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Executive Summary

The recengrowth in unconventional natural gasoductionhasalso producea profusion of
publications on the exploration, development, productidmastructuregconomicsuses and
environmental impacts ahese resourceslhese publications build on a strongdy of existing
literature that traces the evolution of thesgources from thieconceptual stages in the 1970s to
thetechnologyadvancements that started the shale gas boom in the early B#@=en 2009
and 2013, government, industry, academic, scientific;goMernmental, anditizen
organizations havaddeda substantial body of literature on the environmental impactsdbat
result from the continuing development of shale gas, tight gas sands, and coalbed methane
resources.

This report summarizghe current state of published descriptions of the potential environmental
impacts of unconventional natural ggsstream opationswithin the Lower 48Jnited Sates.

As a survey, this report is by no meaxsaustive The goal othisreport is to ensure that the
predominant concerns about unconventional natural gas development, as covered by current
literature, aredentified and describedl'he sources cited are publicly available documents.

Multiple publications on similar topics are compared and contrasted based only on their technical
and methodological distinction®No opinion or endorsement of these works is interated

implied.

Each chapter contains a separate sectioafefences so that each type of impact can be
explored further.The types of environmental impacts that are documented in the literature are
described in thsix following chapters:

Chapter 1i Baclground

Recent innovations in existing oil and gas exploration and production technologies have
revolutionized unconventional natural gas production in the United States (U.S.), particularly in
shale formations. Unconventional resources, including shgih seinds, and coal beds, can be
found in more than half of tHewer 48 statesand overalproduction from these resources is
forecast to continue growing in the coming decastethat by 2040 they may comprise half of
domestic gas production. The camdd effects of government policies, private sector
entrepreneurship, and high natural gas prices spurred advances in horizontal drilling, hydraulic
fracturing, and seismic imaging that have opened-kmgyht energy resourcesinconventional
natural gasesources not only make up for declining conventigaaproduction, but increasing
unconventionaproduction is contributing tmcreased use of gas f@ower generation,
manufacturing, transportation, and residential and commercial heating. Thaseexlliave

swept domestic energy production so fast that in the last five years, U.S. companies have
reversed plans to import liquefied natural gas (LNG), and many are now proposing exports.
Continued increases in production are now most likely to coome fine major shale plays, with
stable productiofas a percentage of total gas production) from tight sands and coal beds.
Federal, state, and local governments af@veduating statutory and regulatory frameworks, and
multiple organizations, separatelyd in collaboration, are conducting continuing research and
development (R&D) to help develop best practices and minimize environmental impacts.

Chapter2i Greenhouse Gas Emissions and Climate Change

Greenhouse gas (GHG) emissions are released by thalrngds supply chain, and the extent to
which these emissions contribute to climate change has been investigated by government and
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university researcher$here ardive major studies that account for the GHG emissions from
upstream natural gas, which inde theconstruction and completion of gas wells,well as
subsequentroduction, processing, and transpigps While a number of studies have been
conducted on this topic, these five studies represent the breadth of all natural gas life cycle work
and point to the methane emissions from unconventional well completions and wotlksvars

key difference between the GHG profiles of conventional and unconventional natural gas. Other
key emissions occur during steashate operations, such as emissisomfcompressors and
pipelines The assumptions and parameters of thedtudies varybut, given their uncertainties

four of the five studiesoncludethat the GHG emissiorfsom a unit of deliveredinconventional
natural gasre comparable tff not lower than) those from a unit obnventionahatural gas.

The fifth study concludes that the high methane emissions from unconventional well completion
and a lack of environmental controls at unconventional extraction sites translates to higher GHG
emissims from unconventional natural gas than from conventional natural gas.

Chapter 3i Air Quality

GHG emissions from natural gas systems have received significant attention in current literature;
however, they are not the only type of air emission from ahgas systems. The two key
sources of noiGHG emissionsire

1 Uncaptured VentingReleasesatural gaswhichis a source of volatile organic
compound (VOC) emissions.

1 EngineFuel CombustionProduces a wide variety of air emissions, including nitrogen
oxides (NQ), carbon monoxidéCO), sulfur dioxide (S, and particulate matter (PM).

VOCs and NQreact in the lower atmosphere to produce grelendl ozone, a component of
smog that adversely affects human respiratory health. The reaction betweemMDOS is
unique because it represents an interaction between two emission sources (in this case,
uncaptured venting and fuel combustion). The other emissions from fuel combustion have a
variety of human health and ecological impacts. CO affects hunadii g reducing the
oxygencarrying capacity of blood. S@eads to soil or surface water acidification (via acid rain).
PM is linked to poor heart and respiratory health. (EPA, 2012a; GAO, 2012)

Chapter 4 Water Use and Quality

In the broadest terms,dHiterature describesater quality and the treatment and management of
wastewaters as the central issue in the eastern states, where water is abundant. To the west,
where drier climates can limit the availability of fresh wadgid deep underground égtion

wells for wastewater disposal are more readily available, the central issue is the availability of
water for drilling and hydraulic fracturing and the impacts this could have on established users.
Drilling and hydraulically fracturing a shale gasliixcan consume between 2 and 6 million

gallons of water antbcal and seasonal shortages can be an,issee though water

consumption for natural gas production generally represents less than 1 percent of regional water
demand. Water quality impactsnceesult from inadequate management of water and fracturing
chemicals on the surface, both before injection and after as flowback and produced water.
Subsurface impacts can result from the migration of fracturing fluids, formation waters, and

'AWorkovero is a generic industry term for a var i ettyshaefgaswelspiedi al act

means hydraulic fracturing treatments after the initial driling first hydraulic fracturing of the well.
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methane alonwell bores and through rock fracture networks. Management and disposal of
wastewaters increasingly includes efforts to minimize water use and recyclingaselot
fracturing fluids, in addition to treatment and disposal through deep undergrounidimjeath
the risk of induced seismicity.

Chapter 51 Induced Seismicity

Induced seismicity is ground motion (earthquakes) caused by human activities. There is little
guestion that energy extraction and fluid injection have the potential to cause seisviti.
Earthquakes have been detected in association with oil and gas production, underground
injection of waste waters, and possibly with hydraulic fracturingdriulic fracturing involves
injecting large volumes of fluidato the ground. Thedajections are shottved andare

injectedat lower pressures, $ois likely that theydo not constitute a high risk for induced
seismicity that can be felt at the surfade.contrast to hydraulic fracturing, wastewater disposal
from oil and gas producin, including shale gas production, is typically injected at relatively low
pressures into extensive formations that are specifically targeted for their porosities and
permeabilities to accept large volumes of fludase studies from several states iatddhat

deep underground fluid injection can, under certain circumstances, induce seismic activity.
(NRC, 2012; GWPC, 2013)

Chapter 6/ Land Use and Habitat Fragmentation

Although not as extensively documented as other environmental impacts, like veditgrand
greenhouse gas emissions, land use and development ittiyadd¢tave been discussed in the
literatureinclude property rights and use of public lands; local surface disturbance; cumulative
landscape impacts; habitat fragmentation; and traffisenand light. Concerns have been
expressed with competing uses for public lands, the cumulative impacts of multiple industries
(e.g., timber and tourism), and denial of access to areas with active operations. Surface
disturbance involves not only sipeeparation and well pad construction, but also road, pipeline,
and other infrastructure development. The cumulative impacts of surface disturbance can extend
over large areas and can also result in habitat fragmentation that impacts both plant and animal
species and can result in population declines. Mitigation options include adoption of best
practicedor sitedevelopment and restoraticewvoidance of sensitive areas, and minimization of
disturbed areas. As development and production operations gytmesd residents can be
confronted with increased truck traffic, sometimes more than 1,000 truck trips per well, and
additional noise and light as construction, development, drilling, and production typically
proceed 2hours per day. ¥rtical wells reqire spacing of 40 acres per wehge drill pads from

which eachorizontal welloriginatesrequire spacing of 160 acres per wAllsingle square mile

of surface area would requit® pads forl6 conventional wells, while the same area using
horizontal wells would require a single pad &to 8 wells. (NETL, 2009)
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1 Background

Recent innovations in existing oil and gas exploration and production techndiagees
revolutionized unconventional natural gas production in the United States (U.S.), particularly in
shale formations. Unconventional resources, including shale, tight sands, and coal beds, can be
found in more than half of the lower 48 states, andadveroduction from these resources is
forecast to continue growing in the coming decatethat by 2040 they may comprise half of
domestic gas production. The combined effects of government policies, private sector
entrepreneurship, and high natural gases spurred advances in horizontal drilling, hydraulic
fracturing, and seismic imaging that have opened-Emght energy resources. Unconventional
natural gas resources not only make up for declining conventional gas production, but increasing
uncorventional production is contributing to increased use of gas for power generation,
manufacturing, transportation, and residential and commercial heating. These advances have
swept domestic energy production so fast that in the last five years, U.S.niesnpave

reversed plans to import liquefied natural gas (LNG), and many are now proposing exports.
Continued increases in production are now most likely to come from the major shale plays, with
stable productiofas a percentage of total gas productfomn tight sands and coal beds.

Federal, state, and local governments a@veduating statutory and regulatory frameworks, and
multiple organizations, separately and in collaboration, are conducting continuing research and
development (R&D) to help delap best practices and minimize environmental impacts.

1.1 Unconventional Natural Gas Resources

A precise definition for funconventional 6 res
function of the technological and economic environments in which enesgynces are
produced. Some oil and gas resources are recognized, by historical convention, as

unconventional, others because they are fiouts
available technology, and industry risk tolerance that would ettadxe to be widely produced
today. o (DOE, 2011) I n current usage, three

gas resources and a fourth, methane hydrates, is included, but viewed currently as outside the
range of currently available techogly. The first and most important of these is shale gas, the
second i s-pdineabdith) sandstbresy amd the third is coalbed methane (CBM). (DOE,
2011) The Energy Information Administration (EIA) has produced a map depicting
unconventional gaglays Exhibit 1-1).

Thedispersedature of these resources is one of the reasorsforg themunconventional
Thegas (and oil) in theereservoirs is less concentrated ticanventionateservoirs where the
gas has accumulated in geologic trayl the lower permeabilities makeconventionagas
more difficult to extract. Among the implications for this areepater scaleof operatonsand the
need for more wells to contact the larger areas of production in target formadigehsulic
fracturing involves more complex and intensive preparaiod introduces additional
environmental risks. (IEA, 2012)
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Exhibit 1-1 Unconventional natural gas plays in the lower 48 states (EIA, 2011)
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Shale is a sedimentary rock composed mainly of clay anescdayl particlesThe crystalline
structures of lay mineralsorm in thin, parallel Beets somevhatlike theskin of an onion

Small flakes of claycarried by streams and rivessttle out in lowenergy geologic environments
like tidal flats and in deep ocean basins wherg fa# flat and parallel to one another. As these
sediments are covereddahuried, they are compacted into thin layers with p@rmeabilities
Like pages in a book, these layers restrict fluid flow, especially vertically across the layers.
the same time, microscopic bits of organic matter, plant and animal debris thatepesited
with the clay flakes, decagndunder the heat and pressure of deep bdaah natural gas and
liquid hydrocarbons. The low permeability tsedpe gas and hydrocarbons in the shedghe
shale must be fractured to increase the permeatuliallow the gas to flow into wells. (NETL,
200%)

Shale may be considered an unconventional resource, but it is not unknown in the industry. In
fact, organierich shale formations are wiggpread and weknown in most parts of the world,
because shals found in all sedimentary basins and can make up 80 percent of the sediments in
a basin In many cases, enough is already known about shale formations that little precision
exploration is neededperators may already understand that shale gas res&iseat a given
location.At the same time, operators may not be able to estimate the technically and
economically recoverable reserves until wells have been drilled and tested. Shale formations
each have unique geologic characteristigghin each fornation there are differences that create
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Asweet spotso for production. Variabl es i ncl
the shale, the presence of natural fractures, and the amount of liquid hydrocarbons. (IEA, 2012)

Dozens of gadearing shle formations are located in sedimentary basins across the U.S. Some
areadike the Appalachiamasin, the Michigamasin, and the lIllinois &sin have long histories

of natural gas production. With improvementsintconventional technologies suchhasizontal
drilling and hydraulic fracturing, plays like the Barnett, Fayetteville, Haynesville, Marcellus, and
Woodfordhave seen the development and growth of unconventigei in addition tdheir

existing conventional wedl Others, including thEagle Ford and Pearsall, have started
developmensince improvements in horizontal drilling and hydraulic fracturing have occurred

I n terms of reserves, the fAiBig Fiveo plays ar
Haynesville, Marcellus, and/oodford. (DOE, 2011)
ATi ght gaso reservoirs were defined in the 19

permeability to gas flow less than 0.1 millidarcy (a unit to measure the permeability of rock) to
determine which gas wells would be eligible fax tredits to encourage production. They are

not necessarily deposited differently than conventional sandstone reservoirs, but may have lower
permeabilities due to more intensive cementing by mineral precipitates. A more technical

def i ni ti o resemoirghhttcantoebe fraduced at economic flow rates nor recover

economic volumes of natural gas unless the well is stimulated by a large hydraulic fracture
treatment, by a horizontal well bore, or by wus

Like conventionatandstongas reservoirs, tight gas sands form as gas émganicrich source
rocks (like shales) migrates into the sgraohal is trapped there. Like shale gas formations, the
low permeabilities mean that tight sand formations must beukstied to produce commercial
guantities of gas. However, once drilled and stimulated, tight sands tend to have better
production factors than shal¢H=A, 2012) These plays are less extensive than the shale plays,
with half of the estimated reservesiie Green River, Piceance, and Uinta Basins in Colorado
and Utah, and the East Texas Basin. (DOE, 2011)

Coal seams typically form in lownergy swampy environments where organic matter and

sediment accumulate. Natural gas can be produced from thermaljeration of the coal as it

is buried, compressed, and heated, or by the biogenic action from microbes on the coal. (NETL,
2009 As plant material is buried and converted to coal, natural gas is genedatedhe

increasing pressure from trapped wdtgces the gas to adsorb onto the coal. The amount of gas

t hat can be produced is a function of the har
lignite) have higher porosities and water contestsl produce some biogenic methane; higher

rank anthracite coals have lower porosities and water contents with little methane. The preferred
coals for CBM production are migink bituminous coals that have matured enough to generate
thermogenic methane. (EPA, 2010)

As with the other types of uncoentional gas reservoirs, CBM formations have low
permeadlities and most of the permeability in a coal bed is created by natural fractupbsats
Pumping out the ater found in CBM formationseleases the gas from the coal and allows it to
flow into the well CBM typically contains fewer liquid hydrocarbongural gas liquids

[NGL]) than other types of natural gas wellhis affects the economics of productj@ince the
NGL market value is tied to oil prices rather than gas prices, making ampraiuced with

NGLs essentially fredlEA, 2012)
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CBM is produced in 15 basins in eight states (Alabama, Colorado, lllinois, Montana,
Pennsylvania, West Virginia, Wyoming, and Virginia). Production of CBM started in the early
1980s in the Black Warriddasin in Alabamaand the San Juan Basin in New Mexico and
Colorado. (EPA, 2010) The two major basins for CBM production now are the Powder River
Basin in Wyoming and Montapand the San Juan Basin. (DOE, 2011) Together, these two
basins account for ady 70 percent of CBM production. The Powder River Basin accounts for
most of the recent growth, having grown from 10 percent to almoghoneof U.S. production
between 2000 and 2008. (EPA, 2010)

1.2 Technology Advances and Adaptation

Wang and Krupnickecount the history of the economic, policy, and technology developments
that led to largescale U.S. shale gas producti@2013) Their explamation (for international
stakeholdersof the advent of th&).S.shale gas boom offers a case study ofriteractions

among government policies, private sector entrepreneurship, techmohoyations, land and
mineralrights ownership structures, and high gas prices that helped create thelbdbenlate

1970s, the U.S. faced supply shortages, high praces declining prospects for conventional gas
production. The federal government recognizbdt private corporations lacked incentives to

make large, highisk R&D investments To compensate for thifficulty in protectng and

patening new technologas in the oil and gas industry, the federal government funded R&D
programsand provided tax credits to promote the development of unconventional resources.
Shale gas production was first assessed in the Barnett Shale region in Texas between the early
1980s and late 1990s, after Mitchell Energy invested a large amount of money in the area. The
Barnett Shale was not included in early assessments of potential gas resources prior to this
timeline. As a nationthe U.S. offered favorable geology, water avdlilkgh private land and

mineral ownership rights, structured energy markets, and existing infrastructure to translate the
success in the Barnett into greatly increased natural gas production from shale plays. (Wang and
Krupnick, 2013)

The production of natal gas from unconventional resources became economically viable due to
advances in development and production technologies, leading testageutilization of a

resource that had historically been uneconomic to extract. (Jaekabn2011) Advancein
horizontal drilling equipment and hydraulic fracturing techniques allowed greater access to
unconventional reservoirs. A key innovation for shale formations was the addition of very fine
grains of sandknown as proppant$y hold the fractures opea allow the trapped gas to flow

into the well (CRS, 2009)Jacksoret al estimatd that a single horizontal well is two to three
times more productive than a single vertical waafid can reach resources two miles away from
the well pad(2011) In thehydraulic fracturing process, fluid is pumped into the resefummn

the well,stimulating productionby opening fracturein the reservoir.

However, neither of these technologies is new or unique to unconventional gas production.
Horizontal drilling has been used since the 1930s, originally to drill from land out into
formations under the seabed, and with advancements in the early 1980e bewam
commercially viable.Hydraulic fracturing was developed in the 195w has been applied to
shale gas wells since the ni@80s. (NETL, 2008 The Interstate Oil & Gas Compact
Commission (IOGCC) estimates that 90 percent of oil and gas wélie 10.S. use hydraulic
fracturing, though unconventional gas wells use a much larger volume of water than
conventional gas wells. (Jacksenal, 2011) Estimates from industry data indicate that




Environmental Impacts of Unconventional Natural Gas Development and Production

hydraulic fracturing has been used in more than a millieltsvin all of the 33 states that
produce oil and gas. (Horinko, 201Exhibit 1-2 illustrates these processes in a representative
shale gas well.

Exhibit 1-2 Horizontal drilling, hydraulic fracturing, and well construction (Source: NETL)
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GROUNDWATER
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(NOT TO SCALE)

Fracturing fluids commonly consist of mostly water and sand along with other chemicals and
additives. (NETL, 2008 The specific aditives, and the proportion of each, depend on the
formation that is being fractured. These additives function as friction reducers, biocides, oxygen
scavengers, stabilizers, and acids, all of which are necdssgptimizeshale gas production.

(NETL, 2009a) The composition of these fluids and the purposes of the additives are described
in more detail in Chapter 4, Water Use and Quality.

1.3 Unconventional Reserves and Production

There remain significant uncertainties in the estimates of the total techmézlyerable natural

gas reserves in tHewer 48 states. Recent estimates range from 1,758 trillion cubic feet (tcf) in

the EI A6s Annual Energy Outl ook 2013 [Early R
Mi nesd6 Potential Gas Committee, to 3,263 tcf
Resource Assessments. Differences in these estimates represent combinations of data and
assumptions about policies, technologies, future demand, prices, and macroeconomic conditions.
For example, some states may continue to limit access to these res@mdés. other hand,
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continuing technology advancements could increase recovery rates and lower production costs.
(BPC, 2013)

The GAO analyzed EIA data and concludleatactual shale gas production grew from 1.6 tcf to
7.2 tcf between 2007 and 2011, ovérpercent of which came from the Barnett, Fayetteville,
Marcellus, andHaynesville Shalplays. (GAO, 2012a) With increasing development, the EIA
(2013a) forecasts a 44 percent net increase in natural gas production between 2011 and 2040
from increased @velopment of unconventional resources: shale gas, tight gas, and CBM. The
EIA estimates that the largest contribution to this growth will come from shale gas, where
production is expected to increase by 113 percent, and which will grow from 34 pers@nt to
percent of total production by 2040. Tight gas and CBM production will each increase by about
25 percent but their contributions to total production will decrease slightly, overshadowed by
shale. Growth in CBM production is not expected to materalimtil after 2035, when prices

and demand levels raise enough to promote further drilling. But EIA estimates that, by about
2020, U.S. production will eliminate the need for net impantsl position the U.S. to become an
exporter of natural gas. (EIAP23a) Exhibit 1-3 indicates that any significant increases in U.S.
gas production will likely come from shale

Exhibit 1-3 U.S. natural gas production by source, 1990 i 2040 (EIA, 2013a)

35 2011
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U.S. Natural Gas Production, tcf
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1.4 Overview of the Major Shale Plays

The EIA reports that 15 states produced shale gas in 2011: Arkansas, California, Colorado,
Kentucky, Louisiana, Michigan, Montana, New Mexico, Ndddikota, Ohio, Oklahoma,

10
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Pennsylvania, Texas, West Virginia, and Wyoming. Between 2007 and 201 #lyyn&tural

gas production increased b9 percent, from approximately9.3 to 22.9 tcf In the same period,

gross withdrawals frorahale gasvells grewby 427 percent, frorh.99to 8.50 Tcf, while CBM
production fell by 11 percent, to 1,779,055 from 1,999,748cM In 2011, about 30 percent of

U.S. natural gas production came from shale gas wells and about 6 percent from CBM wells with
the remaindecoming from other gas wells and oil wells (EIA does not differentiate tight gas
sands productionjEIA, 2013b)

Of the stateproducing shale gas, Texas is the largest, accounting for 36 percent of 2011
production. Louisiana and Pennsylvania also eastiyzed more than 1 million Mcf and

together account for over 39 percent of 2011 shale gas production. Arkansas, Oklahoma, and
Colorado round out the top states for shale gas production, and together make up over 17 percent
of total production. Togethethese 6 states produce about 92 percent of U.S. shal&bgs.

