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  ABSTRACT 

   This paper reviews recent developments in the production and use of unconventional natural gas in the United States with a focus on 

water and greenhouse gas emission implications. If unconventional natural gas in the U.S. is produced responsibly, transported and 

distributed with little leakage, and incorporated into integrated energy systems that are designed for future resiliency, it could play a 

signifi cant role in realizing a more sustainable energy future; however, the increased use of natural gas as a substitute for more carbon 

intensive fuels will alone not substantially alter world carbon dioxide concentration projections.   

 This paper reviews recent developments in the production and use of unconventional natural gas in the United States with a focus on 

environmental impacts. Specifically, we focus on water management and greenhouse gas emission implications. If unconventional 

natural gas in the United States is produced responsibly, transported and distributed with little leakage, and incorporated into inte-

grated energy systems that are designed for future resiliency, it could play a significant role in realizing a more sustainable energy 

future. The cutting-edge of industry water management practices gives a picture of how this transition is unfolding, although much 

opportunity remains to minimize water use and related environmental impacts. The role of natural gas to mitigate climate forcing is 

less clear. While natural gas has low CO 2  emissions upon direct use, methane leakage and long term climate effects lead to the con-

clusion that increased use of natural gas as a substitute for more carbon intensive fuels will not substantially alter world carbon dioxide 

concentration projections, and that other zero or low carbon energy sources will be needed to limit GHG concentrations. We conclude 

with some possible avenues for further work.  

  Keywords :    unconventional natural gas  ,   natural gas and environmental impacts  ,   natural gas in energy scenarios  ,   unconventional natural gas 

and water  
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                        Recent natural gas developments in the United States 

 This section briefl y considers the scale of the U.S. uncon-
ventional resource before turning to issues of environmental 
impacts and trade-offs. 

 This paper reviews aspects of the natural gas “revolution” in 
the United States as well as its impacts on the environment and 
trade-offs with particular environmental objectives. In doing 
so, it focuses on recent developments in unconventional gas 
primarily from shale plays in the continental United States 
(see  Fig. 1 ). This revolution was not predicted temporally or in 
scale by almost any analyst in industry or academia. *      

 Techniques for horizontal drilling combined with hydraulic 
fracturing (fracking) for extracting shale gas were improved in 
the late 1990s and use of the technology spread quickly, result-
ing in increasing shale gas output as well as estimates of tech-
nically recoverable resources. The relatively rapid spread of 
fracking has also raised environmental and social concerns 
that the regulatory community and other stakeholders are 
grappling with. 

 Prior to 2003, most of the widely accepted assessments of 
technically and economically recoverable shale resources con-
sidered them to be fairly minimal. Over the last 10 years, how-
ever, the state of knowledge regarding the amount of shale gas 
that is technically recoverable has changed rapidly.  2   Assessments 
of shale gas resources were initially focused on shale plays in 
North America, largely because that is where commercial inter-
est in the resource fi rst revealed itself. A simple chronology of 
estimates of North American shale gas through 2011 illustrates 
the change:

   
      •      2003, the National Petroleum Council  3   - 38 trillion cubic 

feet (tcf).  

     •      2005, the Energy Information Agency (EIA) - 140 tcf.  
     •      2008, Navigant Consulting, Inc.  4   - 640 tcf.  
     •      2009, the Potential Gas Committee  5   - over 680 tcf.  
     •      2011, Advanced Resources International (ARI)  1   - 1930 tcf.   

   
  Note that although each assessment cited in this highlight 

chronology is from an independent source, the estimates have 
increased over time as more drilling has occurred, allowing bet-
ter characterization of the resource, and as operators have devel-
oped deeper knowledge about the acreage under development—a 
“learning-by-doing” process that is still occurring in shale plays 
everywhere. Moreover, the shift in the generally accepted assess-
ment of recoverable shale resources has left producers, consum-
ers, and governments all grappling with the implications for 
markets, trade, geopolitics, and the environment. 

 Change in the generally accepted assessment of shale 
resources has continued beyond 2011.  Table 1  provides a snap-
shot of the rapid, very recent change in assessments of techni-
cally recoverable shale gas and oil resources globally according 
to studies commissioned by the EIA. Although assessments are 
fraught with uncertainty, it is useful to recognize the potential 
enormity of the resources. These resources highlight the scale 
of the environmental pressures that may manifest. It is also 
important to note that the assessments referenced in  Table 1  are 
either incomplete or simply do not include several regions—
Russia and the Middle East, for example—where there is a his-
tory of considerable natural gas and crude oil production from 
conventional resource plays. To the extent that the source rocks 
for those conventional plays turn out to be productive shales, 
the assessed volumes in  Table 1  are likely to be low, which will 
result in further upward refi nements of the global assessment. 
Finally, it is important to point out that  commercial  viability 
of shale resources is distinct from  technical  viability. One can 
think of commercially recoverable resources as a subset of 
technically recoverable resources, as the former considers both 
technology  and  economic factors whereas the latter only con-
siders technology. Indeed, there may be commercial reasons 
why much of the resource that is assessed to be technically 
recoverable will never actually be developed. Moreover, many of 
the factors that shape commercial viability are above-ground 
and therefore may render some of the assessed resource unat-
tractive as development opportunities.  6   In any case, the com-
mercially viable resources are the relevant resources for this 
discussion as they will be the primary source of production 
activity going forward.     

