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Executive Summary 

The recent growth in unconventional natural gas production has also produced a profusion of 

publications on the exploration, development, production, infrastructure, economics, uses, and 

environmental impacts of these resources.  These publications build on a strong body of existing 

literature that traces the evolution of these resources from their conceptual stages in the 1970s to 

the technology advancements that started the shale gas boom in the early 2000s.  Between 2009 

and 2013, government, industry, academic, scientific, non-governmental, and citizen 

organizations have added a substantial body of literature on the environmental impacts that could 

result from the continuing development of shale gas, tight gas sands, and coalbed methane 

resources.   

This report summarizes the current state of published descriptions of the potential environmental 

impacts of unconventional natural gas upstream operations within the Lower 48 United States.  

As a survey, this report is by no means exhaustive.  The goal of this report is to ensure that the 

predominant concerns about unconventional natural gas development, as covered by current 

literature, are identified and described.  The sources cited are publicly available documents.  

Multiple publications on similar topics are compared and contrasted based only on their technical 

and methodological distinctions.  No opinion or endorsement of these works is intended or 

implied. 

Each chapter contains a separate section of references so that each type of impact can be 

explored further.  The types of environmental impacts that are documented in the literature are 

described in the six following chapters: 

Chapter 1 ï Background 

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 shale, tight sands, and coal beds, can be 

found in more than half of the lower 48 states, and overall production from these resources is 

forecast to continue growing in the coming decades so that by 2040 they may comprise half of 

domestic gas production.  The combined 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 long-sought energy resources.  Unconventional 

natural gas resources not only make up for declining conventional gas production, but increasing 

unconventional 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. 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 come from the major shale plays, with 

stable production (as a percentage of total gas production) from tight sands and coal beds.  

Federal, state, and local governments are re-evaluating statutory and regulatory frameworks, and 

multiple organizations, separately and in collaboration, are conducting continuing research and 

development (R&D) to help develop best practices and minimize environmental impacts. 

Chapter 2 ï 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 contribute to climate change has been investigated by government and 
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university researchers. There are five major studies that account for the GHG emissions from 

upstream natural gas, which include the construction and completion of gas wells, as well as 

subsequent production, processing, and transport steps. 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 workovers
1
 as a 

key difference between the GHG profiles of conventional and unconventional natural gas. Other 

key emissions occur during steady-state operations, such as emissions from compressors and 

pipelines. The assumptions and parameters of the five studies vary, but, given their uncertainties, 

four of the five studies conclude that the GHG emissions from a unit of delivered unconventional 

natural gas are comparable to (if not lower than) those from a unit of conventional natural 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 conventional natural gas.  

Chapter 3 ï 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 natural gas systems. The two key 

sources of non-GHG emissions are: 

¶ Uncaptured Venting: Releases natural gas, which is a source of volatile organic 

compound (VOC) emissions.  

¶ Engine Fuel Combustion: Produces a wide variety of air emissions, including nitrogen 

oxides (NOx), carbon monoxide (CO), sulfur dioxide (SO2), and particulate matter (PM).  

VOCs and NOx react in the lower atmosphere to produce ground-level ozone, a component of 

smog that adversely affects human respiratory health. The reaction between VOCs and NOx 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 human health by reducing the 

oxygen-carrying capacity of blood. SO2 leads to soil or surface water acidification (via acid rain). 

PM is linked to poor heart and respiratory health. (EPA, 2012a; GAO, 2012) 

Chapter 4 ï Water Use and Quality 

In the broadest terms, the literature describes water 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 water, and deep underground injection 

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 gas well can consume between 2 and 6 million 

gallons of water and local and seasonal shortages can be an issue, even 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 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 

                                                 

1  ñWorkoverò is a generic industry term for a variety of remedial actions to stimulate or increase production. As applied here to shale gas wells, it 
means hydraulic fracturing treatments after the initial drilling and first hydraulic fracturing of the well. 



   3 

methane along well bores and through rock fracture networks.  Management and disposal of 

wastewaters increasingly includes efforts to minimize water use and recycling and re-use of 

fracturing fluids, in addition to treatment and disposal through deep underground injection, with 

the risk of induced seismicity. 

Chapter 5 ï Induced Seismicity 

Induced seismicity is ground motion (earthquakes) caused by human activities. There is little 

question that energy extraction and fluid injection have the potential to cause seismic activity.  

Earthquakes have been detected in association with oil and gas production, underground 

injection of waste waters, and possibly with hydraulic fracturing.  Hydraulic fracturing involves 

injecting large volumes of fluids into the ground. These injections are short-lived and are 

injected at lower pressures, so it is likely that they do not constitute a high risk for induced 

seismicity that can be felt at the surface.  In contrast to hydraulic fracturing, wastewater disposal 

from oil and gas production, 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 fluid.  Case studies from several states indicate that 

deep underground fluid injection can, under certain circumstances, induce seismic activity. 

(NRC, 2012; GWPC, 2013) 

Chapter 6 ï Land Use and Habitat Fragmentation 

Although not as extensively documented as other environmental impacts, like water quality and 

greenhouse gas emissions, land use and development impacts that have been discussed in the 

literature include property rights and use of public lands; local surface disturbance; cumulative 

landscape impacts; habitat fragmentation; and traffic, noise, and 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 site preparation 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-

practices for site development and restoration, avoidance of sensitive areas, and minimization of 

disturbed areas.  As development and production operations proceed, local 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 24 hours per day. Vertical wells require spacing of 40 acres per well, the drill pads from 

which each horizontal well originates require spacing of 160 acres per well. A single square mile 

of surface area would require 16 pads for 16 conventional wells, while the same area using 

horizontal wells would require a single pad for 6 to 8 wells. (NETL, 2009) 
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1 Background 

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 shale, tight sands, and coal beds, can be 

found in more than half of the lower 48 states, and overall production from these resources is 

forecast to continue growing in the coming decades so that by 2040 they may comprise half of 

domestic gas production.  The combined 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 long-sought energy resources.  Unconventional 

natural gas resources not only make up for declining conventional gas production, but increasing 

unconventional 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. 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 come from the major shale plays, with 

stable production (as a percentage of total gas production) from tight sands and coal beds.  

Federal, state, and local governments are re-evaluating statutory and regulatory frameworks, and 

multiple organizations, separately and in collaboration, are conducting continuing research and 

development (R&D) to help develop best practices and minimize environmental impacts. 

1.1 Unconventional Natural Gas Resources 

A precise definition for ñunconventionalò resources is somewhat difficult, being in part a 

function of the technological and economic environments in which energy resources are 

produced.  Some oil and gas resources are recognized, by historical convention, as 

unconventional, others because they are ñoutside the range of combinations of oil/gas price, 

available technology, and industry risk tolerance that would enable them to be widely produced 

today.ò (DOE, 2011)  In current usage, three types of reservoirs comprise unconventional natural 

gas resources and a fourth, methane hydrates, is included, but viewed currently as outside the 

range of currently available technology.  The first and most important of these is shale gas, the 

second is ñtightò (low-permeability) sandstones, and the third is coalbed methane (CBM). (DOE, 

2011)  The Energy Information Administration (EIA) has produced a map depicting 

unconventional gas plays (Exhibit 1-1). 

The dispersed nature of these resources is one of the reasons for calling them unconventional.  

The gas (and oil) in these reservoirs is less concentrated than conventional reservoirs where the 

gas has accumulated in geologic traps, and the lower permeabilities make unconventional gas 

more difficult to extract.  Among the implications for this are greater scales of operations and the 

need for more wells to contact the larger areas of production in target formations.  Hydraulic 

fracturing involves more complex and intensive preparation, and introduces additional 

environmental risks.  (IEA, 2012) 
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Exhibit 1-1 Unconventional natural gas plays in the lower 48 states (EIA, 2011) 

 

Shale is a sedimentary rock composed mainly of clay and clay-sized particles.  The crystalline 

structures of clay minerals form in thin, parallel sheets, somewhat like the skin of an onion. 

Small flakes of clay carried by streams and rivers settle out in low-energy geologic environments 

like tidal flats and in deep ocean basins where they fall flat and parallel to one another.  As these 

sediments are covered and buried, they are compacted into thin layers with low permeabilities.  

Like pages in a book, these layers restrict fluid flow, especially vertically across the layers.  At 

the same time, microscopic bits of organic matter, plant and animal debris that were deposited 

with the clay flakes, decay, and under the heat and pressure of deep burial, form natural gas and 

liquid hydrocarbons.  The low permeability traps the gas and hydrocarbons in the shale, so the 

shale must be fractured to increase the permeability to allow the gas to flow into wells. (NETL, 

2009a) 

Shale may be considered an unconventional resource, but it is not unknown in the industry. In 

fact, organic-rich shale formations are wide-spread and well-known in most parts of the world, 

because shale is 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 needed; operators may already understand that shale gas reserves exist at 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 characteristics; within each formation there are differences that create 
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ñsweet spotsò for production.  Variables include the amount of organic material deposited with 

the shale, the presence of natural fractures, and the amount of liquid hydrocarbons. (IEA, 2012) 

Dozens of gas-bearing shale formations are located in sedimentary basins across the U.S.  Some 

areas like the Appalachian Basin, the Michigan Basin, and the Illinois Basin have long histories 

of natural gas production.  With improvements in unconventional technologies such as horizontal 

drilling and hydraulic fracturing, plays like the Barnett, Fayetteville, Haynesville, Marcellus, and 

Woodford have seen the development and growth of unconventional wells in addition to their 

existing conventional wells.  Others, including the Eagle Ford and Pearsall, have started 

development since improvements in horizontal drilling and hydraulic fracturing have occurred.  

In terms of reserves, the ñBig Fiveò plays are now considered to be the Barnett, Fayetteville, 

Haynesville, Marcellus, and Woodford. (DOE, 2011) 

ñTight gasò reservoirs were defined in the 1970s by the federal government as having a 

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 for tax credits 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 

definition might be ña reservoir that cannot be produced 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 wellbore, or by use of multilateral wellbores.ò (Holditch, 2006) 

Like conventional sandstone gas reservoirs, tight gas sands form as gas from organic-rich source 

rocks (like shales) migrates into the sands, and is trapped there.  Like shale gas formations, the 

low permeabilities mean that tight sand formations must be stimulated to produce commercial 

quantities of gas.  However, once drilled and stimulated, tight sands tend to have better 

production factors than shales. (IEA, 2012)  These plays are less extensive than the shale plays, 

with half of the estimated reserves in the Green River, Piceance, and Uinta Basins in Colorado 

and Utah, and the East Texas Basin. (DOE, 2011) 

Coal seams typically form in low-energy swampy environments where organic matter and 

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

is buried, compressed, and heated, or by the biogenic action from microbes on the coal. (NETL, 

2009a)  As plant material is buried and converted to coal, natural gas is generated, while the 

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

that can be produced is a function of the hardness (or ñrankò) of the coal.  Softer coals (peat and 

lignite) have higher porosities and water contents, and produce some biogenic methane; higher-

rank anthracite coals have lower porosities and water contents with little methane.  The preferred 

coals for CBM production are mid-rank bituminous coals that have matured enough to generate 

thermogenic methane. (EPA, 2010) 

As with the other types of unconventional gas reservoirs, CBM formations have low 

permeabilities and most of the permeability in a coal bed is created by natural fractures, or cleats.  

Pumping out the water found in CBM formations releases the gas from the coal and allows it to 

flow into the well.  CBM typically contains fewer liquid hydrocarbons (natural gas liquids 

[NGL]) than other types of natural gas wells.  This affects the economics of production, since the 

NGL market value is tied to oil prices rather than gas prices, making any gas produced with 

NGLs essentially free. (IEA, 2012)   
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CBM is produced in 15 basins in eight states (Alabama, Colorado, Illinois, Montana, 

Pennsylvania, West Virginia, Wyoming, and Virginia).  Production of CBM started in the early 

1980s in the Black Warrior Basin in Alabama, and 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 Montana, and the San Juan Basin. (DOE, 2011)  Together, these two 

basins account for nearly 70 percent of CBM production.  The Powder River Basin accounts for 

most of the recent growth, having grown from 10 percent to almost one-third of U.S. production 

between 2000 and 2008. (EPA, 2010) 

1.2 Technology Advances and Adaptation 

Wang and Krupnick recount the history of the economic, policy, and technology developments 

that led to large-scale U.S. shale gas production. (2013)  Their explanation (for international 

stakeholders) of the advent of the U.S. shale gas boom offers a case study of the interactions 

among government policies, private sector entrepreneurship, technology innovations, land and 

mineral rights ownership structures, and high gas prices that helped create the boom.  In the late-

1970s, the U.S. faced supply shortages, high prices, and declining prospects for conventional gas 

production.  The federal government recognized that private corporations lacked incentives to 

make large, high-risk R&D investments.  To compensate for the difficult y in protecting and 

patenting new technologies in the oil and gas industry, the federal government funded R&D 

programs, and 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 nation, the U.S. offered favorable geology, water availability, 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 natural gas from unconventional resources became economically viable due to 

advances in development and production technologies, leading to large-scale utilization of a 

resource that had historically been uneconomic to extract. (Jackson et al., 2011)  Advances in 

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 sand, known as proppants, to hold the fractures open to allow the trapped gas to flow 

into the well. (CRS, 2009)  Jackson et al. estimated that a single horizontal well is two to three 

times more productive than a single vertical well, and can reach resources two miles away from 

the well pad. (2011)  In the hydraulic fracturing process, fluid is pumped into the reservoir from 

the well, stimulating production by opening fractures in 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 1980s became more 

commercially viable.  Hydraulic fracturing was developed in the 1950s, and has been applied to 

shale gas wells since the mid-1980s. (NETL, 2009a)  The Interstate Oil & Gas Compact 

Commission (IOGCC) estimates that 90 percent of oil and gas wells in the U.S. use hydraulic 

fracturing, though unconventional gas wells use a much larger volume of water than 

conventional gas wells. (Jackson et al., 2011)  Estimates from industry data indicate that 
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hydraulic fracturing has been used in more than a million wells in all of the 33 states that 

produce oil and gas. (Horinko, 2012)  Exhibit 1-2 illustrates these processes in a representative 

shale gas well.  

