower than some other
estimates such as the 25,000 miles estimated by former PA Department of
Environmental Protection (DEP) secretary John Quigley [38], or the 10,000 miles
estimated by the Nature Conservancy for a similar number of well pads (based on an
average of 1.65 miles per well pad) [36]. One potential explanation is that our
infrastructure modeling reflects regional differences in existing pipeline density.
Further, the other estimates may include some other intermediate gathering and
transmission pipeline infrastructure beyond the immediate gathering pipelines.

There are several ways this analysis could be revised and extended in the future. The
maximum entropy analysis in particular is flexible, and can be updated to include
more recent data, and additional data layers not included in this study. Simply
repeating the analysis will a larger set of existing wells to ‘seed’ the model should
result in improved projections. Similarly, updated maps of underlying layers such as
gas pipeline infrastructure, and roads could affect the relative probability of
development where there has been rapid change in the past few years.

There are several possibilities for other data layers to include in the maximum
entropy modeling. As more Marcellus wells are drilled, improved maps of shale
richness (e.g., total gas in place) and well productivity are being generated by the gas
industry and academics. These could be helpful to add additional weight to
development in known hot-spots. We did not include such maps as a data input to
the maximum entropy analysis, as there was no authoritative data source, the maps
available (e.g., investor presentations from the gas industry) vary widely in their
estimates, and the geospatial data sets are either not publicly accessibly or not well-
documented. We also did not consider the presence of other shale plays in the region
(e.g., the Utica), but it is likely the ability to access multiple plays influences the
likelihood of drilling. Finally, leasehold data could be included in the maximum
entropy analysis to identify areas with particular likelihood for drilling.

While these data sets could improve the projections, we intentionally limited the
maximum entropy analysis to layers reflecting physical parameters of the shale, land
surface, and infrastructure that are publicly available and not subject to rapid change.
In general, the marginal information gained for Maxent analysis decreases as more
input layers are added. As the available data sets improve, and become more widely
accessible, these additional factors plus economic and regulatory considerations
could be explicitly included in follow-on studies.
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Impact on Land Cover

When assessing the environmental impacts of natural gas development, one of the
most unavoidable aspects of such development is the impact on land cover. A typical
well pad may cover three to five acres of land to support the well-drilling and
hydraulic process, which includes the well site and room for supporting equipment,
onsite water and wastewater storage (impoundments and/or closed tanks), and
adjacent disturbed areas (e.g., land for regrading and leveling the well pad). In
addition to the well pad, development of land to support natural gas extraction
requires access roads to the site and gathering or feeder pipelines to transport the
extracted gas from the site to the existing transmission infrastructure [14, 36-37, 39].
The resulting land disturbance from this development can present both short- and
long-term risks to the use of the land, depending on the remediation and reclamation
procedures used [40-41].

One issue associated with the development activities from natural gas extraction in
the Marcellus Shale is the impact on forests [14, 18, 39-40]. Pennsylvania’s dense
forest cover provides the region with a variety of ecosystem services, such as carbon
sequestration, clean air, aquifer recharge, and recreation/eco-tourism [42].
Furthermore, forest cover in the region is home to a variety of different plant and
animal species that rely on the forest for their habitat. The edge transition from non-
forest to forest area creates a habitat that tends to favor generalist species over rare
or vulnerable species, and an increase of edge forest can promote the spread of
invasive species [40].

Another issue of interest focuses on the relationship between land and water.
Clearing of forests and other natural land cover for natural gas infrastructure and
subsequent conversion to impervious cover or compaction of soil in construction
right-of-way can change the hydrologic behavior of the landscape, leading to more
runoff and erosion and less groundwater infiltration. Impervious cover (or more
broadly, changes in the perviousness of the landscape) can be used to assess impacts
on water quality, since it represents how much water can infiltrate the soil versus
how much will run off into nearby streams [43]. Stream quality in a watershed will
generally become impacted once impervious cover reaches above 10 percent, though
some studies have shown impacts to streams above as little as 2 percent [44]. Stream
crossings by road and pipeline infrastructure can also have an impact on flow
characteristics in the stream, sediment loads, and water quality, and on the health
and movement of aquatic species [45-48].
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To assess the potential impacts of natural gas development on land cover in
Pennsylvania, we combined our projections of natural gas well and infrastructure
development in the state with a suite of GIS tools and methodology. We used the
projected well pad locations and supporting infrastructure to survey the impacts to
current land cover, and the potential for forest fragmentation. Then, to give context
to the amount of area impacted, we compared the total disturbance area to the
amount of existing developed land.

Methods, data sources, and assumptions

Before the infrastructure to support natural gas extraction—e.g., well pads, gathering
pipelines, and access roads—can be constructed, the land must be cleared. In the
previous chapter, we documented how the natural gas infrastructure locations were
modeled as points for well pads, and linear features for roads and pipelines. To
determine the land area affected by disturbance from these activities, we used the
“Buffer” tool in ArcGIS to map the spatial extent of the well pads and pipeline and
road rights-of-way.

We then used this footprint to extract the impacted land cover values from the 2011
National Land Cover Dataset (NLCD) raster. “Land disturbance” refers to all land that
falls within this footprint. By contrast, for the purpose of this study, “new clearing”
refers to all land cover types within this footprint except for developed land (open
space, low density, medium density, or high density), which has already been cleared.
For this analysis, we considered the land necessary for initial development of the
infrastructure including the construction rights-of-way necessary for equipment
access to build the roads and pipelines.

Given the prevalence of forest cover in Pennsylvania (approximately 60 percent of
total land cover) and the potential for impact, we extended our land cover analysis to
focus on the extent of potential forest fragmentation caused by this disturbance. To
assess this impact, we generated a baseline core forest raster from the NLCD raster
using the Landscape Fragmentation Tool v2.0 [49] and applied a forest edge width of
100 meters. After we generated the baseline condition, we assessed the potential
impact from natural gas development by applying an additional 100-meter buffer to
the projected spatial footprint of gas infrastructure (i.e., well pads and road and
pipeline rights-of-way) to determine the changes in core and edge forest due to new
edge effects.

We also performed an analysis to compare the total new land cleared for gas
infrastructure to existing developed land, in order to put the area of development
into context. We estimated existing developed area from 2011 NLCD by computing
the total of the developed land cover categories for low-, medium-, and high-density
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development (NLCD codes 22, 23, and 24), which represent most urban and suburban
development areas (though not transportation or open cleared land).

To evaluate land cover burdens associated with Marcellus gas infrastructure
development, we used the following assumptions:

e Each well must be located on a well pad, and each well pad must be
connected via road to an existing road, and via gathering pipeline to the
existing natural gas pipeline network in PA (exclusive of distribution or
“downstream” pipelines that bring natural gas directly to homes and
businesses).

e Each well pad occupies 3.5 acres.

e Each gathering pipeline requires a 30-meter right-of-way, and each access
road requires a 10-meter right-of-way.

e Core forest represents forest patches that lie 100 meters inward from the
nearest non-forest land cover (i.e., the forest edge).

e Potential new stream crossings were identified as intersection points between
the modeled gathering pipeline and access road routes and Pennsylvania
streams in the National Hydrography Dataset Plus version 2 (NHDPlus v2)
database [29].

The baseline results are presented using both the county and HUC10 watershed
boundaries, but the impacts on forest and stream crossings are presented only for
watershed boundaries.

The assumptions for development area reflect the area generally needed for initial
construction of infrastructure. After construction, some of this area may be partially
returned to existing uses during operation, or at the conclusion of development. This
report does not examine the evolution of the landscape through the development
period as it responds to varying rates of development and varying remediation and
reclamation practices. Instead, this report focuses on the direct area impacted by
construction of well pads, gathering pipelines and roads.

It is important to note that many of these infrastructure types do not cover the full
range of land development activities associated with gas development, and they do
not consider the estimates of additional area needed for equipment storage,
centralized impoundments, wastewater treatment facilities, mining and quarry areas
for soil/sand/gravel, earth moving (cut and fill) outside of the rights-of-way, landfill
areas, or other areas needed to otherwise support natural gas development.
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Results

Based on our projections of well pad development and associated supporting
infrastructure, we generated Pennsylvania-wide estimates of land cover burdens.
Figure 5 shows the results of our analysis at the statewide level. We found that just
under 95,000 acres of land could be disturbed by construction of natural gas
infrastructure in the state, about 28,000 acres of which would constitute the clearing
of forest cover. However, over 100,000 acres of core forest could be lost as a result
of the combined effect of clearing and fragmentation due to the creation of new
forest edges.