 To date, the bulk of global experience from upstream explo-
ration and production with the shale gas resource has occurred 
in a relatively few geographic locations in the United States. 
However, the concerns over environmental impacts of shale 
development, as well as potential implications for climate change, 
are not restricted to the United States. Other jurisdictions with 
as-yet untapped resources are closely monitoring technical 
developments as well as examining a variety of issues ranging 
from how environmental concerns will be addressed, to how 
the social license to operate can be secured and maintained.  8 – 10   
For example, the European Parliament study  11   of health and 

  DISCUSSION POINTS 
       •      Multiple studies have addressed responsible development 

practices and the importance of reducing associated emissions 
in relation to climate mitigation, as well as local air pollution. 
The responsible development and use of unconventional natural 
gas is compounded by a large set of risks ranging from water, 
to land use, the methane emissions, technology crowding out 
and lock-in, and social acceptance.  

     •      If unconventional natural gas is produced responsibly, transported 
and distributed with little leakage, and incorporated into integrated 
energy systems that are designed for future resiliency, it can likely 
play a signifi cant role in realizing a more sustainable energy future.  

     •      Natural gas can help reduce greenhouse gas (GHG) emissions, 
but in the absence of targeted climate policy measures, it will 
not substantially alter the trajectory of global GHG concentrations.  

     •      Natural gas can be a complement to other low carbon technolo-
gies, particularly renewables, and can help reduce the potential 
costs and challenges for large scale CCS implementation 
compared to coal based solutions.     
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environmental impacts considered a wide variety of issues, 
including impacts on landscape, air pollution, GHG emissions, 
surface and ground water, seismicity, and chemicals and radio-
activity as well as long-term ecological impacts and resource 
consumption. 

 Still, uncertainty remains in understanding the full environ-
mental impacts of shale gas development, particularly as prac-
tices continue to evolve rapidly. As Wood et al. note, “There is a 
real paucity of information on which to base an analysis of how 
shale gas could impact GHG emissions and what environmental 
and health impacts its extraction may have.”  12   We focus here on 
water management-related issues and GHG emission implica-
tions: water withdrawal and use, water “produced” by well 
operations, and water disposal; and methane and GHG life cycle 
emissions. Within our focus areas, there is a rapidly growing lit-
erature; however, a gap exists between academic research and 
industry best practice, particularly for water-related issues. 
We also recognize that a wider set of issues associated with shale 
development exists—from economics and security, to drilling 
efficiency and safety, to resource estimates, infrastructure 
development, public health, and demand projections—but these 
already are covered elsewhere.  13 – 30   For example, Krupnick et al. 

 Table 1.      Global shale oil and gas resources.  7    

  2011 Report 2013 Report  

Number of countries  32 41 

Number of basins 48 95 

Number of formations 69 137 

 Technically recoverable 

   resources, including U.S.  

... ... 

Shale gas (trillion cubic feet) 6622 7299 

Shale/tight oil (billion barrels) 32 345  

    Note: The 2011 report did not include shale oil; however, the  Annual 

Energy Outlook  2011 did (for only the U.S.) and is included here for 

completeness.    

  

 Figure 1.      U.S. lower 48 shale plays.  1      
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dedicate a chapter of their report to environmental issues, 
including water quantity and quality, air quality, habitat, human 
health, ecosystems and species, cumulative and scale, and valu-
ation and messaging.  31   

 Section “State of knowledge and emerging trends in water 
and GHG emissions” takes a closer look at the impacts of 
unconventional shale gas development on water and GHG 
emissions. Section “Implications for pathways toward a sus-
tainable energy future” considers natural gas as part of a path-
way to a sustainable energy future, and Section “Some areas 
for further research” concludes.   

 State of knowledge and emerging trends in water and 

GHG emissions 

 This section reviews the academic and gray literature in key 
areas of environmental impact related to unconventional gas, 
focusing on water use and produced water and methane emis-
sions, and the U.S. regulatory and legislative landscape govern-
ing these areas. 

 Environmental stewardship is central to the long-term suc-
cess of the natural gas industry.  32 – 39   A general framework of 
the environmental risk factors of unconventional natural gas 
development can be found in  Fig. 2 . This framework includes 
land disturbances, seismicity, local air quality, and community 
impacts more generally, as well as the two main areas of our 
focus: water issues and GHG emissions.     