2013b) Data characterizing some of the major shale plays in these states are tab@atediin

1-4.

Shale gas wells are marked by a rapid decline in production after strong initial production.
Exhibit 1-5 below depicts the 3@ay average production rate of shgdes wells in the

Haynesville, Marcellus, and Barn&tale plays. (MIT, 2011) In the early life of the well, much

of the free natural gas is recovered in a short period of time. The sharp decline in productivity
gradually slows, and the gradual declineeyally lasts for a longer period. The production rate

of an unconventional gas well over a long period of time depends greatly on the location of the
fracture as well as the geologic makeup of the formation. (MIT, 2011)

Though shale gas wells are genlgrdepleted more quickly than conventional gas wells, they

also have the advantage of requiring less surface space than conventional gas wells. To develop a
one square mile (M)iarea for natural gas production using conventional vertical wells would

requre sixteen individual well pads for sixteen individual wells. If a number of horizontal wells

were drilled to reach the same amount of space, only a single well pad 4oeigjit horizontal

wells (each originating from that single well pad) would beiiregl. (NETL, 2008) Whereas

vertical wells require spacing of 40 acres per vib#,drill pads can be drilled from a single pad,

so theyrequire spacing of 160 acres per well. (NETL, 2§09

11
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Exhibit 1-4 Data for shale gas formations in the U.S. (NETL, 2009a)

Parameter | Barnett | Fayetteville | Haynesville Marcellus Woodford | Antrim
Ohio, New
Location Texas Arkansas Te>'<a's & York, Vlrgm!a, Texas & Michigan
Louisiana | Pennsylvania, | Oklahoma
West Virginia,
Estimated
Basin Area | 5,000 9,000 9,000 95,000 11,000 12,000
(mi®)
6,500- 10,500- 6,000- 600-
Depth (ft) 8500 1,000-7,000 13,500 4,000-8,500 11,000 2200
Net 100-
Thickness 20-200 200-300 50-200 120-220 70-120
600
(ft)
Total
Organic 4.5 407 98 057 4.0 37 12 17 14 17 20
Carbon
(%)
Total
Porosity 47 5 21 8 81 9 10 371 9 9
(%)
Gas 300 i
Content 6017 220 1007 330 607 100 2007 300 | 407 100
350
(scf/ton)
Well 60 i
Spacing 160 8071 160 407 560 407 160 640 407 160
(acres)

Seeking to more accurately assess the decline trends and estimated ultimate recoveries (EURS)
for shale plays, Baihly, et al. (2010) compared production trends for horizontal wells in the
Barnett, Fayetteville, Woodford, Haynesville, and Eagle Ford paggamine whether there

had been improvements in production and potential EURs. While the decline curves for these
five plays all follow the same general pattern illustrated in Exhibitthese authors did discern
some notable patterns among the plays.

Initially, production rates in all of these plays tend to increase quickly and peak after about two
months, and then production rates drop quickly before flattening out. Initial production rates
vary across the plays, with the highest rates in the Haijftes followed by the Eagle Ford,
Woodford, Fayetteville, and then the Barnett. This ranking likely reflects both formation
conditions and operational practices. Initial production rates over the first month increased for
all of these plays, primarilgue to improvements in drilling, completion, and stimulation and
gains in knowledge.

12
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Exhibit 1-5 30-day average production rate of representative wells (MIT, 2011)
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1.5Best Practices

In 2011, the Secretary of Energy formed a subcommittee of the Secretary of Energy Advisory
Board (SEAB) to make recommendations to address the safety and environmental performance
of shale gas production. In August 2011, the Shale Gas Production Subemmeig¢ased its

first 90-day report presenting 20 recommendations intended to reduce the environmental impacts
of shale gas productio(SEAB 2011a)The Subcommittee stressed the importance of

continuous improvement based on best practices and tied smrasgnt and disclosurdhe
recommendations were made in ten areas:

1 Improve public information about shale gas operatiamsate a portal to share public
information, including data from state and federal regulators

1 Improve communication among state dederal regulatorscontinue annual support to
STRONGER and the Groundwater Protection Council

1 Improve air quality take measures to reduce emissions of air pollutants, ozone
precursors, and methane

1 Protect water qualityadopt a systems approach to wat@nagement based on
consistent measurement and public disclosure

1 Disclose fracturing fluid compositionaccelerate progress in disclosure of all chemicals
used in fracturing fluids

1 Reduce use of diesel fustduce use of diesel engines for surface p@andrreplace with
natural gas or electric engines where possible

13
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1 Manage shorterm and cumulative impacts to communities, land use, wildlife, and
ecologies pay greater attention to combined impacts from drilling, production, and
delivery activities and pin for shale development impacts on a regional scale

1 Organize for best practicereate an industry organization for continuous improvement
of best practice

1 Research and development neeignificantly improve efficiency of shale gas
production through thnical advance(SEAB, 2011a)

On November 18, 2011, the Subcommittee released its secatal/96port (SEAB, 2011b) that
focused on the recommendations from the first report (SEAB, 20Nkjng that they had not
prioritized their original recommendatis and that all of these recommendasoequirel

actions by some combination of federal officials, state officials, and public and private sector
entities, the second report classified the recommendations into three categories:

1. Recommendations ready fionplementation, primarily by federal agencies
2. Recommendations ready for implementation, primarily by states
3. Recommendations that require new partnerships and mechanisms for success

The Subcommittee recognized that successful implementation of its recdatroaa requires
cooperation among and leadership by federal, state and local entities, reiterating from their first
report their belief that a process of continuous improvement involves collaboration among
industry, regulators, and affected communitied pmblic interest groupsThe Subcommittee
expressed concern that advisory committee recommendabaftbe ignored and affirmed

their responsibility to assess and report progress in the implementation of their
recommendationsThey viewedaction as neessary in making progress toward reducing
environmental impactsnd avoiding a risk to the future potential benefits of shale gas as a
domestic energy resource.

Observing that natural gas0 ibsufigdihsd dy etsa reemthda rn
environmental concerns to be overcome, the International Energy Agencypfiised set

of AGol den Rul es, 0 whi c-makers, eegulators, aperatqgd, amdothbry wh
stakeholders can address environmental impacts. (IEA, ZDAQ)EA sees water use, treatment

and disposal of wastewater, and methane and air emissions as the major environmental impacts

of unconventional gas production. The Golden Rules include

1 Measure, disclosgnd engageCollect baseline and operational aadisclose, and
engage local communities and other stakeholders.

1 Watch where you drillMinimize impacts with well siting and monitoring.

Isolate wells and prevent leakSstablish robust rules for operations and performance,
and monitor to contain fraatimg within producing formations.

1 Treat water responsibiyReduce use of fresh water, store and dispose of wastes safely,
and minimize chemical additives.

1 Eliminate venting, minimize flaring and other emissid@®et a target of zero venting and
minimal flaring, and minimize combustion emissions.

14
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1 Be ready to think bigSeek economies of scale in developing local infrastructure and
consider cumulative and regiorelvironmentaimpacts specifically, the impacts of
water use and disposal, land use, aidigydraffic, and noise.

1 Ensure a consistently high level of environmental performaBedance prescriptive
regulations and performantased regulationghroughrobust regulatory regimgs
including emergency response plans, continuous improvemedts)dependent
evaluation and verification.

1.6 U.S. Statutory and Regulatory Framework

Multiple federal agencies have authority for unconventional natural gas development and
production. The Environmental Protection Agency (EPA) regulates deep underground injection
and disposal of wastewaters and liquids under the Safe Drinking Watel\DBXA as well as

air emissions under the Clean Air Act. OSHA is responsible for quantifying standards for
application in the oil and gas industry. On public lands, federal agencies are responsible for the
enforcement of regulations that apply to unconieeral gas wells. These agencies include the
EPA, the Bureau of Land Management (BLM), the National Park Service (NPS), the
Occupational Safety and Health Administration (OSHA), and the U.S. Forest Service (USFS).
The BLM is responsible for protecting teavironment on its lands duriraj oil and gas

activittes The USFS is responsible for managing development on federally owned lands along
with theBLM. (NETL, 2009) If any types of oil and gas activities are proposed to take place
within national parkboundaries, the NPA may be able to apply regulations to protect park
resources and visitor values, but the applicability of those regulations depends on each case.

Exhibit 1-6 gives some examples of the applicability of federal regulations to unconventional gas
development, anBxhibit 1-7 provides the gaps in regulatory coverageer federal authority.
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Exhibit 1-6 Selected federal regulations that apply to unconventional oil and gas development

(CRS, 2009; NETL, 2009a)

Regulation

Applicability

Clean Air Act (CAA)

Places requirements on air emissions from sources of emissions at well sites.
Addresses compliance with existing and new air regulations, often delegated
to local and state agencies. Generally there is no distinction made between
conventional and unconventional wells under the CAA.

Comprehensive
Environmental
Response,
Compensation, and
Liability Act
(CERCLA)

Only applies if hazardous substances besides crude oil or natural gas are
released in quantities that require reporting. Natural gas releases do not
require notification under CERCLA, but other hazardous substances may be
released in reportable quantities during natural gas production.

Clean Water Act
(CWA)

Pollutant limits on produced water discharge under National Pollutant
Discharge Elimination System; storm-water runoff containing sediments that
would cause a water-quality violation require permits under CWA decisions.
Beneficial uses of surface waters are protected under Section 303.

Emergency Planning
and Community
Right-to-Know Act
(EPCRA)

Facilities storing hazardous chemicals above the threshold must report such
and provide MSDS to officials and fire departments.

Endangered Species
Act (ESA)

Section 7 prohibits federal agencies from taking any action that is likely to
jeopardize the continued existence of any endangered or threatened species
(listed species) or result in the destruction or adverse modification of such

s p e c designdted critical habitat. Section 9 prohibits the taking of a listed
species. Under Section 10, the Fish and Wildlife Service and National Marine
Fisheries Service may issue a permit, accompanied by an approved habitat
conservation plan that allows for the incidental, non-purposeful ftakedof a
listed species under their jurisdiction.

National
Environmental
Policy Act (NEPA)

Requires analysis of potential environmental impacts of proposed federal
actions, such as approvals for exploration and production on federal lands.

Oil Pollution Act
(OPA)

Spill prevention requirements, reporting obligations, and response planning
(measures that will be implemented in the case of release of oil or other
hazardous substances).

Resource
Conservation and
Recovery Act
(RCRA)

Subtitle D concerns non-hazardous solid wastes. The Solid Waste Disposal
Act exempts many wastes produced during the development of natural gas
resources, including drilling fluids and produced water. The EPA has
determined that other Federal and state regulations are more effective at
protecting health and the environment.

Safe Drinking Water
Act (SDWA)

Underground Injection Control (UIC) program preventing the injection of liquid
waste into underground drinking water sources. Fluids other than diesel fuel
do not require a UIC permit. The UIC program gives requirements for siting,
construction, operation, closure, and financial responsibility. Forty states
control their own UIC programs.
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Exhibit 1-7 Gaps in regulatory coverage under federal regulations (GAO, 2012b)

Regulation Applicability
SDWA Hydraulic fracturing with fluids other than diesel fuel does not require a UIC
permit.
CWA Federal storm-water permits are not required for uncontaminated stormwater

at oil and gas construction sites or at oil and gas well sites

Emissions of hazardous air pollutants from oil and gas wells and their
associated equipment may not be aggregated together or with those of
pipeline compressors or pump stations to determine whether they are a major
CAA source.

In the Risk Management Program, many naturally-occurring hydrocarbons in
oil and gas are not included in the threshold determination of whether a
facility should be regulated.

Oil and gas exploration and production wastes are not regulated as
RCRA
hazardous waste.

Liability and reporting provisions do not apply to injections of fluids authorized

CERCLA by state law for production, enhanced recovery, or produced water.

Oil and gas well operations are not required to report releases of listed

EPCRA chemicals to the toxics release inventory (TRI).

The Westernnterstate Energy Board (McAllister, 2012) described the importance of

unconventional gas reservoirs, technical aspects of hydraulic fracturing, regulation, and potential
environmental impacts. Although there are a number of other federal regulaticthe that
unconventional gas industry must comply with,
sectoro (McAllister, 2012) While state laws and regulations can vary, stringency has increased

in recent years. State agencies typically oversee the wellitisigdf local governments are

generally responsible for upstream activities, such as road access to drilling sites. The potential
environmental impacts include water and air quality, as well as seismic activity and noise.
(McAllister, 2012)

In response tooncerns raised by the rapid growth in the use of fracturing, the potential impacts

to groundwater and drinking water resources, and calls for increased government oversight, the
Congressional Research Service (CRS) reviewed past and proposed treahyereudic

fracturing under the SDWA. (Tiemann and Vann, 2012) The SDWA is the principal federal

statute for regulating the underground injection of fluids. The Energy Policy Act of 2005

excluded hydraulic fracturing fluids and proppants (except diesblfflom the definition of
Aunderground injection. o Therefore, the EPA
fracturing unless diesel fuel is included in the waste fluids to be injected underground.

Two federal agencies have recently taken regufactions related to shale gas production. The
EPA has applied new source performance standards and expanded mandatory greenhouse gas
(GHG) reporting to include unconventional natural gas production. The BLM has proposed
regulations for hydraulic fractung on public and Indian lands.

In 2009,the EPApromulgatedhe Mandatory Reporting of Greenhouse Gases &uléle 40

Code of Federal RegulationsKR) Part 98requiling thereporting ofGHG data from largéJ.S.
sources This rule also requiresippliersto collect timely and accurate data to inform future
policy decisions.EPA, 2009 The petroleum and natural gas industry is covered under Subpart
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W, and unconventional natural gas production is included under provisions for onshore
production natural gas processing, natural gas transmission and liquefied natural gas storage and
import/export. Annualcarbon dioxidemethaneandnitrogen oxideemissionsnust bereported
separatelyor each of these segments. (EPA, 2012a)

On April 17, 2012, ta EPA promulgated a final rule 40 CFR Parts 60 and 63 entOil t | ed i
and Natural Gas Sector: New Source Performance Standards and National Emission Standards

for Hazardous Air Pollutants Review® under the CAA provisions fo
stardards(EPA, 2012b)The EPA expects the rute reduce volatile organic compound (VOC)

emi ssions by nearly 95 pferedcunde dovampietirsthad g ou g
capture natural gas that currently escapes to th&aiductions in VO@missions will help

reduce groundevel ozone in natural gas production araad helpprotect against potential

cancer risks fronseveral air toxics, including benzene. Green completions also reduce methane
emissions.The EPAestimates the combined egl will yield a cost savings of $11 to $19 million

in 2015, becausef the value of natural gas and condensate that will be resmbaed sold, and

the value of the climate doenefits at $440 million annually by 20 &PA, 2012b)

The BLM oversees morhan 750 million acres of federal and Indian mineral estates nation
wide, and on May 11, 2012, published a proposed rule to regulate hydraulic fracturing on public
land and Indian landntitlediOil and Gas Well Stimulation, Including Hydraulic Fracturiog,
Federal and Indian Landat 43 CFR Part 3160. The rule would require public disclosure of the
chemicals used ihydraulic fracturing on public land and Indian land, strengthen regulations
related to welbore integrity, and address issues relatdtbtoback water(fluids used in

hydraulic fracturing that are recovered from the well, which must then be disposidzltf)

2012)

The BLM used commesabnits proposed draftule to make improvements and on May 24,

2013, published a supplemental noticekéeg additional comments. (BLM, 2013) The updated

draft included provisions to ensure the protection of usable water zones through an expanded set
of cement evaluation toglgcluding a variety of logging methods, seismograms, and other
techniques Detiled guidance on the handling of trade secret claims modeled on State of
Colorado procedures was addedddress concerns that industry had voiced on the disclosure of
fluid constituents that were considered to be proprietdahe BLM also sought oppantities to

reduce cost and increase efficiency through coordination with individual states and tribes. (BLM,
2013)

States have the power to implement their own requirements and regulationsdarentional

gas drilling under federal oversighAll of the states that produce gas have at least one agency to
permit drilling wells, and many federal regulations for oil and gas production allow states to
implementtheir ownprograms as long as these programs have been approved by the appropriate
federal ageneis (NETL, 2009) While stateequiremerg differ, any requirements set forth in

federal regulations must be met at a minimuim other words, state requirementmbemore
stringentthan federal regulationbuttheycamot beless stringent than fedéragulations

The National Energy Technology LaboratNETL) and the Groundwater Protection Council
(GWPC) evaluated the state regulatory programs for oil and natural gas production for their
applicability and adequacy for protecting water resour®dsST(, 2009 NETL reviewed
regulations fopermitting, well construction, hydraulic fracturing, temporary abandonment, well
plugging, tanks, pits, and waste handling and spills. The report presented five key messages:
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1. State oil and gas regulations arequately designed to directly protect water resources
through the application of specific programmatic elements such as permitting, well
construction, welplugging, and temporary abandonment requirements.

2. Experience suggests that state oil and gas régusatelated to well construction are
designed to be protective of ground water resources relative to the potéatisl ef
hydraulic fracturing.However, development dlestmanagemenpractices (BMPS)
related to hydraulic fracturing would asssates and operators in insuring continued
safety of the practicespecially as it relates to hydrauliacturing of zones in close
proximity to ground water, as determined by the regulatory authority.

3. Many states divide jurisdiction over certain elensesftoil and gas regulation between
the oil and gas agency and other state water protection agencies. This is particularly
evident in the areas @faste handling and spill management.

4. The state review process conducted by the nationapraiit organizatbon State Review
of Oil and Natural Gas Environmental Regulations (STRONGER) is an effective tool in
assessing theapability of state programs to manage exploration and production waste
and in measuring programmprovement over time.

5. The implementation analdvancement of electronic data management systems has
enhanced regulatory capacity and focus. Howdheiinclusion of more environmental
data is neededs well asgurther work in the areas of papkerdigital data conversion.

NETL (2011) concluded thail and gas field activities are best regulated and managed at the
state level where regional and local conditions are better understood. Effective regulatory
programs use a set of tools that include formal and informal guidance, field rules, and BMPs, i
addition to the regulations themselves. (NETL, 2011)

The National Conference of State Legislatures (Pless, 2012) introduces domestic natural gas
production, describes legislative involvemanthe state level, and summarizes the development
of state Igislation. Pless (2012) calls attention to public health and environmental impacts
including protection of surface water, water withdrawals, air quality, habitat, and seismic
activity. As of May 2012, which ishenthe most current dateasavailable, leglatures in 19
states had introduced at least 119 bills @sthtes had enacted legislation. State policy actions
fall into four categories:

1. Increasing Transparencyisclosure of fracturing fluid chemical and additives.

2. Generating Revenue through Taxesl Fees Sever ance taxes for re
from the earth can provide significant revenue streams and impact fees can benefit local
communities.

3. Water Quality ProtectionLeak and spill prevention, wastewater transportation, waste
treatment and digsal regulations, and well location restrictions help protect water
quality.

4. Monitoring to Improve Knowledge Bas&ater withdrawal and quality monitoring can
protect water resources. Some states have instituted moratoria on drilling until more is
known @out the impacts, including New Jersey and Vermont. Other states, such as
lllinois, Michigan, New York, North Carolina, Ohio, and Pennsylvania, have legislation
pending various moratori a. New Jerseybds m

19



Environmental Impacts of Unconventional Natural Gas Development and Production

completdy prohibits hydraulic fracturing within the state. Pending legislation would
provide for impact studies and assessments, prohibit hydraulic fracturing, or establish
moratoria pending the outcome of other studies.