These estimates are similar to, but slightly lower than previous Pennsylvania
estimates of forest disturbance. The Pennsylvania Energy Impacts Assessment [18]
completed by the Nature Conservancy found that for 60,000 wells, direct forest
clearing would be between 38,000 acres (10 wells per pad) and 61,000 acres (six wells
per pad). They estimated that additional core forest loss from fragmentation would
be between 91,000 acres (10 wells per pad) and 147,000 acres (six wells per pad).

Figure 5.  Pennsylvania statewide land cover impacts from natural gas
developmentincluding land disturbance by initial land cover type and
core forest loss due to land disturbance and core to edge forest transition
due to fragmentation.
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While these figures are informative for comparisons to other shale gas basins or
across industries, the importance of the impacts within Pennsylvania is difficult to
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discern from the statewide figures. For example, the 28,000 acres of forest cleared
only represents 0.2 percent of the total forest cover in Pennsylvania. Breaking these
impacts down to the county or HUC10 watershed level offers a more informative
picture of where these impacts may be concentrated. Table 2 gives an overview of the
maps generated for this impact category. The discussion section provides
descriptions and useful information for understanding each map.

We also found that in many counties affected by natural gas development, the
construction of new gas infrastructure could affect an area comparable to or larger
than all existing developed land (e.g., residential, commercial, industrial land uses).'’

Table 2. Land Cover Impacts Map Index.
Access maps at www.cna.org/PA-Marcellus

Map Title

2.1 Land disturbance by county

2.2 Land disturbance by watershed

2.3 Forest cleared by watershed

2.4 Core forest loss by watershed

25 Existing developed area versus new clearing for gas infrastructure
2.6 Stream crossings by watershed

Discussion

Map 2.1 - Land disturbance by county

This map shows the total amount of land disturbed from natural gas development by
county. This metric represents the total area of land, in acres, that would underlie
well pads or rights of way for pipelines or roads. In this map, we use pie charts to
represent the breakdown of the land cover impacted from natural gas development
in each county. For visibility on the map, we combined the 11 land cover
classifications from the NCLD dataset into broader groups, as shown in Table 3.

1 We excluded Developed Open Space (NLCD code 21), which primarily includes undeveloped
parcels and transportation.
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Table 3. Land cover groupings by 2011 National Land Cover Dataset
classifications.

Grouping NLCD Classifications

Forest 41 - Deciduous Forest; 42 — Evergreen Forest; 43 — Mixed Forest
Grassland/ 71 - Grassland Herbaceous; 52- Shrub/Scrub; 90 - Woody Wetlands;
Wetland 95 - Emergent Herbaceous Wetlands

Agriculture 81 - Pasture/Hay; 82 — Cultivated Crops

21 - Developed Open Space; 22 - Developed Low Intensity;
Developed 23- Developed Medium Intensity; 24 — Developed High Intensity;
31 -Barren Land

Map 2.2 - Land disturbance by watershed

This map shows the total amount of land disturbed from natural gas infrastructure
development by HUC10 watershed. This metric (shown in shading on the map)
represents the total area of land, in acres, that would underlie well pads or rights of
way for pipelines or roads at the time of initial construction. In this map, we also use
bar charts to represent the breakdown of the impacted area by land cover type
(according to the 2011 NLCD) in each watershed with over 100 acres of disturbance.

Map 2.3 - Forest clearing by watershed

This map shows the total amount of forest projected to be cleared from natural gas
infrastructure development by HUC10 watershed. This metric represents the total
area of forest, in acres, that would underlie well pads or rights-of-way for pipelines
or roads at the time of initial construction. We presented this impact at the HUC10
watershed level due to the role that forest cover plays in preserving water quality.

Map 2.4 — Core forest loss by watershed

This map shows the impact of forest fragmentation as core forest lost from natural
gas development by HUC10 watershed. This metric, shown in the shading, represents
the total area of core forest, in acres, that could be lost due to construction of well
pads or rights-of-way for pipelines or roads. Within each watershed on the map we
also label the percentage of total pre-development core forest that would be
impacted (for cases where this value exceed 1 percent). Note that this loss in core
forest area comprises both forest that is cleared for infrastructure (i.e., direct losses
shown in Map 2.3) and the indirect losses resulting from core to edge forest
conversion along the road and gathering pipeline rights-of-way.
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Map 2.5 - Existing developed area versus new
clearing for gas infrastructure construction

This map puts the land disturbance area associated with gas infrastructure
development in context relative to total existing urban and suburban developed area
by watershed. We computed the existing developed area in each watershed by
summing the developed low-density, medium-density, and high-density land cover
areas (NLCD codes 22, 23, 24) from the 2011 NLCD dataset. These estimates include
most urban and suburban developed area in residential, commercial, and industrial
land uses, but exclude most undeveloped open space and land use for
transportation. The map compares the total land needed for initial construction of
natural gas infrastructure with these existing developed areas.'' Yellow bars indicate
the relative amount of land clearing for initial gas infrastructure construction by
watersheds. The shading indicates the ratio of new gas infrastructure clearing area
compared to existing developed area; a value of 1 indicates that the new
infrastructure for gas development will occupy an area equal to all existing
development in the watershed.

Map 2.6 — Stream crossings by watershed

This map shows the projected number of new stream crossings associated with
construction of road and pipeline infrastructure. Each stream crossing represents the
intersection of the modeled gathering pipeline or road routes and streams in the
USGS NHDPIus v2 database. Stream crossings within 250 feet of each other were
treated as one crossing. On the map, the blue bars show the relative numbers of
crossings by watershed, and the shading indicates the density of new stream
crossings in units of crossings per 100 square miles. (The average watershed area of
162 square miles is on the same order of magnitude.)

General discussion

Our results showed that the construction of well pads and associated infrastructure
to support shale gas development would have an impact on the land cover of
Pennsylvania of over 100,000 acres, affecting primarily agricultural land (54 percent

! This is purely to give context to the scale of impacted area on a watershed basis, and is not
meant to imply that the land use types for gas infrastructure are similar in character to general
urban/suburban development.
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of disturbed land) and forest land (30 percent). This assessment of land disturbance
only accounts for the well pad and rights-of-way for gathering pipelines and access
roads to support those well pads. It does not account for additional construction that
could occur to support natural gas development, such as new transmission pipelines
that may be needed to help move gas to market, or new compressor stations to
support gas transmission through the pipeline network. This construction could be
expected to add to the footprint of development and cause additional land cover
impacts to the state.

Land-cover change from shale gas development is unavoidable, and disturbance can
be significant at build-out. The loss of forest cover, in particular, can have significant
impacts at the watershed level, such as degraded water quality and a loss of
biodiversity from disappearing flora and fauna that cannot tolerate “edge effects.”
For instance, we found that some Pennsylvania watersheds could lose over 5 percent
of the existing core forest. Furthermore, remediation procedures to restore
vegetation on the impacted land often do not replace mature forest cover, both
because of the need to maintain access to gathering lines and use roads, and because
mature forests take a long time to grow.

Many of the environmental impacts and outcomes related to land cover changes are
difficult to understand at this level of analysis because they are highly dependent on
how the changes occur over time, something we did not investigate in this study. It is
relevant to note that the land cover changes will not occur all at once, but build over
time as development continues. This analysis only considers total area within

Further study related to these impacts could include:

e Investigating effects of timing or rate of development and remediation and
reclamation practices used on land cover over time

e Estimating potential erosion and sediment loadings associated with land
clearing and infrastructure development over time, subject to varying
assumptions of development rate and management practices

e Assessing vulnerability of species to the changes in forest area, loss of core
forests, or potential water quality effects.
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Impact on Population

The distance from active well pads has been shown to correlate with certain health
and environmental risk factors. Distance from activity is often used as a primary
discriminator for determining dose intensity in public health studies. As a result,
knowing the potential population within several distances of the proposed well pads
is useful for evaluating potential impacts to Pennsylvania residents. In this study, we
do not assess the likelihood of particular health outcomes occurring for populations
within the specified distances.

We report the populations living within two distances of well pads: one-half mile and
one mile. These distances represent a close to moderate distance from well pads, and
a moderate to farther distance, respectively. Several health studies have used similar
distances to divide experimental groups when investigating variations in health risk
factors related to natural gas extraction [13, 19, 50-52].

The maps in this section should be read only as reporting the population (based on
the 2010 Census) within the specified distances from well pads through full
development of the Interior Marcellus play. These maps do not account for potential
or projected population growth, or population living within the specified distance of
other gas infrastructure such as roads, pipelines, equipment yards, compressor
stations, or wastewater treatment facilities.

Methods, data sources, and assumptions

We evaluate the population within two distances of Marcellus Shale well pads, one
mile and one-half mile, using 2010 census block data for Pennsylvania [53]. Unlike
our previous analysis for the DRB ([4]), which has a moratorium on natural gas
development, there are existing Marcellus well pads in many parts of the
Commonwealth. We analyzed the population within each county within the specified
distance for “Current” Marcellus well pads, for “Additional” well pads developed
through build-out, and population “Outside” the specified distance.