 Increasingly, stakeholders representing a broad cross-section 
of society, including many local and regional groups, are seek-
ing greater transparency of and more involvement in shale 
gas development decisions.  31 , 42   Accordingly, regulation of the 

environmental impacts of shale gas development has been 
increasing at all levels of governance.  42   This has resulted in 
local and state-wide ballot initiatives, increased legislative 
activity, new regulations, and litigation.  42 – 43   

 The broader legal and regulatory framework governing the 
various environmental impacts of unconventional natural gas 
development in the United States is complex, dynamic, and 
multilayered.  31 , 42   States continue to be the most active regula-
tory actors, and the diversity of state approaches provides 
important opportunities for learning and innovation regard-
ing best practices, substantive rules, and multistakeholder 
processes.  31 , 42 , 44 – 45   The federal government has sole responsi-
bility for regulating oil and gas development on federal lands, 
and the Bureau of Land Management (BLM) has recently issued 
a new proposed rule regulating hydraulic fracturing on these 
lands.  46   EPA has important ongoing responsibilities associated 
with oil and gas production, particularly, with respect to 
impacts on air and water quality. The President has also taken 
a series of executive actions intended to address some of the 
environmental impacts of shale gas development, including a 
2012 Executive Order: Supporting Safe and Responsible Devel-
opment of Unconventional Natural Gas Resources  47   and the 
President's Climate Action Plan,  48   which specifi cally identifi es 
methane emissions from natural gas production and use as a 
priority and establishes an Interagency Methane Strategy to 
assess current emission data, address data gaps, identify tech-
nologies and best practices for reducing emissions, and identify 
existing authorities and incentive-based approaches to reduce 
methane emissions. 

 Confl icts regarding environmental impacts have also emerged 
in certain areas of the country, leading to restrictions and morato-
ria on drilling by state, county, and municipal governments and 
raising questions about the industry's continued social license to 
operate in specifi c jurisdictions.  42 , 49   Efforts by local govern-
ments to exert more control over shale gas development have 
resulted in litigation in several states as well as new legislation 
and regulations intended to resolve some of these confl icts.  42 – 43   

 Recent public opinion surveys reveal a general appreciation 
for the economic benefi ts of shale gas development but contin-
ued concerns about potential health and environmental impacts. 
In a survey of Pennsylvania and Michigan residents conducted in 
2012, a large majority in both states recognized the economic 
importance of hydraulic fracturing to their states, while a more 
modest majority in both states supported a moratorium on shale 
gas extraction until there is further understanding of its risks.  50   
Additional insights into public opinion were found in Texas and 
Pennsylvania, indicating general support, but also high degree of 
concern for environmental protection.  51   

 We now turn to the consideration of water issues and GHG 
emissions in somewhat more detail.  

 Water 

 A comprehensive and objective understanding of water 
resource risks and risk management in the production and pro-
cessing of natural gas is vital to sound decision-making. With many 
areas of the U.S. experiencing drought conditions from severe 

  

 Figure 2.      Environmental risk factors for shale development.  40 - 41      
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to exceptional  †  , water resources are already under stress. Fresh 
water is a valuable resource, and many aquifers are overstressed 
by both drought and competition for domestic, agricultural, 
and industrial water needs, including water needed for hydrau-
lic fracturing operations. Groundwater depletion—a situation in 
which water is withdrawn from aquifers faster than it can be 
replenished—is occurring in many areas where there are shale 
plays. Depletion not only reduces the quantity of available water, 
it can also result in an overall deterioration of water quality.  42   

 All phases of shale gas development have the potential to 
affect either the quantity or quality of local water resources.  53 – 54   
We focus on water management practices that can lead to envi-
ronmental impacts versus reviewing the specifi c environmen-
tal impacts that may arise as a consequence of fracking. EPA 
describes potential water impacts of hydraulic fracturing as 
occurring during fi ve stages: water acquisition, chemical mix-
ing, well injection, fl owback and produced water, and waste-
water treatment and waste disposal.  ‡   Water quantity concerns 
are primarily associated with the water acquisition phase, as 
large volumes of water are required for hydraulic fracturing 
operations over a short period of time. Water quality concerns 
are mainly associated with the remaining four phases.  Figure 3  
illustrates that the variety of water quantity and quality risks 
shale gas development could pose for local water resources.     

 Quantity related risks depend on the number of wells 
drilled, water use per well, amount of recycling or nonpota-
ble water use that occurs to offset freshwater demands, and 
local water availability. Water use per well is dependent 
on well characteristics such as depth, horizontal drilling dis-
tance, and local geological conditions. As shale gas develop-
ment continues to grow rapidly across the United States, the 
total demand for water used during site operations is pro-
jected to increase in many areas.  55   Drilling and fracking 
operations involved in shale gas development require mil-
lions of gallons of water per well that must be acquired and 
transported to sites to fracture the shale formations.  42 , 56 - 57   
These requirements bring shale gas development into direct 
competition with domestic and agricultural uses of fresh 
water.  Figure 4  provides a sense of the scale of the water 
required per fractured well in various plays for a particular 
year—along with the fairly large levels of uncertainty or error 
in the estimates.     