Exhibit 1-2 Horizontal drilling, hydraulic fracturing, and well construction (Source: NETL) 

 

Fracturing fluids commonly consist of mostly water and sand along with other chemicals and 

additives. (NETL, 2009a) The specific additives, 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 necessary to optimize shale 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 technically recoverable natural 

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

the EIAôs Annual Energy Outlook 2013 [Early Release], to 2,129 tcf in the Colorado School of 

Minesô Potential Gas Committee, to 3,263 tcf ICF Internationalôs North American Shale 

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 resources.  On the 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 concluded that actual shale gas production grew from 1.6 tcf to 

7.2 tcf between 2007 and 2011, over 75 percent of which came from the Barnett, Fayetteville, 

Marcellus, and Haynesville Shale plays. (GAO, 2012a) With increasing development, the EIA 

(2013a) forecasts a 44 percent net increase in natural gas production between 2011 and 2040 

from increased development 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 percent to 50 

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 materialize until 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 imports, and position the U.S. to become an 

exporter of natural gas. (EIA, 2013a)  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 ï 2040 (EIA, 2013a) 

 

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, North Dakota, Ohio, Oklahoma, 
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Pennsylvania, Texas, West Virginia, and Wyoming.  Between 2007 and 2011, U.S. dry natural 

gas production increased by 19 percent, from approximately 19.3 to 22.9 tcf.  In the same period, 

gross withdrawals from shale gas wells grew by 427 percent, from 1.99 to 8.50 Tcf, while CBM 

production fell by 11 percent, to 1,779,055 from 1,999,748 MMcf.  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 remainder coming from other gas wells and oil wells (EIA does not differentiate tight gas 

sands production). (EIA, 2013b)   

Of the states producing shale gas, Texas is the largest, accounting for 36 percent of 2011 

production.  Louisiana and Pennsylvania also each produced more than 1 million MMcf 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.  Together, these 6 states produce about 92 percent of U.S. shale gas. (EIA, 

2013b)  Data characterizing some of the major shale plays in these states are tabulated in Exhibit 

1-4. 

Shale gas wells are marked by a rapid decline in production after strong initial production. 

Exhibit 1-5 below depicts the 30-day average production rate of shale gas wells in the 

Haynesville, Marcellus, and Barnett Shale 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 decline generally 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 generally depleted 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 (mi
2
) area for natural gas production using conventional vertical wells would 

require 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 and six-to-eight horizontal 

wells (each originating from that single well pad) would be required. (NETL, 2009a) Whereas 

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

so they require spacing of 160 acres per well. (NETL, 2009a)  
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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 

Location Texas Arkansas 
Texas & 

Louisiana 

Ohio, New 
York, Virginia, 
Pennsylvania, 
West Virginia,  

Texas & 
Oklahoma 

Michigan 

Estimated 
Basin Area 
(mi

2
) 

5,000 9,000 9,000 95,000 11,000 12,000 

Depth (ft) 
6,500-
8,500 

1,000-7,000 
10,500-
13,500 

4,000-8,500 
6,000-
11,000 

600-
2,200 

Net 
Thickness 
(ft) 

100-
600 

20-200 200-300 50-200 120-220 70-120 

Total 
Organic 
Carbon 
(%) 

4.5 4.0 ï 98 0.5 ï 4.0 3 ï 12 1 ï 14 1 ï 20 

Total 
Porosity 
(%) 

4 ï 5 2 ï 8 8 ï 9 10 3 ï 9 9 

Gas 
Content 
(scf/ton) 

300 ï 
350 

60 ï 220 100 ï 330 60 ï 100 200 ï 300 40 ï 100 

Well 
Spacing 
(acres) 

60 ï 
160 

80 ï 160 40 ï 560 40 ï 160 640 40 ï 160 

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 plays to examine 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 Exhibit 1-5, these 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 Haynesville, 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, primarily due to improvements in drilling, completion, and stimulation and 

gains in knowledge. 
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Exhibit 1-5 30-day average production rate of representative wells (MIT, 2011) 

 

1.5 Best 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 Subcommittee released its 

first 90-day report presenting 20 recommendations intended to reduce the environmental impacts 

of shale gas production. (SEAB 2011a)  The Subcommittee stressed the importance of 

continuous improvement based on best practices and tied to measurement and disclosure.  The 

recommendations were made in ten areas: 

¶ Improve public information about shale gas operations: create a portal to share public 

information, including data from state and federal regulators 

¶ Improve communication among state and federal regulators: continue annual support to 

STRONGER and the Groundwater Protection Council 

¶ Improve air quality: take measures to reduce emissions of air pollutants, ozone 

precursors, and methane 

¶ Protect water quality: adopt a systems approach to water management based on 

consistent measurement and public disclosure 

¶ Disclose fracturing fluid compositions: accelerate progress in disclosure of all chemicals 

used in fracturing fluids 

¶ Reduce use of diesel fuel: reduce use of diesel engines for surface power and replace with 

natural gas or electric engines where possible 
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¶ Manage short-term and cumulative impacts to communities, land use, wildlife, and 

ecologies: pay greater attention to combined impacts from drilling, production, and 

delivery activities and plan for shale development impacts on a regional scale 

¶ Organize for best practice: create an industry organization for continuous improvement 

of best practice 

¶ Research and development needs: significantly improve efficiency of shale gas 

production through technical advances (SEAB, 2011a) 

On November 18, 2011, the Subcommittee released its second 90-day report (SEAB, 2011b) that 

focused on the recommendations from the first report (SEAB, 2011a).  Noting that they had not 

prioritized their original recommendations, and that all of these recommendations required 

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 for implementation, 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 recommendations 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 communities and public interest groups.  The Subcommittee 

expressed concern that advisory committee recommendations could be ignored and affirmed 

their responsibility to assess and report progress in the implementation of their 

recommendations.  They viewed action as necessary in making progress toward reducing 

environmental impacts, and avoiding a risk to the future potential benefits of shale gas as a 

domestic energy resource.  

Observing that natural gas is poised to enter into a ñgolden age,ò but that ñthis future hingesò on 

environmental concerns to be overcome, the International Energy Agency (IEA) proposed a set 

of ñGolden Rules,ò which are principles by which policy-makers, regulators, operators, and other 

stakeholders can address environmental impacts. (IEA, 2012)  The IEA 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 

¶ Measure, disclose, and engage: Collect baseline and operational data, disclose, and 

engage local communities and other stakeholders. 

¶ Watch where you drill: Minimize impacts with well siting and monitoring. 

¶ Isolate wells and prevent leaks: Establish robust rules for operations and performance, 

and monitor to contain fracturing within producing formations. 

¶ Treat water responsibly: Reduce use of fresh water, store and dispose of wastes safely, 

and minimize chemical additives. 

¶ Eliminate venting, minimize flaring and other emissions: Set a target of zero venting and 

minimal flaring, and minimize combustion emissions. 
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¶ Be ready to think big: Seek economies of scale in developing local infrastructure and 

consider cumulative and regional environmental impacts; specifically, the impacts of 

water use and disposal, land use, air quality, traffic, and noise. 

¶ Ensure a consistently high level of environmental performance:  Balance prescriptive 

regulations and performance-based regulations (through robust regulatory regimes), 

including emergency response plans, continuous improvements, and independent 

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 Water Act (SWDA), 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 unconventional 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 the environment on its lands during all oil and gas 

activities.  The USFS is responsible for managing development on federally owned lands along 

with the BLM. (NETL, 2009a) If any types of oil and gas activities are proposed to take place 

within national park boundaries, 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, and Exhibit 1-7 provides the gaps in regulatory coverage under 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 
speciesô designated 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 ñtakeò of 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 

CAA 

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 
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. 

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

CERCLA 
Liability and reporting provisions do not apply to injections of fluids authorized 
by state law for production, enhanced recovery, or produced water. 

EPCRA 
Oil and gas well operations are not required to report releases of listed 
chemicals to the toxics release inventory (TRI). 

The Western Interstate 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 regulations that the 

unconventional gas industry must comply with, the SDWA is ñof greatest importance to the 

sector.ò (McAllister, 2012)  While state laws and regulations can vary, stringency has increased 

in recent years.  State agencies typically oversee the well itself while 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 to concerns 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 treatment of hydraulic 

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 diesel fuel) from the definition of 

ñunderground injection.ò  Therefore, the EPA has no SDWA authority to regulate hydraulic 

fracturing unless diesel fuel is included in the waste fluids to be injected underground.   

Two federal agencies have recently taken regulatory actions 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 fracturing on public and Indian lands. 

In 2009, the EPA promulgated the Mandatory Reporting of Greenhouse Gases Rule at Title 40 

Code of Federal Regulations (CFR) Part 98 requiring the reporting of GHG data from large U.S. 

sources.  This rule also requires suppliers to 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.  Annual carbon dioxide, methane, and nitrogen oxide emissions must be reported 

separately for each of these segments. (EPA, 2012a) 

On April 17, 2012, the EPA promulgated a final rule at 40 CFR Parts 60 and 63, entitled ñOil 

and Natural Gas Sector: New Source Performance Standards and National Emission Standards 

for Hazardous Air Pollutants Reviews,ò under the CAA provisions for new source performance 

standards. (EPA, 2012b)  The EPA expects the rule to reduce volatile organic compound (VOC) 

emissions by nearly 95 percent, mainly through ñgreenò or ñreduced emissionsò completions that 

capture natural gas that currently escapes to the air.  Reductions in VOC emissions will help 

reduce ground-level ozone in natural gas production areas and help protect against potential 

cancer risks from several air toxics, including benzene.  Green completions also reduce methane 

emissions.  The EPA estimates the combined rules will yield a cost savings of $11 to $19 million 

in 2015, because of the value of natural gas and condensate that will be recovered and sold, and 

the value of the climate co-benefits at $440 million annually by 2015. (EPA, 2012b) 

The BLM oversees more than 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 land entitled ñOil and Gas Well Stimulation, Including Hydraulic Fracturing, on 

Federal and Indian Landsò at 43 CFR Part 3160.  The rule would require public disclosure of the 

chemicals used in hydraulic fracturing on public land and Indian land, strengthen regulations 

related to well-bore integrity, and address issues related to flowback water (fluids used in 

hydraulic fracturing that are recovered from the well, which must then be disposed of). (BLM, 

2012) 

The BLM used comments on its proposed draft rule to make improvements and on May 24, 

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

draft included provisions to ensure the protection of usable water zones through an expanded set 

of cement evaluation tools, including a variety of logging methods, seismograms, and other 

techniques.  Detailed guidance on the handling of trade secret claims modeled on State of 

Colorado procedures was added to address concerns that industry had voiced on the disclosure of 

fluid constituents that were considered to be proprietary.  The BLM also sought opportunities 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 regulations for unconventional 

gas drilling under federal oversight.  All 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 

implement their own programs as long as these programs have been approved by the appropriate 

federal agencies. (NETL, 2009a) While state requirements differ, any requirements set forth in 

federal regulations must be met at a minimum ï in other words, state requirements can be more 

stringent than federal regulations, but they cannot be less stringent than federal regulations.  

The National Energy Technology Laboratory (NETL) 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 resources. (NETL, 2009b)  NETL reviewed 

regulations for permitting, 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 are adequately designed to directly protect water resources 

through the application of specific programmatic elements such as permitting, well 

construction, well plugging, and temporary abandonment requirements. 

2. Experience suggests that state oil and gas regulations related to well construction are 

designed to be protective of ground water resources relative to the potential effects of 

hydraulic fracturing.  However, development of best management practices (BMPs) 

related to hydraulic fracturing would assist states and operators in insuring continued 

safety of the practice, especially as it relates to hydraulic fracturing of zones in close 

proximity to ground water, as determined by the regulatory authority. 

3. Many states divide jurisdiction over certain elements of oil and gas regulation between 

the oil and gas agency and other state water protection agencies. This is particularly 

evident in the areas of waste handling and spill management. 

4. The state review process conducted by the national non-profit organization State Review 

of Oil and Natural Gas Environmental Regulations (STRONGER) is an effective tool in 

assessing the capability of state programs to manage exploration and production waste 

and in measuring program improvement over time. 