We used a buffer method in ArcGIS to compute the areas within the specified
distances, and intersected these areas with the Census population blocks to
determine population affected. Our previous report, The Potential Environmental
Impact from Fracking in the Delaware River Basin [4], has a full description of
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methodology associated with computing the population living within a given distance
of projected well pad locations. In brief, the following assumptions and data sources
were used.

e Population estimates were computed from 2010 census, census block data
(2010 Census Bureau - SF1 data [53]), which is the finest resolution available.
Population is assumed to be distributed with constant density within each
census block to make population estimates where a portion of the census
block falls outside the designated distance from a well pad location.

e Existing well pad locations were computed based on commercially available
well location data (IHS, 2014 [54]) through September 2014."

e Projected well pad locations from this analysis were used to determine
“Additional” area. We only counted new area affected, and did not double-
count area within the specified distances of existing well pads.

e Total population estimates reflect the sum of “Current” and “Additional”
population within the designated distances.

Results

Based on the well pad locations generated for this analysis, and county-level data on
population in U.S. census blocks, we estimated Pennsylvania-wide impact estimates
for area and population within one-half and one mile of well pads. For area, we found
1,813 square miles within one-half mile of existing wells, and 6,354 square miles
after all projected wells are included. The corresponding values are 4,680 and 14,450
square miles for the one-mile distance from well pads.

Figure 6 shows the Pennsylvania population estimated to be living within these
distances both currently and at our projection of full development.

2 Only wells designated as being drilled in the Marcellus play and having a status of “Active” or
“Inactive” (not “Abandoned”) were used.

28



CNA

Figure 6.  Pennsylvania statewide population within 0.5 and 1 mile of current or
projected Marcellus well pad locations at full development. Roughly six
times more people will be within these distances by full development
relative to the current numbers.
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On a statewide basis, the population living within one-half mile of a well pad would
increase from 100,600 to 639,000. The population living within one mile would
increase from 311,000 to 1.8 million. These calculations are based on 2010 census
data. For context, Pennsylvania’s population in the 2010 census was 12.7 million, and
its estimated 2015 population is 12.8 million [55].

The scale of the affected population is difficult to discern from the statewide figures
alone. Mapping these impacts on a county basis offers a much clearer picture of
where the populations near gas development live. Table 4 gives an overview of the
maps generated for this impact category. The discussion section after Table 4
provides descriptions and useful information for understanding each map.
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Table 4. Population Impacts Map Index.
Access maps at www.cna.org/PA-Marcellus

Map Title

3.1 Area within 0.5 mile of well pads

3.2 Area within 1 mile of well pads

3.3 Population within 0.5 mile of well pads
3.4 Population within 1 mile of well pads
Discussion

Map 3.1 — Area within 0.5 mile of well pads

This map shows the portion of county area within one-half mile of existing and
projected well pads by county. The brown shading indicates counties that have
existing or projected well development. The light tan overlay shading indicates the
areas within a half mile of existing or projected well pad locations. The area of each
county with existing or projected Marcellus Shale development is represented as a
pie chart, broken into three categories. First, in yellow, is the portion of the county
area within one-half mile of an existing well pad, labeled “Current” in the legend.
Second, in dark red, is the additional area that will fall within one-half mile of
projected well pads built through build-out. This is additional area that does not
double-count any area within the half-mile distance of existing well pads, and is
labeled “Additional” in the legend. The sum of the yellow and red sections represents
the total percentage of the county area within one-half mile of well pads. Finally, the
light blue section of the pie charts is the remaining portion of county area that is
outside the one-half-mile distance through the end of development. It is labeled
“Outside” in the legend.

Map 3.2 — Area within 1 mile of well pads
This map shows the portion of county area within one mile of existing and projected

well pads by county. The legend and pie charts are the same as in Map 3.1 to enable
comparisons, except that in all cases, the relevant distance is one mile.

Map 3.3 — Population within 0.5 mile of well pads

This map shows the 2010 population within one-half mile of existing and projected
well pads by county. The shading indicates the raw population total by county living
within one-half mile at build-out. The population of each county with existing or
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projected Marcellus Shale development is shown with a pie chart, indicating the
percentage of the county population in three categories. First, in yellow, is the
portion of the population living within one-half mile of an existing well pad, labeled
“Current” in the legend. Second, in dark red, is the additional portion of the
population that will fall within one-half mile of projected well pads built through
build-out. This is “Additional” population, and does not double-count any population
within the half-mile distance of existing well pads. Finally, the remaining portion of
the population, shown in light blue, is that which is “Outside” of the one-half-mile
distance all the way through build-out condition.

Map 3.4 — Population within 1 mile of well pads

This map shows the 2010 population within one mile of existing and projected well
pads by county. The shading by county is scaled identically to Map 3.3 in order to
allow comparisons between the maps. The definitions for the pie chart are also the
same as in Map 3.3, except that in all cases, the relevant distance is one mile instead
of one-half mile.

General discussion

These results present an estimate of population within certain radii of well pad
locations. These population estimates are based on 2010 U.S. census data [53], and
do not account for future population change. Further, this assessment only considers
distance from well pads—the primary location for most natural gas development
activity—and not other types of gas infrastructure.

This analysis is best interpreted as a way to understand the number of Pennsylvania
residents that will experience natural gas development first-hand close to their
residences. We can conclude that the number of Pennsylvania residents within these
one-half-mile and one-mile radii of well pads will increase significantly—roughly six-
fold—over the population currently living within this proximity of existing well pads.

We also see regional patterns in the impacts on population. The largest such impacts
in terms of pure numbers are in the southwest portion of the state, an area that
already has significant existing gas development and, importantly, has a relatively
high population density. By contrast, the counties in the northeast portion of the
Commonwealth project tend to have most “coverage” of the county’s land area
within the specified distances. For instance, in Map 3.1, almost all of Bradford,
Susquehanna, Washington, Greene, and Armstrong counties could be within one mile
of a well pad at some point during the development period. As a result, the portion
of these county’s populations living within the specified distances is extremely high.
Due to the lower population density of these counties, the raw total population
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affected in the northeast portion of the state is lower than that in the southwest
region of Pennsylvania.

This information could be useful for several types of follow-on analysis, including
economics and public health. In terms of economics, proximity to well pads may
indicate how much of the population could be affected by economic impacts from
development (e.g., property value change, royalties).

While many studies show some correlation between distance from well pads and
certain health risk factors, we did not attempt to connect these results to potential
health impacts. Some potential follow-on health-related risk analyses could include,
for example, potential groundwater contamination, or exposure to particular air
pollutants. Or, public health studies could be used to estimate how incidence of
certain health outcomes might change. We note that doing so would require a fuller,
more detailed understanding of the specific nature of various gas development
activities and facilities, and the intensity, duration, and frequency of potential health
risk stressors associated with each. .
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Impact on Air Emissions

Unconventional natural gas development is an industrial process that involves a host
of machinery and operations to extract natural gas from shale deposits. Shale gas
operations release a variety of criteria pollutants that can degrade local air quality,
including nitrogen oxides (NO)); sulfur oxides (SO ); particulate matter (PM); and
volatile organic compounds (VOCs), such as formaldehyde, benzene, toluene,
ethylbenzene, and xylene (BTEX) [51-52, 56-58]. These emissions stem from diesel-
powered equipment used for the well pad construction, drilling, hydraulic fracturing,
and production processes. In addition, significant emissions can also arise from
combustion-powered compressor stations that compress natural gas to keep it
flowing through the pipeline system. Further, these activities could contribute to
climate change due to greenhouse gas (GHG) emissions from shale gas development,
which stem from the leakage of natural gas (i.e., methane, or CH,) at various points
throughout the development cycle, from extraction to processing and transmission.

For this analysis, we calculated the potential contributions to NO, VOC, and methane
emissions from projected natural gas development in Pennsylvania. We used the data
from the Marcellus Shale Air Emissions Inventory [59] from the PA DEP to develop
per-well emissions factors to apply to our projections. We also use DEP data to
estimate the emissions contributions from additional compressor stations needed to
support this development. We then present the emissions estimates from projected
development at the county level across the state, along with the relative increase
from emissions in the state today. We did not analyze the potential for any more
localized impacts on air quality, as this was beyond the scope of the study.

Methods, data sources, and assumptions

To assess the impacts to air quality, we applied relevant values from the PA DEP
2014 natural gas emissions inventory and professional literature to our build-out
scenarios in order to calculate the emissions associated with natural gas
development at the county level. We used an average development rate scenario to
illustrate the impacts of development on air quality. This provides the average pace
of development and shows the potential variation in emissions that could be
expected from natural gas development activities in each county. We do note that in
reality there would likely be considerable yearly variations in development per
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county as operators focus on the more favorable locations first. We then developed a
final year emissions estimate to represent the cumulative impact of ongoing
emissions from natural gas production and the compression needed in order to bring
it to market.