 It is worth putting in perspective the relative amount of 
water used during natural gas production, whether conven-
tional or unconventional, compared to what is used during the 
generation of electricity by various types of natural gas power 
plants, as well as power plants using other fuels.  Figure 5  shows 
that the water consumption for natural gas production is a 

  

 Figure 3.      Overview of risks to water resources throughout various phases of shale gas development.  42      
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relatively small percentage of total water consumption for most 
types of natural gas power plant operations. This is due to the 
large water requirements associated with traditional power plant 
cooling technologies. Water consumption differences associated 

with fuel production from different sources are small relative 
to the differences between fuel production and power plant 
cooling water requirements, with the exception of natural gas 
combustion turbines (NGCT), regardless of prime mover type 
and cooling system type.  Figure 6  compares life cycle water con-
sumption among different electricity generating technologies 
and fuel types. Modern natural gas power plants generally con-
sume less water than other thermal electricity technologies, 
and only require more water on a life cycle basis than wind and 
photovoltaic technologies, when normalized for electricity 
output ( Fig. 6 ).         

 It should be noted that life cycle water use rates that are 
amortized to total lifetime energy output cannot capture the 
temporal nature of natural gas water usage. For unconventional 
oil and gas development, all the water required for well produc-
tion occurs over a small number of days, whereas the water 
required for coal or uranium mining and processing occurs 
throughout the lifetime of the mine. This temporal asymmetry 
in when water usage occurs can lead to localized water stresses 
resulting from oil and gas development that are not captured 
through these static metrics. 

 Quality-related risks depend on onsite construction tech-
niques, onsite chemical management practices, and wastewater 
management practices, as well as the geochemical composi-
tion of the formations being developed. During operations, 
there are millions of gallons of wastewater that must be stored, 

  

 Figure 4.      Water use (and error bars) per fracture on selected wells in the year 2011. Note: Low and high error bars represent minimum and maximum 

reported water usage per well, respectively. Upper and lower ends of boxes represent 75th and 25th percentile, respectively. Horizontal lines in boxes 

represent medians.  42      

  

 Figure 5.      Water consumption rates in liters per kilowatt-hour (L/kWh) for 

the life cycle stages of natural gas generation.  58   Note: NGST is natural 

gas steam turbine, NGCT is natural gas combustion turbine, NGCC is 

natural gas combined-cycle, RC is recirculating cooling, and OT is 

once-through cooling.    
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transported, treated, and/or disposed of. Risks may vary for 
any given shale gas development site. In many cases, risks to 
water resources extend beyond the location of the well being 
drilled, depending on the source location of the water and 
where wastewater is treated. 

 Vengosh et al. (2014) identifi ed the most likely pathways for 
water quality degradation: groundwater contamination due to 
stray gas, fracking water, and/or formation water from leaking 
wells; surface water contamination from spills, leaks, and poor 
wastewater treatment practices; toxic elements that accumulate 

  

 Figure 6.      Water consumption rates in gallons/megawatt-hour (MWh) for the life cycle stages of electricity generating technologies.  59      
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in the soil and eventually make their way into ground and sur-
face water; and degradation through overextraction.  60   These 
pathways, and corresponding levels of contamination, have 
been confi rmed by several studies: Osborn et al. (2011) identi-
fi ed higher levels of thermogenic methane (i.e., methane from 
deep sources, consistent with shale gas, as opposed to biogeni-
cally produced surface methane) in shallow water wells closer to 
areas of active shale gas development.  61   At the same time, no 
evidence of contamination from fracking fl uids or deep brines 
was found. The most likely mechanism for groundwater con-
tamination was identifi ed as leaky gas-well casings.  61 - 62   Using 
noble gases as a tracer, Darrah et al. (2014) were able to confi rm 
that likely sources of leaks include faulty well casings; poorly 
cemented well annuli (the void that directs drilling f luid and 
drill cuttings back up to the surface); and improperly abandoned 
gas wells.  63   Surface water can be impacted as well: Olmstead 
et al. (2013) found that shale gas well construction negatively 
affects downstream water quality as measured by total suspended 
solids; and that the offsite treatment of shale gas waste in per-
mitted treatment plants raises downstream concentrations of 
chloride, a component of well wastewater.  64   