Pless (2012) thetabulatedhe statdegislative proposals in each of these categories as well as
legislation addressing authority to regulate. Almost half of the pending legislation addressed
water quality protection.

The U.S. Government Accountability Office (GAO) released a report in 2@t3dnalyzed the
requirements for oil and gas development activities. Six stateésh have requirements above

and beyond federal requirements, and which have updated their requirements in the recent past,
were included: Colorado, North Dakota, OhionRgylvania, Texas, and WyominGAO also

analyed federal and staemvironmental and public health requiremestanmarized irexhibit

1-8). Of the six reviewed states, Colorado, Ohio, and Pennsylvania have also voluntarily agreed
to have parts of their oil and gas regulations reviewed by STRONGER. (GAO, 2012b) As of
December 19, 2013heSTRONGER website states tH@R stateegulatory progams

representing over 94% of domestic O&G productidrave volunteered and have been

successfully reviewedd ( STRONGER, 2013)
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Exhibit 1-8 Environmental and public health requirements established by the EPA and six states

Regulation

EPA
Requirements

State Requirements

Identification or testing of

water wells prior to drilling of No CO, OH, WY
production wells

Siting and site :

. Required setbacks from

preparation v No CO, ND, PA, OH, WY
Stormwater permitting No CO, ND, PA, WY
Requirements _relatmg to No CO, ND, PA, OH, TX, WY

. . cementing/casing plans

Drilling, casing, and

cementing Prescribed placement of
surface casing relative to No CO, ND, PA, OH, TX, WY
groundwater zones
Requirements to disclose

Hydraulic fracturing | information on fracturing No CO, ND, PA, OH, TX, WY
fluids
Requirements for
notlflcatlon., pluggmg plan or No CO, ND, PA, OH, TX, WY
method, witnessing, and

Well plugging reporting
Programs to plug wells that
are not properly plugged No CO, ND, PA, OH, TX, WY
and have been abandoned
Requirements for backfilling,
regafdl_ng, recontouring, and No CO, ND, PA, OH, TX, WY
alleviating compaction of

Site reclamation soil
Revegetation requirements No CO, ND, OH, PA, WY
Pit lining requirements No CO, ND, PA, TX, WY
Undergr_Ol_Jnd_anectlon SDWA CO. ND, OH, TX, WY
(except injection of diesel)
Direct discharge to surface CWA CO, TX, WY allow in certain

Waste water cases

management Requirements for discharge CWA OH, PA (POTWs)
to POTWs or CWT facilities CO, PA, WY (CWTs)
Recycling or other reuse CWA CO, ND, OH, PA, TX, WY
Solid waste disposal No CO, ND, OH, PA, TX, WY
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. EPA :
Regulation Requirements State Requirements

Hazardous waste disposal No No
Requirements for CAPs CAA CO, ND, OH, TX, WY
Requirements for HAPs CAA Maybe

Managing air

emissions Requirements related to No CO ND. OH. PA TX. WY
H,S gas ' ' oy
Requirements related to NSPS CO. ND. OH. PA. TX. WY

flaring

Anot her analysis was completed by Resources
Economics anéPolicy website (RFF, 2012), which looked at requirements in 31 U.S. states that
either have shale gas production development or could have some in the near future. This review
examined similar items related to shale gas development, organized intoneralgategories

(RFF, 2012):

Site development and preparation

Well drilling and production

Flowback and wastewater storage and disposal
Well plugging and abandonment

Well inspection and enforcement

= =4 -4 -4 -9

In June 2013, RFF released a full report containingreatysis of state regulations and

requirements pertaining to shale gas development, which synthesized much of the information
available on the website tool into an actual document. (RFF, 208 pmalysigietermined that

there is little similarity in thevay states are regulating the various categories of shale gas
development. The report did not suggest that one method was better than another, but instead
identified the differences from state to state. (RFF, 2013) Thelstattate breakdown of the

analsis from RFF can be found in the tableSettionl.9, at the end of this chaptéixhibit

1-4, below, provides one more example of the variation among state requirements. This table
presents a comparison of hydraulic fracturing chemical disclosure regulations among eight states
that ae producing natural gas from shale play formations. (KPMG, 2012)
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Exhibit 1-9 U.S. oil- and gas-producing state-by-state comparison of hydraulic fracturing chemical disclosure regulations (KPMG, 2012)

AR (0{0) LA MT NM ND PA TX WY
Yes (by
Base Fluid Type Yes Yes Yes Yes rle::ference to Yes No Yes Yes
racFocus
template)
Yes (by
Base Fluid Volume Yes Yes Yes Yes rle::ference to Yes Yes Yes Yes
racFocus
template)
Yes Yes (by
Additive Trade Name Yes Yes Yes (trade reference to Yes No Yes Yes
secret FracFocus
only?) template)
Yes (by
Additive Vendor Yes Yes Yes No reference to Yes No Yes No
FracFocus
template)
Yes (by
Additive Function Yes Yes Yes Yes reference to Yes Yes Yes No
FracFocus
template)
Additive . Yes No No Yes No Yes Yes Yes Yes
Concentration
Yes (if
subject to Yes (if
Yes Yes 29 CFR Yes subject to Yes (if
. (unless | (unless | 1910.1200 | (unless 29 CFR subject to
Chemical Names trade trade and trade 1910.1200 Yes 29 CFR Yes Yes
secret) | secret) unless secret) and unless 1910.1200)
trade trade secret)
secret)
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AR CO LA MT NM ND PA TX Wy
Yes (if
subject to Yes (if
Yes 29 CFR Yes subject to Yes (if Yes (if
Chemical No (unless | 1910.1200 | (unless 29 CFR Yes subject to subject to Yes
Concentration trade and trade 1910.1200 29 CFR 29 CFR
secret) unless secret) and unless 1910.1200) | 1910.1200)
trade trade secret)
secret)
Yes (if
subject to Yes (if
Chemical Abstract Yes Yes 29 CFR Yes subject to Ygs (if
Services (CAS) (unless | (unless | 1910.1200 | (unless 29 CFR Yes subject to Yes No
Number trade trade and trade 1910.1200 29 CFR
secret) | secret) unless secret) and unless 1910.1200)
trade trade secret)
secret)
Yes Yes Yes (trade Yes
Chemical Family (trade (trade (trade N N No Yes (trade No
CAS Number? secret | secret secret secret ° ° secret only)
only)
only) only) only)
Effective Date Jariléary April 1, October AL'297USt February 15, Rulemaking February 6, | February 1, October
201‘1 2012 20, 2011 201’1 2012 in progress 2011 2012 17,2010

'Montana exempts trade secrets from disclosure but an operator may identify a trade secret chemical by trade name.

Some states allow operators to report trade secret chemicals by chemical family.
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1.7 Federal Research and DevelopmerRrograms

In 2011, the Department of Energy (DOE) delinedledtechnical challenges for unconventional
gas development as part of the R&D program managed by NETL under the Energy Policy Act of
2005. The technical challenges for tight gas include improved understanding of the geologic
environments and the enviroemtal and safety risks, and the development of improved
technologies for drilling, sensors, development and production. For coalbed methane, the
challenges include improved understanding of the resource, water management, and improved
drilling and produdbn, including multiseam completions. Shale gas has many of the same
challenges, including improving understanding of the risks, gaining better understanding of the
geologic environments, water management, and improved drilling, development, and producti
technologies. (DOE, 2011)

The DOE shale gas program brings together federal and state agencies, industry, academia, non
governmental organizations, and national laboratories to develop oil and gas technologies under
Section 999 of the Energy Policy Aaft 2005.The work focuses on safety, environmental
sustainability, and calculating the risks of oil and gas exploration and production undertakings.
DOE has funded a number of technology investigations through NETL that deal with produced
water managemenROE has beedevelopinga tool that can be used to help the operators of oll

and gas operations to meet challenges presented in reducing, reusing, and disposing of produced
water from wells. (DOE, 2013a) Fact sheets (NETL, 2013) have been produceddos var

practices for produced water during the operation of wells, including:

1 Water Minimization Reducing the volume of produced water both entering the well and
flowback at the surface.

1 Water Recycling and Reudavestigating alternative uses for proddeeater, such as
underground injection, use in agricultural settings, and use in industrial settings.

1 Water Treatment and Disposd@liscovering methods to remove impurities from the
produced water and permanently dispose of the produced water.

NETL is ako conducting research to improve the assessment of air quality impacts in the field
with a mobile air monitoring laboratory, and then using these data to model atmospheric
chemistry and chemical transport to better understand local and regional inip@&is2013b)
These are some of the goals of this research:

1 Document Environmental Changdistinguishing the changes that occur during each
phase of shale gas production (e.qg., site construction, drilling, well completion, early
production, and producticaiter site remediation).

1 Develop Technology and Management Practid&iigating undesired environmental
changes

1 Develop Monitoring Techniquekcreasing sensitivity and speed while decreasing costs

Projects include efforts to determine air qualitgtect fugitive emissions, detect unwanted
migration of production fluids, locate existing wells and pipelines, and document changes in
avian populations. (DOE, 2013Byditionally, DOEis collaborating with other agencies the
EPAG6s hydr astudy. (EPA, 20a2c)t ur i ng
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The EPA cooperates with key stakeholders to make sure that unconventional gas resources are
managed responsibly add notinflict unnecessary damage on the environment and on the
public. (EPA, 2013) In 2010, at the request of Corgytes EPAinitiated a study to better
understand any potential impacts of hydraulic fracturingrarking water and ground water.

The overall purpose of the study is to elucidate the relationship, if any, between hydraulic
fracturing and drinking wateesourcesand to identify the driving factors that affect the severity
and frequency of any impacts. (EPA, 2011) In their plam EPAdesigned their study to

provide decisiormakers and the public with answers to five fundamental questions associated
with the hydraulic fracturing water life cycle:

1 Water AcquisitionWhat are the potential impacts of large volume water withdrawals
from ground and surface waters on drinking water resources?

1 Chemical Mixing What are the possible impacts of surface spillsramear well pads of
hydraulic fracturing fluids on drinking water resources?

1 Well Injection What are the possible impacts of the injection and fracturing process on
drinking water resources?

1 Flowback and Produced WateiVhat are the possible impactssoirface spills on or near
well pads of flowback and produced water on drinking water resources?

1 Wastewater Treatment and Waste Dispogé#hat are the possible impacts of inadequate
treatment of hydraulic fracturing wastewaters on drinking water resources?

In December 2012he EPApublished the first progress report for their study (EPA, 2012c)
describing 18 research projects that are underway, including analyses of existing data, scenario
evaluations, laboratory studies, toxicity assessments, and caigs.gihd EPA plans to publish

an additional report in 2014 to synthesize the results of thetéyngprojects and the

information released in the 2012 progress report. (EPA, 2011)

The USGS operates both the Energy Resources Program (ERP) and the JelrPdvesl|

Center for Analysis and Synthesis. The ERP performs oil and gas resources assessments for the
United States as well as the world, synthesizing information used to develop energy policies and
resource management plans, as well as researchingufigdracturing and produced water.

(USGS, 2010; USGS, 2013a) The USGS has developed a screening process that can be used to
determine whether unconventional gas resources exist in a given location. The process of
hydraulic fracturing and the resultingooiuced water and other fluids play a large role in the
exploration and development of unconventional resources. (USGS, 2010)

Current working groups of the Powell Center for Analysis and Strategy include one assessing the
potential effect of developing sleagas resources on surface and groundwater and another
investigating seismicity resulting from the injection of fluids. (USGS, 2013b) The water quality
investigation includes a number of objectives: (USGS, 2012)

1 Hydraulic Fracturing Gain better understdmg of the hydraulic fracturing process in
the U.S.

1 Water Quality Investigate surface and ground water quality near unconventional gas
production, possible water quality changes due to production operations, and gather
baseline water quality data neae fbroduction operations.
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1 Data Gaps Determine areas where further investigation is necessary for evaluation.

1 Future Work Ascertain future work that can help increased understanding of how
unconventional gas production effects water quality.

In March of D11, the White House released a plan (Executive, 2011) that presented ways to

make Americads energy supply safer and strong
energy usage and costs, and work toward a future with clean energy. DOE, Department of the
Interior (DOI), andhe EPAwere charged with formulating a research plan that will examine the

most pressing issues related to unconventional oil and gas resources and how these resources can
be developed responsibly. (DOE/DOI/EPA, 2012a) Each of theiedt agencies brirsgo the

table certain core competencies that are utilized in the development of this plan, as seen in

Exhibit 1-5.

Exhibit 1-10 Core competencies of DOE, DOI, and the EPA in support of the Multi-Agency
Collaboration (DOE/DOI/EPA, 2012a; DOE/DOI/EPA, 2012b)

Core research competencies:

* Air monitoring

* Envirenment and human health risk
* Water quality

Collaberation Collaboration

0.5, DAPARTHENT OF g
Collaboration == USGS
@EfERcy a
seience for a changing workd
Core research competencies:
* Wellbore integrity, flow and Core research competencies:

* Resource assessment
* Hydrology and geology
* Land use, wildlife, and

contrel

* Greentechnologies

+ Systems engineering, imaging
and materials

Collaboration

ecological impact

27



Environmental Impacts of Unconventional Natural Gas Development and Production

1.8 References

Baihly, J., Altman, R., Malpani, R., and Luo, F.(2010).Shale Gas Production Decline Trend
Comparisorover Time and Basins, SPE 135555, presented at the Society of Petroleum
Engineers Annual Technical Conference and Exhihi{ionline] Florence, Italy September 19
22, 2010, 25 pages. [Cited: August 7, 20Eilable from
www.spe.org/atce/2010/pages/schedule/tech_program/documents/spel355551.pdf

Bipartisan Policy Center (BPC).(2013).New Dynamics of the U.NBatural Gas Market
[Online] Bipartisan Policy Center, Energy and Infrastructure Program, Energy Project,
Washington, DC, May 2013, 57 pages, [Cited: August 4, 2@\&ijable from
http://bipartisanpolicy.org/projects/energyoject/naturalgas

Bureau of Land Management (BLM). (2012). Proposed Rul@il and Gas; Well Stimulation,
Including Hydraulic Fracturing, on Federal and Indian LatdS. Department of the Interior,
Bureau of Land Managemerftederal Registelol. 77, No. 92 Friday, May 112012, pages
2769%27711.

Bureau of Land Management (BLM). (2013). Supplementaldice ofProposed Rulemaking
and Request folComment Oil and Gas; Hydraulic Fracturing on Federal &rmdlan LandsU.S.
Department of the Interior, Bureau of Land Managenteederal Register, Vol. 78, No. 101,

Friday, May 24, 2013, pages 31636677.

Congressional Research Service (CRSR009).Unconventional Gas Shales: Development,
Technology, and Riay Issues[Online] Congressional Research Service, Report for Congress
R40894, Washington, DC, October 30, 20@ted: June 26, 2013Available from
http://lwww.fas.org/sgp/crs/misc/R40894.pdf

Department of Energy (DOE). (2011).DomesticUnconventional Fossil Energy Resources
Opportunities and Technology Applications: Report to Congtéss. Department of Energy,
Office of Fossil Energy, Washington, DC, September 2011, 95 pages.

Department of Energy (DOE). (2013a).Shale Gas R&D[Online] 2013. [Cited: July 1, 2013.]
Available fromhttp://energy.gov/fe/sciendganovation/oitgas/shalegasrd

Department of Energy (DOE) (2013b). Oil and Natural Gas Resources [@8]I2013. [Cited:
July 1, 2013.Available fromhttp://www.netl.doe.gov/technologies/ghs/ngres/index.html

Department of Energy (DOE)/Department of the InterigDOI)/Environnmental Protection

Agency EPA). (2012a).Multi-Agency Collaboration on Unconventional Oil and Gas Research.
[Online] April 13, 2012. [Cited: July 1, 2013Available from
http://www.doi.gov/news/pressreleases/loader.cfm?csModule=security/getfile&pageid=289759

Department of Energy (DOE)/Department of the InterigDOI)/Environmental Protection
Agency EPA). (2012b).Multi-Agency Collaboration obinconventional Oil and Gas Research
Presentation. [Online] 2012. [Cited: July 2, 20¥8/hilable from
http://unconventional.energy.gov/pdf/Muligency ResearchPlanPresent.pdf

Energy Information Administration (EIA). (2011).Review of Emerging ResourcésS. Shale
Gas and Shale Oil PlayfOnline] Department of Energy, Washington, DC, 105 padely,
2011. [Cited: June 26, 2013 }ailable from
http://www.eia.gov/analysistudies/usshalegas/pdf/usshaleplays.pdf

28


http://www.spe.org/atce/2010/pages/schedule/tech_program/documents/spe1355551.pdf
http://bipartisanpolicy.org/projects/energy-project/natural-gas
http://energy.gov/fe/science-innovation/oil-gas/shale-gas-rd
http://www.netl.doe.gov/technologies/oil-gas/ngres/index.html
http://www.doi.gov/news/pressreleases/loader.cfm?csModule=security/getfile&pageid=289759
http://www.eia.gov/analysis/studies/usshalegas/pdf/usshaleplays.pdf

Environmental Impacts of Unconventional Natural Gas Development and Production

Energy Information Administration (EIA ). (2012).Natural Gas: Shale Gas Production.
[Online] August 2, 2012. [Cited: Jun 27, 2018¥ailable from
http://www.eia.gov/dnav/ng/ng_prod_shalegas_s1_a.htm

Energy Information Administration (EIA ). (2013a).Annual Energy Outlook 2013 with
Projections to 204JOnline] DOE/EIA-0383(2013). April 2013. [Cited: June 29, 2013.]
Available fromhttp://www eia.gov/forecasts/aeo/pdf/0383(2013).pdf

Energy Information Administration (EIA ). (2013b).Natural Gas Annual 20110nline]
January 2013. [Cited: August 7, 2018\ailable fromhttp//www.eia.gov/naturalgas/annual

Environmental Protection Agency EPA). (2009). Mandatory reporting of Greenhouse Gases
Final Rule [Online] Environmental Protection Agenclyederal Registelol. 74, No. 209,

Friday, October 30, 2009ages 562666519.Available from
http://www.epa.gov/ghgreporting/documents/pdf/2009/GMRR-FinalRule.pdf

Environmental Protection Agency (EPA).(2010). Coalbed Methane Extraction: Detailed
Study ReportePA-820-R-10-022 Environmental Protection Agency, Office of Water,
Washington, DCDecember 2010, 91 pages.

Environmental Protection Agency EPA). (2011).Plan to Study the Potential Impacts of
Hydraulic Fracturing on Drinking Water Resourcé&svironmental Protection Agency.
EPA/600/R11/122. November 2011. [Cited: July 3, 2013.]

Environmental Protection Agency EPA). (2012a).Petroleum and Natural Gas Systeins
Final Rule: Subpart W of 40 CFR Part.9®nline] Environmental Protection Agency,
Washington, DC, August 2012, 5 pagi&ted: July 9, 2013.Available from
http://lwww.epa.gov/ghgreporting/reporters/subpatagicinfo.html

Environmental Protection Agency (EPA) (2012b).0Oil and Natural Gas Sector: New Source
Performance Standards and Natiofahission Standards for Hazardous Air Pollutants Reviews
(40 CFR Parts 60 and 63F)inal Rule [Online] Environmental Protection Agenclyederal

Register, Vol. 77, No. 159 hursday, August 16, 201page4949649600. [Cited December 5,
2012] Available fromhttp://www.epa.gov/airquality/oilandgas/pdfs/20120417finalrule.pdf

Environmental Protection Agency EPA). (2012c).Study of the Potential Impacts of Hydraulic
Fracturing on Drinking Water Resources: Progress Repentvironmental Protection Agency.
EPA/601R-12/011. December 2012. [Cited: July 3, 2013.]