To estimate the number of new compressor stations required to support our
projected natural gas development, we used a data extract from the PA DEP listing of
the midstream compressor stations in their 2014 inventory [59]. This extract
included 509 facilities, which, PA DEP explained, included both gathering and
transmission compressor stations. We used GIS analysis to classify any stations
within 0.1 mile of a transmission pipeline as a transmission station and eliminate it
from the list. This resulted in 320 gathering stations, or 1 compressor station for
about every 9 well pads in Pennsylvania. Applying this ratio to our well pad
projections, we estimate that 661 compressor stations will be developed to support
natural gas development.

We developed emission factors to apply to our projected natural gas development
based on either the 2014 PA DEP natural gas emissions inventory or values from
scientific literature. We classified development into three phases: pre-production,
production, and gathering. Table 5 shows the emissions factors for NOx, VOC, and
methane for each of these phases. Pre-production represents the emissions from
drilling, hydraulic fracturing, and completion of the well. We developed this factor
using the reported emissions from “drill rigs” and “completions” in the natural gas
emissions inventory. Production represents the ongoing production of natural gas
from the well. We developed this factor for NOx and VOC based on the study by
Livovitz et al. [60]. For methane emissions, we used a recent study by Goetz et al.
[61]. Finally, gathering represents the collection of natural gas from multiple well
pads and compression of this gas to deliver it to transmission pipelines. We
developed this factor based on the average emissions from the gathering stations in
the seven counties within Pennsylvania that are most representative of UNGD:
Bradford, Butler Greene, Lycoming, Susquehanna, Tioga, and Washington. These
counties contain 75 percent of the UNGD in Pennsylvania through 2014, and would
be most representative of the facilities used to support development moving
forward.
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Table 5. Emissions factors used in this study to evaluate air quality impacts from
projected natural gas development

Emissions Factor (tons/yr)

Development Phase NOx VOC Methane
Pre-production (per well) 6.97 0.37 1.08
Production (per well) 0.59 0.62 8.44
Gas gathering and compression 18.03 6.83 170.09

(per compressor station)

Source: Pre-production [59], Production [60-61], Gathering [59].
a Pre-production includes drilling, hydraulic fracturing, and completion of the well.

For the air quality analysis, we assumed the following to generate the annual
emissions:

e Well development occurs at a constant rate over a 30-year build-out within
each county. Overall, this amounts to a statewide development of 1,587 wells
per year.

e Compressor station development also occurs at a constant rate over a 30-
year build-out, which amounts to development of 22 compressor stations per
year. We apportioned these compressor stations geographically based on the
total expected development in each county.

e First-year emissions from new well development equal pre-production
emissions plus one half of production emissions (to simulate development
over the course of the year).

e First-year emissions from new compressor stations equal one half of average
annual gathering emissions to simulate development over the course of the
year.

e Annual emissions from existing infrastructure equal production emissions
from existing wells plus gathering emissions from existing compressor
stations

e Wells have a 20-year lifetime for production!* and compressor stations go
offline in conjunction with and in proportion to well retirement.

3 Although most gas production of Marcellus wells tends to be in the first three to five years,
the lifetime of the well can extend further and depends on a variety of factors. For example,
data from the PA DEP show that over half of the unconventional wells drilled in 2007 are still
active, and over 80 percent of those drilled in 2008 are still active.
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e Total annual emissions equal pre-production plus production plus gathering
and compression emissions.

Results

Using our projections of wells and compressor stations, we generated estimates of
annual emissions of NOx, VOC, and methane from projected natural gas
development in Pennsylvania. The contributions to these emissions from the
different phases of natural gas development will change over time, as shown in
Figure 7. Based on our 30-year build-out scenario, the pre-production phase
contributes the majority of NOx emissions for the first 12 years, after which
emissions from the production phase become the primary contributor. However, the
pre-production phase contributes very little to the overall VOC and methane
emissions from development. These graphs also illustrate the cumulative impact that
ongoing emissions from production and gathering contribute to overall emissions
from development.

We find that given constant development rate, emissions tend to “peak” and plateau
for several years. We use these “peak” annual emissions rates as the primary metric
for mapping analysis, as they reflect the highest combination of pre-production,
production and gathering emissions during the development period.'

4 This peak will likely be lower than true peak emissions during the development period, as
yearly development will not occur at a constant rate. Individual county peaks may be even
higher if development is particularly concentrated over a short time period.
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Figure 7. Cumulative NOx, VOC, and methane emissions from projected natural
gas development over a 30-year build-out. Pre-production is the largest
contributor to NOx emissions until Year 13, when ongoing emissions
overtake it. Production is the largest contributor to VOC and methane
emissions from the onset of development.
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Methane Emissions

400,000

350,000

g & 8
g & 38

150,000

Annual Emissions (tons per year)

100,000

50,000

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 3l 33 35 a7 a9
Development Year
—+—Tolal —s=Fre-production —sa—Produclion ——Gathering

Figure 8 shows the statewide results from the peak emissions years against the
emissions from the 2014 PA DEP natural gas emissions inventory. Based on our
analysis, during the peak emissions years, annual NOx emissions will have increased
by 1.5 times, VOC emissions will have increased by 3.6 times, and methane emissions
will have increased 3.1 times relative to the reported emissions data from the natural
gas sector in Pennsylvania in 2014.
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Figure 8.  Pennsylvania annual statewide emissions from projected natural gas
development activities (when ongoing production and compressor
emissions reach their peak): (a) Methane, (b) VOC and NOXx.

€Y
Methane
0 50,000 100,000 1.50,000 200,000 250,000 300,000 350,000 400,000
Emissiens (tens)
mPeak Year mBase Year (2014)
(b)
vOC
NOx

0 5000 10000 15000 20000 25000 30,000 35000 40,000
Emissions (tons)

mPeck Year mBase Year (2014)

Source: Baseline: PA DEP (2014) [59]; Projected: CNA.

For additional context, we have generated a series of maps that depict how the
average year of development and final year of development would impact emissions
at the county level. Table 6 gives an overview of the maps generated for this impact
category. The discussion section provides descriptions and useful information for
understanding each map.
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Table 6. Air Emissions Impact Map Index.
Access maps at www.cna.org/PA-Marcellus

Map Title

4.1 NOx emissions from projected development

4.2 VOC emissions from projected development

4.3 Methane emissions from projected development
Discussion

Map 4.1- NOx emissions from projected development

This map shows a peak year of NOx emissions from projected natural gas
development by county. This metric represents the NOx emissions from new
development plus the cumulative emissions from ongoing natural gas production
and compressor stations to support this production. We compared the projected
NOx emissions for each county to the current county NOx emissions from the 2014
PA DEP natural gas emissions inventory, and the result is depicted by the shading on
the map. Bar charts also indicate the yearly emissions for 2014, and the projected
values in order to compare both current and projected future emissions regionally.

Map 4.2 - VOC emissions from projected
development

This map shows a peak year of VOC emissions from projected natural gas
development by county. The layout of the map is the same as Map 4.1, with all values
now depicting VOC emissions.

Map 4.3 - Methane emissions from projected
development

This map shows a peak year of methane emissions from projected natural gas
development by county. The layout of the map is the same as Map 4.1, with all values
now depicting methane emissions.
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General discussion

Overall, we found that projected natural gas development could lead to significant
increases in NOx, VOC, and methane emissions across the state. We found that of the
counties currently experiencing natural gas development, 25 would increase their
NOx, VOC, and methane emissions profile compared to the 2014 emissions
inventory. Further, five counties that did not report natural gas sector emissions in
2014 would have new emissions. Although we focused only on the county-level
impacts for this study, it should be noted that more localized or concentrated
development in subsections of each county could present a larger potential for
reduction in air quality than what is presented here. Recent studies have attributed
this localized development to a variety of airborne health risk factors [13, 51-52, 62].

One interesting result from this analysis compared to our previous look at the
Delaware River Basin [4] is the contribution to NOx emissions from compressor
stations. In the DRB analysis, the cumulative effect of compressor station build-out
accounted for a majority of the overall emissions profile from natural gas
development. In this analysis, however, ongoing production represents a larger
cumulative contribution than compressor stations. The explanation for this finding
lies in the emission factors used to represent compressor stations. In our previous
work, we relied on literature values for NOx emissions from compressor stations that
were based on the facility’s permitted “potential to emit” value, which indicate the
maximum amount of emissions the facility is permitted to emit by the PA DEP. Those
values ranged from 46 to 90 tons per year of NOx. For this study, we obtained the list
of compressor stations and actual emissions inventory data collected by the PA DEP
to produce the emission factor based on the average observed NOx emissions, which
were not available to us for the DRB study [4]. The emission factor used for this
study was 18.03 tons per year. While the potential to emit values still represents an
upper bound of emissions, these results should provide a more accurate
representation of projected emissions in Pennsylvania.'