 Currently, best management practices (BMPs) to mitigate 
quantity or quality related risks have not been established by 
industry and stakeholder groups. Efforts have been made to 
encourage shale gas developers to develop industry standards 
to protect water resources. In its 2011 report identifying meas-
ures to reduce the environmental impact of shale gas produc-
tion, the U.S. Department of Energy's Secretary of Energy 
Advisory Board (SEAB) identified four recommendations for 
the protection of water quality. Recognizing that different 
approaches to implementation would be required in different 
regions, the SEAB suggested that the responsibility for imple-
menting these four recommendations should be at the state 
level, with state regulators and industry working together to 
develop a plan ( Table 2 ).  65       

 Various attempts have been made to defi ne BMPs for water 
management.  10 , 66 - 70   For example, prior studies have noted that 
quantity-related risks can be mitigated by recycling wastewaters 

from the fracking process for reuse in new wells, or by using 
other, nonfresh sources of water. Recycling of fl owback water 
for reuse in fracking operations is increasingly being used in the 
industry, motivated by a variety of factors in different locations, 
such as economic, regulatory, freshwater availability, or social 
license to operate.  Figure 7  shows the example of water treat-
ment methods by proportion of water volumes treated in differ-
ent manners for a series of years in Pennsylvania, where reuse 
jumped from 10% of wastewater volume to 80% in just three 
years, on a 4-fold increase in wastewater volume over the same 
period. This was due in part to regulatory changes in Pennsylvania, 
and the expense associated with transporting wastewater for 
disposal to the nearest treatment facilities in Ohio.  71   In other 
locations, low-cost freshwater acquisitions as well as relatively 
low-cost underground injection wastewater disposal opportuni-
ties have limited the widespread adoption of recycling activities.     

 Quality-related risks can potentially be mitigated through a 
variety of techniques that address the possible water contamina-
tion pathways of development activities. Water-quality related 
risks pose additional challenges over water quantity-related risks 
because there are multiple processes along the development 
chain involving multiple operating companies that could lead to 
water contamination. Examples of mitigation techniques for 
contamination pathways include:

   
      •      Proper well construction techniques to address faulty well 

casings and poorly cemented well annuli.  
     •      Using a closed-loop drilling system, which can minimize 

opportunities for spills.  
     •      Eliminating fl owback water mixing with freshwater in 

open impoundments through the use of separate water 
tanks, which reduces spills and avoids water leaking through 
impoundments.  

     •      Using protective liners for pits and tanks to prevent water 
seepage.  

     •      Minimizing the use of toxic chemical additives in case 
there is an uncontained spill.  

     •      Proper well abandonment practices.   

 Table 2.      Selected recommendations from the Secretary of Energy Advisory Board.  65 - 66    

Rec.#  Recommendation Comment and status  

8  Measure and publicly report the composition of water stocks 

   and fl ow throughout the fracturing and cleanup process.

Await EPA's study underway on the impacts of hydraulic 

   fracturing on drinking water resources. States should 

   also determine a way forward to measure and record 

   data from fl ow back operations as many issues will be 

   local issues. 

9 Manifest all transfers of water among different locations. 

10 Adopt best practices in well development and construction, 

   especially casing, cementing, and pressure management.

Widely recognized as a key practice by companies and 

   regulators but no indication of a special initiative on 

   fi eld measurement and reporting. 

12 Adopt requirements for background water quality measurements. The value of background measurements is recognized. 

   Jurisdiction for access to private wells differs widely.  
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  Although these opportunities describe generally how to pre-
vent contamination risks, these efforts can be implemented in 
a variety of ways depending on company common practices, 
state-level requirements, and region-specifi c conditions.  §   

 In the absence of specific BMPs, federal and state regula-
tion is an alternative, though one not preferred by the indus-
try. Currently, there is little consistency in regulations from 
one state to the next regarding water and wastewater manage-
ment practices associated with unconventional oil and gas 
development. This is due, in part, to the heterogeneity in mul-
tiple dimensions found within each shale play—including geol-
ogy, well performance, and a number of above-ground local 
issues—thus requiring diverse approaches. Geological and 
geochemical differences associated with each shale play indi-
cate that some practices may be effective in some plays but not 
others. For example, some plays might have geological condi-
tions that support ample disposal wells for wastewater disposal, 
whereas others might have different geological conditions 
that make underground injection in the play unfeasible, so that 
wastewater must be transported out of the play or otherwise 
treated and reused. 