Environmental Protection Agency EPA). (2013).Natural Gas Extractiori Hydraulic
Fracturing. [Online] Environmental Protection Agency. June 17, 2013 [Cited: July 1, 2013.]
Available fromhttp://www2.epa.gov/hydraulicfracturing

Executive Office of the President(2011).Blueprint for a Secure Energy Futuf®nline]
March 30, 2011. [Cited: June 26, 2018\ailable from
http://www.whitehouse.gov/sites/default/files/blueprint_secure_energy_future.pdf

Government Accountability Office (GAO). (2012a).0il and Gas: Information on Shale
Resources, Development, afdvironmental and Public Health Risk®nline] GAO-12-732.
September 2012. [Cited: June 24, 20Xilable from
http://www.gao.gov/assets/650/647791.pdf

29


http://www.eia.gov/forecasts/aeo/pdf/0383(2013).pdf
http://www.epa.gov/ghgreporting/reporters/subpart/w-basicinfo.html
http://www2.epa.gov/hydraulicfracturing
http://www.whitehouse.gov/sites/default/files/blueprint_secure_energy_future.pdf
http://www.gao.gov/assets/650/647791.pdf

Environmental Impacts of Unconventional Natural Gas Development and Production

Government Accountability Office (GAO). (2012b).Unconventional Oil and Gas
Development: Key Environmental and Public Health Requiremi@ndine] GAO-12-874.
September 2012. [Citeduly 2, 2013 Available from
http://lwww.gao.gov/asse&B80/647782.pdf

Groundwater Protection Council (GWPC). (2013) A White Paper Summarizing a Special
Session on Induced Seismicftynline] January 23, 201 3Barasota, FL. [Cited: July 3, 2013.]
Available fromhttp://www.gwpc.orgkites/default/files/white%20paper%2620final_0.pdf

Holditch, S.A. (2006). Tight Gas Sand3ournal of Petroleum Technolog$ociety of Petroleum
Engineers Distinguished Auth&eries Paper 103356. June 2006, page3486

International Energy Agency (IEA). (2012).Golden Rules for a Golden Age of Gad/orld
Energy Outlook Special Report on Unconventional.@asline] International Energy Agency,
Paris, France, May 29, 201Zited: July 18, 2013pvailable from
http://www.worldenergyoutlook.org/goldenrules/

Jackson, R.B., B.R. Pearson, S.G. Osborn, N.R. Warner, and A. Vengo$b011).Research
and Policy Recommeations for Hydraulic Fracturing and Shafeas Extraction[Online]
2011. [Cited: June 28, 201#}ailable from
http://www.nicholas.duke.edu/cgc/HydraulicFracturingWpaper2011.pdf

KPMG. (2012).Watereddown: Minimizing water risks in shale gas and oil drillif@nline]

KPMG International Cooperative. 2012. [Cited: June 30, 2080&]lable from
http://www.kpmg.com/Global/en/IssuesAndInsights/ArticlesPublications/Documents/minimizing
-waterrisks-in-shalegasandoil-drilling.pdf

Massachusetts Institute of TechnologyMIT). (2011). The Future of Natural Gas: An
Interdisciplinary MIT Study{Online] Massachusetts Institute of Technology, Cambridge, MA,
178 pages, June 201[Cited: June 28, 2013Available from
http://mitei.mit.edu/system/files/NaturalGas_Report.pdf

McAllister, R.M. (2012). Briefing Paper Hydraulic Fracturing[Online] Western Interstate
Energy Board, [Cited: July 12, 201&Vailable from
http://www.westgov.org/wieb/fracking/index.htm

National Energy Technology Laboratory (NETL). (2009). Modern Shale Gas Development
in the United States: A PrimgOnline] DE-FG26:04NT15455. April 2009. [Cited: June 28,
2013.]Available fromhttp://www.netl.doe.gov/technologies/oll
gas/publications/EPreports/Shale_Gas_Primer_2009.pdf

National Energy Technology Laboratory(NETL). (200%). State Oil and Natural Gas
Regulations Designed to Protect Water ResoutdeS. Department of Energy, National Energy
Technology Laboratory, May 2009, 65 pages.

National Energy Technology Laboratory (NETL). (2013).Produced Water Managenten
Information System: Produced Water Management Technology Descrifj@oitise] 2013.
Available fromhttp://www.netl.doe.gov/technologies/pwmis/techdesc/index.html

National Research Council(NRC). (2012).Induced Seismicity Potential in Energy
TechnologiesNational Research Council of the National Academy of Sciefi¢esNational
Academies Press, 500 Fifth Street NW, Washington, DC, 300 pages.

30


http://www.gao.gov/assets/650/647782.pdf
http://www.gwpc.org/resources/publications
http://www.worldenergyoutlook.org/goldenrules/
http://www.nicholas.duke.edu/cgc/HydraulicFracturingWhitepaper2011.pdf
http://www.kpmg.com/Global/en/IssuesAndInsights/ArticlesPublications/Documents/minimizing-water-risks-in-shale-gas-and-oil-drilling.pdf
http://www.kpmg.com/Global/en/IssuesAndInsights/ArticlesPublications/Documents/minimizing-water-risks-in-shale-gas-and-oil-drilling.pdf
http://mitei.mit.edu/system/files/NaturalGas_Report.pdf
http://www.westgov.org/wieb/fracking/index.htm
http://www.netl.doe.gov/technologies/oil-gas/publications/EPreports/Shale_Gas_Primer_2009.pdf
http://www.netl.doe.gov/technologies/oil-gas/publications/EPreports/Shale_Gas_Primer_2009.pdf
http://www.netl.doe.gov/technologies/pwmis/techdesc/index.html

Environmental Impacts of Unconventional Natural Gas Development and Production

Pless, J(2012).Natural GasDevelopment and Hydraulic FracturiigA Pol i cymaker 06 s
National Conference of State Legislatuf€mnline] June 2012. [Cited: July 12, 2013\Yailable
from http://www.ncsl.org/documents/energy/frackingguide_060512.pdf

Resources for the Future (RFF. (2012. A Review of Shale Gas Regulations by StiBmnline]
September 24, 2012. [Cited: July 1, 20¥8hilable from
http://lwww.rff.org/centers/energy_econarni and_policy/Pages/Shale_Maps.aspx

Resources for the Future (RFF)(2013).The State of State Shale Gas Regulaf©Online]
June 2013. [Cited: July 1, 201&\Vailable fromhttp://www.rff.org/rff/documents/RHRpt-
StateofStateRegs_Report.pdf

Secretary of Energy Advisory Board SEAB). (20113). Shale Gas Production Subcommittee:
Ninety Day Repor{Online] U.S. Department of Energy, Washington, BX@gust 11, 2011.
[Cited: November 22, 2013Available from
http://lwww.shalegas.energy.gov/resources/081111 90 day_report.pdf

Secretary of Energy Advisory Board (SEAB)(2011b). Shale Gas Production Subcommittee:
Second Ninety Day Repoj©Online] U.S. Department of Energyvashington, DC, November
18, 2011. [Cited: June 26, 2013Yailable from
http://lwww.shalegas.energy.gov/resources/111011 90 _day_report.pdf

State Review of Oil & Natural Gas Environmental Regulations (STRONGER)(2013. Past
Reviews[Online] December 13. [Cited: December 19, 2013.] Available from
http://lwww.strongerinc.org/paseviews

Tiemann, M. and Vann, A.(2012).Hydraulic Fracturing and Safe Drinking Water Act Issues
Congressional Research Service, Report for Congress R41760, Washington, DC, April 10, 2012.

United States Geological Survey (USGS(2010). The U.S. Geological Survey Energy
Resources Program. Fact Sheet 28100.[Online] October 2010. [Cited: July 2013.]
Available fromhttp://pubs.usgs.gov/fs/2010/3100/pdf/fs2B1M0. pdf

United States Geological Survey (USGS(2012).Water Quality Studied in Areas of
Unconventional Oil and Gas Development, Including Areas Where Hydraulic Fracturing
Techniques arésed, in the United StateBact Sheet 2022049.[Online] April 2012. [Cited:
July 3, 2012.Available fromhttp://pubs.usgs.gov/fs/2012/3049/FSAR49_508.pdf

United States Geological Survey (USGSJ2013a).Hydraulic Fracturing [Online] June 28,
2013 [Cited: July 1, 2013.Available from
http://energy.usgs.gov/OilGas/UnconventionalOilGas/HydraulicFracturing.aspx

United States Geological Survey (USGS(2013b). John Wesley Powell Center for Analysis
and Strategy: Current Projeck®nline] 2013. [Cited: July 3, 2013Available from
http://powellcenter.usgs.gov/current_projects.php#HydraulicFracturing

Wang, Z. and Krupnick, A. (2013).A Retrospective &iew of Shale Gas Development in the
United State$ What Led to the Boon{®nline] RFF DP 1312, Resources for the Future,
Washington, DC, April 2013, 42 pag¢€ited: July 18, 2013.Available from
http://lwww.rff.org/Publications/Pages/PublicationDetails.aspx?PublicationID=22177

31


http://www.rff.org/centers/energy_economics_and_policy/Pages/Shale_Maps.aspx
http://www.rff.org/rff/documents/RFF-Rpt-StateofStateRegs_Report.pdf
http://www.rff.org/rff/documents/RFF-Rpt-StateofStateRegs_Report.pdf
http://www.shalegas.energy.gov/resources/111011_90_day_report.pdf
http://energy.usgs.gov/OilGas/UnconventionalOilGas/HydraulicFracturing.aspx
http://www.rff.org/Publications/Pages/PublicationDetails.aspx?PublicationID=22177

Environmental Impacts of Unconventional Natural Gas Development and Production

1.9 State Regulatory Requirements

Exhibit 1-11 Selected state site development and preparation requirements (RFF, 2012)

Pre-Drilling Setback Setback
State Water Well _ Water Restrictions | Restrictions
Testing Withdrawals from from Water
Buildings Sources
Alabama X X «
Arkansas X " »
California X " »
Colorado X X X »
Georgia X N y
Illinois X X N y
Indiana X
Kansas X »
Kentucky x »
Louisiana X X »
Maryland X " »
Michigan X x »
Mississippi X
Montana X
Nebraska X X
New Jersey X x
New Mexico X x y
New York X X " »
North Carolina X
North Dakota X X x y
Ohio X X N <
Oklahoma X X
Pennsylvania X X o
South Dakota X
Tennessee X X »
Texas X " »
Utah X
Vermont X
Virginia X X " y
West Virginia X X X y
Wyoming X " y

32



Environmental Impacts of Unconventional Natural Gas Development and Production

Exhibit 1-12 Selected state well drilling and production requirements (RFF, 2013)

Natural Casing Surf{:\ce Intermgdiate Produ_ction :
Gas Wells Cement Casing Casing Casing . : Fracking
State and Shale Type ) . Cement Cement Cement Ventmg FIarmg Fluid
Gas Regulations CarEiiing Circulation | Circulation | Circulation REGUIEIENS | REgLIEes Disclosure
Production DR Regulations | Regulations | Regulations
Alabama X X X X X X X X
Arkansas X X X X X
California X X X X X
Colorado X X X X X X X
Georgia X X X X
Illinois X X X X X X
Indiana X X X X X X
Kansas X X X X X
Kentucky X X X X X X
Louisiana X X X X X X
Maryland X X X X X X X
Michigan X X X X X X X
Mississippi X X X X X X
Montana X X X X X X
Nebraska X X X X X X X X
New Jersey X
New Mexico X X X X X X X X
New York X X X X X X X X X
North Carolina X X X
North Dakota X X X X X X X X
Ohio X X X X X X X X X
Oklahoma X X X X X X X X
Pennsylvania X X X X X X X X
South Dakota X X X X X X X X
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Tennessee

Texas

Utah

Vermont

Virginia

West Virginia

Wyoming
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Exhibit 1-13 Selected state flowback and wastewater storage and disposal requirements (RFF,

2013)
Underground
Fluid - Flowback/ Injection Wells
State Storage Fre(_aboard Plt_ Liner Wastewatgr for Flowback and
Options Requirements | Requirements Transpor_tatlon Prod uceq Water
Tracking Permitted
Statewide

Alabama X X
Arkansas X X
California X X
Colorado X X X X X
Georgia X X X
lllinois X X X
Indiana X X
Kansas X X X
Kentucky X X X X X
Louisiana X X X
Maryland X X X
Michigan X X X X
Mississippi X X X X
Montana X X X
Nebraska X X X X X
New Jersey X
New Mexico X X X X X
New York X X X
North Carolina X

North Dakota X X X X
Ohio X X X
Oklahoma X X X X
Pennsylvania X X X X
South Dakota X X X
Tennessee X X X
Texas X X X
Utah X X X X
Vermont X
Virginia X X X X
West Virginia X X X X
Wyoming X X X
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Exhibit 1-14 Selected state well plugging and abandonment requirements (RFF, 2013)

Well Idle Temporary

State Time Abandonment

Alabama

Arkansas

California

Colorado
Georgia
lllinois

Indiana

X |IX | X [X [ X |[X|X|X

Kansas
Kentucky
Louisiana
Maryland
Michigan

X IX | X | X [ X |[X|X|X

Mississippi

Montana

X | X | X | X [ X [X

Nebraska

New Jersey

New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma

x

X | X | X [ X [ X |X|X

Pennsylvania
South Dakota
Tennessee

Texas
Utah
Vermont

X | X | X [ X | X |X|X|X[X

X | X | X [ X

Virginia
West Virginia

x

Wyoming X X
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Exhibit 1-15 Selected state well inspection and enforcement requirements (RFF, 2013)

Accidgnt gg&?:trir?gfj Number of
State Reportlng State Wells per
Requirements Agencies Inspector
Alabama 2 501 to 1,630
Arkansas X 3t06 141 to 360
California 3to6 Oto 30
Colorado X 2 501 to 1,630
Georgia X 1 0to 30
Illinois X 2 N/A
Indiana X 2 31to 140
Kansas X 2 501 to 1,630
Kentucky X 3to6 N/A
Louisiana X 2 361 - 500
Maryland X 1 Oto 30
Michigan X 1 141 to 360
Mississippi X 2 141 to 360
Montana X 2 N/A
Nebraska X 2 31to 140
New Jersey X 0 0to 30
New Mexico X 2 1,631 to 2,980
New York X 1 N/A
North Carolina 1 0to 30
North Dakota X 2 0to 30
Ohio 2 31to 140
Oklahoma 2 501 to 1,630
Pennsylvania X 2 141 to 360
South Dakota 1 0to 30
Tennessee 2 31 to 140
Texas 2 501 to 1,630
Utah X 2 N/A
Vermont 1 0to 30
Virginia X 3t06 501 to 1,630
West Virginia 1 N/A
Wyoming X 3to6 501 to 1,630
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Exhibit 1-16 Selected state moratorium and tax requirements (RFF, 2013)

State and
Local Bans Severance. Ve Sev_erance LEN Severance Tax
S and C?\IAZ[:La;:jon R |_r|1_e|?:(ranrgentage Rates in cents/Mcf
Moratoria
Alabama Pct of gas value 7.01% to 9.00% 17.21t0 22.1
Arkansas Pct of gas value 3.81% to 5.00% 9.411t012.3
California Fixed amt per unit 0.02% to 0.53% 0.05t01.3
Colorado 1 Pct of gas value 3.81% to 5.00% 9.411t012.3
Georgia None None None
Illinois 1 Pct of gas value 0.02% to 0.53% 0.05t01.3
Indiana Fixed amt per unit 0.54% to 1.20% 1.31t0 3.0
Kansas Pct of gas value 7.01% to 9.00% 17.21t0 22.1
Kentucky Pct of gas value 3.81% to 5.00% 9.411t012.3
Louisiana Fixed amt per unit 5.01% to 7.00% 12.31t0 17.2
Maryland Pct of gas value 5.01% to 7.00% 17.21t0 22.1
Michigan Pct of gas value 3.81% to 5.00% 9.41t012.3
Mississippi Pct of gas value 5.01% to 7.00% 12.31t0 17.2
Montana Pct of gas value 7.01% to 9.00% 17.21t0 22.1
Nebraska Pct of gas value 1.21% to 3.80% 3.1t09.4
New Jersey 1 None None None
New Mexico 1 Pct of gas value 1.21% to 3.80% 3.1t09.4
New York 1 None None None
North Carolina 1 Fixed amt per unit 0.02% to 0.53% 0.05t01.3
North Dakota Fixed amt per unit 1.21% to 3.80% 3.1t09.4
Ohio 1 Fixed amt per unit 0.54% to 1.20% 1.31t0 3.0
Oklahoma Pct of gas value 5.01% to 7.00% 12.31t0 17.2
Pennsylvania 1 None None None
South Dakota Pct of gas value 3.81% to 5.00% 9.411t012.3
Tennessee Pct of gas value 1.21% to 3.80% 31t094
Texas 1 Pct of gas value 7.01% to 9.00% 17.21t0 22.1
Utah Pct of gas value 3.81% to 5.00% 9.41t012.3
Vermont 1 None None None
Virginia Pct of gas value 0.54% to 1.20% 1.31t0 3.0
West Virginia 1 Pct of gas value 3.81% to 5.00% 9.411t012.3
Wyoming Pct of gas value 5.01% to 7.00% 12.31t0 17.2
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2 Greenhouse Gas Emissions and Climate Change

Greenhouse gas (GHG) emissions are released by the natural gas supply chain, and the extent to
which these emissions contributectonate change has been investigated by government and
university researcher$here are fivanajor studies that account for the GHG esiuas from

upstream natural ga@Jpstream natural gascludes the construction and completion of gas

wells, as well as subsequemtoduction, processing, and transpigps) While a number of

studies have been conducted on this topic, these five studies represent the breadth of all natural
gas life cycle work and point to the methane emissions from unconvahnivell completions

and workoversas a key difference between the GHG profiles of conventional and
unconventional natural gas. Other key emissions occur during stestdyoperations, such as
emissions from compressors and pipelifdse assumptions arghrameters of the fivetudies

vary, but, given their uncertaintie$our of the five studiesoncludethat the GHG emissions

from a unit of deliveredinconventionahatural gasre comparable t0f not lower than) those

from a unit ofconventionahaturl gas. The fifth study concludes that the high methane

emissions from unconventional well completion and a lack of environmental controls at
unconventional extraction sites translates to higher GHG emissions from unconventional natural
gas than from convetional natural gas.

2.1A Life Cycle Perspective

A systemlevel perspective is necessary to account for all sources of GHG emissions in the
production of unconventional natural gas, and to evaluate their relative contributions and
mitigation opportunitiesLife cycle analysis (LCA) is one type of systems apprpand

accounts for the material and energy flows of a system from cradle to grave, where the cradle is
the extraction of resources from the earth, and the grave is the final use and disposition of
products.

The Depart ment NafionaEEnergy gectinslogy LBOOEtYINETL) used LCA
to calculate the environmental impacts of natural gas production and use for electric power
generation. NETL documented this work in a series of reports beR@d€nand 204:

1 Life Cycle Analysis: Natural Gas Combined Cycle (NGE8&)erPlant DOE/NETL-
403 110509(NETL, 2010)

1 Life Cycle Greenhouse Gas Inventory of Natural Gas Extraction, Delivery and Electricity
Production DOE/NETL-2011/1522NETL, 2011)

1 Role ofAlternative Energy Sources: Nail Gas Technology Assessmé@E/NETL-
2012/1539NETL, 2012

1 Life Cycle Analysis of Natural Gas Extraction and Power Generab@E/NETL-
2014/164G6NETL, 2014)

The GHG results in thETL 2014report supersede the GHG results inpgheviousNETL
repors. (NETL, 2019 Together, these reports provideia-depthassessment of the GHG
impacts of unconventional natural gas production with traceable and transparent documentation

'AWorkovero is a generic industry term for a var i ettyshaefgaswelspiedi al act

means hydraulic fracturing treatments after the initialidgland first hydraulic fracturing of the well.
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of the methods, da sources, and results of an LCA approach, and serve as a basis for
comparison of results from similar studies.

N E T Llife syclemodel of upstream natalrgas productions based on a network of unit

processes. Each unit process accounts for the rawiatgtenergy consumption, and
environmental emissions of a specific activit
over 30 unit processes that are directly related to the natural gas life cycle. Furthermore, most of
these unit processes havematary and tertiary unit processes that account for the energy and
material flows of upstream energy and material production. The unit processes are based on
engineering principles that make it possible to adjust parameters in order to represent specific
scenarios. The following examples describe the boundaries and paramekengsuioit processes

i n NETLOSs n a.tThisrisanbt argeghaustivelistirgl of all unit processes in the model,

but summarizes key components of the model

1 Well constructioraccounts for the steel and concrete used for a wellbore and casing. It
includes parameters that scale the steel and concrete requirements according to well
depth.The use of steel and concrete is not a direct source of GHG emissions, but, from a
life cycle perspective, the fuels and materials used for steel and concrete production do
produce GHG emissiong/hen connected to other unit processes in the model, the
construction requirements are scaled to a unit of natural gas production béised on
lifetime production rate of the well.

1 Well completioraccounts for the impulse of natural glaat escapes the well during
developmentShale gas wells have higher completion emissions than conventional wells
due to the natural gas entrained in the flowbaater fom hydraulic fracturing.