Figure 9 shows the effect that the emissions rate assumption has on total annual
emissions. The annual emissions data reported to PADEP in 2014 are compared to
the projected annual emissions using three different emissions rate data sources.
First, the emissions factor used in this study. Then, the potential ranges of values are
shown for the measured data by Goetz et al. [61], and for the potential to emit values
in the permits.

> It is worth noting that a recent study using a mobile laboratory to measure emissions from
Marcellus Shale facilities in Pennsylvania obtained a median value of 10.6 tons per year, with a
maximum observed value of 51.5 tons per year, for NOx emissions from eight compressor
stations [61].
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Figure 9.  Uncertainty in statewide Marcellus annual NOx emissions due to emissions
factor used for natural gas gathering compressor stations. Annual
emissions reported to PADEP for 2014 are shown for comparison. (Emissions
attributed to pre-production and production are the same for all cases at
29,300 tons.)
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Given that NOx and VOC are the precursors to ozone formation, a potential by-
product of increased development is an increase in ozone formation for the
impacted counties. A recent study found that natural gas development in the Barnett
Shale contributed to an increase in ozone pollution in the Dallas-Fort Worth area [63].
Ground-level ozone is a primary component of smog, which can cause respiratory
illness and other decreases in lung function. Due to its potential to cause harm to
human health, the EPA monitors ozone, and this pollutant is subject to national
ambient air-quality standards (NAAQS). The Pittsburgh-Beaver Valley region (.e.,
Allegheny County and the surrounding counties) has struggled in the past with air
quality issues related to ozone and even received a non-attainment status for ozone
[64]. Projected development in this area could further contribute to these air quality
issues.

Some potential follow-on analysis possibilities include scenario or contextual
analysis. For example, a study could investigate effects of timing or rate of
development in order to refine and evaluate the air quality impacts in each county
over time. Or, a different study could compare the projected air quality impacts
from gas development to air quality impacts from other sectors in order to
determine the impact on total emissions in each county and state-wide.
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Water and Wastewater Impact

Water and wastewater management is a significant part of the unconventional
natural gas extraction process. Hydraulic fracturing requires a significant amount of
water to mix the “frac fluid” that is pumped into the horizontal wells at high
pressure in order to fracture the shale and release gas. Most of the water needed to
mix the frac fluid is withdrawn from nearby surface water resources, though some of
the water needs are met through recycling of wastewater, groundwater, and other
sources (e.g., purchase from municipal water providers).

After injection, most of the frac fluid remains in the shale formation, but some
returns to the surface along with the gas. The early portion of the water that returns
in the first 10-30 days is known as flowback. Later, additional wastewater known as
“produced water” or “brine” returns with the gas for as long as the gas well is
producing, and roughly in proportion with gas production. Both flowback and
produced water are types of wastewater with high concentrations of dissolved solids
(salts), metals, volatile organic compounds, and, in some cases, radioactive materials.
Some of these contaminants may originate as additives in frac fluid, but many are
picked up from the shale formation itself. The final type of wastewater is drilling
fluid recovered after drilling the wells. (There are also several types of solid waste,
including drill cuttings, and solids settled out from flowback or produced water, but
they are not part of this analysis.)

In this analysis, we analyze the volumes of water and wastewater associated with the
projected development of gas wells in the Interior Marcellus. Notably, we focus on
four key metrics related to natural gas water management:

e Water use: the total volume of water used for mixing the frac fluid that is
injected into the shale during hydraulic fracturing

e Water withdrawal: the volume of water used to mix frac fluid that is
withdrawn from surface water resources

e Consumptive use: the volume of water in the frac fluid that remains in the
shale after injection

e Wastewater generation: the volume of wastewater produced from the wells as
either flowback or produced water plus used drilling fluid.
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All of these metrics are important as they can be used for different impact
assessments. Water use is important to report, as it is the total volume of water
needed for hydraulic fracturing regardless of source. In theory, all of this water could
be taken from local streams, but in many cases, other water sources are used
including groundwater and recycled wastewater (either from the natural gas industry
or from municipal or industrial wastewater sources). For this reason, water
withdrawal is reported as the average quantity that would be taken from local
streams. After frac fluid injection, some portion of the water used for fracking comes
back as wastewater, and can potentially return to the watershed (after some level of
wastewater treatment). But the consumptive use - or the portion of frac fluid does
not return - is important to understand as it indicates the (minimum) amount flow is
reduced in the watershed. Finally, it is important to understand the volume of
wastewater generated that must be managed due to the potential risks associated
with the high concentrations of water pollutants it natural gas wastewaters[4].

All of these metrics refer to water volumes, but considering the large number of
wells involved, and the long period of well development, reporting volumes for these
metrics would result in very large numbers that are difficult to put into context.
Instead, we report these metrics in terms of average flow rate—that is, volume per
unit of time. We assume a 30-year development period as the unit of time, so all of
the metrics are expressed as the average volume over that period. We use the U.S.
Geological Survey’s preferred unit of flow, cubic feet per second (cfs) to report these
metrics in the results. We also report the 30-year statewide total volume in billions of
gallons. (1 cubic foot equals 7.48 gallons.)

Methods, data sources, and assumptions

In this report, we use four major metrics for water use for fracking. They relate to
the major water management stages for unconventional gas development with
hydraulic fracturing.

For calculation of water and wastewater impacts, we assume that:

e Well development will occur at eight wells per well pad on average. Each well
is fracked once, and there is no-re-stimulation.'®

e All wells within a HUC-8 have the same water use.

16 Some wells can be re-stimulated (or-refracked) to boost or prolong gas recovery. There has
been limited re-fracking to date, and few data exist on the amount of water needed. We have
not included re-fracking in this analysis.
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e Well development occurs at a constant average rate over a 30-year
development period. We report water use as an average flow rate for each
HUC-10 watershed. The volume is estimated based on the number of wells
and the water use per well, and the rate is calculated by dividing the time
associated with development—in this case, 30 years. This rate shows the
average pace of development, but there may be considerable yearly and
monthly variations in water use.

e Eighty percent of water use is met by surface water withdrawals, and 20
percent of water use is met by water reuse, including recycled frac fluid, and
other sources.

e All surface water withdrawals for wells are taken from the same HUC-10 as
the well pad location.

e Sixty-nine percent of frac fluid water volume remains in the shale, and is
considered consumptive use.

e Thirty-one percent of frac fluid water volume returns to the surface as
wastewater.

Water use per well

We estimated water use from Gallegos et al. (2015) [65], who analyzed water use for
fracking by HUC-8 watershed for major U.S. shale plays including the Marcellus. The
data were reported as average water use per well, including horizontal, vertical, and
directional wells. Because of this averaging, these data under-estimate average usage
for horizontal wells [66], which use much more water than vertical wells. Gallegos et
al. do report the number of horizontal, vertical, and directional wells in each HUC-8
watershed, and we used these data to estimate ‘adjusted’ water use for horizontal
wells only."”

7 We adjusted the average water use per well based on Gallegos et al.’s reported averages of
300 m?® for vertical wells and 2,000 m® for directional wells. For HUC8 watersheds with fewer
than 50 percent horizontal wells, we averaged the adjusted horizontal well estimate with the
Marcellus average per well reported by Kondash and Vengosh [66], using the percentage of
horizontal wells as the weighting factor. (e.g., if 37 percent of wells were horizontal, we used
63 percent as the weight for the Marcellus average reported by Kondash and Vengosh). To
avoid overestimates, we also limited the maximum water use per well for the adjusted values
to the maximum value for HUC-8s with at least 90 percent horizontal wells (roughly 5.6 million
gallons.

45



CNA

Figure 10 shows side-by-side comparison of the unadjusted and adjusted Gallegos et
al. data by HUC-8, on a per well basis.

Figure 10. Estimates of per well water use by HUC-8 watershed. Gallegos et al. (2015)
estimates (left), and adjusted (right) to consider only horizontal wells.

Data from Gallegos et al. (2015) =
Avg. water use per well by HUC8 d Adjusted data (this study)
walershed, including horizontal, Avg. water use per well by HUCE

vertical, and directional wells. L watershed, horizontal wells only.

Legend
% horizontol wells* Water use per well [milion gallons]
States W 0.5 <1 W3-+ HHls-55
Major Watersheds Not Heriz, 1-2 Ml+-45 Hl55-¢

Bl Horiz z-2 Ml4s-5

Source: Data from Gallegos et al. (2015); Maps created by CNA.