 The regulatory frameworks governing risks to water quan-
tity and quality are dynamic and multilayered. Regulation of 
water withdrawals is primarily a matter of state and local law 
(other than on federal lands), and the legal framework govern-
ing water rights differs from state to state, although there is 
some consistency along regional lines.  67   There is a trend among 
states toward requiring operators to identify the sources of water 
used and to report the amount of water used in hydraulic frac-
turing. In addition, more states are providing incentives to pro-
mote reuse of water used in hydraulic fracturing such as by 
recycling fl owback waters or production fl uids.  42   

 With respect to risks to water quality, states have primary 
responsibility. The process of hydraulic fracturing, other than 
when diesel fuel is used, is expressly excluded from federal 
regulation under the Safe Drinking Water Act's Underground 
Injection Control program. States have therefore taken the lead 
in regulating well construction and other aspects of hydraulic 
fracturing to mitigate potential risks to water quality.  42 , 44   Work-
ing across state governments, many partnerships and organiza-
tions are active in addressing water management regulatory 
issues. For example, according to the Secretary of Energy Advi-
sory Board (SEAB), the State Review of Oil and Natural Gas Envi-
ronmental Regulations (STRONGER) and the Ground Water 
Protection Council (GWPC) are two existing organizations that 
work to share information to improve the quality of regulatory 
policy and practice in the states. The budgets for these organiza-
tions are small and merit public support. Previously, federal 
agencies (DOE and EPA) provided funding for STRONGER and 
GWPC, but federal funding is currently not provided. To main-
tain credibility and to ensure their ability to set their own agenda, 
these organizations cannot rely exclusively on funding provided 
by companies of the regulated industry.  65 - 66   

 EPA does have broad authority to regulate direct and indirect 
discharges of wastewater from point sources under the Clean 
Water Act and the injection of produced water into underground 
injection wells for disposal under the Safe Drinking Water Act. 
In response to a congressional request, EPA has also initiated a 
multiyear study to understand the potential impacts of hydrau-
lic fracturing on drinking water resources.  57   The study has been 
designed to cover the full life cycle of water in hydraulic fractur-
ing and is scheduled for release in draft form in late 2014. When 
completed, the study should provide a more comprehensive 
understanding of the relationship between hydraulic fracturing 
and drinking water resources. 

 Once this relationship is understood, a fi rst step in develop-
ing BMPs for reducing risks to water resources in shale gas 
development is to evaluate the effi cacy and technological poten-
tial of various water risk management practices. Further exam-
ination of BMPs could assist developers in evaluating important 
water management questions—such as whether installing pro-
tective liners at pad sites or reducing use of certain chemical 
additives would have a greater impact on reducing risks to water 
resources in specifi c regions. Such analysis of BMPs could also 
provide greater insight into opportunities and risks for regu-
lators, policymakers, and other stakeholders, as well as GHG 
emissions.  72   In some cases, recycling wastewaters can be more 
expensive than other waste management options as it involves 
energy for treatment along with costs associated with storing 
water, transport of water, and transport and disposal of the 
solid wastes removed from the treated water. Further research 
is needed to better understand these trade-offs. 

 An additional area of needed research is to evaluate the 
extent to which certain water risk management practices are 
applicable or effective across multiple types of formations. 
As noted above, some practices might be less appropriate or 
cost-effective than others under certain geochemical conditions. 
For example, using recycled f lowback or produced water for 

  

 Figure 7.      Water disposal volumes and methods in Pennsylvania by 

reporting period from 2008–2011.  71   For the years 2008 and 2009, 

reporting was annual. In the years 2010 and 2011, data were reported 

for roughly the fi rst and second half of each year, denoted by “a” and “b,” 

respectively. POTW represents publicly operated treatment works. Water 

drops indicate total wastewater volumes: shaded drops = 200,000 m 3 ; 

open drops = 100,000 m 3 .    
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secondary fracking operations may be a challenge in certain 
areas because this water may contain high concentrations of 
undesirable impurities. 

 Comprehensive analyses of water risks are hindered by a lack 
of reliable, publicly available data. Data are not publicly avail-
able for many regions for total water withdrawals, total wells 
drilled, water recycling techniques, wastewater management, 
and other management practices. There are no international, 
national, or state-level disclosure initiatives to track or evaluate 
the success of BMP implementation. For example, it is diffi cult 
to determine how many operators are currently using (and 
with what success) the widely discussed BMP to use closed-
loop drilling practices because operators are not required to 
report this information. These data would assist in develop-
ing appropriately f lexible and adaptive BMPs. In the absence 
of such reporting, data collection efforts would likely require 
close collaboration with multiple industry partners operating 
in a variety of locations. 

 Based on research by JISEA (2012),  42   the following BMPs 
were identifi ed as being important for minimizing risks related 
to water quality and quantity:

   
      •      Measure and publicly report the composition of water 

stocks and fl ow throughout the fracturing and cleanup 
process.  

     •      Adopt standardized requirements for baseline water qual-
ity testing.  

     •      Use a closed-loop drilling system.  
     •      Fully disclose hydraulic fracturing f luid additives, with 

greater clarity on trade secret exemptions. **   
     •      Eliminate fl owback water mixing with fresh water in open 

impoundments.  
     •      Use protective liners at pad sites.  
     •      Minimize use of chemical additives and promote the 

development and use of more environmentally benign 
alternatives.  

     •      Optimize recycling of fl owback water.   
   