1 Well workoversaccount for the impulse of natural gas that escapes the well during the re
fracture of an unconventional well, or the maintenance of the wellbore of a conventional
well. For shale gas wells, workovers includgsraulic fracturingtreatments after the
initial drilling and firsthydraulic fracturingpf the well.

1 Liquid unloadingaccounts for the impulse of natural gas that escapes the well during the
removal of liquids that gradually accumulate in a wellbore of aeaational well.

1 Venting and flaringaccounts for emissions from the venting or flaring of natural gas that
escape a well during completion, workover, or liquid unloading, as well as natural gas
that is captured during steadtate production or processirighis process is applied at
mul tiple points in NETL6s model, particul a
controlled.If capture equipment is not used, natural gas is vented directly to the
atmospherdf capture equipment is usaknted streams areafled before being released
to the atmosphere. This unit process includes parameters that account for the share of gas
that is vented versus gas that is flafeok example, if 15 percent of the gas vented during
the completion of an unconventional welfid ar e d , NETLOs model tun:
venting and flaring process so that 15 percent of completion emissions are converted to
CQ, via flaring, and the remaining 85 percent of completions emissions are released to
the atmosphere.

1 Acid gas removahccouits for amine solvent consumption, the combustion of natural gas
used to headreboiler, and emissions of volatile organic compounds from theladasor
tower. Most natural gas processing plants use acid gas removal systems that have an
absorber tower thabatacts a stream of amiib@sed solvent with a stream of raw natural
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gas. The acidich amine stream is then sent to a stripper tower with a reboiler. The
reboiler heats the stream, which drives acid gas from the solvent and allows the solvent to

bereturmd t o t he linoludé$ Raraiméters fonandne |

consumption rate and reboiler duty.

1 Pipeline operatioraccounts for the natural gas and electricity used to power
compressorsand the fugitive emissions afethandrom the ppeline transmission

network. It includes parameters for natural gas transport distance, fugitive emissions

scrubber

through compressor seals, and the mix of gad electricallypowered compressors.

The flexible,

consi

stent

f r atmaurabgaksouocés tob& T L 6 s
compared on a common baiETL has published results for three conventional gas types
(onshore, associated, and offshore) and four unconventional types (tight gas, coalbed methane,

Barnett Shale, and Marcellus Shale). NBT#esults also include an average domestic mix
scenario, which is an aggregate of all gas types, weighted by their 2010 supply share.

Exhibit2-1showsk ey par amet er s

i n

NETLOS

natur al

differences among extraction technologies are hantiieatidition to expected values, the
parameterfor average pduction rate and flaring rateve low and high bounds thetcount

for uncertainty.

Exhibit 2-1 Key parameters for natural gas extraction (NETL, 2014)

Property (Units) Onshore | Offshore | Associated 'Igg;t Bsatzglegt Mz;rﬁ;ltlaus CBM
Natural Gas Source

Contribution to 2010 U.S. Domestic Supply 22% 12% 6.6% 27% 21% 2.5% 9.4%
Average 30-year Daily Low 46 1,960 85 77 192 201 73
Production Rate Expected Value 66 2,800 121 110 274 297 105
(Mcfiwell-day) High 86 3,641 157 143 356 450 136
Expected Estimated Ultimate Recovery (BCF) 0.72 30.7 1.32 1.20 3.00 3.25 1.15
Natural Gas Extraction Well

Flaring Rate (%) 51% (41 - 61%) 15% (12 - 18%)

Well Completion (Mcf natural gas/episode) 37.0 3,600 9,000 49.6
Well Workover (Mcf natural gas/episode) 2.44 3,600 9,000 49.6
Lifetime Well Workovers (Episodes/well) 11 0.3
Liquids Unloading (Mcf/episode) 3.57 n/a
Lifetime Liquid Unloadings (Episodes/well) 930 n/a
Valve Emissions, Fugitive (Ib. CH4Mcf) 0.11 0.0001 0.11
Other Sources, Point Source (Ib. CH4Mcf) 0.003 0.002 0.003
Other Sources, Fugitive (Ib. CH4YMcf) 0.043 0.1 0.043

The paraneters for the volume of natural gas vented during well completions and workovers, the
frequency of well workovers, and the flaring rates of captured gas atkkey v e r s
GHG results(NETL, 2014) To chracterize these parameters, NETL daetors from the
technical support document that the Environmental Protection AgER®#) (uses in support of
its national GHG inventory of the petroleum and natuaal gectors. (NETL, 201&PA, 2010).

New data for

natur al

gas

extract.i
technical support document. EPA revised its emission factor for unconventional well
completions and workovers in 2012 (fr&y175 to 9,000 Mcf of natal gas per episode). (EPA,

on

of

e mi
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2012)Additionally, newparametersor liquid unloading emissions and unconventional
workover frequency were developed based on data collbgtdte American Petroleum Institute
(API ) and tarat&asiAltaacé ANGAJrom gas producers in 2010 and 2011.
(Shires et al., 2012) These parameter changes are reprasdatbdbit 2-1.

The supplycontributions from seven natural gas sources to the domestic supply, as shown in
Exhibit 2-1, are representative of the 20dfited Statesy.S) natural gas supply, and were

derived from data in thEnergy Information Administratians ( EI A) Annu al Energ
(AEO). (2012) The production rates for each natural gas source are expressed as daily rates and
estimated ultimate recovery (EUR) and egpresentative of single wells over a\a€ar time

frame. (NETL, 2Q4) The average daily production rate can be reconciled with the EUR by
factoring the expected value for daily production rate by 10,950 days (the number of days in 30
years) and convertinfrom thousand cubic feet (Mcf) to billion cubic feet. While the

contributions to the domestic supply mix are representative of 2010 production, the production
rates are representative of average/&8r performance. The different time frames represented

by the 2010 contributions to th&S. supply and 3§/ear production rates do not represent an
inconsistency from an LCA perspective. The supply contributions are used to calculate an
aggregated environmental profile of seven natural gas sources in &sgesnif while the

production rates are used to apportion episodic emissions that occur ovgzax period €.g,
construction, completion, workover, and liquid unloading emissions) per unit of produced natural
gas.

The expected flaring rates for contienal and unconventional wells are 51 percent and 15

percent, respectively. (EPA, 2010) The flaring rates are lower for unconventional wells because
early development activities in unconventional plays did not follow best practices for emission
controls.The flaring rate represents the portion of captured gas that is flared instead of directly
vented to the atmosphere. For example, of all the gas that escapes during the completion or
workover of an unconventional well, 15 percent is combusted by flaroh¢ha@remaining 85

percent is vented to the atmosphere. (NEAQ14 As reduced emission completions become
standard industry practice, average flaring rates will increase. (Shires et al., 2012) Z8ction
includes a discussion on how flaring rates are variable, and could be as high as 97 percent for
unconventional wellsSuch an increase in flarilgted o es not necessarily cotl
AGol den Rul 2 asidisqudsdel M Chaptér 1. If a given amount of natural gas is lost

by a natural gas system, it is preferable from a climate change perspective to flarest to CO
instead of releasing it to the atmosphere as
recmmmendation is based on the goal of zero venting, in which flaring is not required (IEA,

2012). Zero venting is the ultimate goal, but if venting happens, then it is environmentally
preferable to flare it.

A key distinction between conventional and uncaniamal wells is that unconventional wells
require more reservoir stimulation than conventional wells. The key obstacle during the
exploration and development of conventional wells is finding productive gas formiations
formations that do not require stitation once they have been drilled. In contrast,
unconventional formations are easier to locate than conventional formations, but require
hydraulic fracturingor other stimulation techniques to cause gas to flow to the surface, and
periodic workovers to bwst the performance of wells with declined production rates. (NETL,
2014) The workover rates of unconventional wells, and shale gas wells in particular, is highly
uncertain. Shale gas wells are a new extraction technology and few shale gas wells hawve been
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operation for 30 years (the time period of NE
American Petroleum Institute (API) and Americ
workover rates for shale gas wells may be-tamh of the unconventiohevorkover rates

calculated byhe EPAIn 201Q (Shires et al., 2012; EPA, 2010)

Exhibit 2-2 shows the upstream GHG emissions from eight sources of natural gas: three
conventional extraction scenarios, four unconventional extraction scenariodjGuefiad

natural gasl(NG) import scenario. The blue bars represent the GHG emissions from raw
material acquisition (extraction and processing), andtiaagebars represent the GHG

emissions fronthe transmission of natural gas by the U.S. natural gas pipeline systese

results do not include the distribution of natural gas, which is an additranaport step beyond
transmission that moves natural gas to sis@dle users such as commercial or residential
customers. The horizontalackline in Exhibit 2-2 shows the emissions from the 2Gddmestic
natural gasnix, whichwas calculated by applying the 2010 supply contributions to the seven gas
types (as defined iBxhibit 2-1). These emissions are expressed in terms ofy&860 global

warming potential (GWP) as recommended by the Intergovernmental Panel on Climate Change
(IPCC).(IPCC, 2007) GWPs normalize GHG species to a common basiex&mple, the 2007
version of | PCCO0 mdia®férdng of Bld iw 25ttimes greaterithan GO

over a 106year period; to arrive at a common basis, the life cycle results for methane are
multiplied by 25 so C@and CH can be expressed immmon units carbon dioxide

equivalents (Cge). More details on GWPs are provided in Section 2.3.

In general, unconventional technologies require stimulation of theaydaining formation

before gas will flow freely to the surface. For shale gas, thremustimulation technology is
horizontal drilling withhydraulic fracturing Tight gas, another unconventional technology, uses
vertical drilling with hydraulic fracturingCoalbed methane (CBM) is another unconventional
technologythat usesydraulicfracturing but requires the removal of naturatigcurring water

from a formation before gas will flow freelgnd has lower production pressures than shale gas
and tight gas wellsThe escape of gas during the completion of unconventional wells and
occasonal maintenance activities.@.,workovers) explain partly why the GHG emissions from
unconventionahatural gas are believed to be different than those from conventional gas. (NETL,
2014) Other differences between technologies are related differenpesducer practices. For
example, as noted above, the flaring rates of unconventional wells may be lower than those of
conventional wells because early development activities in unconventional plays did not follow
best practices for emission controls.

Theresults in Exhibit 2 show that the GHG emissions from unconventional gas are not
necessarily higher than those from conventional gas. The uncertainty ranges for the GHG
emissions from shale gas (Barnett and Marcellus) and tight gas are within thainhcesihge

for onshore natural gas (a conventional technology). Further, the GHG emissions from CBM (an
unconventional technology) are lower than onshore natural§#S. emissions from CBM

wells are lower than other unconventional sources because CBMtfons have lower

pressures and do not release large pulses of natural gas emissionsvdliglegelopment and
maintenance.

The GHG emissions from offshore productias shown in Exhibit-2, are lowerthan other
natural gas sourcéscause higher pdoction rates and safetgquirementgustify the costs of
loss reduction technologies. This contrast shows that existing technologies are effective at
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reducing GHG emissionand suggests that comparable controls are technologically feasible for
shale andight gas production.

In addition to its characterization of domestic upstream natural gas, NETL has also developed
life cycle data for imported LNG, including the GHG emissions fadfshore extraction in
Trinidad and Tobagdiquefaction, seaborne trgmsrt, and regasification. These data were
developed when LNG imports were a potential input to the U.S. energy supply, and LbI&G exp
were not a consideration. (NETL, 20I#)e burder of liquefaction, ocean transport, and
regasification significantly imrease the upstream burdens of LNG relative to natural gas that is
not liquefied. However, the life cycle eraiens from LNG should bevaluatedising abasis for
comparison that includes tlkembustion of natural gas produceelectricity or another forrof
useful energynot merely the upstream portion of the supply cH®NETL has not published any
LCAs of LNG exported from the U.S., but the technologies for exported LNG are identical to
those for imported LNG.)

Exhibit 2-2 Upstream GHG emissions for different sources of natural gas (NETL, 2014)
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The liquefaction of natural gdsr shipmenis an energyntensive process that uses natural gas
as the key sarce for refrigeration energyhe Sabine Pass Liquefaction Projeaspropose the
construction of a natural gas liquefaction and export terminal in Louisiana. If the Sabine Pass
liquefaction facility is constructed, will produce 3.8 million metric tons of G@missions per
yearwhile exporting 16 million metric tons of natural gas per y@asuming it operaseat 100
percent capacity). Most tfie CO, emissionswill come from the combustion of natural gas in
refrigeration compressor turbines and power generation turfifleRC, D11) These data show
that the liquefaction facility consumes 8 percent of incoming natural gas as fuel required for
liquefaction.Not only do tlesedata demonstrate the loss rate of natural gas at a liquefaction
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facility, theyalso demonstrate the G@missions associated with natural gas combustion at a
liquefaction facility.

2.2 Key Contributors to Natural Gas GHG Emissions

The key drivers of GHG results for all natural gas sources is demonstrated by a comparison of

the results for two disparate ga®ductin technologies: onshore conventional and Marcellus

Shale natural gagxhibit 2-3 andExhibit 2-4 show upstream GHG emissions for the two gas
typesThese boundari es ar dogaaltseo, or enfheerrree d hteo carsa dflc
of natural gas from nature and the gate islevery of natural gas to a power plant via a natural

gas transmission pipelin€hese results use the same boundari&xhwbit 2-2, but show more

detail on the contribution of specific unit processes in the supply chain.

Exhibit 2-3 Detailed GHG results for upstream conventional onshore natural gas (NETL, 2014)
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Exhibit 2-4 Detailed GHG results for upstream Marcellus Shale natural gas (NETL, 2014)
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The above exhibits show how importan¢thane (Ch) is to totalupstreantGHG emissions. In

most energy systems, G the key GHG of concern, but for upstream natural gashane

accounts for the majority of GHG emissions. Nom ut i ne emi ssi ons (fAepi so
significant for conventional and unconventional natural gas sources. The episodic emissions

from liquid unloading account forl1.2percent of upstream GHG emissions from conventional

onshore extraction. The episodic emissions from well completion and workovers account for
13.5percent of the upstream GHG emissions from Marcellus Shale natural gas. Wel

construction, on the other hand, accounts for a smaller contril{afypnoximately 2 percentd

upstream GHG emissions

The above results show that compresaoesa key contributor to GHG emissions for both
conventional and unconventional technologhéatural gas is compressed for transport from the
processing facility to the consumep upstream GH@®missionsare sensitive to pipeline

di stance and the number of compressors that t
default distance of 97km for natural gas pipeline transmission, whidBTL calculatedoy

solving for the distance at which the pBile emissions were equivalent to U.S. annual natural
gas transmission methane emissions. The energy intensity of compression and the fugitive
methame emissions from compressaantribute taupstram emissions(NETL, 2014)In

addition to being a source of methane emissions, compressors are also a sousce of CO
emissionsThe majority of compressors on the U.S. pipeline transmission network are powered
by natural gaghat is withdrawn from the pipeline itselectric motors are not widely used by

Liquid unloading is a type of periodic well maintenance activity that is unique to onshore conventional wells and allavgasata escape.
Liquid unloading removes fluids that accumulates in a wellbifriquid unloading is not performed, the fluids in the wellbore can impede
natur al gas production. EPAb6s data for well emi ssi @ (NETLi20lda) cat e t hat
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natural gas pipelines, but are installed where local emission regulationthé use of internal

combustion engines or wherexpensiveelectricity is available. (Hedman, 2008)

Approximately three percent of compressors used by the natural gas transmission network are
electricallydrivenNETL 6 s model u s e <tricityhged max\(represegtadive of. S. e | ¢
2009 data) to account for the life cycle GHG emissions from electricity generation and
transmission(NETL, 2014)

Note that the GHG emissions from pipeline construction, pipeline compressors, and pipeline
fugitive emisgons are identical between the two natural gas types shokxhibit 2-3 and

Exhibit 2-4; however, since the percent contributions shown in these exhibits are relative to total
upstream GHG emissions, the percent contributions from pipeline activities to total upstream
GHG emissions ardifferent foreach natural @s type.

As shown inExhibit 2-4, water delivery and water treatment account for 2.1 percent of the
upstream GHG emissions from Marcellus Shale natural gas extradtienvater inputs for the
completion of a horizontal, shadgs well ranges from 2 to 6 million gallons, antistantial
flowback water is produced by shale gas wells. (GAO, 2012) While water supply can be an
issue (see Chapter 4, Water Use and Quathg) GHG emissions associated with these water
burdens are relatively small over the lifetime natural gas production rate of, awdetiompared
to other life cycle GHG emissions.

The sensitivity of upstream GHG results to key parameters is shd@xhihit 2-5 andExhibit

2-6. Each of the parameters shown in BbihR-5 and 26 was increased by 100 percent while
holding all other parameters constant, which provides an understanding of how each parameter
affects the GHG resultsorexample, ithe amount of natural gas produced lppaventional
onshore well incrases by 100 percent (doublesyd all other parameters are held constant at

their expected valuethe upstream GHG emissions per unihafural gas delivered decrease by
10.7percentThat is, a higher production rate reduces the amount of episodia@riss
apportioned to each unit of natural gas produBeasitivity is different than uncertainty, so

these tornado graphs do not represent likely uncertainty ranges around key paraiidters. R

the tornado graphshow which parameters are key driver&dfG results(NETL, 2014)
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Exhibit 2-5 Sensitivity of estimated GHG emissions to parameter changes to conventional onshore
natural gas (NETL, 2014)

Pipeline Distance ——— 36.4%
t ALSEAYS CdzAAGADGS /1| weisimSemsmmm—m 29.4%
Pneumatic Device Vent Rate, Extraction _ 14.1%
Liquid Unloading Frequency _ 14.0%
Liquid Unloading Vent Rate p— 14.0%
Production Rate -10.7% m—
Other Venting Extraction Fugitive _ 7.2%
Other Venting Processing Fugitive _ 6.3%
Extraction Flare Rate -5.9% ﬁ
Well Depth = 5.2%
Processing Flare Rate -4.5% ﬁ
Other Venting Processing Point h 3.1%
Other Venting Extraction Point h 3.0%
Completion Vent Rate - 2.9%
Pneumatic Device Vent Rate, Processing h 2.8%
Well Workover Frequency = 2.8%
Workover Vent Rate = 2.8%
Pipeline Electric Motor Share h 2.7%
-40% -20% 0% 20% 40% 60%

Exhibit 2-6 Sensitivity of estimated GHG emissions to parameter changes to Marcellus Shale
natural gas (NETL, 2014)
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For both natural ggsroductiontypes, conventional onshore and Marcellus Shale, the GHG

results are sensitive to mhaction rate and episodic emissions (either liquid unloading or
workovers).Production rate (the amount of natural gas produced by a well during its lifetime) is

an i mportant variabl e i n NETL 6 basinfar apporteig gas m
episodic emissions. For example, workover ventmaikiplied by theworkover frequency and

divided by lifetime production ratequalsthe workover emissions per unit of gas produced.

Based on the relationship between production rate and life cyt énissions, a highly

productive well with measures for reducing emissions from episodic activities will have

significantly lower life cycle GHG emissions than a poorly producing well with no measures for
reducing episodic emission®NETL, 2014)

Accor di ng t o wheknkturél gas isdetiveréd,to a power plant or other-Ergle
consumer92 percent ofhenatual gas extracted at the well exits the transmission netwawe

8 percent share that is not deliveredh® users ventedeither intentionally or unintentionally)

as methane emissions, flared in environmental control equipment, or used as fuel in process
heaters, compressors and other equipment. For the delivery of 1,000 kg of natural gas to a power
plant, 12.5 kg of methans released to the atmosphere, 30.3 kg is flared towzO

environmental control equipment, and 45.6 kg is combusted in process equipment. When these
mass flows are converted to a percent basis, methane emissions to air represent a 1.1 percent loss
of naural gas extracted, methane flaring represents a 2.8 percent loss of natural gas extracted,
and methane combustion in equipment represents a 4.2 percent loss of natural gas extracted.
These percentages are on the basextbctednatural gas. Converting a denominator of
deliverednatural gas gives a methane leakage rate of 1.2 pef&TiL, 2014)

The above results for uncertainty and sensitivity clearly point to the significance of production

rates and episodic emissions. Data for these varialddsrared, especially fothe relatively

new activity in theMarcellus ShaleplaNETL 6s upstream GHG resul ts f
an EUR of 3.25 billion cubic feet of natural gas. This EUR is based on sharply declining

production curves projected ov@BCyear period. The longerm performance of Marcellus

Shale wells is uncertain, so NETL bounds its Marcellus Shale production rate parameters with an
uncertainty range of +50 percent. (NETL, 2D4)

The factors for episodic emissions are based osupporting documentation for the E®A

national GHG inventoryTheEPAG6s emi ssi on factor for unconve
workovers is 9Y00thousand cubic feeMcf) of natural gas emissions per episoghich was

developed from a series of presginsby their Natural Gas STAREPA Science to Achieve

Result program. The data behind this emission factor are highly variable, ranging from 6,000 to
over 20,00Mcf per episode (6 to 20 million cubic feet per episode), and include data collected

in the 1990s. (EPA, 201Cathles, 201RIt should also be noted that this emissio®(9,

Mcf/episode) and other emissions from unconventional extraction operations can be captured

and flared using current technol aigtyaaysig Cat hl e
in Exhibit 26, an increase in flaring rate will significantly reduce the GHG emissions from
unconventional natural gas producti@ther data points for unconventional emissions are

summarized in the following section, butther data dtection and research is necessary to

reduce the uncertainty associated with this emission factor andeotis=ions from

unconventional natural gas extraction
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2.3 Other Natural Gas Analyses

At least four other research teams have performed systeshLCAs of natural gas production

using methodologies similar to the one used and documented by NETL. The refuke off

the nonNETL studies, given their uncertainties, are generally consistent h  NETLOs anal
and indicate that the GHG emissidram unconventional production are comparable to, if not

lower than, conventional production. The widely cited exception is the study by Howarth, et al.
(2011a) that shows higher emissions for unconventional gas relative to conventional and higher
emissions foboth relative to the other studies.