5. The implementation and advancement of electronic data management systems has 

enhanced regulatory capacity and focus. However, the inclusion of more environmental 

data is needed, as well as further work in the areas of paper-to-digital data conversion. 

NETL (2011) concluded that oil 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, in 

addition to the regulations themselves.  (NETL, 2011) 

The National Conference of State Legislatures (Pless, 2012) introduces domestic natural gas 

production, describes legislative involvement at the state level, and summarizes the development 

of state legislation. 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 is when the most current data was available, legislatures in 19 

states had introduced at least 119 bills and 9 states had enacted legislation.  State policy actions 

fall into four categories: 

1. Increasing Transparency: Disclosure of fracturing fluid chemical and additives. 

2. Generating Revenue through Taxes and Fees: Severance taxes for resources ñseveredò 

from the earth can provide significant revenue streams and impact fees can benefit local 

communities. 

3. Water Quality Protection: Leak and spill prevention, wastewater transportation, waste 

treatment and disposal regulations, and well location restrictions help protect water 

quality. 

4. Monitoring to Improve Knowledge Base: Water withdrawal and quality monitoring can 

protect water resources.  Some states have instituted moratoria on drilling until more is 

known about the impacts, including New Jersey and Vermont.  Other states, such as 

Illinois, Michigan, New York, North Carolina, Ohio, and Pennsylvania, have legislation 

pending various moratoria.  New Jerseyôs moratorium was for one year, while Vermontôs 
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completely 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) then tabulated the state legislative 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 2012 that analyzed the 

requirements for oil and gas development activities. Six states, which have requirements above 

and beyond federal requirements, and which have updated their requirements in the recent past, 

were included: Colorado, North Dakota, Ohio, Pennsylvania, Texas, and Wyoming.  GAO also 

analyzed federal and state environmental and public health requirements (summarized in Exhibit 

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, 2013, the STRONGER website states that ñ22 state regulatory programs, 

representing over 94% of domestic O&G production,ò have volunteered and have been 

successfully reviewed.ò (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 

Siting and site 
preparation 

Identification or testing of 
water wells prior to drilling of 
production wells 

No CO, OH, WY 

Required setbacks from 
water sources 

No CO, ND, PA, OH, WY 

Stormwater permitting No CO, ND, PA, WY 

Drilling, casing, and 
cementing 

Requirements relating to 
cementing/casing plans 

No CO, ND, PA, OH, TX, WY 

Prescribed placement of 
surface casing relative to 
groundwater zones 

No CO, ND, PA, OH, TX, WY 

Hydraulic fracturing 
Requirements to disclose 
information on fracturing 
fluids 

No CO, ND, PA, OH, TX, WY 

Well plugging 

Requirements for 
notification, plugging plan or 
method, witnessing, and 
reporting 

No CO, ND, PA, OH, TX, WY 

Programs to plug wells that 
are not properly plugged 
and have been abandoned 

No CO, ND, PA, OH, TX, WY 

Site reclamation 

Requirements for backfilling, 
regarding, recontouring, and 
alleviating compaction of 
soil 

No CO, ND, PA, OH, TX, WY 

Revegetation requirements No CO, ND, OH, PA, WY 

Waste 
management 

Pit lining requirements No CO, ND, PA, TX, WY 

Underground injection 
(except injection of diesel) 

SDWA CO, ND, OH, TX, WY 

Direct discharge to surface 
water 

CWA 
CO, TX, WY allow in certain 
cases 

Requirements for discharge 
to POTWs or CWT facilities 

CWA 
OH, PA (POTWs) 

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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Regulation 
EPA 

Requirements 
State Requirements 

Hazardous waste disposal No No 

Managing air 
emissions 

Requirements for CAPs CAA CO, ND, OH, TX, WY 

Requirements for HAPs CAA Maybe 

Requirements related to 
H2S gas 

No CO, ND, OH, PA, TX, WY 

Requirements related to 
flaring 

NSPS CO, ND, OH, PA, TX, WY 

Another analysis was completed by Resources for the Futureôs (RFF) Center for Energy 

Economics and Policy 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 into five general categories 

(RFF, 2012): 

¶ Site development and preparation 

¶ Well drilling and production 

¶ Flowback and wastewater storage and disposal 

¶ Well plugging and abandonment 

¶ Well inspection and enforcement 

In June 2013, RFF released a full report containing an analysis 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, 2013) This analysis determined that 

there is little similarity in the way 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) The state-by-state breakdown of the 

analysis from RFF can be found in the tables in Section 1.9, at the end of this chapter. Exhibit 

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 are 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 CO LA MT NM ND PA TX WY 

Base Fluid Type Yes Yes Yes Yes 

Yes (by 
reference to 
FracFocus 
template) 

Yes No Yes Yes 

Base Fluid Volume Yes Yes Yes Yes 

Yes (by 
reference to 
FracFocus 
template) 

Yes Yes Yes Yes 

Additive Trade Name Yes Yes Yes 

Yes 
(trade 
secret 
only

1
) 

Yes (by 
reference to 
FracFocus 
template) 

Yes No Yes Yes 

Additive Vendor Yes Yes Yes No 

Yes (by 
reference to 
FracFocus 
template) 

Yes No Yes No 

Additive Function Yes Yes Yes Yes 

Yes (by 
reference to 
FracFocus 
template) 

Yes Yes Yes No 

Additive 
Concentration 

Yes No No Yes No Yes Yes Yes Yes 

Chemical Names 

Yes 
(unless 
trade 

secret) 

Yes 
(unless 
trade 

secret) 

Yes (if 
subject to 
29 CFR 

1910.1200 
and 

unless 
trade 

secret) 

Yes 
(unless 
trade 

secret) 

Yes (if 
subject to 
29 CFR 

1910.1200 
and unless 

trade secret) 

Yes 

Yes (if 
subject to 
29 CFR 

1910.1200) 

Yes Yes 
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 AR CO LA MT NM ND PA TX WY 

Chemical 
Concentration 

No 

Yes 
(unless 
trade 

secret) 

Yes (if 
subject to 
29 CFR 

1910.1200 
and 

unless 
trade 

secret) 

Yes 
(unless 
trade 

secret) 

Yes (if 
subject to 
29 CFR 

1910.1200 
and unless 

trade secret) 

Yes 

Yes (if 
subject to 
29 CFR 

1910.1200) 

Yes (if 
subject to 
29 CFR 

1910.1200) 

Yes 

Chemical Abstract 
Services (CAS) 
Number 

Yes 
(unless 
trade 

secret) 

Yes 
(unless 
trade 

secret) 

Yes (if 
subject to 
29 CFR 

1910.1200 
and 

unless 
trade 

secret) 

Yes 
(unless 
trade 

secret) 

Yes (if 
subject to 
29 CFR 

1910.1200 
and unless 

trade secret) 

Yes 

Yes (if 
subject to 
29 CFR 

1910.1200) 

Yes No 

Chemical Family 
CAS Number

2
 

Yes 
(trade 
secret 
only) 

Yes 
(trade 
secret 
only) 

Yes (trade 
secret 
only) 

Yes 
(trade 
secret 
only) 

No No No 
Yes (trade 

secret only) 
No 

Effective Date 
January 

16, 
2011 

April 1, 
2012 

October 
20, 2011 

August 
27, 

2011 

February 15, 
2012 

Rulemaking 
in progress 

February 6, 
2011 

February 1, 
2012 

October 
17,2010 

1
Montana exempts trade secrets from disclosure but an operator may identify a trade secret chemical by trade name. 

2
Some states allow operators to report trade secret chemicals by chemical family.
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1.7 Federal Research and Development Programs 

In 2011, the Department of Energy (DOE) delineated the technical 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 environmental 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 production, including multi-seam 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 production 

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 Act of 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 management. DOE has been developing a tool that can be used to help the operators of oil 

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 produced for various 

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

¶ Water Minimization: Reducing the volume of produced water both entering the well and 

flowback at the surface.  

¶ Water Recycling and Reuse: Investigating alternative uses for produced water, such as 

underground injection, use in agricultural settings, and use in industrial settings.  

¶ Water Treatment and Disposal: Discovering methods to remove impurities from the 

produced water and permanently dispose of the produced water.  

NETL is also 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 impacts. (DOE, 2013b)  

These are some of the goals of this research: 

¶ Document Environmental Changes: Distinguishing the changes that occur during each 

phase of shale gas production (e.g., site construction, drilling, well completion, early 

production, and production after site remediation). 

¶ Develop Technology and Management Practices: Mitigating undesired environmental 

changes 

¶ Develop Monitoring Techniques: Increasing sensitivity and speed while decreasing costs 

Projects include efforts to determine air quality, detect fugitive emissions, detect unwanted 

migration of production fluids, locate existing wells and pipelines, and document changes in 

avian populations. (DOE, 2013b) Additionally, DOE is collaborating with other agencies on the 

EPAôs hydraulic fracturing study. (EPA, 2012c)  
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The EPA cooperates with key stakeholders to make sure that unconventional gas resources are 

managed responsibly and do not inflict unnecessary damage on the environment and on the 

public. (EPA, 2013) In 2010, at the request of Congress, the EPA initiated a study to better 

understand any potential impacts of hydraulic fracturing on drinking water and ground water. 

The overall purpose of the study is to elucidate the relationship, if any, between hydraulic 

fracturing and drinking water resources, and to identify the driving factors that affect the severity 

and frequency of any impacts. (EPA, 2011) In their plan, the EPA designed their study to 

provide decision-makers and the public with answers to five fundamental questions associated 

with the hydraulic fracturing water life cycle: 

¶ Water Acquisition: What are the potential impacts of large volume water withdrawals 

from ground and surface waters on drinking water resources? 

¶ Chemical Mixing: What are the possible impacts of surface spills on or near well pads of 

hydraulic fracturing fluids on drinking water resources? 

¶ Well Injection: What are the possible impacts of the injection and fracturing process on 

drinking water resources? 

¶ Flowback and Produced Water: What are the possible impacts of surface spills on or near 

well pads of flowback and produced water on drinking water resources? 

¶ Wastewater Treatment and Waste Disposal: What are the possible impacts of inadequate 

treatment of hydraulic fracturing wastewaters on drinking water resources? 

In December 2012, the EPA published 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 case studies. The EPA plans to publish 

an additional report in 2014 to synthesize the results of the long-term projects and the 

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

The USGS operates both the Energy Resources Program (ERP) and the John Wesley Powell 

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 researching hydraulic fracturing 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 resulting produced 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 shale gas 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) 

¶ Hydraulic Fracturing: Gain better understanding of the hydraulic fracturing process in 

the U.S. 

¶ 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 near the production operations. 
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¶ Data Gaps: Determine areas where further investigation is necessary for evaluation. 

¶ Future Work: Ascertain future work that can help increased understanding of how 

unconventional gas production effects water quality.  

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

make Americaôs energy supply safer and stronger, give energy consumers options to lower 

energy usage and costs, and work toward a future with clean energy. DOE, Department of the 

Interior (DOI), and the EPA were 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 the involved agencies brings to 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) 
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1.9 State Regulatory Requirements 

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

State 
Pre-Drilling 
Water Well 

Testing 

Water 
Withdrawals 

Setback 
Restrictions 

from 
Buildings 

Setback 
Restrictions 
from Water 

Sources 

Alabama 
 

x x x 

Arkansas 
 

x x x 

California 
 

x x x 

Colorado x x x x 

Georgia 
 

x x x 

Illinois x x x x 

Indiana 
 

x 
  

Kansas 
 

x 
 

x 

Kentucky 
  

x x 

Louisiana 
 

x x x 

Maryland 
 

x x x 

Michigan 
 

x x x 

Mississippi 
 

x 
  

Montana 
 

x 
  

Nebraska x x 
  

New Jersey 
 

x x 
 

New Mexico 
 

x x x 

New York x x x x 

North Carolina 
 

x 
  

North Dakota x x x x 

Ohio x x x x 

Oklahoma x x 
  

Pennsylvania 
 

x x x 

South Dakota 
 

x 
  

Tennessee 
 

x x x 

Texas 
 

x x x 

Utah 
 

x 
  

Vermont 
 

x 
  

Virginia x x x x 

West Virginia x x x x 

Wyoming 
 

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

State 

Natural 
Gas Wells 
and Shale 

Gas 
Production 

Cement 
Type 

Regulations 

Casing 
and 

Cementing 
Depth 

Surface 
Casing 
Cement 

Circulation 
Regulations 

Intermediate 
Casing 
Cement 

Circulation 
Regulations 

Production 
Casing 
Cement 

Circulation 
Regulations 

Venting 
Regulations 

Flaring 
Regulations 

Fracking 
Fluid 

Disclosure 

Alabama x x x x x x x x  

Arkansas x  x x  x   x 

California x x x x x x    

Colorado x  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 x x x  

Kentucky x  x x x  x x  

Louisiana x  x x x x x x x 

Maryland x x x x x x   x 

Michigan x x x x x x x x x 

Mississippi x  x x  x x x  

Montana x 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 x 

South Dakota x x x x x x x x  
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State 