  A criticism of best practice studies to date has been the lack 

of data that supports the effi cacy of these practices for reducing 
risk and the lack of accountability.  73 - 74   The list presented above 
is not described by any of the references with data showing how 
effective these practices are at producing the expected benefi ts. 
Equally important is that no economic analyses are provided 
that allow business decisions to be made assuming several 
options are available (including doing nothing). In addition to 
the lack of characterization of the recommended practices, it is 
not clear which of these will provide the greatest benefi t for risk 
management. For example, research is needed to determine the 
benefi t of protective liners at pad sites. Would it be better to 
concentrate on recycling f lowback water or installing liners? 
Assuming fi nite resources, some sort of methodology for associ-
ating practices with risks is needed. 

 Because BMPs are not legally binding, the potential for lack 
of accountability is a concern. The publicly available reports 
tend to use words such as “encourage,” “strive,” and “should 

consider” regarding these practices leading to the possible con-
clusion that these are the “right” things to do and they should 
be implemented in one form for all to follow, yet there is no legal 
requirement to do so. When properly applied, “best practices” 
are most often adopted with thorough and detailed economic 
and efficacy data, allowing stakeholders including industry, 
regulators, researchers, environmental groups, and the public 
to understand what practices are currently in use, how effective 
they are at reducing the risk of water impacts, and where 
improvements are needed. When BMPs are not properly 
applied—or in the case of the shale gas industry, are unclear and 
inconsistently applied—stakeholders are likely to hear calls for 
binding regulation. 

 With little success, attempts were made in the preparation of 
this publication to collect data regarding the character and use 
of the recommended practices from industry and public data-
bases including FracFocus ( www.fracfocus.org ). Disclosure of 
fracturing fl uid chemicals on  fracfocus.org  is now in place in 
Colorado, Wyoming, and Texas and is being considered in sev-
eral other states. The specifi c reporting requirements of pro-
posed legislation with regard to what types of chemicals would 
have to be disclosed; where the disclosure would be published; 
whether volumes of chemicals would be required; and how trade 
secret chemicals would be addressed can differ greatly from 
state to state.  44 , 75   While initiatives like FracFocus are highly 
valuable for improving transparency and accessibility of data 
sets, much more data by many more players need to be disclosed 
for the data to be useful. For example, important recommended 
practices such as closed-loop drilling and baseline water quality 
testing do not have disclosure requirements and therefore are 
not accessible from public databases. Industry collaboration 
will be needed to gather much of the data related to the current 
use of recommended practice. 

 Although much work is being done to identify sources and 
pathways of water resource contamination, our current under-
standing of water-related risks and risk mitigation techniques 
in shale gas developments leaves important questions unan-
swered. A full characterization of the sources and the mecha-
nisms of contamination is needed, followed by an examination 
of effective practices and procedures to eliminate or mitigate 
the risks of contamination of water resources. Additional analy-
sis is needed to quantify the costs and benefits of shale gas 
development in light of the identifi ed risks and the costs of 
mitigation,  64   as well as for remediation of contamination that 
has already occurred. This type of analysis will be critical to 
establishing those BMPs and government regulations, where 
needed, which will ensure that shale gas can be responsibly 
and sustainably produced. 

 In summary, water related science and analysis indicates the 
following at this time:

   
      •      All phases of shale gas development have the potential 

to affect either the quantity or quality of local water 
resources.  53 - 54    

     •      Water resources in many areas where shale plays exist 
are already experiencing groundwater depletion due to 
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drought conditions and consumption exceeding recharge 
rates by domestic, agricultural, and industrial sectors.  52    

     •      Water resources in many areas where shale plays exist are 
already experiencing water resource contamination tied 
to hydraulic fracturing activities.  61    

     •      Industry and stakeholder groups have established no stan-
dard set of BMPs for managing water use or water quality; 
further, there is little consistency in regulations from one 
state to the next regarding water and wastewater manage-
ment practices associated with unconventional oil and gas 
development.  

     •      A full characterization of the sources and the mechanisms 
of actual and potential contamination is needed, followed 
by an examination of practices and procedures to elimi-
nate or mitigate the risks of depletion and contamination 
of water resources.  

     •      Based on fi ndings, producers might consider developing 
and adopting cost-effective, appropriately f lexible, and 
adaptive BMPs or a set of strong principles. Account-
ability reporting, measurement, and verification stan-
dards will assure adherence to generally recognized 
BMPs and the principles to safeguard water supplies 
and water quality, adapted to their region and their spe-
cific situations.   