Researchers at Carnegie Mellon Univergiigng et al., 2011gstimated the GHG emissions

from Marcellus Shale natural gas and compared it to U.S. domestic average natural gas. They
concluded thatlevelopment and congtion of aMarcellus Shale natural gasll has GHG
emissions that are 11 percent higher ttendevelopment and completion of an average
conventional natural gas wellhis 11 percent difference is based on a narrow boundary,
representing only the diffences in well development and completion for Marcellus Shale and
conventional natural gas. Whdre life cycle boundaries are expanded to include combustion to
generate electricityhe percent difference betwetie GHG emissions fromarcellus Shale
andconventional natural gasreducedo 3 percentin other words, as the boundaries of the
systems are expanded, the differences between conventional and unconventional wells are
overshadowed by other processes in the natural gas supply(diexig. et al 2011)

Researchers at Argonne National Laboratory estimated the GHG emissions from shale gas and
compared it to conventional natural gas and other fossil energy sources. (Burnham et al., 2011,
Clark et al., 2011) Their results show that shale gas emssai@ 6 percent lower than

conventional natural gas, but the overlapping uncertainty of the results prevents definitive
conclusions about whether shale gas has lower GHG emissions than conventional gas.

Researchers at the Science and Technology Polititubesapplied Monte Carlo uncertainty
analysis to a set of six natural gas LCAs and concluded that the upstream GHG emissions from
conventional and shale gas are similar. (Weber and Clavin, ZH}ix studies include four of

the studies mentioned heréBurnham et al., 2011; Howarth, 2011a; Jiang et al., 2011; NETL,
2012) as well as studies conducted at University of Maryland (Hultman, et al., 2011) and Shell
Global Solutions. (Stephenson et al., 28Mgber and Clavinecommend the use of efficient
technologies for converting natural gas to electricity, heat, or transportation applications. They
also recommend implementation of reduced emissionpletiongRECS) for the development

of shale gas wells.

Research conducted by Robert Howarth at CoteiNersity (Howarth et al., 2011a) concludes

that the high volumes of gas releasedbgraulic fracturingnake the life cycle GHG footprint

of shale gas significantly higher than conven
7.9 percent of natal gas extracted from shale gas wells is released to the atmosphere as

methane( The mi dpoint of Howarthos r a8nwhienh of | eak |
compares the leak rates calculated by various authors.)

! The analysis by the University dMaryland concludes that unconventional natural gas has upstream GHG emissions that are approximately 2
percent higher than those from conventional natural gas; the analysis by Shell Global solutions concludes that uncaashtsnabstream

GHG emisgdns that are 11 percent higher than those from conventional natural gas. These two analyses do not contradict nor ekgand upon
conclusions of the other upstream natural gas analyses discussed in this report, so they are not discussed further.
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The boundaries of these LCAs are ra#ritical. Carnegie Mellon Universifyiang et al., 2011)

and the Science and Technology Policy Institute (Weber and Clavin, 2012) use the same
boundaries as NETL (NETI2014 , but Argonne National Laborat
scenarios for vehiclesthats e compr essed natur al gas (Burnhar
analysis includes distribution of natural gas beyond the natural gas transmission network in order

to include small scale end users. (Howarth et al, 2011) Fortunately, the transparensg of the

analyses allows boundary reconciliation, so the World Resources Institute (WRI) converted them

to an upstream basis (from natural gas extraction through natural gas delivery via pipeline).

(Bradbury et al., 2013 xhibit 2-7 shows theGHG resultsas compiled bWRI 6 s st udy. Th
results use a 16gear time scale to show GHG emissions in terms of carbon dioxide equivalents

(COse) per megajoule (MJ) afelivered natural gas. While WRhowstheseresults on the basis

of similar boundarieseach author used a different basis for calculating uncertainty. The error

bars shown irExhibit 2-7 are a mix of data, parameter, and scenario uncertainties.

WRlalsor econci |l ed NETLO®s u pshdwn ieExhibit A7aHoweved, | gas r e

WRI 6s reconcil i ati ons2012naturel gas enslghhE TalicGresne of NET
results, representative of modeling updates made in 2012 andh2@&3xpected values that are

lower than othemauthorsMor e det ail s on NETLO6s natur al gas
Section2.2

Exhibit 2-7 Upstream GHG comparison between conventional and unconventional natural gas
(Bradbury et al., 2013)

Unconventional Conventional

Weber (Science and Technology Policy L —
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Burnham (Argonne National Laboratory)

e
Jiang (Carnegie Mellon University)
Howarth (Cornell University) :
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GHG Emissions in 2007 IPCC-$0GWP
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The authors shown in Exhibit& identify extraction, processing, and transport as sources of
methane leakage, but, othbah well completion emissions, do mpecify thesub-activities that
contribute to methane leakages 1 dent i f i ed the tpp fduEconiribusorsimo d e | ,
methane leakageom unconventional natural gase completions, workovers, pneumatically
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controlled valvesused at extractigrand compressors used during processing and pipeline
operations. (NETL, 204

Because ofhe potency of methane as a GHit&thane leakage ratesrdinate he GHG
emissions from upstream natural gas systems. Exhbit@npaes themethandeakage rates
for conventional and unconventional natural gas extraction, as calculated by three aAalyses.

discussed earlieNETL6s | eakage rate for the 2010 supply

sources is 1.2 percent and is expresse¢drms of methane emissions per unit of natural gas
delivered to a largscale consumediang desnot explicitly reporia methandeakage rateThe
boundaries on these leakage rates are from extraction through d€Braxbury et al., 2013)

Exhibit 2-8 Comparison of leakage rates from upstream natural gas (Bradbury et al., 2013)

Methane Leakage Rate
Author . :
Conventional Onshore Unconventional
Weber (Science and Technology Policy Institute) 2.80% 2.42%
Burnham (Argonne National Laboratory) 2.75% 2.01%
Howarth (Cornell University) 3.85% 5.75%

The differences in GHG emissions andthandeakage rates among natural gas analyses are
driven by different data sources, assumptions, and scopes. (Bradbury et al.O20413)
differencesamong these analyses,idsntified in literatureare summarized below.

Most analysts use IPCC GWPs to scalethane to an equivalent quantity of Cldowarthdoes

not use IPCC GWPs, buses GWPs developed by ShindelNational Aeronautics and Space
Administration (NASA) scientist whose calculations account for the heating and cooling effects
of aersols inaddition to GHGs(Howarth et al., 2011&)na 10Qyear time frame, the IPCC

and Shindell GWPs for methane are 25 and 33, respectively. (Bradbury et al., 2013; Howarth et
al., 2011a; MIT, 2011Howarth uses a methane GWP that is 32 percent higher thdubyise

ot hers, but further analysis and reconcil:i
uni que GWP contributes to the difference b
choice of GWP factors is one of several modeling and data choicesenigt o Howar t h
Howarth acknowledges the uncertainty in GWPs and defends his use of Shindell GWPs on the
basis that they are representative of the most recent science. (Howarth et al., 2012)

GWPs will change as our scientific understanding ohate change progresses. The IPCC
recentlyfinalizedits fifth assessment report on climate change, which includes GWPs that will
supplant the GWPs from the fourth assessment report (released in 2007).The fifth assessment
report increases the 19@ar GWP of methane from 25 to 28. Further, if the globamivey

caused by the decay of methane to,8@o be included within the boundaries of an analysis, the
fifth assessment report recommends ay€& GWP of 30 for methane. The GWP of methane is
a function of the radiative forcing directly caused by methiaiee atmosphere, as well as the
radiative forcing from products of methane decay. IPCC increased the GWP of methane based
on new data that shows that the lifetime of methane in the atmosphere is 12.4 yeaisafa 12
lifetime was used in the previousrs®mn). IPCC also increased the GWP of methane based on
revised assumptions about relationships among methane, ozone, and water vapor in the
atmosphere. (Stocker et al., 2013)
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There isuncertainty as to how much methane is released during the initialsitbwds water

from an unconventional well. The emission of natural gas from flowback water accounts for

most of the emissions from the completion of shalegas WélssE PAG6s emi ssi on f act
natural gas released from the flowback from unconventiomapkaiions is approximately 9,000

Mcf per episode. The data behite EPA s emi ssi on factor are highl
6,000 to 20,00Mcf per episodeand include data collected in the 1990s. (EPA, 2010) NETL

useshe EPA s e mi s s i o nbadk antissians. (NETH2014) fCarmegre Mellon
Universityods anal ysi s stdtflow lpaskimeteaaenemiasinsare a | gas
equal to the total gas produced during the first 30 days of production McIQier episode).

(Jiang et al., 2011) Haavth averages theowback emissions frontwo shale gas wells and two

tight gas wellsand concludes that flowback emissions are 1.6 percent of the total gas produced

by a well during its entire life. (2011a) Howarth does not explicitly state a flowbaislksiem
factorintermsoMcfper epi sode, but applying Howarthos
wells cited in Howarthoés anal ysMd/episadans| at es
Another data point is an emission factor of 5,806 per episod, which was developed by

Southern Methodist University for the Environmental Defense Fund (EDB)is representative

of shale gas development in the Barnett Shale. (Armendariz, 2009) The flowback emissions used

by other authors discussed in this re@oet not clearly stated in their work.

Howarth does notusee EPA's emi ssi on factor to characteriz
Howarth compiles data from five basins where unconventional extraction is occurring (Barnett,
Piceance, Uinta, Denvdules, ad Haynesville) and assumes addy period in the last stages of

fl owback during which gases Afreely flow. 0 Th
Haynesville basin are especially high, ranging from 14 to 38 million cubic feet per day.

(Howarth, 202) Other analysts claim that the flowback fldioesnot contain as much gas
indicated by Howar t h 0-gasedus tinaterial @strudtsnhg wellbore and a ¢ k ,
prevents the release of methane and other gases. (Bradbury et al., 2013; Zixthles,
O6Sullivan and Paltsev, 2012)

EUR is used to apportion the otime impact of flowback emissions per unit of natural gas
produced. (Howarth, 2012; Hughes, 2011; NEZQ@]14 NETL uses EURs of 3.0 and 3.25

billion cubic feet for Barnett Shale and Mallus Shale, respectively, based on 2009 production
data for the Barnett plafevelized over 30 years of productjpand a decline curve analysef
initial production rates reported by producers in the Marcellus INETL, 204) Jiang et al.

use arEUR of 2.7 billion cubic feet over a Akear periogdand note that some producers have
EURs as high as 7.3 billion cubic feet. (2011) Howarth points to the uncertainty in lifetime
production rates for unconventional wel&id contends that the EURs u$gdNETL and Jiang
are too high. (Howarth, 2012) To represent the EUR of all unconventional wells, Howarth uses a
value of 1.24 billion cubic feet, which is based on a decline curve analysis of Barnett Shale
wells. (Hughes, 2011) The variability in EURs &rale gas wells is due to a lack of lelegm
historical production data. Shale gas wells use new technologies to extract natural gas from
previously unproductive geological formations; EURs are merely estimates eflong
performance using initial prodtion data and assumptions about kbegn performance.

(NETL, 2014 As shale gas extraction develgpbke uncertainty in EURs will be reduced.

! The prodiction rate of a well declines as the well gets older. A decline curve analysis plots the production rate of a well;aber dirme
under the curve represents the total lifetime production of the well. By knowing the initial production rate ofral Wedheassuming a shape for
the production curve, the total lifetime production of the well can be estimated.
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Flaring is the controlled combustion of natural gas that cannot be easily captured and sold
Unconventional gaiis sometimes flared during well completiitaring is an important safety
practice,andit also reduces the GWP of natural gas extraction and processing operations by
convertingmethando CQ,. Again, as discussed in Sectidri, zero venting is the ultimate goal,

but if venting happens, then it is environmentally preferable to flare vented gas because flaring

reduces the GWP of the vented & TL, 204) NETL (2014)andO6 Sul | i van and Pa
(Bradbury et al., 2013)ssume a 15 percentflaringradeE TL6s f |l ari ng rate of
based onhe EPA's i nventory documentation for the oill

representative of an emerging indydbr unconventional natural gas extraction where best
practices are not yet implemented. As unconventional extraction grows and best practices are
implemented, the flaring rate will likely increasedustry representatives claim that the flaring
rates br unconventional natural gas extraction are as high as 97 percent. (Bradbury et al., 2013)
Howart hds mo d e inethangdcssesraeedirecti raleéased to the atmosphere and are
not flared. (Cathles et al., 201 owarth cites personal commuat®n with producers who say

they do not flare emissions during unconventional well developniémtzarth also contends

that themethaneaeleased during unconventional well development is quickly mixed with the
atmosphere and does not pose a safety h#izarrdvould require flaring. (Howarth et al., 2012)

Most natural gas analyses uke EPA' s nat i onal GHG inventory to
pipeline emissionslhe national inventory data accounts for the different fates of methane
(fugitive emissions, veirtg from compressors, and combustion in compressors) during natural
gas transpor{Bradbury et al., 2013; NETI2014 Howarthdoes not use guidance from the
national GHG inventory to account for the sources of methane emissions during natural gas
transmssion.(Howarth, et al, 2011; Cathles et al., 20H9warth assumes that the difference in
methanebetween the inlet and outlet of the pipeline is equaléthaneemissions from pipeline
operation. This mass balance approach does not account for the consumpisbhaoidoy

pipeline compressors. (Cathles et al., 20Pipeline compressors combuséthangor

compression energy, convertingethango CG; in the pocess. (NETL, 204) Howarth
acknowledges the limitation of his approach, but also points out that the EPA inventory data is
more than teryears old and relies too heavily on voluntary industry reporting. (Bradbury et al.,
2013; Howarth, 2012)

Howarth inclues two phases of natural gas transport: transmission and distribution. (Howarth et
al., 2011 Cathles et al., 201Transmission moves natural gas from a processing plant te large
scale consumers near cities or export termjrddsribution is an additioal step that moves

natural gas to commercial or residential consun&ig, 2008)Howarth poins out that heat
generation, which includes a large share of small residential and commercial consumers and
requires a natural gas distribution network, accefmt the largest share of natural gas
consumption in the U.S. (201@thernatural gas analyséscus on the use of natural gas for

power generation, which does not require natural gas distrib(iN&T.L, 2014; Bradbury et al.,

2013)

Exhibit 2-9 compares the modeling choices and parameters of four LCAs that include shale gas.
This includes the LCAs conducted by NETL (2012), Carnegie Mellon Uniyddsang et al.,

2011), Argonne National Laboratory (Burnham et al., 2011), and Cornell University. (Howarth

et al., 2011a) The analysis conducted by the Science and Technology Policy Institute (Weber and
Clavin, 2012) is not included i&xhibit 2-9, because it is a metmalysis of six other analyses
(including the four analyses mentioned above), thus has broad, derivative parameter ranges.
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Exhibit 2-9 Comparison of Modeling Choices and Shale Gas Parameters Used by Four LCAs

Modeling Choices Authors
and Shale Gas ,
- NETL Jiang et al. Burnham et al. Howarth
Upstream Natural Extraction
P : Extraction throughransmission through
Gas Boundaries Y
distribution
Wg?&?’f;gjt'gsﬁ‘gls 2007 IPCC GWPs Shindell GWPs
(GWP) (CHis 25x Cg) (CHis 33x C¢)
Estimated Ultimate | 3.0 BCF (Barnett)
Recovery (EUR) pe 3.25 BCF 2.7 BCF 3.5BCF NA
Shale Gas Well (Marcellus)
Well Lifetime 30 years 25 years 30 years NA
. 0 I
B
9,000Mcfwell | day x 9.5 days =| 9,175Mcfiwell P
from Well 38 .950Mcfwell (47,000
Completion ’ Mcfiwell)®
Flaring Rate of
NaturalGas in
Flowback Water 15% 76% 41% 0%
from Well
Completion

! Howarth does not specify an EUR in his analysis. (2011) A straight average of the lifetime produ
rates in Table 1 of Howarth's analysis gives an EUR of 3.1 BCF. Hughes attributes an EUR of 1.2
Howarth's work. (Hughes, 2011)

>Howarth does nbspecify well lifetime as a modeling parameter.

® Howarth expresses natural gas losses in terms of percentage of lifetime production. (2011) The
emission factor shown here (47,00@f/well) is not specified in Howarth's analysis, but can be
calculatedsolely from the production and loss rates shown in Table 1 of Howarth's analysis.

As shown by the comparison of the above LCAs, there is significant uncertainty in the emissions
from unconventional natural gas extraction. This uncertainty will be redigcetbre data are
collected. Collaboration between the University of Texas and EDF is a recent example of how
data collected at natural gas extraction sites can inform natural gas analysis. Emissions were
measured at 489 natural gas wells across the Wli&inalude conventional and unconventional
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extraction technologies. Based on these measurements, the University of Texas calculated that
the total methane emissions from natural gas extraction represent a 0.42 percent loss of methane
at the extraction sitehis loss factor is an aggregate of conventional and unconventional wells

and represents only the natural gas production activities at the extraction site, not processing or
pipeline transmission. The measurements also include emissions from 27 unocoavent

completions and show that environmental control equipment can reduce the methane emissions
from unconventional completion to levels that are 97 percent lower than the completion
emissions currently estimated by the EPA. The University of Texas aRdh&ie published

only one paper about their research to this point, although additional papers are expected. (Allen
et al., 2013)

A survey conducted by the APl and ANGA is an example of how data collected by industry can
inform the emission factors used #&yalysts. These organizations surveyed 20 member

companies to collect data from 91,000 domestic natural gas wells. Based on the survey, APl and
ANGA conclude that the rate of workovers for
f r e q u e n ctgnth)of the sate speaiied Itlye EPAdocumentation of the oil and gas sector.
(Shires et al., 2012)

Brandt et al(2014)reviewed 20 years of technical literature on natural gas emissions in North
America and demonstrat¢hatthe methane emission facsaused by different authors are highly
variable. One source of variability is the way in which methane emissions data are collected;
some emissions are measuatd devicdevel (e.g., the flowback stream from a hydraulic
fracturing job), while other erssions are measured at regional boundaries é&ngospheric
samplingin a regionthat has natural gas productjomheoretically, if these two types of
measurements are scaled correctly, they should resiiilarsmethane emission factors;

however the two methods lead to GHG results that differ by a factor of ten. Brandt et al. (2014)
conclude that improved science for determining methane leakage will lead-&ffectte

policy decisions. (Brandt et al., 2014)

Improper well construction and fracas in rock formations can also result in methane emissions
from the target formation during productiomhe currentlife cycle models for shale gas

extraction do not include ground water as a source of GHG emiskletitsanemigration as a
potential source of drinking water contamination is discussed in greater detail in Chapter 4,
Water Use and Quality.

2.4 Mitigation Measures

TheEPA's New Source Performance Standards (NSPS)
sector. The ew regulationsre applicable to new or modified wellhe final NSPS rule that

was established in August 2012 focuses on RECs, compressor seals, storage tanks, and

pneumatic controllersThe schedule for NSPS compliance is staggered; some emissiorssource

were to be reduced within 60 days from the publication of the NSPSaul&xgtober 15, 2012,

but all emission reductions must be achieved by January 1, 2015. (EPATR@%2)targets for

emission reductions are described in more detail below.