Natural 
Gas Wells 
and Shale 

Gas 
Production 

Cement 
Type 

Regulations 

Casing 
and 

Cementing 
Depth 

Surface 
Casing 
Cement 

Circulation 
Regulations 

Intermediate 
Casing 
Cement 

Circulation 
Regulations 

Production 
Casing 
Cement 

Circulation 
Regulations 

Venting 
Regulations 

Flaring 
Regulations 

Fracking 
Fluid 

Disclosure 

Tennessee x  x x   x x  

Texas x x x x x x x x x 

Utah x x x x   x x  

Vermont          

Virginia x      x x  

West Virginia x x x x x x x x x 

Wyoming x x x x x x x x x 
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Exhibit 1-13 Selected state flowback and wastewater storage and disposal requirements (RFF, 
2013) 

State 
Fluid 

Storage 
Options 

Freeboard 
Requirements 

Pit Liner 
Requirements 

Flowback/ 
Wastewater 

Transportation 
Tracking 

Underground 
Injection Wells 

for Flowback and 
Produced Water 

Permitted 
Statewide 

Alabama x x x x x 

Arkansas x x x x x 

California x    x 

Colorado x x x x x 

Georgia x x x  x 

Illinois x  x x x 

Indiana x    x 

Kansas x x x x x 

Kentucky x x x x x 

Louisiana x x x x x 

Maryland x x   x 

Michigan x  x x x 

Mississippi x x x  x 

Montana x x x  x 

Nebraska x x x x x 

New Jersey     x 

New Mexico x x x x x 

New York x x x x x 

North Carolina x     

North Dakota x  x x x 

Ohio x   x x 

Oklahoma x x x x x 

Pennsylvania x 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 x 

Wyoming x  x  x 
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Exhibit 1-14 Selected state well plugging and abandonment requirements (RFF, 2013) 

State 
Well Idle 

Time 
Temporary 

Abandonment 

Alabama x x 

Arkansas x x 

California x  

Colorado x x 

Georgia x  

Illinois x x 

Indiana x x 

Kansas x x 

Kentucky  x 

Louisiana x x 

Maryland x x 

Michigan x x 

Mississippi x x 

Montana x  

Nebraska x x 

New Jersey   

New Mexico x x 

New York x x 

North Carolina x  

North Dakota x x 

Ohio x x 

Oklahoma x x 

Pennsylvania x x 

South Dakota  x 

Tennessee x x 

Texas x x 

Utah x x 

Vermont 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) 

State 
Accident 
Reporting 

Requirements 

Number of 
Regulating 

State 
Agencies 

Number of 
Wells per 
Inspector 

Alabama x 2 501 to 1,630 

Arkansas x 3 to 6 141 to 360 

California  3 to 6 0 to 30 

Colorado x 2 501 to 1,630 

Georgia x 1 0 to 30 

Illinois x 2 N/A 

Indiana x 2 31 to 140 

Kansas x 2 501 to 1,630 

Kentucky x 3 to 6 N/A 

Louisiana x 2 361 - 500 

Maryland x 1 0 to 30 

Michigan x 1 141 to 360 

Mississippi x 2 141 to 360 

Montana x 2 N/A 

Nebraska x 2 31 to 140 

New Jersey x 0 0 to 30 

New Mexico x 2 1,631 to 2,980 

New York x 1 N/A 

North Carolina  1 0 to 30 

North Dakota x 2 0 to 30 

Ohio  2 31 to 140 

Oklahoma x 2 501 to 1,630 

Pennsylvania x 2 141 to 360 

South Dakota x 1 0 to 30 

Tennessee  2 31 to 140 

Texas x 2 501 to 1,630 

Utah x 2 N/A 

Vermont  1 0 to 30 

Virginia x 3 to 6 501 to 1,630 

West Virginia x 1 N/A 

Wyoming x 3 to 6 501 to 1,630 
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Exhibit 1-16 Selected state moratorium and tax requirements (RFF, 2013) 

State 

State and 
Local Bans 

and 
Moratoria 

Severance Tax 
Calculation 

Method 

Severance Tax 
Rates in Percentage 

Terms 

Severance Tax 
Rates in cents/Mcf 

Alabama  Pct of gas value 7.01% to 9.00% 17.21 to 22.1 

Arkansas  Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

California  Fixed amt per unit 0.02% to 0.53% 0.05 to 1.3 

Colorado 1 Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

Georgia  None None None 

Illinois 1 Pct of gas value 0.02% to 0.53% 0.05 to 1.3 

Indiana  Fixed amt per unit 0.54% to 1.20% 1.31 to 3.0 

Kansas  Pct of gas value 7.01% to 9.00% 17.21 to 22.1 

Kentucky  Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

Louisiana  Fixed amt per unit 5.01% to 7.00% 12.31 to 17.2 

Maryland 1 Pct of gas value 5.01% to 7.00% 17.21 to 22.1 

Michigan 1 Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

Mississippi  Pct of gas value 5.01% to 7.00% 12.31 to 17.2 

Montana  Pct of gas value 7.01% to 9.00% 17.21 to 22.1 

Nebraska  Pct of gas value 1.21% to 3.80% 3.1 to 9.4 

New Jersey 1 None None None 

New Mexico 1 Pct of gas value 1.21% to 3.80% 3.1 to 9.4 

New York 1 None None None 

North Carolina 1 Fixed amt per unit 0.02% to 0.53% 0.05 to 1.3 

North Dakota  Fixed amt per unit 1.21% to 3.80% 3.1 to 9.4 

Ohio 1 Fixed amt per unit 0.54% to 1.20% 1.31 to 3.0 

Oklahoma  Pct of gas value 5.01% to 7.00% 12.31 to 17.2 

Pennsylvania 1 None None None 

South Dakota  Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

Tennessee  Pct of gas value 1.21% to 3.80% 3.1 to 9.4 

Texas 1 Pct of gas value 7.01% to 9.00% 17.21 to 22.1 

Utah  Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

Vermont 1 None None None 

Virginia  Pct of gas value 0.54% to 1.20% 1.31 to 3.0 

West Virginia 1 Pct of gas value 3.81% to 5.00% 9.41 to 12.3 

Wyoming  Pct of gas value 5.01% to 7.00% 12.31 to 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 contribute to climate change has been investigated by government and 

university researchers. There are five major studies that account for the GHG emissions from 

upstream natural gas. (Upstream natural gas includes the construction and completion of gas 

wells, as well as subsequent production, processing, and transport steps.) 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 workovers
1
 as a key difference between the GHG profiles of conventional and 

unconventional natural gas. Other key emissions occur during steady-state operations, such as 

emissions from compressors and pipelines. The assumptions and parameters of the five studies 

vary, but, given their uncertainties, four of the five studies conclude that the GHG emissions 

from a unit of delivered unconventional natural gas are comparable to (if not lower than) those 

from a unit of conventional natural 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 conventional natural gas.  

2.1 A Life Cycle Perspective 

A system-level 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 opportunities.  Life cycle analysis (LCA) is one type of systems approach, and 

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 Department of Energyôs (DOE) National Energy Technology Laboratory (NETL) 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 between 2010 and 2014: 

¶ Life Cycle Analysis: Natural Gas Combined Cycle (NGCC) Power Plant. DOE/NETL-

403-110509 (NETL, 2010) 

¶ Life Cycle Greenhouse Gas Inventory of Natural Gas Extraction, Delivery and Electricity 

Production. DOE/NETL-2011/1522 (NETL, 2011) 

¶ Role of Alternative Energy Sources: Natural Gas Technology Assessment. DOE/NETL-

2012/1539 (NETL, 2012)  

¶ Life Cycle Analysis of Natural Gas Extraction and Power Generation. DOE/NETL-

2014/1646 (NETL, 2014) 

The GHG results in the NETL 2014 report supersede the GHG results in the previous NETL 

reports. (NETL, 2014)  Together, these reports provide an in-depth assessment of the GHG 

impacts of unconventional natural gas production with traceable and transparent documentation 

                                                 

1  ñWorkoverò is a generic industry term for a variety of remedial actions to stimulate or increase production. As applied here to shale gas wells, it 
means hydraulic fracturing treatments after the initial drilling and first hydraulic fracturing of the well. 
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of the methods, data sources, and results of an LCA approach, and serve as a basis for 

comparison of results from similar studies. 

NETLôs life cycle model of upstream natural gas production is based on a network of unit 

processes. Each unit process accounts for the raw materials, energy consumption, and 

environmental emissions of a specific activity in the natural gas life cycle. NETLôs model has 

over 30 unit processes that are directly related to the natural gas life cycle. Furthermore, most of 

these unit processes have secondary 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 parameters for key unit processes 

in NETLôs natural gas model. This is not an exhaustive listing of all unit processes in the model, 

but summarizes key components of the model:  

¶ Well construction accounts 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 emissions. When connected to other unit processes in the model, the 

construction requirements are scaled to a unit of natural gas production based on the 

lifetime production rate of the well. 

¶ Well completion accounts for the impulse of natural gas that escapes the well during 

development. Shale gas wells have higher completion emissions than conventional wells 

due to the natural gas entrained in the flowback water from hydraulic fracturing. 

¶ Well workovers account 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 includes hydraulic fracturing treatments after the 

initial drilling and first hydraulic fracturing of the well. 

¶ Liquid unloading accounts for the impulse of natural gas that escapes the well during the 

removal of liquids that gradually accumulate in a wellbore of a conventional well. 

¶ Venting and flaring accounts 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 steady-state production or processing. This process is applied at 

multiple points in NETLôs model, particularly, any instance where venting can be 

controlled. If capture equipment is not used, natural gas is vented directly to the 

atmosphere. If capture equipment is used, vented streams are flared 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 flared. For example, if 15 percent of the gas vented during 

the completion of an unconventional well is flared, NETLôs model tunes the associated 

venting and flaring process so that 15 percent of completion emissions are converted to 

CO2 via flaring, and the remaining 85 percent of completions emissions are released to 

the atmosphere. 

¶ Acid gas removal accounts for amine solvent consumption, the combustion of natural gas 

used to heat a reboiler, and emissions of volatile organic compounds from the absorber 

tower. Most natural gas processing plants use acid gas removal systems that have an 

absorber tower that contacts a stream of amine-based solvent with a stream of raw natural 
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gas. The acid-rich 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 

be returned to the scrubber. In NETLôs model, this process includes parameters for amine 

consumption rate and reboiler duty. 

¶ Pipeline operation accounts for the natural gas and electricity used to power 

compressors, and the fugitive emissions of methane from the pipeline transmission 

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

through compressor seals, and the mix of gas- and electrically-powered compressors. 

The flexible, consistent framework of NETLôs model allows different natural gas sources to be 

compared on a common basis. NETL 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). NETLôs results also include an average domestic mix 

scenario, which is an aggregate of all gas types, weighted by their 2010 supply share.  

Exhibit 2-1 shows key parameters in NETLôs natural gas model and demonstrates how 

differences among extraction technologies are handled. In addition to expected values, the 

parameters for average production rate and flaring rate have low and high bounds that account 

for uncertainty. 

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

Property (Units) Onshore Offshore Associated 
Tight 
Gas 

Barnett 
Shale 

Marcellus 
Shale 

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 
Production Rate 
(Mcf/well-day) 

Low 46 1,960 85 77 192 201 73 

Expected Value 66 2,800 121 110 274 297 105 

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) 1.1 0.3 

Liquids Unloading  (Mcf/episode) 3.57 n/a 

Lifetime Liquid Unloadings (Episodes/well) 930 n/a 

Valve Emissions, Fugitive (lb. CHϞ/Mcf) 0.11 0.0001 0.11 

Other Sources, Point Source (lb. CHϞ/Mcf) 0.003 0.002 0.003 

Other Sources, Fugitive (lb. CHϞ/Mcf) 0.043 0.1 0.043 

The parameters for the volume of natural gas vented during well completions and workovers, the 

frequency of well workovers, and the flaring rates of captured gas are key drivers of NETLôs 

GHG results. (NETL, 2014) To characterize these parameters, NETL uses factors from the 

technical support document that the Environmental Protection Agency (EPA) uses in support of 

its national GHG inventory of the petroleum and natural gas sectors. (NETL, 2014; EPA, 2010).  

New data for natural gas extraction emissions became available after the release of EPAôs 2010 

technical support document. EPA revised its emission factor for unconventional well 

completions and workovers in 2012 (from 9,175 to 9,000 Mcf of natural gas per episode). (EPA, 
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2012) Additionally, new parameters for liquid unloading emissions and unconventional 

workover frequency were developed based on data collected by the American Petroleum Institute 

(API) and Americaôs Natural Gas Alliance (ANGA) from gas producers in 2010 and 2011. 

(Shires et al., 2012) These parameter changes are represented in Exhibit 2-1. 

The supply contributions from seven natural gas sources to the domestic supply, as shown in 

Exhibit 2-1, are representative of the 2010 United States (U.S.) natural gas supply, and were 

derived from data in the Energy Information Administrationôs (EIA) Annual Energy Outlook 

(AEO). (2012) The production rates for each natural gas source are expressed as daily rates and 

estimated ultimate recovery (EUR) and are representative of single wells over a 30-year time 

frame. (NETL, 2014) 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 converting from 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 30-year performance. The different time frames represented 

by the 2010 contributions to the U.S. supply and 30-year 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 a specific year, while the 

production rates are used to apportion episodic emissions that occur over a 30-year period (e.g., 

construction, completion, workover, and liquid unloading emissions) per unit of produced natural 

gas. 