We note that Figure 10 shows that the adjusted data are much more consistent per
across the formation once the vertical and directional wells are excluded. The overall
average water use for the projected wells is 4.9 million gallons, which is near or
slightly above the reported average water use for some previous studies [67-69]. We
believe that this is reasonable, considering that water use per well has been trending
upward slightly, mostly because lateral length is increasing. Kondash and Vengosh
also reported on data from Chesapeake Energy, which indicated average use of 5.6
million gallons; this closely matches several of the highest HUC-8 averages in terms
of water use per horizontal well (see Figure 10). The range is 2.7 to 5.7 million
gallons

Water withdrawal, consumptive use, and wastewater

We base our estimates of water withdrawal, consumptive use, and wastewater
generation on literature values for these figures in relation to total water use for
fracking. Specifically, we gathered the most recent estimates [66] for the portion of
total water use met by new water withdrawals from fresh surface water, and the
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relative proportion of injected frac fluid that remains in the shale (consumptive use)
versus returns as flowback or brine wastewater.

We assume that most of the water demand for hydraulic fracturing will be met by
surface water withdrawals. Trends in the industry are towards more reuse of natural
gas wastewaters for water supply, and there has been some interest in non-
traditional sources such as municipal wastewater treatment plant effluent or mine
drainage waters. For this study, consistent with the previous CNA study for the
Delaware River Basin, we assume that 80 percent of the total water use for fracking is
met by surface water withdrawals, which accounts account for wider availability of
recycled wastewater as more wells are developed. This percentage is slightly below
figures by other research on the topic [68-69], though comparable to recent data
published by the Susquehanna River Basin Commission [70]. Transporting water is a
significant cost, so we assume that all wells will be supplied by surface water
withdrawals from within the same watershed (i.e., HUC-10) as the well pad site. At
this level of analysis, we make no assumption about the stream order within the
watershed from which the withdrawal is taken. Finally, we assume that the 80
percent factor is constant across the study area.

For determining the fate of the injected water in the frac fluid, we used recent
research by Kondash and Vengosh (2015) [66]. Early analysis of unconventional
drilling in the Marcellus Shale had indicated that only a small portion, perhaps 10-15
percent, of water injected as frac fluid would return to the surface as natural gas
wastewater. But these analyses were mostly focused on the flowback fluid, which can
be measured easily as it returns over the first 30 days after hydraulic fracturing.
Kondash and Vengosh, by contrast, accounted for more of the produced water which
comes up the well in small quantities along with produced gas for 10 years or longer.
Taking this longer view, Kondash and Vengosh calculated that 31 percent of the
average injected frac fluid volume would return as wastewater. The remaining 69
percent is “consumptive use” as it is not recovered from the shale. Since our study
covers a long time horizon, we use these figures to calculate consumptive use and
volume of wastewater generated. We assume that these percentages remain constant
across the study area.'®

'® We did investigate Pennsylvania Oil and Gas wastewater reporting data for geographic trends in
wastewater volume, but we found insufficient data to clearly indicate geographic differences. In
many cases, we could not connect water use per well from FracFocus with wastewater records.
Additionally, the wastewater reporting data were often incomplete due to omissions or, more likely,
because not enough time had passed since drilling and fracking to collect, process, and report
wastewater volumes.
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Results

The results for this chapter are focused on four key water and wastewater metrics,
including water use, water withdrawal, consumptive use, and wastewater generation.

As mentioned previously, we report these water impacts both in terms of total
statewide volumes, but also in terms of average flow rates over the development
period. We use cubic feet per second for all water metrics to allow comparisons with
streamflow, and thousands of gallons per day for wastewater.

Statewide, we determined that the development of the roughly 48,000 additional
wells in the Marcellus would result in an average water use rate of 34 cfs over 30
years, or 242 billion gallons in total. Figure 11 shows the corresponding values for
water withdrawal (200 billion gallons), consumptive use (167 billion gallons), and
wastewater generation (84 billion gallons).

Figure 11. Total water and wastewater impacts for Pennsylvania associated with
hydraulic fracturing of projected wells through full development of the
Marcellus Shale. The average rates and total volume are shown on the left
and right axes, respectively, for water use, surface water withdrawals,
consumptive use, and wastewater generation.
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As in previous chapters, the statewide totals do not present the full picture of these
impacts. For water-related impacts, it is most appropriate to analyze the impacts by
watershed. But since water flows from one watershed to another, it is not sufficient
to simply assess the impacts of natural gas development solely within the watershed
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the development occurs. We have generated four categories of maps to give greater
understanding and context to this analysis.

e Volume/Flow-rate - Standard analysis of water-related impacts in each HUC-
10 watershed based only on development within the watershed, expressed as
average-flow over the development period.

e Specific or Area-averaged flow - measures the ‘intensity’ of water use by
dividing the flow computed for each watershed by watershed area. This will
show where development will be most concentrated.

e Cumulative flow - presents a more comprehensive view of the water impacts
by including both the impacts within each watershed and the total impact from
all watersheds upstream. This is particularly relevant to consumptive use.

e Contextual analysis - compares the flow-rates calculated in this analysis to
existing water usage.

Table 7 presents an overview of the water and wastewater maps by metric and
category. Not all categories of map are relevant for all of the metrics. Maps 5.1-5.4
present the water use, withdrawal, consumptive use, and wastewater generation by
HUC-10 watershed in terms of average flow rate. Maps 5.5 and 5.6 present area-
averaged or “specific” flow rates for water use and water withdrawal. Since assessing
the water use in each watershed individually does not present the full picture of how
water flows between watersheds, we created Maps 5.7 and 5.8 to show cumulative
water use and consumptive use for each watershed including the upstream usage.
Finally, in Map 5.9, we compare consumptive use for hydraulic fracturing relative to
all other consumptive uses, this time at the larger HUC-8 watershed scale.

Table 7. Water and wastewater maps by metric and category.

Volume/ Area-averaged Cumulative Contextual
Metric Flow-rate flow flow analysis
Water Use Map 5.1 Map 5.5 Map 5.7
Water Withdrawal Map 5.2 Map 5.6
Consumptive Use Map 5.3 Map 5.8 Map 5.9
Wastewater
Generated Map 54
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Table 8 introduces the maps generated for this category. The following discussion
section offers commentary on how to read and interpret each mabp.

Table 8. Water and Wastewater Impacts Map Index.
Access maps at www.cna.org/PA-Marcellus

Map Title

5.1 Water use by watershed

5.2 Water withdrawal by watershed

5.3 Consumptive water use by watershed
5.4 Wastewater generation by watershed
55 Specific water use

5.6 Specific water withdrawal

5.7 Cumulative water use

5.8 Cumulative consumptive use

5.9 Consumptive use relative to existing consumptive uses
Discussion

Map 5.1 - Water use by watershed

This map shows projected water use for hydraulic fracturing by HUC-10 watershed.
The water use metric represents total water use volume for hydraulic fracturing by
all projected wells within each HUC-10 through build-out, expressed as flow rate in
cubic feet per second (cfs). The rate represents the average water use rate over the
full build-out time frame, assumed to be 30 years. This metric does not include water
uses for anything other than fracking (e.g., for drilling fluid or site preparation).

To generate this map, we used well projection numbers on a HUC-10 basis and the
adjusted estimates of water use per well, which are computed from Gallegos et al.
[65] on a HUC-8 basis. Therefore, the differences in the results by HUC-10 reflect
differences in projected number of wells developed, and geographic differences in
the average amount of water used for hydraulic fracturing.

Map 5.2 - Water withdrawal by watershed

This map shows the projected freshwater withdrawal for hydraulic fracturing
through build-out by HUC-10 watershed. This metric represents total freshwater
withdrawal volume for hydraulic fracturing by all projected wells within each HUC-10
through build-out, expressed as flow rate in cubic feet per second. The freshwater
withdrawal rate is less than total water use rate because we assume that 20 percent
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of the total water use for hydraulic fracturing is met by other water sources,
primarily wastewater reuse, instead of freshwater withdrawal.

Map 5.3 — Consumptive use by watershed

This map shows the projected consumptive use associated with hydraulic fracturing
through build-out by HUC-10 watershed. This metric represents the volume of
hydraulic fracturing fluid left within the shale for all projected wells within each
HUC-10 through build-out, expressed as flow rate in cubic feet per second. The
consumptive water use rate is less than total water use rate because a portion of the
injected fluid returns to the surface as wastewater.

We assume a standard fixed relationship across the Marcellus for percentage of the
total water used for hydraulic fracturing that is left in the shale as consumptive use.
Based on figures from Kondash and Vengosh [66], we assume that consumptive use
is, on average, 69 percent of total water use for hydraulic fracturing.