RECs ug portable equipment that is brought onsite to capture gas from the solids and liquids
generated during the flowback loydraulic fracturingvater. RECs equipment includes plug
catchers and sand traps thernove drilling cuttings and finer solids thatukgrom well
development. Three phase separators are used to separate gas and liquid hydrocarbons from
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flowback water. These separation processes are necessary onlycguanigtions and
workoversto prevent the release of methane and other gases antiosphere ani reduce the
need for flaring. (EPA, 2011a)

Compressor seals include the wet seals used by centrifugal compressor and the rod packing used
by reciprocating compressors. Wet seals surround the rotating shaft of a centrifugal compressor
with oil, which prevents gas leakage from the compressors. The oil used by wet seals must be
continuously regenerated, which releases methane to the atmosphere. By replacing wet seals with
mechanical dry seals, the methane emissions from centrifugal compiesstes reduced.

(EPA, 2011b) Reciprocating compressors prevent methane leakage by encasing each
compressor rod with a set of -@ibated, flexible rings. Proper maintenance and routine

replacement of these rings prevents unnecessary leakage of metiFae2@E6c)

Storage tanks hold flowback water and liquid hydrocarbons recovered from the production
stream. Variable loading levels and temperatures cause the venting of methane and other gases
from these tanks. By installing vapor recovery units on staeages, producers can reduce

emissions from natural gas production. (EPA, 2006b) The captured emissions can be combusted
onsite to provide process energy or they can be channeled to the sales stream.

Pneumatic controllers use gas pressure to open and close valves throughout a natural gas
production and processing system. Natural gas is commonly used to pressurize pneumatic
control systems. The bleeding of natural gas from pneumatic controllers vehget the
atmosphere. The GHG impact of pneumatic control systems gaalbeedby installing

pneumatic systems that use pressurized air instead of pressurized natural gas. (EPA, 2006a)

Since the regulations focus on RECs, they are more applicabtedaventional wells.

However, the regulations also mandate emission reductions from pneumaticetylled

valves and compressor seals, which are two types of emission sources common to conventional
and unconventional technologies.

The 2012NSPSregulatbnsdo notcoveremissions from liquid unloading or natural gas pipeline
transmission. Participantsthe EPA s Nat ur al Gas STAR program ha
automated plunger lift systems can remove liquids from the wellbore at optimal frequencies that
prevent the venting of natural gas to the atmosphere. Other technologies for reducing emissions

from liquids unloading includéhe use oémaller diameter tubing that maintains production

pressures at levels that reduce the frequency of liquid unloadidgpaming agents that reduce

the density and surface tension of accumulated liquid. (EPA, 2011c) The replacement of wet

seals and rod packing on transmission pipeline compressors, and applying the same type of
improvements that can be applied to compues at extraction and processing sites, can further

reduce pipeline emissions and product losses.

Thegoal of NSPS is to reduce methane emissions from the targeted sources (completions,
compressors, pneumatic valves, and storage tanl&f pgrcent. NSPBnplementatioris
applicable onlyto extractioand processing activities and, b a s
could reduce upstream GHG emissions from the domestic natural gas mix (which includes
conventional and unconventional technologies®percent. NETL, 2014)

From a national perspective, a reduction in methane emissions from natural gas systems could
reduce the annual U.S. GHG inventory. In 2011, natural gas systems (processes for the
extraction, processing, transport, and storage of najaglreleased 145 teragrams of,€ Of
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methane to the atosphere. (EPA, 2013) The total U.S. GHG inventory in 2011 was 5,800
teragrams of Cé2, (EPA, 2013) so methane from natural gas systems is 2.5 percent of the total
GHG invertory. As discussed abovSPSreductions can reduce upstream GHG emissions by
23 percent, which means they can reduce the entire U.S. GHG inventOr§ fisrcent.
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3 Air Quality

Greenhouse gas (GHG) emissions from natural gas systems have received significant attention in
current literature; however, they are not the only type of air emission from natural gas systems.
The two key sources of ndBHG emissiongsre

1 Uncaptured Ventig: Releasesatural gaswhichis a source of volatile organic
compound (VOC) emissions.

1 Fuel CombustionProduces a wide variety of air emissions, including nitrogen oxides
(NOy), carbon monoxidéCO), sulfur dioxide (S¢), and particulate matter (PM).

VOCs and NQreact in the lower atmosphere to produce grelendl ozone, a component of
smog that adversely affects human respiratory health. The reaction between VOCs&1d NO
unique because it represents an interaction between two emission sonrites ¢ase,
uncaptured venting and fuel combustion). The other emissions from fuel combustion have a
variety of human health and ecological impacts. CO affects human health by reducing the
oxygencarrying capacity of blood. S@eads to soil or surface W& acidification (via acid rain).
PM is linked to poor heart and respiratory health. (EPA, 2012a; GAO, 2012)

3.1 Uncaptured Venting

The venting of natural gas during the extraction and processing of natural gas is a key source of
VOC emissions. VOCs, like medne are a naturalhpccurring component of natural dasd

react with other pollutants to produce grodedel ozone. Since VOCs come from the same

sources amethanean understanding of the sourcesmathaneemissions from natural gas

provides a basifor understanding the sources of VOC emissions from upstream natural gas. For
example, a single instance of well completion with hydraulic fractwamgvent millions of

cubic feet of raw natural gas. (NETL,24) This vented natural gas is mosthethanebut also

contains heavier hydrocarbons that are classified within as VOC emissions. Similarly, the

fugitive emissions of natural gas from valves, compressors, and other natural gas distribution and
processing equipment releases VOCs in additiondthane

As shown byExhibit 3-1, the pattern of VOC emissions among natural gas types follows the
same pattern as methane emissemeng natural gaypes.The National Energy Technology

L a b or aNETL) mdda uses a bottomp” approach that uses a combination of engineering
calculations and Environmental Protection Age(tERA) emission inventory data to estimate
emissions from natural gas systeile emissions from onshore conventional natural gas are
comparable to those from Barnett and Marcellus Shale natural gas,ashichorateshe
conclusionthat emissions from unconventional extraction are not necessarily higher than those
from conventimal extraction. (NETL, 204)

! Unprocessed natural gas has an average VOC composition of 18 percent by mass, and processed natural gas has a
VOC composition of 5.6 percent by mass. (NETL,£01

A fiboupd mmodel i s a -prooessgs ithhtarte ilinked together o udpteaanentire system.

Bottomup models are flexible and can be used to identify the key contributors to overall system behavior. In
contradbowndit mpdel s use data col | ecdoendmodels ane nuseful dor sy st er
understanding total stem behavior, but cannot be used to assess relationships betwgaocagses and total

system behavior.
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Exhibit 3-1 Comparison of methane and VOC emissions from upstream natural gas
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The emissions from offshore natural gas extraction (also shoixhibit 3-1) are relativelylow
because offshore platforms have high production rates that justify capital expenditures on loss
reduction technologie3he confines of offshore extraction platforms also present a safety
challenge that requires prevention of flammable gases sunkthaneor VOCs. (NETL, 204)

The success of offshore platforms at mitigating natural gas losses illustrates that existing
technologies are effective at reducing VOC emissions from natural gas extraction. There are no
technological barriers to applying such emission reduction technologies to shale gas or other
source of natural gas.

The emission reduction opportunities for VO&@s the same as those foethaneemissions
because vented natural gas is a source of both VOCs and mé&ldneed emission

completions (RECs) use portable equipment that capture and flare natural gas during well
development. Optimized timing of plundéts for liquid unloading prevents unnecessary

venting of natural gas from conventional onshore wells. New technologies for valve control use
compressed air instead of natural gas, which preteatventing of natural gas from the

bleeding of pneumaticontrol lines. Dry seals for centrifugal compressors and routine
maintenance of rod packing in reciprocating compressors can reduce VOC emissions from
upstream natural gas. These emission reduction opportunities are targetedEBYANew

Source Performare Standards (NSPS), and can reduce venting emissions, including VOCs, by
95percent. (Clark et al., 2012; NETL, 24

Anothersource of VOC emissions from the oil and gas sector is venting from condensate storage
tanks. (EPA, 2012bNETLO kfe cycle andysis (LCA) of natural gas dsnot includeemissions

from storage tank ventingnd assigns all storage tank VOC emissions to the condensate rather
than the natural gagNETL, 20L4) This choice allows the analysis to focus on the gas and its
uses, but @aomprehensive assessment of upstream unconventional natural gas production would
factor for storage tank venting. For examphe Marcellus region has dry and wet gas. The

shale gas extracted in New York and northeastern Pennsylvania is dry; it is metsiiyne and

does not containatural gas liquidsNGLS) that require storage. The shale gas extracted in
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southwestern Pennsylvania, on the other hand, is wet gas. (MCOR, 2010) Wet gas has NGLs in
addition to methane. If stored in tanks with uncontrolledtiwng, the NGLs from wet gas
becomea source of VOC emissions.

There is aseparatenarket for NGLs from shale gaand their production affects the economics

of gas productionShell Chemical announced plans to build an ethane cracker in southwest
Pennglvania using shale gas condensates as a feedstock. The cracker would convert NGLs to
valuable petrochemical materials. (Ordonez, 2012) If NGLs are valuable raw material, then it
motivates industry to improve VOC recovery at natural gas extraction anespiog sites.

(FERC, 2012) The use of condensate storage tanks represents a regional variation. If natural gas
is produced in a region with wet gas, then the production of naturabgliresult in VOC

emissions from condensate storage tanks. If nagasals produced iaregion with dry gas, then

the production of natural gas does not result in VOC emissions from condensate storage tanks.

A study conducted by Southern Methodist University for Environmental Defense Fund (EDF)
also used a bottomp approach to calculate air emissions from naturaégtaction. The

analysis focusedn gas extraction in the Barnett Shale region. It categbeimissions into

point, fugitive, and intermittent sources. Point sources include state/operation of

compressors and condensate storage tanks. Fugitive sources include uncaptured gas venting from
steadystate production processes. Intermittent sesirepresent the gas vented to the

atmosphere during well development or occasional maintenance activities. The study concluded
that venting from condensate storage tanks is a key contributor the VOC inventory in the Barnett
region. These VOC emissioneaspecially high in the summer when high ambient

temperatures increase the venting rate of condensate storage tanks. The rate of VOC emissions
from condensate storage tanks in the Barnett region has afemugg potential comparable to

the onroad vehite emissions from the fiveounty region that includes Dall&®rt Worth.
(Armendariz, 2009Y his does not necessarily mean that the VOC emissions from condensate
storage tanks in the Barnett Shale region can cause the same level of smog generateddy on
vehicles in the Dallafort Worth area. Smog formation is a multivariable phenomenon; VOCs
cause smog only when they are in the presence @eNssions. (EPA, 2012a)

In contrast to bottorup methods for calculating air quality emissions, the Nati@aalanic and
Atmospheric Administration (NOAA)Rétronet al., 2012) modeled air quality from natural gas
activity using a toglown method that divided total measured emissions from an entire region by
total natural gas produced by the region. The gotiefnalysis was to assess the effect of rapid
growth in the oil and gas industries on air quality in the Rocky Mountain region, which had over
20,000 wells in 2008. Air quality data were collected from a@@der tall tower (located 35
kilometersnorthb Denver) a-badedbroab&dmodai t es anPgtioneng equi
al. concluded that four percent of extracted natural gas (a combinatizetltdineand VOCS) is
vented. (Pétron et al., 201Phis result is higher than thmatural gas leakage ratealculated by

NETL and other authors (which range from 2 to 3 percent), but is within the range of natural gas
leakage rates calculated by Howarth (3.6 to 7.9 percent). A more detailed discussion of natural
gas leakage rates is included in Chapter 2.

The NOAA analysis(Pétronet al., 2012)vas one of the first studies that used actual field
measurements to calculate the leakage rates from unconventional gas. However, it is based on
data from tight gas production, so the conclusions do not necessariy@agphle gas
production.Further, esearchers at Massachusetts Institute of Technology (MIT) point out that
natural gas extraction is not the only activity in northeastern Colorado that proceiteseand
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VOC emi ssions. ( OO0 Su lhenithe aimuastyndata Weeelcdllectedvin 201 2)
2008, most wells in the region were in tight sand formations that produced oil and gas.
(O6Sullivan and Paltsev, 2012) I n addition to
processing and gathering pipelinel8 Sul | i van and Paltsev, 2012)

Michael A. Levi, an analyst at the Council of Foreign Relations, challenges the NOAA (Pétron et

al ., 2012) conclusions. Levi claims that NOAA
molecular composition of ventednatura gas . 06 (Levi, 2012) Levi app
methaneand VOCs that he believes is more consistent with the sampled region to calculate
methaneemissions that are more consistent with bottggnmodels of natural gas production.

Levi 6s cdomatéxplisitly explan the tradeoff betweerethaneand VOC emissions

(given a fixed volume of vented natural gas, the volumaethanelecreases as the volume of

VOCs increasesApplying a lowemethaneto-VOC ratio to topdown emission data will

reducethe calculatednethaneemissions, but wilincreasethe calculated VOC emissions.

The Arkansas Department of Environmental Quality (ADEQ) conducted an air emissions study

in 2008usinga hybrid of bottorup and topdown modeling approaches. (ADEQ, 20The

study was funded by a grant from the United States (TUI®EPA and had the goal of

assessing the effects of shale gas development in the Fayetteville Shale. The Fayetteville Shale is
in north central Arkansas. BB emissidnufdm used
shale gas: (1) a systewide inventory based on emission factors and (2) ambient air monitoring.
The application of emission factors to represent all natural gas development and production
activity in an entire region is an axale of a bottorrup modeling approach, while the

interpretation of ambient air data is an example of adtmpn modeling approach. Both of these
approaches are described in more detail below.

ADEQ developed a systemide inventory of shale gas developmanthe Fayetteville Shale by
scaling emissions factors by 2008 gas development activity. Emission factors are observed or
calculated emissions for a specific procd3EQ focused on processes specifitiyaraulic
fracturing and the operation of compress

ADEQ calculated annual air emissions fromhgitiraulic fracturingn the Fayetteville Shale by
applying an emission factor of 5,08f to the 704 new wells that were completed in 2008. The
chosen emission factor of 5,0Mxf/episode was taken fromsimilar analysis on Barnett Shale
(Armendariz, 2009) and represents the volume of natural gas vented to the atmosphere during the
hydraulic fracturingpf asingle wel ADEQ6s emi ssi on factor represeil
gas (which includes methane and VOCSs) released dayhgaulic fracturingand has the same
boundaries as the completion emission factors for unconventional wells as discussed in

Chapter2 (for exanple, NETL uses a shale gagdraulic fracturingemission factor of 900

Mcf/episode) and showin Exhibit 2-1. A D E Qémsssion factor (5,00WIcf/episode) is

discussed in this chapter because it was developed with the goal of evaluating shale gas
emissions with impacts other than climate change.

ADEQ calculatesotal compressaemissiondy factoring the combustion emissions from the
operation of a sigle compressor by the 356 compressors used for natural gas distribution in the
Fayetteville Shale. The emission inventory concluded that the VOC emissions from compressor
stations are the largest source of VOC emissions from shale gas development yettiesifa

Shale. (ADEQ, 2011)
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ADEQ used photoionization detectors to measure ambient VOC emissions the Fayetteville
Shale. A total of 14 air sampling sites were set up, including six drilling sites hyulesulic
fracturingsites, four compressor stations, and one control site. Elevated levels of VOC emission
were measured near the drilling sites, but were near minimum detection limits reairalilic
fracturingsites, compressor stations, and the control site. ADEQ wdedIthat the open storage
tanks for drilling mud and cuttings are the likely cause of elevated VOC emissions around the
drilling sites. No data were collected on the composition of VOC emissions, so further data
collection is necessary to assess the piaiempacts of drilling VOCs on public health. (ADEQ,
2011)

ADEQ did not identify condensate storage tanks as a significant source of VOC emissions from
the development and operation of shale gas wells. The Fayetteville Shale produces dry natural
gas, wih heavy hydrocarbons (i.e., hydrocarbons with a higher mass than methane) comprising
less than 0.5 percent of raw natural gas. The separation and storage of heavy hydrocarbons can
be a significant source of VOC emissions for some regions. However, theeltov

concentration of heavy hydrocarbons, the extraction of natural gas in the Fayetteville Shale does
not have storage tanks for NGLs. (ADEQ, 2011)

3.2 Combustion Emissions

The combustion of natural gas in compressors and gas processing equipment NGy aces

CO. The combustion of diesel in drilling equipment produceg &fd CO, as well as significant
guantities of PM and S{&missions. The generation of grid electricity (used by a small share of
natural gas compressors) produces all of these airtpolaas well

NETLOs assessment o fy,emssions amang diffeeest natumlgasaypes s N O
and concludes that the N®missiondrom unconventional natural gas are comparable to those

from conventional natural gas. This is illustratedExhibit 3-2, whichincludes direct NQ

emissions from extraction activities as well as indirect BQissions from the generation of

electricity and other ancillary processktost of the natural gas smes have NQemissions in

the same order of magnitude key exception is the emissions from offshore extraction; offshore
extraction platforms use centrifugal compressors, which have lower combustion emission factors
than the reciprocating compressorsdiat onshore extraction sites. (NETL120D

67



Environmental Impacts of Unconventional Natural Gas Development and Production

Exhibit 3-2 Direct and Indirect NOyx emissions from natural gas extraction and processing (NETL,
2014)
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The EDF analysis of the Barnett Shale also appliedt@mup approach to calculate

combustion emissions from natural gas production. They calculated wgiercompressor

exhaust emissions of 46 tons of Nédnissions per day. For comparison, they point out that the
combined NQ emissions from all airporis the Barnett region, which include Dallas Love Field
and DallasFort Worth International Airport, produce 14 tons of N&nissions per day. The

NOy inventory from shale gas production in the Barnett Shale is at least three times higher than
the NQ inventory from area airports. (Armendariz, 2009)

There are options for reducing Ne&missions from natural gas production. The@issions
from compressor engine exhaust can be reduced by installingetextive catalytic reduction
pollution control technlogy. Another option for NQreduction is the replacement of gagd
compressor engines with electricaipwered compressors. (ADEQ, 20EXtraction sites in
remote areas may not be near the electricity grid, but if electricity is available, the use of
electricallypowered equipment can be a eeffective way to reduce direct combustion
emissionsThis is a feasible option for Barnett Shale wells that are near the {Paltag/orth
metropolitan aregNETL, 2014)

Currently, there is no evidence of wigtgead use of electricallyriven compressors in the

Barnett Shalebut for its characterization of Barnett Shale natural gas operatdag, Lnéodel

applies &5/75 percent split between elecallyg- and gagpoweredcompressors, respectively.

The use belectricallyp o wer ed compressors by Barnett Shale
calculated\NOy, emissionsare lower for théBarnett Shalscenario than foother natural gas
extractionscenariogas shown irExhibit 3-2). (Again, the one exception to this conclusion is
offshorenatural gaswhich uses centrifugal compressors that have lowgrédtssions than the
reciprocating compressors used by omsimatural gas operationdncreased use of electricity

for natural gas compressiwill increaseindirect emissiors of NO. However depending on the

mix of fuels and combustion technologies used for electricity gener#imiotal NO, emissions
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from systems that use electricalboweredcompressorsanstill be lower than théotal NO
emissions fronsystems that use only natural gas as an energy sQNEEEL, 2014) As
discussed in Chapter 2, natural gas pipelines can also use eleepaadlyed compressors as a
way to meet local emission regulations and limit the use of internal combustion engines.
(Hedman, 2008)

NETLG6s concl usi ons f orsthé€onelusions BrNgmissioasr e t he s
(NETL, 2014) The CO emissions from unconventional natural gas are comparable to those from
conventional natural gas. Thisilisistrated inExhibit 3-3, whichcompares CO emissions among

different natural gasxtraction sourcegAgain, offshore extraction has low CO emissjons

because it uses centrifugal compres3or

Exhibit 3-3 CO emissions from natural gas extraction and processing (NETL, 2014)
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The combustion of natural gas does not produce significant PM anendi§sions, but the use

of diesel engines by drill rigs produces PM and 8@issions ADEQO0sSs assessment
Fayetteville Shale identifies the use of drilling rigs during well completion as the largest source

of PM emissions from gas production. (ADEQ, 2
that PM emissions are of the same order afnitudefor all natural gasourcegon the order of

magnitude 0D.0001 grams per MJ of gas extracted).

Indirect energy consumption can also affect the air quality profile of a gas extraction technology.