The expected flaring rates for conventional 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 flaring and the remaining 85 

percent is vented to the atmosphere. (NETL, 2014) As reduced emission completions become 

standard industry practice, average flaring rates will increase. (Shires et al., 2012) Section 2.3 

includes a discussion on how flaring rates are variable, and could be as high as 97 percent for 

unconventional wells. Such an increase in flaring rate does not necessarily contradict IEAôs 

ñGolden Rulesò (IEA, 2012), as discussed in Chapter 1. If a given amount of natural gas is lost 

by a natural gas system, it is preferable from a climate change perspective to flare it to CO2 

instead of releasing it to the atmosphere as methane (NETL, 2014). In contrast, IEAôs 

recommendation 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 unconventional 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 formations ï 

formations that do not require stimulation once they have been drilled. In contrast, 

unconventional formations are easier to locate than conventional formations, but require 

hydraulic fracturing or other stimulation techniques to cause gas to flow to the surface, and 

periodic workovers to boost 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 have been in 
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operation for 30 years (the time period of NETLôs natural gas LCA). Data collected by the 

American Petroleum Institute (API) and Americaôs Natural Gas Alliance (ANGA) show that the 

workover rates for shale gas wells may be one-tenth of the unconventional workover rates 

calculated by the EPA in 2010. (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 scenarios, and a liquefied 

natural gas (LNG) import scenario. The blue bars represent the GHG emissions from raw 

material acquisition (extraction and processing), and the orange bars represent the GHG 

emissions from the transmission of natural gas by the U.S. natural gas pipeline system. These 

results do not include the distribution of natural gas, which is an additional transport step beyond 

transmission that moves natural gas to small-scale users such as commercial or residential 

customers. The horizontal black line in Exhibit 2-2 shows the emissions from the 2010 domestic 

natural gas mix, which was calculated by applying the 2010 supply contributions to the seven gas 

types (as defined in Exhibit 2-1). These emissions are expressed in terms of 100-year global 

warming potential (GWP) as recommended by the Intergovernmental Panel on Climate Change 

(IPCC). (IPCC, 2007) GWPs normalize GHG species to a common basis. For example, the 2007 

version of IPCCôs GWPs show that the radiative forcing of CH4 is 25 times greater than CO2 

over a 100-year period; to arrive at a common basis, the life cycle results for methane are 

multiplied by 25 so CO2 and CH4 can be expressed in common units ï carbon dioxide 

equivalents (CO2e). More details on GWPs are provided in Section 2.3. 

In general, unconventional technologies require stimulation of the gas-containing formation 

before gas will flow freely to the surface. For shale gas, the current stimulation technology is 

horizontal drilling with hydraulic fracturing. Tight gas, another unconventional technology, uses 

vertical drilling with hydraulic fracturing. Coalbed methane (CBM) is another unconventional 

technology that uses hydraulic fracturing, but requires the removal of naturally-occurring water 

from a formation before gas will flow freely, and has lower production pressures than shale gas 

and tight gas wells. The escape of gas during the completion of unconventional wells and 

occasional maintenance activities (e.g., workovers) explain partly why the GHG emissions from 

unconventional natural gas are believed to be different than those from conventional gas. (NETL, 

2014) Other differences between technologies are related differences in producer 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. 

The results in Exhibit 2-2 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 the uncertainty range 

for onshore natural gas (a conventional technology). Further, the GHG emissions from CBM (an 

unconventional technology) are lower than onshore natural gas. GHG emissions from CBM 

wells are lower than other unconventional sources because CBM formations have lower 

pressures and do not release large pulses of natural gas emissions during well development and 

maintenance.  

The GHG emissions from offshore production, as shown in Exhibit 2-2, are lower than other 

natural gas sources because higher production rates and safety requirements justify the costs of 

loss reduction technologies. This contrast shows that existing technologies are effective at 
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reducing GHG emissions, and suggests that comparable controls are technologically feasible for 

shale and tight 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 from offshore extraction in 

Trinidad and Tobago, liquefaction, seaborne transport, and regasification. These data were 

developed when LNG imports were a potential input to the U.S. energy supply, and LNG exports 

were not a consideration. (NETL, 2014) The burdens of liquefaction, ocean transport, and 

regasification significantly increase the upstream burdens of LNG relative to natural gas that is 

not liquefied. However, the life cycle emissions from LNG should be evaluated using a basis for 

comparison that includes the combustion of natural gas to produce electricity or another form of 

useful energy, not merely the upstream portion of the supply chain. (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) 

 

The liquefaction of natural gas for shipment is an energy-intensive process that uses natural gas 

as the key source for refrigeration energy. The Sabine Pass Liquefaction Project has proposed the 

construction of a natural gas liquefaction and export terminal in Louisiana. If the Sabine Pass 

liquefaction facility is constructed, it will  produce 3.8 million metric tons of CO2 emissions per 

year while exporting 16 million metric tons of natural gas per year (assuming it operates at 100 

percent capacity). Most of the CO2 emissions will  come from the combustion of natural gas in 

refrigeration compressor turbines and power generation turbines. (FERC, 2011) These data show 

that the liquefaction facility consumes 8 percent of incoming natural gas as fuel required for 

liquefaction. Not only do these data demonstrate the loss rate of natural gas at a liquefaction 
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facility, they also demonstrate the CO2 emissions 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 gas production technologies: onshore conventional and Marcellus 

Shale natural gas. Exhibit 2-3 and Exhibit 2-4 show upstream GHG emissions for the two gas 

types. These boundaries are also referred to as ñcradle-to-gate,ò where the cradle is the extraction 

of natural gas from nature and the gate is the delivery of natural gas to a power plant via a natural 

gas transmission pipeline. These results use the same boundaries as Exhibit 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) 

 

The above exhibits show how important methane (CH4) is to total upstream GHG emissions. In 

most energy systems, CO2 is the key GHG of concern, but for upstream natural gas, methane 

accounts for the majority of GHG emissions. Non-routine emissions (ñepisodic emissionsò) are 

significant for conventional and unconventional natural gas sources. The episodic emissions 

from liquid unloading
1
 account for 11.2 percent of upstream GHG emissions from conventional 

onshore extraction. The episodic emissions from well completion and workovers account for 

13.5 percent of the upstream GHG emissions from Marcellus Shale natural gas. Well 

construction, on the other hand, accounts for a smaller contribution (approximately 2 percent) to 

upstream GHG emissions. 

The above results show that compressors are a key contributor to GHG emissions for both 

conventional and unconventional technologies. Natural gas is compressed for transport from the 

processing facility to the consumer, so upstream GHG emissions are sensitive to pipeline 

distance and the number of compressors that the gas must pass through.  NETLôs LCA uses a 

default distance of 971 km for natural gas pipeline transmission, which NETL calculated by 

solving for the distance at which the per-mile emissions were equivalent to U.S. annual natural 

gas transmission methane emissions. The energy intensity of compression and the fugitive 

methane emissions from compressors contribute to upstream emissions. (NETL, 2014) In 

addition to being a source of methane emissions, compressors are also a source of CO2 

emissions. The majority of compressors on the U.S. pipeline transmission network are powered 

by natural gas that is withdrawn from the pipeline itself. Electric motors are not widely used by 

                                                 

1Liquid unloading is a type of periodic well maintenance activity that is unique to onshore conventional wells and allows natural gas to escape. 

Liquid unloading removes fluids that accumulates in a wellbore. If liquid unloading is not performed, the fluids in the wellbore can impede 
natural gas production. EPAôs data for well emissions indicate that liquid unloading is not necessary for unconventional wells. (NETL, 2011a) 
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natural gas pipelines, but are installed where local emission regulations limit the use of internal 

combustion engines or where inexpensive electricity is available. (Hedman, 2008) 

Approximately three percent of compressors used by the natural gas transmission network are 

electrically driven. NETLôs model uses the average U.S. electricity grid mix (representative of 

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 emissions are identical between the two natural gas types shown in Exhibit 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 are different for each natural gas type. 

As shown in Exhibit 2-4, water delivery and water treatment account for 2.1 percent of the 

upstream GHG emissions from Marcellus Shale natural gas extraction. The water inputs for the 

completion of a horizontal, shale gas well ranges from 2 to 6 million gallons, and substantial 

flowback water is produced by shale gas wells. (GAO, 2012)  While water supply can be an 

issue (see Chapter 4, Water Use and Quality), the GHG emissions associated with these water 

burdens are relatively small over the lifetime natural gas production rate of a well, and compared 

to other life cycle GHG emissions. 

The sensitivity of upstream GHG results to key parameters is shown in Exhibit 2-5 and Exhibit 

2-6. Each of the parameters shown in Exhibit 2-5 and 2-6 was increased by 100 percent while 

holding all other parameters constant, which provides an understanding of how each parameter 

affects the GHG results. For example, if the amount of natural gas produced by a conventional 

onshore well increases by 100 percent (doubles) and all other parameters are held constant at 

their expected values, the upstream GHG emissions per unit of natural gas delivered decrease by 

10.7 percent. That is, a higher production rate reduces the amount of episodic emissions 

apportioned to each unit of natural gas produced. Sensitivity is different than uncertainty, so 

these tornado graphs do not represent likely uncertainty ranges around key parameters. Rather, 

the tornado graphs show which parameters are key drivers of GHG 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) 

 

 

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 gas production types, conventional onshore and Marcellus Shale, the GHG 

results are sensitive to production rates and episodic emissions (either liquid unloading or 

workovers). Production rate (the amount of natural gas produced by a well during its lifetime) is 

an important variable in NETLôs natural gas model, because it is used as a basis for apportioning 

episodic emissions. For example, workover vent rate multiplied by the workover frequency and 

divided by lifetime production rate equals the workover emissions per unit of gas produced. 

Based on the relationship between production rate and life cycle GHG emissions, 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 emissions. (NETL, 2014) 

According to NETLôs model, when natural gas is delivered to a power plant or other large-scale 

consumer, 92 percent of the natural gas extracted at the well exits the transmission network. The 

8 percent share that is not delivered to the user is vented (either 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 methane is released to the atmosphere, 30.3 kg is flared to CO2 via 

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 natural 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 basis of extracted natural gas. Converting to a denominator of 

delivered natural gas gives a methane leakage rate of 1.2 percent. (NETL, 2014) 

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

rates and episodic emissions. Data for these variables are limited, especially for the relatively 

new activity in the Marcellus Shale play. NETLôs upstream GHG results for Marcellus Shale use 

an EUR of 3.25 billion cubic feet of natural gas. This EUR is based on sharply declining 

production curves projected over a 30-year period. The long-term performance of Marcellus 

Shale wells is uncertain, so NETL bounds its Marcellus Shale production rate parameters with an 

uncertainty range of +/- 50 percent. (NETL, 2014) 

The factors for episodic emissions are based on the supporting documentation for the EPAôs 

national GHG inventory. The EPAôs emission factor for unconventional well completions and 

workovers is 9,000 thousand cubic feet (Mcf) of natural gas emissions per episode, which was 

developed from a series of presentations by their Natural Gas STAR (EPA Science to Achieve 

Results) program. The data behind this emission factor are highly variable, ranging from 6,000 to 

over 20,000 Mcf per episode (6 to 20 million cubic feet per episode), and include data collected 

in the 1990s. (EPA, 2010; Cathles, 2012) It should also be noted that this emission (9,000 

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

and flared using current technologies (Cathles, 2012); as shown by NETLôs sensitivity analysis 

in Exhibit 2-6, an increase in flaring rate will significantly reduce the GHG emissions from 

unconventional natural gas production. Other data points for unconventional emissions are 

summarized in the following section, but further data collection and research is necessary to 

reduce the uncertainty associated with this emission factor and other emissions from 

unconventional natural gas extraction.  
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2.3 Other Natural Gas Analyses 

At least four other research teams have performed system-level LCAs of natural gas production 

using methodologies similar to the one used and documented by NETL. The results of three of 

the non-NETL studies, given their uncertainties, are generally consistent with NETLôs analysis 

and indicate that the GHG emissions from 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 for both relative to the other studies. 

Researchers at Carnegie Mellon University (Jiang et al., 2011) estimated the GHG emissions 

from Marcellus Shale natural gas and compared it to U.S. domestic average natural gas. They 

concluded that development and completion of a Marcellus Shale natural gas well has GHG 

emissions that are 11 percent higher than the development and completion of an average 

conventional natural gas well. This 11 percent difference is based on a narrow boundary, 

representing only the differences in well development and completion for Marcellus Shale and 

conventional natural gas. When the life cycle boundaries are expanded to include combustion to 

generate electricity, the percent difference between the GHG emissions from Marcellus Shale 

and conventional natural gas is reduced to 3 percent. In 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 chain. (Jiang 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 emissions are 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 Policy Institute applied 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, 2012)  The six studies include four of 

the studies mentioned herein (Burnham 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., 2011)
1
 Weber and Clavin recommend the use of efficient 

technologies for converting natural gas to electricity, heat, or transportation applications. They 

also recommend implementation of reduced emission completions (RECs) for the development 

of shale gas wells. 