Map 5.4 — Wastewater generation by watershed

This map shows the projected wastewater generation associated with hydraulic
fracturing through build-out by HUC-10 watershed. This metric represents the
volume of natural gas wastewaters returning from the shale after fracking for all
projected wells plus drilling fluid wastewater within each HUC-10 through build-out,
expressed in thousands of gallons per day. The wastewater generation rate for
flowback and produced water is equal to total water use rate minus the consumptive
use rate (water from the injected fluid left in the shale), or simply 31 percent of the
total water use rate. We added another 185,000 gallons per well for drilling
wastewater, slightly higher than the amount in previous research [71] to account for
increasing lateral length.

This metric indicates the total volume of wastewater that must be handled within
each HUC-10 watershed. This analysis does not consider how the wastewater is
managed, treated, recycled, transported, or discharged. Separate analyses would be
needed to determine how different wastewater treatment or disposal methods may
affect water quality, human health, or ecological outcomes. The map does show
currently (as of April 2016) permitted facilities for handling oil and gas wastewaters,
for context.

Map 5.5 - Specific water use

This map, similar to Map 5.1, shows water use for hydraulic fracturing by HUC-10
watershed. The water use metric is identical to the one in Map 5.1, but is normalized
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to the area of the watershed. The metric is presented as water withdrawal in cubic
feet per second per 100 square miles. We use 100 square miles to make the numbers
easier to comprehend, and because HUC-10 watersheds are on the order of 100
square miles in area. We could also present this metric as a depth over the
watershed. For conversion, 1 cfs per 100 square miles (for a year) is equivalent to a
depth on the watershed of 0.136 inches, or 3.45 millimeters, per year.

In Map 5.1, the largest watersheds typically also show the highest water use because
they contain more well pads due to their size. Normalizing by watershed area
removes this issue, and Map 5.5 shows the watersheds with high water use because
they have a high relative density of development.

Map 5.6 — Specific water withdrawal

This map, similar to Map 5.2, shows freshwater withdrawal associated with hydraulic
fracturing by HUC-10 watershed. The water withdrawal metric is identical to the one
in Map 5.2, but is normalized to the area of the watershed. The metric is presented as
water withdrawal in cubic feet per second per 100 square miles.

In Map 5.2, the largest watersheds typically also show the highest water withdrawal
because they contain more well pads due to their size. Normalizing by watershed
area removes this issue, and Map 5.6 shows the watersheds with high water
withdrawal because they have a high relative density of development.

(Note: We do not show similar maps for consumptive use or wastewater generation
because the relationship between the direct flow rate map and area-averaged map is
similar to those for water use and water withdrawal.)

Map 5.7 - Cumulative water use

This map shows cumulative projected water use for hydraulic fracturing by HUC-10
watershed. The water use metric represents total water use volume for hydraulic
fracturing by all projected wells within each HUC-10 through build-out plus the water
use for all upstream HUC-10s, expressed as flow rate in cubic feet per second (cfs).
This metric shows the cumulative upstream water use on an average basis through
build-out.

This map is similar to Map 5.1, but adds all of the upstream water use to the water
use for each HUC-10. This map shows water use in more HUC-10 watersheds than
Map 5.1 because the water use is traced farther downstream until all water use for
hydraulic fracturing is captured. In some cases, the watersheds are outside of
Pennsylvania. This metric does show total upstream water use for hydraulic
fracturing on an average basis, but the metric may not be meaningful with respect to
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streamflow because alternate water sources and return flow (after wastewater
treatment) are not taken into account. A more physically meaningful cumulative
water use metric is the consumptive use, which is shown in Map 5.8.

The map also labels the average daily water use by major river basin. (Note that the
Upper Ohio includes the cumulative flow from both the Allegheny and Monongahela.)
Based on current data, these estimates appear reasonable; the Susquehanna River
Basin Commission reported total water use of 15.4 cfs for 2012, and 13.2 cfs for
2013 [70], closely matching the 13.9 cfs reported for this study.

Map 5.8 - Cumulative consumptive use

This map shows cumulative projected consumptive use associated with hydraulic
fracturing by HUC-10 watershed. This metric represents total consumptive water use
volume associated with hydraulic fracturing by all projected wells within each HUC-
10 through build-out plus the consumptive use for all upstream HUC-10s, expressed
as an average flow rate in cfs.

This map is similar to Map 5.3, but adds all of the upstream consumptive use to the
consumptive use for each HUC-10. It shows, on an average basis, the potential
reduction in streamflow at the outlet point of each HUC-10 watershed. This map
shows consumptive use in more HUC-10 watersheds than Map 5.3 because the water
use is traced farther downstream until all water use for hydraulic fracturing in the
Marcellus formation in Pennsylvania is captured. In some cases, the watersheds are
outside of Pennsylvania due to the flow of rivers across state boundaries. Actual
consumptive use could be higher or lower depending on how water is sourced and
how wastewater is handled (recycling versus treatment with effluent disposal versus
deep well injection). The consumptive use will also vary considerably over time and
space due to variations in development rate.

For context, the total cumulative consumptive use for gas development at Pittsburgh
is roughly 10.9 cfs (Allegheny plus Monogahela). Pittsburgh’s municipal water
supplier, PWSA, treats roughly 70 million gallons per day, or 108 cfs of potable water
supply. Assuming a typical consumptive use rate of 10 percent for municipal supply,
Pittsburgh’s consumptive use for water supply is roughly 10.8 cfs (i.e., almost exactly
equal to the average consumptive use for hydraulic fracturing upstream of
Pittsburgh). Map 5.9 shows similar comparisons statewide, but for all existing
consumptive water uses including agricultural and industrial use.

(Note: We did not generate similar maps to Maps 5.7 and 5.8 for water withdrawal or
wastewater generation. The water withdrawal map would be similar to Map 5.7, and
would not account for possible return flow after wastewater treatment. A cumulative
wastewater generation map would not be especially instructive unless we assumed
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that all wastewater is returned to the same watershed in which it was produced, and
is not reused or transported to other watersheds for treatment.)

Map 5.9 — Consumptive use by watershed relative to
existing consumptive uses

This map shows projected consumptive use for hydraulic fracturing on a HUC-8
basis, and relative to all other existing consumptive uses. We acquired the baseline
consumptive use data by HUC-8 from Caldwell et al. (2013) [72], which is based on
2005 USGS water use data disaggregated to HUC-8 scale, and accounts for end use
specific and geographically specific consumptive use factors relative to reported
water use. These data would predate water usage related to UNGD with HVHF, but
also do not account for changes in water use over the past decade.

The map shading indicates the total volume of consumptive water use associated
with hydraulic fracturing by all projected wells within each HUC-8 through build-out,
expressed as an average rate over 30 years. Using the vertical bars, we indicate the
ratio of this consumptive use associated with fracking over the total estimated
consumptive use for each HUC-8 as a percentage. This metric can be read as either
the ratio of UNGD consumptive use to existing (2005) consumptive use, or the
amount by which consumptive use would increase over existing usage in the HUC-8
due to UNGD.

This map puts the consumptive use for hydraulic fracturing in context with existing
consumptive uses. In some areas of Pennsylvania, water use for fracking could
dramatically increase overall consumptive use. In other areas (even with similar
average usage for fracking), the existing consumptive use is much higher and the
ratio is lower.

General discussion

The analysis presented considers four primary volumetric water and wastewater
metrics presented on an average basis over a 30-year development period. This
analysis considers only the total volumes of water and wastewater associated with
hydraulic fracturing, presented as an average rate over a 30-year development
horizon.

For at least four reasons, this analysis does not capture the full potential impacts of
water and waste management associated with natural gas development. First, there
are additional water uses and wastes that are not included in this analysis. Some
additional water use is associated with indirect uses such as site preparation,
materials processing and quarrying, and equipment washing. [68] Other waste
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streams including spent lubricants and solid wastes such as drilling cuttings are not
considered in this report. [16]

Secondly, the well development rate, and by extension the water use rate will vary
geographically and temporally. The pace of development will likely correlate with
energy prices, ability to sign leases, ability to permit and construct natural gas
infrastructure, and other factors. The pace of development in turn affects flow rates
associated with all phases of water management. The freshwater withdrawal rate
could be several times higher than the average rate during peak periods [4], which
can increase potential impacts on streams. Likewise, the consumption rate and
wastewater generation rate will increase.

Thirdly, there may be variability in the water use rates from well to well'?, and there
may be changes over time due to evolving industry practices and regional
development characteristics. Recently, water use per well has been increasing as
average lateral length and the number of fractures per well has increased [70]
(though primarily in “hotspot” areas with especially rich gas deposits). In addition,
seasonal variations in drilling and hydraulic fracturing activity may play a large role
in timing of withdrawals. Also, as development continues, more wastewater will be
available for reuse, which could lower the portion of water use met by freshwater
withdrawal for wells developed later. Finally, re-fracking is not included in this
analysis, but could raise water usage in some areas of the play. Capturing these
temporal aspects of water management is beyond the scope of this study, and would
require a methodology for projecting well development on a year-by-year (or even
month-by-month) basis.