If the development or operation of a natural wadl uses grid electricity, then the fuel mix of the

electricity grid will affect the life cycle performance of the well. The indirect air quality impacts

of electricity consumption depend on the fuel mixes and combustion characteristics of power

plants tlat comprise a regional electricity grid.or ex amp |l e, NETLO6s resul t:
SO, emissions among natural gas types. The &fissions from Barnett Shale ane order of

magnitude greater than the S€nissions fronother onshore natural gas extran

technologies. This difference is due to the use of electricity by a portion of the compressors in
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the Barnett Shale. The fuel mix for grid electricity includes the combustion of coal, which is a
source of S@emissions. (NETL, 2D4)

3.3 Air Quality Studies on Venting and Combustion Emissions

Due to concerns about the air quality impacts from shale gas development, the East Texas
Council of Governments commissionedanquality assessmeat the Haynesville Play, which

had nearly 3,000 shale gas isels of December 201¢nviron, 2013) The air quality
assessmermpllected data for VOC, NQand CO emissions. The largest sources of these
emissions were fugitive releases and combustion emissions from gas processing equipment and
compressors. Compress and gas processing equipment account for 79.7 percent.of NO
emissions and 90.1 percent of VOC emissions. Fuel consumption by drilling rigs accounts for a
smaller share of emissionglrilling rigs account for 16 percent of NGnd 1.2percent of VOC
emissionsHydrofrackingaccounts for less than 2 percent of NOx emissions and less than 1
percent of VOC emissions. The authors acknowledge that there is significant uncertainty
associated with future year projections of regional air emissions, but dertblat continued
development oHaynesville Shalgas, even at a slow pace, will be large enough to affect the
ozone levels imortheasfTexas. (Environ, 2013)

Litovitz et al (2013) estimated the air pollutants from shale gas extraction in the Peniasylvan
portion of the Marcellus Shale. They estimated VOC,,N®, and S@pollutants by analyzing

data for diesel trucks, well development (includmglraulic fracturing, natural gas compressor
stations, and other natural gas extraction activities. Theygtbaled their estimates to the county

and state levels. They concluded that compressor station activities account for at least 60 percent
of extractionrelated emissions; development activities, which inclugiraulic fracturing

account for, at most, third of extractiorrelated emissions. To provide a basis for comparison,

they compared the estimated pollutants from shale gas production to other industrial activities in
Pennsylvania. The estimated emissions of VOC, PM, andr8@ shale gas producticaccount

for less tharl percent of total air pollutants from all industrial sectors in PennsylviNiG.

emissions represent a higher share of total industrial air pollutants, at 2.9 to 4.8 percent of total
industrial air pollutants. Shale gas air ptdlots may be a small portion of stat&le industrial
emissions, but they are not evenly distributed across the state. In counties with the most shale gas
extraction, countyaggregated NQemissions are higher than the Nédnissions from a major

source, sch as a power plant. (Litovitz et al, 2013)

Further data collection efforts are necessary to characterize the regional variation in the volume
and composition of vented natural gas. The University of Texas at Austin is leading a team of
engineering firmsd producers to measure methane emissionsligairofrackedwvells in the

Barnett, Eagle Ford, Fayetteville, Haynesville, Denlilesberg, and Marcellus regions.

(Dittrick, 2012) NETL has air quality sampling in progress, which is using mobile equipment to
measure VOCs and other air quality metrics in the Marcellus region. (NETL, 2013)

The Secretary of Energy Advisory Bod®EAB) viewsshale gas producticasa key
opportunity for increasing the U.S. natural gas supplyrédzammendshe useof emission
control technologies. SEAB:commends the use of state and federal regulations for timely
implementation of emission contri@chnologiesFor examplethe EPAs NSPS rules and
National Emissions Standards for Hazardous Air Pollutants (NESHAPS) for dnadagias
sector will reduce smog precursors and other harmful pollu@stsoted by SEAB, a limitation

70



Environmental Impacts of Unconventional Natural Gas Development and Production

of the new NSPSrules is that they do not apply to existing shale gas wells unless the wells are
re-fractured. Further, producers should also be erpeict “collect and publicly share™ emissions
data. (SEAB, 2011)

! Since NSPS rules reduce total gas leakage, they have tHeldwmenefit of reducing methane emissions (as discussed in Chapter 2) as well as
VOC emissions. NSPS implementation has climate and air quality benefits.
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4 Water Use and Quality

In the broadest terms, the literature descnbater quality and theeeatment and management of
wastewaters as the central issue in the eastern states, where water is abundant. To the west,
where drier climates can limit the availability of fresh wadeid deep underground injection

wells for wastewater disposal are moeadily available, the central issue is the availability of
water for drilling and hydraulic fracturing and the impacts this could have on established users.
Drilling and hydraulically fracturing a shale gas well can consume between 2 and 6 million
gallons of water antbcal and seasonal shortages can be an,issee though water

consumption for natural gas production generally represents less than 1 percent of regional water
demand. Water quality impacts can result from inadequate management airndafiercturing
chemicals on the surface, both before injection and after as flowback and produced water.
Subsurface impacts can result from the migration of fracturing fluids, formation waters, and
methane along well bores and through rock fracture nesvdvkanagement and disposal of
wastewaters increasingly includes efforts to minimize water use and recyclingaselaot
fracturing fluids, in addition to treatment and disposal through deep underground injection, with
the risk of induced seismicity.

4.1 Water Use for Unconventional Natural Gas Production

Water is used in unconventional natural gas production and, to a lesser extent, in the associated
infrastructure for gas processing and testing pipelines. (KPMG, 2012) The vast majority of
water is used fodrilling and, more importantly, for hydraulic fracturing. Of the total water used
by the shale gas industityydraulic fracturingobs consume about 89 percearid drilling uses

10 percentvith infrastructure uses consuming the remainder. (Hayes ardige2012) Water

mixed with mud and chemicals is circulated through the drill string and borehole during drilling
to cool the drill bit, circulate rock cuttings up out of the borehole, and control fluid pressures in
the borehole. Water is the main compot of the fluids used for hydraulic fracturing, making

up approximately 99 percent of the total volume, with the remainder a mixture of chemicals that
dissolve some of the rock formation around the fractures, protect the drilling equipment, and
control he fluid properties of the mixtur&lore details on the types of chemicals and other

agents used during well drilling and hydraulic fracturing are provided in Secfdh

The Sierra Club outlireethe potential environmental impacts of water used for unconventional
natural gas development. (Segall and Goo, 2B&jal and Goo citethe Secretary of Energy
Advisory Board (SEAB) in reporting thaytiraulic fracturing usesetween 1 and 5 million
gallonsof waterper well.(2011) Reduced surface water availability can harm ecosystems and
human communities; groundwater withdrawals can permanently deplete aqtijehaulic
fracturing fluids, flowback water, and produced waters can pose risks to water iapgr
treatment of these fluids is essential to protecting water resources.

4.1.1Water Consumption

The United States (U.S.) Department of Energy (DOE) exanuuednt and potential future

impacts on the U.S. energy sector from three climate trends, increasing air and water
temperatures, decreasing water availability, and increasing intensity and frequency of storms.
(2013) The DOE found that, among other intpaanconventional oil and gas production is
vulnerable to decreasing water availability. Disruption of energy infrastructure in coastal regions
due to storms and sea level rise could also disrupt production. The DOE cites two recent events
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as examplesfompacts from decreasing water availability. In 2011, Grand Prairie, Texas
(followed by other local water districts) restricted the use of municipal water for hydraulic
fracturing. And in the summer of 2012, operators in Kansas, Texas, PennsylvaiNartand
Dakota faced higher water costs ameredenied acced® water usagéor at least six weeks due
to drought conditions. (DOE, 2013)

The Governmen®ccountability Office (GAO) examined the environmental impacts associated
with commercial oil shaleevelopmentbecause oil shale, like natural gas from shales, uses
substantial amounts of water. (2010) Most importantly, the GAO noted that the magnitude of
impacts on water availability and qualitym oil shale development is unknown. While water
would likely be available during initial development of an oil shale industry, the size of the
industry, particularly in Colorado and Utah could eventually be constrained by the availability of
water. Similar concerns have arisen for shale gas developneaid iregions.

Water consumption per well can vary due to four sets of conditions:
1 Geology maturity of the shale and formatidiepth,thicknessand lateral extent
1 Technologyhorizontal and vertical drilling, water recycling
1 Operations operator decisias, availability of nearby fresh water
1 Regulatory requirements for use and treatment of water

Drilling a shale gas well can consume anywhere from 65,000 to more than 1 million gallons of
water, depending on the depth and horizontal length and the geology of the formations through
which the hole is drilled (sé&xhibit 4-1). Hydraulic fracturing can use anywhere from 2 to 6
million gallons of water, which can be more than 95 percent of the water use per borehole as a
single borehole can be hydrofractured mudtipines. (CRS, 2009Nicot and Scanlonote that
wateruseper well hasncreasedver the last ten yeaesthelateral lengths and number of

fracking stages increase(®012)

The U.S. Environmental Protection Agency (EPA) has estimated that if 35,08(ermryear

were hydraulically fractured in the U.S., these wells would consume the equivalent of the water
consumed by 5 million people. (Groat and Grimshaw, 200t#} scale oflevelopment was
achievedduringearlyshale gasictivity; approximately35,000 shale gas wells wedegilled in

2006. (Halliburton, 2008)o data could be found on the number of shale gas wells developed
each year since 2006. Howevttre decline in the number attive natural gas drilling rigsver

that last few years indicatasdecline in the number of shale gas wells that are drilled annually.
The weekly natural gas rig count has decreasedyrfear-fold since early 2007, from
approximatelyl,600 to 400 active rig¢EIA, 2014
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Exhibit 4-1 Average fresh water use per well (DOE, 2009; Mathis, 2011; GAO, 2012a)

DOE (2009) Mathis (2011) GAO (2012a)
Shale Play (gallons) (gallons) (gallons)
Drilling Fracking Total Drilling Fracking Total Drilling Fracking Total
Barnett 400,000 2,300,000 2,700,00 250,000 3,800,000 4,050,000 250,000 4,600,000 | 4,850,000
Eagle Ford 125,000 6,000,000 6,125,000 125,000 5,000,000 | 5,125,000
Fayetteville 60,000 2,900,000 3,060,000 65,000 4,900,000 4,965,000

Haynesville 1,000,000 2,700,000 | 3,700,000 600,000 | 5,000,000 | 5,600,000 600,000 | 5,000,000 | 5,600,000

Marcellus 80,000 3,800,000 | 3,880,000 85,000 5,500,000 | 5,585,000 85,000 5,600,000 | 5,685,000

Niobrara 300,000 | 3,000,000 | 3,300,000 300,000 | 3,000,000 | 3,300,000

Published estimates of water use typically rely on operator reports. DOE (2009) noted that the
volumes reported are Aapproxi mateo and come f
2008) and personal communications with operatbtathis (2011) also presented Chesapeake

Energy data. The GAO cites data reported by Apache Corporation. (2012a) Nicot and Scanlon

cite data that the Texas Railroad Commission collects from oper@0i)

Coalbed methane (CBM) wells can also be hytically fractured, but use significantly less

water than shale wells. Published reports indicate that a hydraulic fracturing treatment in a CBM
well can use between 50,000 and 350,000 gallons of fluids and 75,000 to 350,000 pounds of sand
proppant. Opettor data suggest that the maximum average injection volume is 150,000 gallons
per well and the median volume of 57,500 gallons per well. (EPA, 2004)

If the amount of water used for shale gas production seems high, it is still lessnteatse than
theproduction of many other sources of energy, or the amount of water needed to produce an
amount of energy, typically expressed in gallons per million British thermal units (gal/mmBtu).
Mielke, et al., summarized the water intensity of various energy so(seeexhibit 4-2). (2010)
Natural gas is among the most wagdficient resources, including coal, oil, nuclear, and
synthetic fuels.Conventional natural gas production requires some water for drillimyaply

for drilling mud, and to cool and lubricate the drill bit, but otherwise may use between 1 and 3
gallons/mmBtu for processing and pipelinensport (Mielke, et al., 2010) Similarly, water
intensity for shale gas drilling ranges between 0.1 adddllons/million Btu, but hydraulic
fracturing has an intensity of about 3.5 gallons/million Btu. Withvpeli reserves ranging from
2.0 to 6.5 BCF [billion cubic feet]hale gas uses between 0.6 and 1.8 gallons/mmBtu with the
additional waterelative to conventional productiameeded for hydraulic fracturingMielke, et

al., 2010)

Just as water demand varies by shale play and local conditions, the water intensity also varies by
play, for example, water intensity in the Fayetteville at 1.7 gallofiEimBtu and the Barnett at

1.5 gallons/million Btu) are greater than in the Marcellus (1.3) or the Haynesville (0.8). These
differences, in part, reflect greater reserves per well in the latter two pl&islke, et al., 2010)
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In contrasto shale gas, petroleum from oil shales takes more water for mining and processing or
retorting, which uses steamil shales are either mined with surface retorting or undergitu
retorting to release the oil for extraction through wells. Althadegia are limited due to the lack

of commercial production, available estimates indicate a water intensity of oil shale mining
between 7.2 and 38 gallons per million Btu, and 9.4 to 16 gallons per million Biusitw

production. (Mielke, et al., 2010)

Exhibit 4-2 Ranges of water intensity of energy sources (Mielke, et al., 2010)

Eneray Source Range in Water Intensity

e (gallons/mmBtu)
Conventional Natural Gas ~0
Shale Gas 067 1.8
Coal (no slurry transport) 271 8
Nuclear (uranium at plant) 81 14
Conventional Oil 1.4-62
Oil Shale Petroleum (mining) 7.2-38
Oil Sands Petroleum (in situ) 9.47 16
Synfuel (coal gasification) 1171 26
Coal (slurry transport) 1371 32
Oil Sands Petroleum (mining) 1471 33
Synfuel (coal Fischer-Tropsch) 417 60
Enhanced Oil Recovery 2171 2,500
Fuel Ethanol (irrigated corn) 2,5007 29,000
Biodiesel (irrigated soy) 13,8001 60,000

Furthermore, water use for the major shale plays is a very smalbfradtiotal water use in the
regions around the play&xhibit 4-3 lists the various uses for water in four representative plays,
as percentages of the total use. Bhenett Shalefor example, underlies the Dall&srt Worth
metropolitan area, so more th80 percent of water in the area goes to public supplies. In
contrast, the Marcellus underlies both populated and industrialized areas where more than 70
percent of water is used for power generation. The Fayetteville area, underlying a rural and
agricdtural area in Arkansas, consumes more than 60 percent of its water for irrigation. In the
Haynesville, beneath eastern Texas and western Louisiana, water is used for multiple purposes,
but more than 45 percent goes to public supply. Shale gas prodypiaily consumes less

than 1 percent of total water demand, except in arid regions like the Eagle Ford where itis 3 to 6
percent.
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Exhibit 4-3 Total water use for four major shale plays (*Arthur, 2009; “Chesapeake Energy, 2012a;
*Chesapeake Energy, 2012b)

blay | Supply | &Mining | Generation | Mgation | Livestock | S22 | ot
(%) (%) (%) ) ) o) | Bgalslyr)®
Barnett* 82.7 4.5 3.7 6.3 2.3 0.4 133.8
Eagle Ford® 17 4 5 66 4 31 6 64.8
Fayetteville" 2.3 1.1 33.3 62.9 0.3 0.1 378
Haynesville® 45.9 27.2 13.5 8.5 4.0 0.8 90.3
Marcellus® 12.0 16.1 71.7 0.1 0.01 0.06 3,570
Niobrara® 8 4 6 82 0.01 1,280

[*Bgallyr = billion gallons per year]

Nonethelesswater presents logistical and cost challenges to shale gas operators. IHS estimates
that lifecycle water management costs, including sourcing, treatment, transport, and disposal, can
account for 10 percent of the operating cost of a hypothetical wbkiMarcellus.(2012)

4.1.2Sources of Water and Environmental Impacts

Unconventional natural gas producers generally withdraw water from local surface and ground
water sources for drilling antdydraulic fracturing So, while productiorusesa relatively small
fraction of local withdrawals, seasonal and local imphatse been cited asconcernas well as

the longer term prospect for water supplies in some areas.

Water withdrawals from surface water sources like streams and rivers cassdetog/nstream

flows, which can render these sources more susceptible to changes in temperatures. Warmer
temperatures in summer months can affect the reproduction and development cycles of aquatic
species. Reduced-stream flows can damage riparian viagjen and affect water availability

for wildlife. Water withdrawals from shallow aquifers can affect these resources by lowering
water levels and reducing flows to connected springs and streams, compounding the effects on
surface water bodies. é@per agifers are also susceptible to longerm effects on groundwater
flow, because recharge to deeper aquifers by precipitation takes longer. Surface and
groundwater withdrawals can also impact the amount of water available for other uses, including
potablewater supplies. Fresh water is a limited resource in arid and semiarid areas where
expanding population and shifting patterns in land use place additional demands on water
supplies. Prolonged drought conditions and weather projections associated withgvar

climates may exacerbate the future availability of water in some parts of the country. (GAO,
2012a)

Water demand for unconventional natural gas production is not confined to shale gas and
hydraulic fracturing. Gas production from coalbed methanedtboms poses risks to aquifers as
water in the coal bed is removed to lower reservoir pressures, and induces methane to desorb
from the coal. According to the U.S. Geological Survey (USGS), dewatering coalbed methane
formations in the Powder River Basim\\Vyoming can lower the groundwater table and reduce
water available for other uses, such as livestock and irrigation. (@&I2a)

Water rights and supplies, which are typically regulated at the staterkflesf the greater
general availability of watr in the eastern U.S. Historical trends in water use have created
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doctrinal differences in water laws so that east of the Mississippi River, where water tends to be
more plentiful, states apply a riparian doctrine, where a water user who owns landtadjace

water body has a right to make reasonable use of that water. In the West, where water can be
scarcer, states apply a doctrine of prior app
beneficial use of water remains subject to state permitataaenerally issued on a figbme,

first-served basis. (CRS, 2009) In some states, water rights are allocated according to water
budgets for individual basins or watersheds, as determined by a state hydrologist or water

authority.

4.1.3Shale Play Water Suply Examples

Case studies of the larger and more active shale gas plays provide a geographically distributed
overview of the water demand and supply issues

4.1.3.1Barnett Shale

The Barnett Shale is a Mississippiage shale that occurs at depths between 6,508,800

feet and thicknesses between 100 and 600 feet in the Fort Worth Basin in northcentral Texas.
(DOE, 2009) The Barnett covers 48,000 square kilometer§ é&md underlies 20 counties,
including the Dallag=ort Worth metropolitan area. However, pugtion from the Barnett comes
primarily from the six counties surrounding Fort Worth (Wise, Denton, Parker, Tarrant, Hood,
and Johnson). (Galusky, 2009)

Nicot and Scanlon quantified water use in the three Texas plays (i.e., Barnett, Eagle Ford, and
Haynesville) based on operator data submitted to the Texas Railroad Commission. (2012) With
more than 14,900 wells as of June 2011, water use per well raoge8.75 to 5.5 million

gallons, while median water use per horizontal well is 2.8 million gallons. (Nicot and Scanlon,
2012)

In 2007, 59 percent of the water used in the Barnett came from surface water, 41 percent from
groundwater, and less than 1 petcieom reuse and recycling, which was projected to require
less than 1 percent of regional surface water supplies and less than 10 percent of groundwater.
(Galusky, 2007) Public water supply in the Dalfast Worth metropolitan area is the largest
user,making up almost 83 percent of total demand in the area. (Arthur, 2009)

A combination of growing population, drought conditions, and natural gas production raised
concerns about the sustainability of local groundwater resources. (Bené, et al., 28@8garh

has depended on the Trinity and Woodbine aquifers for more than a century, and this has

resulted in declining water levels. As pressure on these aquifers has increased, additional surface
water resources have been developed. In 2006, local ngasraroducers formed the Barnett

Shale Water Conservation and Management Commiitesv(barnettshalewater.orgvho have

made it their mission to develop best management practices for water use.

Between Apil 2006 and November 2013, the Barnett Shale Water Conservation and
Management Committee has released at least 17 reports on water management, recovery and
reuse, and alternative sources. (BSWCMC, 20Q8g of their first initiatives was to

commission atudy on present and projected water use (Galusky, 2007), including projections
published by the Texas Water Development Board (TWDB). (Bené, et al., Be0@) et al.

note that water demand projections depend on population growth estimates, while filgmand
other uses, including shale gas projection, are driven by economic assumpiogs.They
projected growth of total water use in the area from about 1.0 billion barrels (423.6 billion
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