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

that the high volumes of gas released by hydraulic fracturing make the life cycle GHG footprint 

of shale gas significantly higher than conventional gas. According to Howarthôs analysis, 3.6 to 

7.9 percent of natural gas extracted from shale gas wells is released to the atmosphere as 

methane. (The midpoint of Howarthôs range of leak rate is included in Exhibit 2-8, which 

compares the leak rates calculated by various authors.) 

                                                 

1 The analysis by the University of Maryland 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 unconventional gas has upstream 

GHG emissions that are 11 percent higher than those from conventional natural gas. These two analyses do not contradict nor expand upon the 
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 not identical. Carnegie Mellon University (Jiang et al., 2011) 

and the Science and Technology Policy Institute (Weber and Clavin, 2012) use the same 

boundaries as NETL (NETL, 2014), but Argonne National Laboratoryôs analysis includes 

scenarios for vehicles that use compressed natural gas (Burnham et al., 2011) and Howarthôs 

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 transparency of these 

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) Exhibit 2-7 shows the GHG results as compiled by WRIôs study. These 

results use a 100-year time scale to show GHG emissions in terms of carbon dioxide equivalents 

(CO2e) per megajoule (MJ) of delivered natural gas. While WRI shows these results on the basis 

of similar boundaries, each author used a different basis for calculating uncertainty. The error 

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

WRI also reconciled NETLôs upstream natural gas results, shown in Exhibit 2-7. However, 

WRIôs reconciliation is representative of NETLôs 2012 natural gas analysis. NETLôs current 

results, representative of modeling updates made in 2012 and 2013, have expected values that are 

lower than other authors. More details on NETLôs natural gas analysis are provided in 

Section 2.2. 

 

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

 

The authors shown in Exhibit 2-8 identify extraction, processing, and transport as sources of 

methane leakage, but, other than well completion emissions, do not specify the sub-activities that 

contribute to methane leakage. As identified by NETLôs model, the top four contributors to 

methane leakage from unconventional natural gas are completions, workovers, pneumatically-
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controlled valves used at extraction, and compressors used during processing and pipeline 

operations. (NETL, 2014) 

Because of the potency of methane as a GHG, methane leakage rates dominate the GHG 

emissions from upstream natural gas systems. Exhibit 2-8 compares the methane leakage rates 

for conventional and unconventional natural gas extraction, as calculated by three analyses. As 

discussed earlier, NETLôs leakage rate for the 2010 supply mix of all domestic natural gas 

sources is 1.2 percent and is expressed in terms of methane emissions per unit of natural gas 

delivered to a large-scale consumer. Jiang does not explicitly report a methane leakage rate. The 

boundaries on these leakage rates are from extraction through delivery. (Bradbury et al., 2013)  

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

Author 
Methane Leakage Rate 

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 and methane leakage rates among natural gas analyses are 

driven by different data sources, assumptions, and scopes. (Bradbury et al., 2013)  Other 

differences among these analyses, as identified in literature, are summarized below. 

Most analysts use IPCC GWPs to scale methane to an equivalent quantity of CO2.  Howarth does 

not use IPCC GWPs, but uses GWPs developed by Shindell, a National Aeronautics and Space 

Administration (NASA) scientist whose calculations account for the heating and cooling effects 

of aerosols in addition to GHGs. (Howarth et al., 2011a) On a 100-year time frame, the IPCC 

and Shindell GWPs for methane are 25 and 33, respectively. (Bradbury et al., 2013; Howarth et 

al., 2011a; MIT, 2011) Howarth uses a methane GWP that is 32 percent higher than used by 

others, but further analysis and reconciliation is necessary to determine how much Howarthôs 

unique GWP contributes to the difference between Howarthôs and othersô GHG results; the 

choice of GWP factors is one of several modeling and data choices unique to Howarthôs analysis. 

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 of climate change progresses. The IPCC 

recently finalized its 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 100-year GWP of methane from 25 to 28. Further, if the global warming 

caused by the decay of methane to CO2 is to be included within the boundaries of an analysis, the 

fifth assessment report recommends a 100-year GWP of 30 for methane. The GWP of methane is 

a function of the radiative forcing directly caused by methane in the 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 years (a 12-year 

lifetime was used in the previous version). 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 is uncertainty as to how much methane is released during the initial flowback of water 

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

most of the emissions from the completion of shale gas wells. The EPAôs emission factor for 

natural gas released from the flowback from unconventional completions is approximately 9,000 

Mcf per episode. The data behind the EPAôs emission factor are highly variable, ranging from 

6,000 to 20,000 Mcf per episode, and include data collected in the 1990s. (EPA, 2010) NETL 

uses the EPAôs emission factor for flowback emissions. (NETL, 2014) Carnegie Mellon 

Universityôs analysis of upstream natural gas assumes that flow back methane emissions are 

equal to the total gas produced during the first 30 days of production (4,100 Mcf per episode). 

(Jiang et al., 2011) Howarth averages the flowback emissions from two shale gas wells and two 

tight gas wells, and 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 flowback emission 

factor in terms of Mcf per episode, but applying Howarthôs 1.6 percent loss factor to the four 

wells cited in Howarthôs analysis translates to flowback emissions of 47,000 Mcf/episode. 

Another data point is an emission factor of 5,000 Mcf per episode, which was developed by 

Southern Methodist University for the Environmental Defense Fund (EDF), and is representative 

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

by other authors discussed in this report are not clearly stated in their work. 

Howarth does not use the EPAôs emission factor to characterize flowback emissions. Rather, 

Howarth compiles data from five basins where unconventional extraction is occurring (Barnett, 

Piceance, Uinta, Denver-Jules, and Haynesville) and assumes a10-day period in the last stages of 

flowback during which gases ñfreely flow.ò The data that Howarth uses to characterize the 

Haynesville basin are especially high, ranging from 14 to 38 million cubic feet per day. 

(Howarth, 2012)  Other analysts claim that the flowback fluid does not contain as much gas as 

indicated by Howarthôs data. During flowback, non-gaseous material obstructs the wellbore and 

prevents the release of methane and other gases. (Bradbury et al., 2013; Cathles, 2012; 

OôSullivan and Paltsev, 2012)  

EUR is used to apportion the one-time impact of flowback emissions per unit of natural gas 

produced. (Howarth, 2012; Hughes, 2011; NETL, 2014)  NETL uses EURs of 3.0 and 3.25 

billion cubic feet for Barnett Shale and Marcellus Shale, respectively, based on 2009 production 

data for the Barnett play (levelized over 30 years of production), and a decline curve analysis
1
 of 

initial production rates reported by producers in the Marcellus play. (NETL, 2014) Jiang et al. 

use an EUR of 2.7 billion cubic feet over a 25-year period, and 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 wells, and contends that the EURs used by NETL 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 for shale gas wells is due to a lack of long-term 

historical production data. Shale gas wells use new technologies to extract natural gas from 

previously unproductive geological formations; EURs are merely estimates of long-term 

performance using initial production data and assumptions about long-term performance. 

(NETL, 2014) As shale gas extraction develops, the uncertainty in EURs will be reduced.  

                                                 

1 The production rate of a well declines as the well gets older. A decline curve analysis plots the production rate of a well over time; the area 

under the curve represents the total lifetime production of the well. By knowing the initial production rate of a well and then assuming 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 gas is sometimes flared during well completion. Flaring is an important safety 

practice, and it also reduces the GWP of natural gas extraction and processing operations by 

converting methane to CO2. Again, as discussed in Section 2.1, 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 gas (NETL, 2014)  NETL (2014) and OôSullivan and Paltsev 

(Bradbury et al., 2013) assume a 15 percent flaring rate. NETLôs flaring rate of 15 percent is 

based on the EPAôs inventory documentation for the oil and gas sector (EPA, 2012a), and is 

representative of an emerging industry for 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 increase. Industry representatives claim that the flaring 

rates for unconventional natural gas extraction are as high as 97 percent. (Bradbury et al., 2013)  

Howarthôs model assumes that all methane losses are directly released to the atmosphere and are 

not flared. (Cathles et al., 2011)  Howarth cites personal communication with producers who say 

they do not flare emissions during unconventional well development.  Howarth also contends 

that the methane released during unconventional well development is quickly mixed with the 

atmosphere and does not pose a safety hazard that would require flaring. (Howarth et al., 2012) 

Most natural gas analyses use the EPAôs national GHG inventory to calculate natural gas 

pipeline emissions. The national inventory data accounts for the different fates of methane 

(fugitive emissions, venting from compressors, and combustion in compressors) during natural 

gas transport. (Bradbury et al., 2013; NETL, 2014)  Howarth does not use guidance from the 

national GHG inventory to account for the sources of methane emissions during natural gas 

transmission. (Howarth, et al, 2011; Cathles et al., 2011)  Howarth assumes that the difference in 

methane between the inlet and outlet of the pipeline is equal to methane emissions from pipeline 

operation. This mass balance approach does not account for the consumption of methane by 

pipeline compressors. (Cathles et al., 2011)  Pipeline compressors combust methane for 

compression energy, converting methane to CO2 in the process. (NETL, 2014) Howarth 

acknowledges the limitation of his approach, but also points out that the EPA inventory data is 

more than ten years old and relies too heavily on voluntary industry reporting. (Bradbury et al., 

2013; Howarth, 2012) 

Howarth includes two phases of natural gas transport: transmission and distribution. (Howarth et 

al., 2011; Cathles et al., 2011) Transmission moves natural gas from a processing plant to large-

scale consumers near cities or export terminals; distribution is an additional step that moves 

natural gas to commercial or residential consumers. (EIA, 2008) Howarth points out that heat 

generation, which includes a large share of small residential and commercial consumers and 

requires a natural gas distribution network, accounts for the largest share of natural gas 

consumption in the U.S. (2012) Other natural gas analyses focus on the use of natural gas for 

power generation, which does not require natural gas distribution. (NETL, 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 University (Jiang 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 in Exhibit 2-9, because it is a meta-analysis 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 
and Shale Gas 
Parameters 

Authors 

NETL Jiang et al. Burnham et al. Howarth 

Upstream Natural 
Gas Boundaries 

Extraction through transmission 
Extraction 
through 

distribution 

100-year Global 
Warming Potentials 

(GWP) 

2007 IPCC GWPs 
(CH4 is 25x CO2) 

Shindell GWPs 
(CH4 is 33x CO2) 

Estimated Ultimate 
Recovery (EUR) per 

Shale Gas Well 

3.0 BCF (Barnett); 
3.25 BCF 

(Marcellus) 
2.7 BCF 3.5 BCF NA1 

Well Lifetime 30 years 25 years 30 years NA2 

Natural Gas in 
Flowback Water 

from Well 
Completion 

9,000 Mcf/well 
4,100 Mcf/well-
day x 9.5 days = 
38,950 Mcf/well 

9,175 Mcf/well 

1.6% of lifetime 
production 

(47,000 
Mcf/well)3 

Flaring Rate of 
Natural Gas in 

Flowback Water 
from Well 

Completion 

15% 76% 41% 0% 

1 Howarth does not specify an EUR in his analysis. (2011) A straight average of the lifetime production 
rates in Table 1 of Howarth's analysis gives an EUR of 3.1 BCF. Hughes attributes an EUR of 1.24 BCF to 
Howarth's work. (Hughes, 2011) 

2 Howarth does not specify well lifetime as a modeling parameter. 
3 Howarth expresses natural gas losses in terms of percentage of lifetime production. (2011) The 
emission factor shown here (47,000 Mcf/well) is not specified in Howarth's analysis, but can be 
calculated solely 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 reduced as more 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 U.S., and include 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 site; this 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 unconventional 

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 and EDF have published 

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

et al., 2013) 

A survey conducted by the API and ANGA is an example of how data collected by industry can 

inform the emission factors used by analysts. These organizations surveyed 20 member 

companies to collect data from 91,000 domestic natural gas wells. Based on the survey, API and 

ANGA conclude that the rate of workovers for unconventional wells (also known as ñrefracture 

frequencyò) is one-tenth of the rate specified by the EPA documentation 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 demonstrated that the methane emission factors used by different authors are highly 

variable. One source of variability is the way in which methane emissions data are collected; 

some emissions are measured at a device level (e.g., the flowback stream from a hydraulic 

fracturing job), while other emissions are measured at regional boundaries (e.g., atmospheric 

sampling in a region that has natural gas production). Theoretically, if these two types of 

measurements are scaled correctly, they should result in similar methane 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 to cost-effective 

policy decisions. (Brandt et al., 2014) 

Improper well construction and fractures in rock formations can also result in methane emissions 

from the target formation during production.  The current life cycle models for shale gas 

extraction do not include ground water as a source of GHG emissions. Methane migration as a 

potential source of drinking water contamination is discussed in greater detail in Chapter 4, 

Water Use and Quality. 

2.4 Mitigation Measures 

The EPAôs New Source Performance Standards (NSPS) regulate emissions from the oil and gas 

sector. The new regulations are applicable to new or modified wells. The final NSPS rule that 

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

pneumatic controllers. The schedule for NSPS compliance is staggered; some emission sources 

were to be reduced within 60 days from the publication of the NSPS rules, on October 15, 2012, 

but all emission reductions must be achieved by January 1, 2015. (EPA, 2012) These targets for 

emission reductions are described in more detail below.  