Fourth, there is potential for movement of water and wastewater across watersheds.
We assume that the demand for water withdrawal is met within the same HUC-10 as
the well pad. This is generally a reasonable assumption, but in some cases may not
be correct. Given costs to permit and develop new water withdrawals, it is possible
that an existing, permitted water withdrawal location in an adjacent HUC-10 may
make more sense for a particular well pad or operator. Our analysis focuses only on
wastewater generation by watershed, as significant quantities of natural gas
wastewaters (and other wastes) are routinely transported even across major river
basin boundaries [16], and a full examination of wastewater disposal scenarios was
beyond the scope of this study.

' The data we used had a range of per well water use (averaged over each HUC-8) from 2.7 to
5.7 million gallons per well, an average of 4.9, and a median of 5.0. The total water use we
computed for the projected 47,600 wells is 242 billion gallons based on the average computed
for each HUC-8. If all wells used water at the highest end of the range, the total water use
would be 270 billion gallons, an 11 percent increase.
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Overall, this analysis generates projections of water and wastewater volumes, but
does not investigate the context of the source (or receiving waters). That is, this is an
analysis of environmental “burdens”, but not “impacts”. We present the water
volumes in terms of flow rates, which is useful for supporting additional research.
Specifically, this analysis does not put the magnitude of withdrawals and wastewater
volumes into context by comparing them to the available streamflow in the
watershed. Just as there can be significant variations in the rates of water use and
wastewater generation, the actual impacts of water withdrawals on stream flow are
highly dependent on the location of withdrawal, and the natural variability in the
flow of the source waters. Withdrawing water in the spring from the mainstem of the
Susquehanna River may have a negligible impact on flow, while withdrawing from a
small headwater stream during late summer could have a substantial impact.

Similarly, we report only the wastewater volumes associated with development, and
do not investigate potential impacts on water quality. Disposal of treated natural gas
wastewaters can raise the concentration of certain pollutants (e.g., dissolved solids,
barium, strontium, bromide) with potential ecological and human health effects. Our
previous report on the Delaware River basin [4] investigated the potential impacts of
water usage on available flow, and disposal of treated wastewater on the in-stream
concentrations of pollutants for three case study watersheds, and found that the
level of impact did vary (often by an order of magnitude) with development rate, in-
stream flow, and stream order.

There are several ways this analysis could support additional studies. Examining the
effects of water withdrawals on available flow is a logical extension. The wastewater
impacts, however, may be of particular concern, especially given the potential risks
to drinking water supplies. [5, 73-78] The method of wastewater management (e.g.,
on-site reuse of wastewater, treatment at a centralized wastewater facility, or
exporting wastewater for disposal via deep well injection) is important; each has very
different consequences for water quality. Investigating potential water quality
impacts and key wvulnerabilities (ecosystem and human health) for wvarious
wastewater management scenarios could be a useful topic for future analysis, and
informing policy.
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Conclusion

Unconventional natural gas development using hydraulic fracturing has spurred a
rapid expansion of natural gas extraction in Pennsylvania due to the presence of the
Marcellus Shale—which, though rich in gas, could not be economically developed
with traditional drilling methods. Through the almost nine years of unconventional
gas development in Pennsylvania, the Commonwealth has witnessed significant
changes to energy costs, employment, communities, and the environment. While the
price of natural gas has led to fluctuations in the amount of development, the
quantity of remaining gas reserves in the Marcellus Shale could support significantly
more gas development in coming years.

In this study, we ask, “What would be the environmental burdens associated with
natural gas development activities in Pennsylvania if the Interior Marcellus Shale
resources were fully developed?”

Specifically, we investigate the potential impacts to Pennsylvania’s land, forests,
water, air, and population if development of the Marcellus Shale were to continue
until all of the technically recoverable reserves were exhausted.

One significant difficulty with investigating potential future impacts of gas
development is determining where those impacts may occur. To address this
challenge, we developed a geospatial analysis methodology to identify the most likely
locations of potential future wells, based on finding geologic, environmental, and
land use conditions similar to where wells have already been drilled. Using the
probability surface generated from this analysis and recent estimates of total
recoverable reserves and average production per well, we determined how many
wells would be developed until reserves are depleted, and their most likely locations.
That is, we developed one set of “projections” of well numbers and locations through
(what is currently estimated) as build-out condition. These are not formal predictions
of wells and their locations, just one possible configuration identified as likely based
on current information on gas development in the Interior Marcellus Shale.

With information on well locations and level of impact per well, we analyze the
spatial characteristics of impacts of natural gas development. For the most part, we
compute these impacts based on the well (or well pad) numbers in a given geographic
unit, and impacts per well or well pad derived from published literature or data sets.
We also apply additional geospatial and mathematical analysis techniques to
estimate several of the impacts, as appropriate.
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The primary output of this research is an atlas: a set of maps that puts the impacts
of the projected natural gas development in useful spatial context. These maps, and
the data developed to generate them, present useful information to policy-makers,
decision-makers, and other researchers concerned about managing the range of
impacts of shale gas extraction in Pennsylvania. We strive to present the impacts
using straightforward, relevant metrics useful for comprehension and supportive of
follow-on analysis. At this time, the metrics are focused on environmental burdens
and impacts (e.g., land areas, emissions, volumes, and flow rates) that can be
reasonably and directly estimated from the well and well pad projections. This
analysis does not address the potential “outcomes” resulting from the impacts (e.g.,
endangered species populations, water pollutant concentrations, and human health
outcomes).

Key findings

For the Commonwealth of Pennsylvania, the key impacts we determined to be
associated with the full development of the Marcellus Interior shale formation
include:

e Well development - We estimated that 47,600 additional wells could be
developed on 5,950 well pads over the next 30 years if the Interior
Marcellus’s technically recoverable resources were fully developed.

¢ Land use change - The construction of natural gas infrastructure (well pads,
gathering pipelines, and access roads) to support projected well development
would result in almost 100,000 acres of land disturbance. Over half (about
51,000 acres) of the land disturbance would impact agricultural land, while
about 28,000 acres would constitute the clearing of forest cover.

e Forest change - Of the 28,000 acres of forest that would be cleared, we
found that nearly 13,000 acres were core forest (patches of forest at least
300 feet from a forest edge). An additional 89,000 acres of core forest would
be fragmented by the projected gas infrastructure development, resulting in
a conversion to edge forest.

e Population in proximity to well pads - We estimated that the current
population in Pennsylvania living within one-half mile of a well pad is about
100,000, and this number could increase to 639,000 based on our
projections. Similarly, we estimate that the population living within one mile
of a well pad could increase from about 311,000 today to over 1.8 million at
full build-out.
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e Air emissions — The additional well development would result in greater
emissions of NOx, VOCs, and CH, from activities related to well pre-
production, and production, and compressor stations for moving gas through
gathering lines. When the play nears full development (i.e., ongoing emissions
from producing wells reach their peak), the average air emissions per year
could reach 37,000 tons for NOx, 22,500 tons for VOCs, and 342,000 tons for
methane.

e Water use, withdrawal, and consumptive use - We determined that the
projected natural gas development in the Marcellus would result in an
average water use rate of 34 cfs over about 30 years, or 242 billion gallons in
total in order to mix frac fluid for the hydraulic fracturing process. We found
that roughly 200 billion gallons of fresh surface water would be withdrawn to
support this development, and that 167 billion gallons would be used
consumptively and would not re-join the hydrologic cycle after injection.

e Wastewater generated — We estimated that 84 billion gallons of wastewater
would be generated from projected natural gas development in Pennsylvania.
Wastewater includes drilling fluid waste, plus flowback and produced
water/brine recovered from the shale after frac fluid injection and during gas
production.

All of these metrics offer a sense of the scale of the total statewide impacts of
natural gas development through full development of the Marcellus Shale. But these
aggregated metrics do not tell the full story of the impacts, which have important
geographic variations. The maps accompanying this work show these variations and
can help identify areas of comparatively higher and lower impacts. Readers are
encouraged to view and download these maps at: www.cna.org/PA-Marcellus

We do not provide an opinion on the overall significance of these impacts—we leave
that to policy-makers and decision-makers with local knowledge of the impacted
areas to decide. But this analysis takes the initial step of looking at the long-term
future of natural gas development in Pennsylvania. Development appears likely to
continue over the coming years, and will continue to have some level of
environmental impact wherever development occurs. Tolerance for and management
of these impacts will be a continuing area of debate among policy-makers, regulators,
land owners, the natural gas industry, and the general public. This analysis provides
information that any of the relevant stakeholders—especially policy-makers—may
consider as they decide how gas development is to be managed and regulated over
the coming decades.
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