RECs use portable equipment that is brought onsite to capture gas from the solids and liquids 

generated during the flowback of hydraulic fracturing water. RECs equipment includes plug 

catchers and sand traps that remove drilling cuttings and finer solids that result from 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 only during completions and 

workovers to prevent the release of methane and other gases to the atmosphere and to 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 compressors can be reduced. 

(EPA, 2011b)  Reciprocating compressors prevent methane leakage by encasing each 

compressor rod with a set of oil-coated, flexible rings. Proper maintenance and routine 

replacement of these rings prevents unnecessary leakage of methane. (EPA, 2006c) 

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 storage tanks, 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 vents methane to the 

atmosphere. The GHG impact of pneumatic control systems can be reduced by installing 

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

Since the regulations focus on RECs, they are more applicable to unconventional wells. 

However, the regulations also mandate emission reductions from pneumatically-controlled 

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

and unconventional technologies. 

The 2012 NSPS regulations do not cover emissions from liquid unloading or natural gas pipeline 

transmission. Participants in the EPAôs Natural Gas STAR program have demonstrated that 

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 include the use of smaller diameter tubing that maintains production 

pressures at levels that reduce the frequency of liquid unloading, and foaming 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 compressors at extraction and processing sites, can further 

reduce pipeline emissions and product losses. 

The goal of NSPS is to reduce methane emissions from the targeted sources (completions, 

compressors, pneumatic valves, and storage tanks) by 95 percent. NSPS implementation is 

applicable only to extraction and processing activities and, based on NETLôs natural gas model, 

could reduce upstream GHG emissions from the domestic natural gas mix (which includes 

conventional and unconventional technologies) by 23 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 natural gas) released 145 teragrams of CO2e of 
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methane to the atmosphere. (EPA, 2013)  The total U.S. GHG inventory in 2011 was 5,800 

teragrams of CO2e, (EPA, 2013) so methane from natural gas systems is 2.5 percent of the total 

GHG inventory. As discussed above, NSPS reductions can reduce upstream GHG emissions by 

23 percent, which means they can reduce the entire U.S. GHG inventory by 0.6 percent. 
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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 non-GHG emissions are: 

¶ Uncaptured Venting: Releases natural gas, which is a source of volatile organic 

compound (VOC) emissions.  

¶ Fuel Combustion: Produces a wide variety of air emissions, including nitrogen oxides 

(NOx), carbon monoxide (CO), sulfur dioxide (SO2), and particulate matter (PM).  

VOCs and NOx react in the lower atmosphere to produce ground-level ozone, a component of 

smog that adversely affects human respiratory health. The reaction between VOCs and NOx 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 human health by reducing the 

oxygen-carrying capacity of blood. SO2 leads to soil or surface water 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 methane, are a naturally-occurring component of natural gas
1
 and 

react with other pollutants to produce ground-level ozone. Since VOCs come from the same 

sources as methane, an understanding of the sources of methane emissions from natural gas 

provides a basis for understanding the sources of VOC emissions from upstream natural gas. For 

example, a single instance of well completion with hydraulic fracturing can vent millions of 

cubic feet of raw natural gas. (NETL, 2014) This vented natural gas is mostly methane, but 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 addition to methane. 

As shown by Exhibit 3-1, the pattern of VOC emissions among natural gas types follows the 

same pattern as methane emissions among natural gas types. The National Energy Technology 

Laboratoryôs (NETL) model uses a bottom-up
2
 approach that uses a combination of engineering 

calculations and Environmental Protection Agency (EPA) emission inventory data to estimate 

emissions from natural gas systems. The emissions from onshore conventional natural gas are 

comparable to those from Barnett and Marcellus Shale natural gas, which corroborates the 

conclusion that emissions from unconventional extraction are not necessarily higher than those 

from conventional extraction. (NETL, 2014)  

                                                 

1
 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, 2014) 

2
 A ñbottom-upò model is a compilation of sub-processes that are linked together to represent an entire system. 

Bottom-up models are flexible and can be used to identify the key contributors to overall system behavior. In 

contrast, ñtop-downò models use data collected around a system boundary. Top-down models are useful for 

understanding total system behavior, but cannot be used to assess relationships between sub-processes and total 

system behavior. 
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Exhibit 3-1 Comparison of methane and VOC emissions from upstream natural gas 

  

The emissions from offshore natural gas extraction (also shown in Exhibit 3-1) are relatively low 

because offshore platforms have high production rates that justify capital expenditures on loss 

reduction technologies. The confines of offshore extraction platforms also present a safety 

challenge that requires prevention of flammable gases such as methane or VOCs. (NETL, 2014) 

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 

sources of natural gas. 

The emission reduction opportunities for VOCs are the same as those for methane emissions 

because vented natural gas is a source of both VOCs and methane. Reduced emission 

completions (RECs) use portable equipment that capture and flare natural gas during well 

development. Optimized timing of plunger lifts 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 prevents the venting of natural gas from the 

bleeding of pneumatic control 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 targeted by the EPA New 

Source Performance Standards (NSPS), and can reduce venting emissions, including VOCs, by 

95 percent. (Clark et al., 2012; NETL, 2014) 

Another source of VOC emissions from the oil and gas sector is venting from condensate storage 

tanks. (EPA, 2012b)  NETLôs life cycle analysis (LCA) of natural gas does not include emissions 

from storage tank venting and assigns all storage tank VOC emissions to the condensate rather 

than the natural gas. (NETL, 2014)  This choice allows the analysis to focus on the gas and its 

uses, but a comprehensive assessment of upstream unconventional natural gas production would 

factor for storage tank venting.  For example, the Marcellus region has dry and wet gas. The 

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

does not contain natural gas liquids (NGLs) 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 uncontrolled venting, the NGLs from wet gas 

become a source of VOC emissions.  

There is a separate market for NGLs from shale gas, and their production affects the economics 

of gas production.  Shell Chemical announced plans to build an ethane cracker in southwest 

Pennsylvania 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 and processing 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 natural gas could result in VOC 

emissions from condensate storage tanks. If natural gas is produced in a region 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 bottom-up approach to calculate air emissions from natural gas extraction. The 

analysis focused on gas extraction in the Barnett Shale region.  It categorized emissions into 

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

compressors and condensate storage tanks. Fugitive sources include uncaptured gas venting from 

steady-state production processes. Intermittent sources represent 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 emissions are especially 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 a smog-forming potential comparable to 

the on-road vehicle emissions from the five-county region that includes Dallas-Fort Worth.  

(Armendariz, 2009) This does not necessarily mean that the VOC emissions from condensate 

storage tanks in the Barnett Shale region can cause the same level of smog generated by on-road 

vehicles in the Dallas-Fort Worth area. Smog formation is a multivariable phenomenon; VOCs 

cause smog only when they are in the presence of NOx emissions. (EPA, 2012a) 

In contrast to bottom-up methods for calculating air quality emissions, the National Oceanic and 

Atmospheric Administration (NOAA) (Pétron et al., 2012) modeled air quality from natural gas 

activity using a top-down method that divided total measured emissions from an entire region by 

total natural gas produced by the region. The goal of the analysis 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 300-meter tall tower (located 35 

kilometers north of Denver) and ñautomobile-based on-roadò air sampling equipment. Pétron et 

al. concluded that four percent of extracted natural gas (a combination of methane and VOCs) is 

vented. (Pétron et al., 2012) This result is higher than the natural gas leakage rates calculated 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 (Pétron et al., 2012) was 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 necessarily apply to shale gas 

production. Further, researchers at Massachusetts Institute of Technology (MIT) point out that 

natural gas extraction is not the only activity in northeastern Colorado that produces methane and 
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VOC emissions. (OôSullivan and Paltsev, 2012) When the air quality data were collected in 

2008, most wells in the region were in tight sand formations that produced oil and gas. 

(OôSullivan and Paltsev, 2012) In addition to wells, the region also includes midstream 

processing and gathering pipelines. (OôSullivan 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 relies on ñunsupported assumptions about the 

molecular composition of vented natural gas.ò (Levi, 2012) Levi applies a molar ratio between 

methane and VOCs that he believes is more consistent with the sampled region to calculate 

methane emissions that are more consistent with bottom-up models of natural gas production. 

Leviôs conclusions do not explicitly explain the tradeoff between methane and VOC emissions 

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

VOCs increases). Applying a lower methane-to-VOC ratio to top-down emission data will 

reduce the calculated methane emissions, but will increase the calculated VOC emissions. 

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

in 2008 using a hybrid of bottom-up and top-down modeling approaches. (ADEQ, 2011) The 

study was funded by a grant from the United States (U.S.) The 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. ADEQôs study used two methods for calculating air emissions from 

shale gas: (1) a system-wide 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 example of a bottom-up modeling approach, while the 

interpretation of ambient air data is an example of a top-down modeling approach. Both of these 

approaches are described in more detail below. 

ADEQ developed a system-wide inventory of shale gas development in the Fayetteville Shale by 

scaling emissions factors by 2008 gas development activity. Emission factors are observed or 

calculated emissions for a specific process. ADEQ focused on processes specific to hydraulic 

fracturing, and the operation of compressors.  

ADEQ calculated annual air emissions from all hydraulic fracturing in the Fayetteville Shale by 

applying an emission factor of 5,000 Mcf to the 704 new wells that were completed in 2008. The 

chosen emission factor of 5,000 Mcf/episode was taken from a similar analysis on Barnett Shale 

(Armendariz, 2009) and represents the volume of natural gas vented to the atmosphere during the 

hydraulic fracturing of a single well. ADEQôs emission factor represents the volume of natural 

gas (which includes methane and VOCs) released during hydraulic fracturing, and has the same 

boundaries as the completion emission factors for unconventional wells as discussed in 

Chapter 2 (for example, NETL uses a shale gas hydraulic fracturing emission factor of 9,000 

Mcf/episode) and shown in Exhibit 2-1.  ADEQôs emission factor (5,000 Mcf/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 calculates total compressor emissions by factoring the combustion emissions from the 

operation of a single 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 in the Fayetteville 

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, three hydraulic 

fracturing sites, four compressor stations, and one control site. Elevated levels of VOC emission 

were measured near the drilling sites, but were near minimum detection limits near all hydraulic 

fracturing sites, compressor stations, and the control site. ADEQ concluded that 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 potential impacts 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, with 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, due to the low 

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 produces NOx and 

CO. The combustion of diesel in drilling equipment produces NOx and CO, as well as significant 

quantities of PM and SO2 emissions. The generation of grid electricity (used by a small share of 

natural gas compressors) produces all of these air pollutants as well.  

NETLôs assessment of natural gas compares NOx emissions among different natural gas types 

and concludes that the NOx emissions from unconventional natural gas are comparable to those 

from conventional natural gas. This is illustrated in Exhibit 3-2, which includes direct NOx 

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

electricity and other ancillary processes. Most of the natural gas sources have NOx emissions in 

the same order of magnitude. A key exception is the emissions from offshore extraction; offshore 

extraction platforms use centrifugal compressors, which have lower combustion emission factors 

than the reciprocating compressors used at onshore extraction sites. (NETL, 2014) 
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Exhibit 3-2 Direct and Indirect NOX emissions from natural gas extraction and processing (NETL, 
2014) 

  

The EDF analysis of the Barnett Shale also applied a bottom-up approach to calculate 

combustion emissions from natural gas production. They calculated region-wide compressor 

exhaust emissions of 46 tons of NOx emissions per day. For comparison, they point out that the 

combined NOx emissions from all airports in the Barnett region, which include Dallas Love Field 

and Dallas-Fort Worth International Airport, produce 14 tons of NOx emissions per day. The 

NOx inventory from shale gas production in the Barnett Shale is at least three times higher than 

the NOx inventory from area airports. (Armendariz, 2009)  

There are options for reducing NOx emissions from natural gas production. The NOx emissions 

from compressor engine exhaust can be reduced by installing non-selective catalytic reduction 

pollution control technology. Another option for NOx reduction is the replacement of gas-fired 

compressor engines with electrically-powered compressors. (ADEQ, 2011) Extraction sites in 

remote areas may not be near the electricity grid, but if electricity is available, the use of 

electrically-powered equipment can be a cost-effective way to reduce direct combustion 

emissions. This is a feasible option for Barnett Shale wells that are near the Dallas-Fort Worth 

metropolitan area. (NETL, 2014) 

Currently, there is no evidence of widespread use of electrically-driven compressors in the 

Barnett Shale, but for its characterization of Barnett Shale natural gas operations, NETLôs model 

applies a 25/75 percent split between electrically- and gas-powered compressors, respectively.  

The use of electrically-powered compressors by Barnett Shale operations explains why NETLôs 

calculated NOx emissions are lower for the Barnett Shale scenario than for other natural gas 

extraction scenarios (as shown in Exhibit 3-2). (Again, the one exception to this conclusion is 

offshore natural gas, which uses centrifugal compressors that have lower NOx emissions than the 

reciprocating compressors used by onshore natural gas operations.) Increased use of electricity 

for natural gas compression will increase indirect emissions of NOx. However, depending on the 

mix of fuels and combustion technologies used for electricity generation, the total NOx emissions 
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from systems that use electrically-powered compressors can still be lower than the total NOx 

emissions from systems that use only natural gas as an energy source. (NETL, 2014) As 

discussed in Chapter 2, natural gas pipelines can also use electrically-powered compressors as a 

way to meet local emission regulations and limit the use of internal combustion engines. 

(Hedman, 2008)  

NETLôs conclusions for CO emissions are the same as their conclusions for NOx emissions. 

(NETL, 2014) The CO emissions from unconventional natural gas are comparable to those from 

conventional natural gas. This is illustrated in Exhibit 3-3, which compares CO emissions among 

different natural gas extraction sources. (Again, offshore extraction has low CO emissions, 

because it uses centrifugal compressors.) 

Exhibit 3-3 CO emissions from natural gas extraction and processing (NETL, 2014) 

 

The combustion of natural gas does not produce significant PM and SO2 emissions, but the use 

of diesel engines by drill rigs produces PM and SO2 emissions. ADEQôs assessment of 

Fayetteville Shale identifies the use of drilling rigs during well completion as the largest source 

of PM emissions from gas production. (ADEQ, 2011) NETLôs assessment of natural gas shows 

that PM emissions are of the same order of magnitude for all natural gas sources (on the order of 

magnitude of 0.0001 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 gas well 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 that comprise a regional electricity grid. For example, NETLôs results show variance in 

SO2 emissions among natural gas types. The SO2 emissions from Barnett Shale are an order of 

magnitude greater than the SO2 emissions from other onshore natural gas extraction 
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the Barnett Shale. The fuel mix for grid electricity includes the combustion of coal, which is a 

source of SO2 emissions. (NETL, 2014)  

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 commissioned an air quality assessment of the Haynesville Play, which 

had nearly 3,000 shale gas wells as of December 2012. (Environ, 2013) The air quality 

assessment collected data for VOC, NOx, and CO emissions. The largest sources of these 

emissions were fugitive releases and combustion emissions from gas processing equipment and 

compressors. Compressors and gas processing equipment account for 79.7 percent of NOx 

emissions and 90.1 percent of VOC emissions. Fuel consumption by drilling rigs accounts for a 

smaller share of emissions ï drilling rigs account for 16 percent of NOx, and 1.2 percent of VOC 

emissions. Hydrofracking accounts 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 conclude that continued 

development of Haynesville Shale gas, even at a slow pace, will be large enough to affect the 

ozone levels in northeast Texas. (Environ, 2013)  

Litovitz et al (2013) estimated the air pollutants from shale gas extraction in the Pennsylvania 

portion of the Marcellus Shale. They estimated VOC, NOx, PM, and SO2 pollutants by analyzing 

data for diesel trucks, well development (including hydraulic fracturing), natural gas compressor 

stations, and other natural gas extraction activities. They then scaled their estimates to the county 

and state levels. They concluded that compressor station activities account for at least 60 percent 

of extraction-related emissions; development activities, which include hydraulic fracturing, 

account for, at most, a third of extraction-related 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, and SO2 from shale gas production account 

for less than 1 percent of total air pollutants from all industrial sectors in Pennsylvania.  NOx 

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 pollutants may be a small portion of state-wide industrial 

emissions, but they are not evenly distributed across the state. In counties with the most shale gas 

extraction, county-aggregated NOx emissions are higher than the NOx emissions from a major 

source, such 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 firms and producers to measure methane emissions from hydrofracked wells in the 

Barnett, Eagle Ford, Fayetteville, Haynesville, Denver-Julesberg, 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 Board (SEAB) views shale gas production as a key 

opportunity for increasing the U.S. natural gas supply, but recommends the use of emission 

control technologies. SEAB recommends the use of state and federal regulations for timely 

implementation of emission control technologies. For example, the EPA's NSPS rules and 

National Emissions Standards for Hazardous Air Pollutants (NESHAPs) for the oil and gas 

sector will reduce smog precursors and other harmful pollutants. As noted by SEAB, a limitation 
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of the new NSPS
1
 rules is that they do not apply to existing shale gas wells unless the wells are 

re-fractured. Further, producers should also be expected to "collect and publicly share" emissions 

data. (SEAB, 2011) 

  

                                                 

1 Since NSPS rules reduce total gas leakage, they have the two-fold benefit 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 describes water 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 water, and deep underground injection 

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 gas well can consume between 2 and 6 million 

gallons of water and local and seasonal shortages can be an issue, even 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 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 

methane along well bores and through rock fracture networks.  Management and disposal of 

wastewaters increasingly includes efforts to minimize water use and recycling and re-use of 

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 for drilling and, more importantly, for hydraulic fracturing.  Of the total water used 

by the shale gas industry, hydraulic fracturing jobs consume about 89 percent, and drilling uses 

10 percent with infrastructure uses consuming the remainder. (Hayes and Severin, 2012)  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 component 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 the fluid properties of the mixture. More details on the types of chemicals and other 

agents used during well drilling and hydraulic fracturing are provided in Section 4.2.1. 

The Sierra Club outlined the potential environmental impacts of water used for unconventional 

natural gas development. (Segall and Goo, 2012)  Segal and Goo cited the Secretary of Energy 

Advisory Board (SEAB) in reporting that hydraulic fracturing uses between 1 and 5 million 

gallons of water per well. (2011)  Reduced surface water availability can harm ecosystems and 

human communities; groundwater withdrawals can permanently deplete aquifers.  Hydraulic 

fracturing fluids, flowback water, and produced waters can pose risks to water quality; proper 

treatment of these fluids is essential to protecting water resources. 

4.1.1 Water Consumption 

The United States (U.S.) Department of Energy (DOE) examined current 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 impacts, unconventional 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 examples of impacts 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, Pennsylvania, and North 

Dakota faced higher water costs and were denied access to water usage for at least six weeks due 

to drought conditions.  (DOE, 2013) 

The Government Accountability Office (GAO) examined the environmental impacts associated 

with commercial oil shale development, because 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 quality from 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 development in arid regions.  

Water consumption per well can vary due to four sets of conditions: 

¶ Geology: maturity of the shale and formation depth, thickness, and lateral extent  

¶ Technology: horizontal and vertical drilling, water recycling 

¶ Operations: operator decisions, availability of nearby fresh water 

¶ 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 (see Exhibit 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 multiple times. (CRS, 2009)  Nicot and Scanlon note that 

water use per well has increased over the last ten years as the lateral lengths and number of 

fracking stages increased. (2012) 

The U.S. Environmental Protection Agency (EPA) has estimated that if 35,000 wells per year 

were hydraulically fractured in the U.S., these wells would consume the equivalent of the water 

consumed by 5 million people. (Groat and Grimshaw, 2012)  This scale of development was 

achieved during early shale gas activity; approximately 35,000 shale gas wells were drilled in 

2006. (Halliburton, 2008) No data could be found on the number of shale gas wells developed 

each year since 2006. However, the decline in the number of active natural gas drilling rigs over 

that last few years indicates a decline in the number of shale gas wells that are drilled annually. 

The weekly natural gas rig count has decreased nearly four-fold since early 2007, from 

approximately 1,600 to 400 active rigs. (EIA, 2014) 
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Exhibit 4-1 Average fresh water use per well (DOE, 2009; Mathis, 2011; GAO, 2012a) 

Shale Play 

DOE (2009)  
(gallons) 

Mathis (2011) 
(gallons) 

GAO (2012a) 
(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 ñapproximateò and come from Chesapeake Energy (Satterfield, et al., 

2008) and personal communications with operators.  Mathis (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 operators. (2012) 

Coalbed methane (CBM) wells can also be hydraulically 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.  Operator 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 less water-intense than 

the production 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 sources (see Exhibit 4-2). (2010)  

Natural gas is among the most water-efficient resources, including coal, oil, nuclear, and 

synthetic fuels.  Conventional natural gas production requires some water for drilling, primarily 

for drilling mud, and to cool and lubricate the drill bit, but otherwise may use between 1 and 3 

gallons/mmBtu for processing and pipeline transport. (Mielke, et al., 2010)  Similarly, water 

intensity for shale gas drilling ranges between 0.1 and 1.0 gallons/million Btu, but hydraulic 

fracturing has an intensity of about 3.5 gallons/million Btu.  With per-well reserves ranging from 

2.0 to 6.5 BCF [billion cubic feet], shale gas uses between 0.6 and 1.8 gallons/mmBtu with the 

additional water relative to conventional production needed for hydraulic fracturing. (Mielke, 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 gallons/million Btu 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 plays. (Mielke, et al., 2010)   
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In contrast to shale gas, petroleum from oil shales takes more water for mining and processing or 

retorting, which uses steam.  Oil shales are either mined with surface retorting or undergo in situ 

retorting to release the oil for extraction through wells.  Although data 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 Btu for in situ 

production. (Mielke, et al., 2010) 

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

Energy Source 
Range in Water Intensity 

(gallons/mmBtu) 

Conventional Natural Gas ~0 

Shale Gas 0.6 ï 1.8 

Coal (no slurry transport) 2 ï 8  

Nuclear (uranium at plant) 8 ï 14 

Conventional Oil 1.4 - 62 

Oil Shale Petroleum (mining) 7.2 - 38 

Oil Sands Petroleum (in situ) 9.4 ï 16 

Synfuel (coal gasification) 11 ï 26 

Coal (slurry transport) 13 ï 32 

Oil Sands Petroleum (mining) 14 ï 33 

Synfuel (coal Fischer-Tropsch) 41 ï 60  

Enhanced Oil Recovery 21 ï 2,500  

Fuel Ethanol (irrigated corn) 2,500 ï 29,000 

Biodiesel (irrigated soy) 13,800 ï 60,000 

 

Furthermore, water use for the major shale plays is a very small fraction of total water use in the 

regions around the plays.  Exhibit 4-3 lists the various uses for water in four representative plays, 

as percentages of the total use.  The Barnett Shale, for example, underlies the Dallas-Fort Worth 

metropolitan area, so more than 80 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 

agricultural 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 production typically consumes less 

than 1 percent of total water demand, except in arid regions like the Eagle Ford where it is 3 to 6 

percent. 
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Exhibit 4-3 Total water use for four major shale plays (
1
Arthur, 2009; 

2
Chesapeake Energy, 2012a; 

3
Chesapeake Energy, 2012b) 

Play 

Public 
Supply 

(%) 

Industry 
& Mining 

(%) 

Power 
Generation 

(%) 

Irrigation 

(%) 

Livestock 

(%) 

Shale 
Gas 

(%) 

Total 
Water Use 
(Bgals/yr)* 

Barnett
1
 82.7 4.5 3.7 6.3 2.3 0.4 133.8 

Eagle Ford
2
 17 4 5 66 4 3 ï 6 64.8 

Fayetteville
1
 2.3 1.1 33.3 62.9 0.3 0.1 378 

Haynesville
1
 45.9 27.2 13.5 8.5 4.0 0.8 90.3 

Marcellus
1
 12.0 16.1 71.7 0.1 0.01 0.06 3,570 

Niobrara
3
 8 4 6 82 0.01 1,280 

[*Bgal/yr = billion gallons per year] 

Nonetheless, water 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 well in the Marcellus.  (2012) 

4.1.2 Sources of Water and Environmental Impacts 

Unconventional natural gas producers generally withdraw water from local surface and ground 

water sources for drilling and hydraulic fracturing.  So, while production uses a relatively small 

fraction of local withdrawals, seasonal and local impacts have been cited as a concern, as well as 

the longer term prospect for water supplies in some areas. 

Water withdrawals from surface water sources like streams and rivers can decrease downstream 

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 in-stream flows can damage riparian vegetation 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.  Deeper aquifers are also susceptible to longer-term 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 

potable water 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 with warming 

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 methane formations 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 Basin in Wyoming can lower the groundwater table and reduce 

water available for other uses, such as livestock and irrigation. (GAO, 2012a) 

Water rights and supplies, which are typically regulated at the state level, reflect the greater 

general availability of water 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 land adjacent to a 

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 appropriation, where a water userôs reasonable and 

beneficial use of water remains subject to state permits that are generally issued on a first-come, 

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. 

4.1.3 Shale Play Water Supply Examples 

Case studies of the larger and more active shale gas plays provide a geographically distributed 

overview of the water demand and supply issues. 

4.1.3.1 Barnett Shale  

The Barnett Shale is a Mississippian-age shale that occurs at depths between 6,500 and 8,500 

feet and thicknesses between 100 and 600 feet in the Fort Worth Basin in northcentral Texas. 

(DOE, 2009)  The Barnett covers 48,000 square kilometers (km
2
) and underlies 20 counties, 

including the Dallas-Fort Worth metropolitan area. However, production 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 ranges from 0.75 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 percent from 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 Dallas-Fort 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., 2006)  The area 

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 natural gas producers formed the Barnett 

Shale Water Conservation and Management Committee (www.barnettshalewater.org) who have 

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

Between April 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, 2013)  One of their first initiatives was to 

commission a study on present and projected water use (Galusky, 2007), including projections 

published by the Texas Water Development Board (TWDB). (Bené, et al., 2006)  Bené, et al. 

note that water demand projections depend on population growth estimates, while demand for 

other uses, including shale gas projection, are driven by economic assumptions. (2006)  They 

projected growth of total water use in the area from about 1.0 billion barrels (423.6 billion 

http://www.barnettshalewater.org/































































