    Greenhouse gas emissions 

 A comprehensive and objective understanding of GHG 
emissions from the production, processing, and transmission 
of natural gas is vital to understanding the potential role of 
natural gas in mitigating climate change. The GHG impacts of 
gas—particularly in comparison with coal as well as diesel and 
gasoline for many markets—affect decisions on future power 
sector developments, industrial practices, regulatory policy, 
and sectoral applications.  Figure 8  illustrates such a compara-
tive life cycle assessment (LCA) for power generation after 
methodological harmonization. The current understanding 
of GHG emissions from natural gas systems leaves important 
questions unanswered and has resulted in considerable techni-
cal debate.  76   Scientifi c studies fall into two categories: bottom-
up assessments estimate GHG emissions from natural gas 
systems based on component-level emission profiles and 
counts; top-down assessments use measurements of methane 
in the atmosphere, and then estimate a portion attributable to 
natural gas systems. EPA categorizes the air pollution impacts 
this way:

   
      •      Emissions from trucks and drilling equipment [noise, 

particulates, SO 2 , NO  x  , non-methane volatile organic 
compounds (NMVOCs), and CO].  

     •      Emissions from natural gas processing and transportation 
(noise, particulates, SO 2 , NO  x  , NMVOC, and CO).  

     •      Evaporative emissions of chemicals from waste water 
ponds.  

     •      Emissions due to spills and well blowouts (dispersion of drill-
ing or fracturing fl uids combined with particulates from 
the deposit).  72             

 According to the 2010 U.S. Greenhouse Gas Emissions 
Inventory,  72   the natural gas industry  ††   represented nearly a 
third of total methane emissions in the United States in 2010, 
the largest single category, and is also the fourth largest cate-
gory of CO 2  emissions.  ‡‡   EPA, which produces the U.S. GHG 
inventory, signifi cantly increased estimates of methane emis-
sions from the natural gas industry for the 2009 inventory year, 
resulting from a change in its assessment of emissions from four 
activities, the most important of which were well venting from 
liquids unloading (attributed only to conventional  §§   wells by 
EPA), gas well venting during completions, and gas well venting 
during well workovers *** .  72   The sum of these changes more 
than doubled the estimate of methane emissions from natural 
gas systems from the 2009 inventory compared to the 2008 
inventory. EPA acknowledges what is well understood—the esti-
mates of GHG emissions from the natural gas sector are highly 
uncertain, with a critical lack of empirical data to support GHG 
emission assessments.  72   This is especially acute for production 
of unconventional gas resources. Data gathering to support 
reassessment of EPA's U.S. GHG inventory and potential regu-
lations is underway. Brandt et al. found overall natural gas 
system emissions to be “…about 25–75% higher than EPA 
estimate[s].”  76   

 The practice of “green” completions  †††   has been introduced 
to reduce volatile organic compound (VOC) emissions, yield-
ing co-benefits for methane emission reductions. EPA's 2012 
New Source Performance Standards and Hazardous Air Pol-
lutant regulations for oil and gas production include green 
completion requirements and other controls that will reduce 
emissions of VOCs and certain hazardous air pollutants.  77   
These regulations will have the co-benefit of reducing fugi-
tive methane emissions associated with natural gas produc-
tion.  78   As EPA notes, “A key component of the final rules is 
expected to yield a nearly 95% reduction in VOCs emitted 
from more than 11,000 new hydraulically fractured gas wells 
each year. The estimated revenues from selling the gas that 
currently goes to waste are expected to offset the costs of 
compliance, while significantly reducing pollution from this 
expanding industry. The EPA's analysis of the rules shows a 
cost savings of $11 million to $19 million when the rules are 
fully implemented in 2015.”  78   A number of states, various 
stakeholders, and the SEAB have also called for additional 
New Source Performance Standards regulations directed 
specifically at the problem of fugitive methane emissions 
from unconventional natural gas production.  77   Colorado has 
recently become the first state in the country to adopt regu-
lations that directly address methane emissions from oil and 
gas production.  79   

 With respect to methane emissions from the midstream and 
downstream segments of the natural gas supply chain (trans-
mission, storage, and distribution), there are no current federal 
or state regulatory programs that directly address such emis-
sions even though studies indicate that these segments account 
for the majority of emissions from the sector.  ‡‡‡   The Federal 
Pipeline & Hazardous Materials Safety Administration (PHMSA), 
for example, does not currently consider methane emissions 
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due to pipeline leaks when promulgating pipeline standards for 
leak detection and repair.  §§§   The Federal Energy Regulatory 
Commission (FERC) does not currently consider direct GHG 
impacts of new natural gas pipelines in exercising its authority 
over the siting of interstate pipelines. ****  And EPA does not 
currently regulate leaks or emissions from natural gas trans-
mission or storage under its Clean Air Act authority. Likewise, 
state authorities that regulate intrastate pipelines and local 
distribution systems have not directly addressed methane 
leaks and emissions from those systems, although a number of 
states have adopted pipeline modernization and replacement 
programs.  ††††   

 More widely, the EPA uses the Natural Gas STAR program, 
a voluntary partnership with recommended actions looking 
across the gas sector in the areas of: 

 Gas production and processing.
   

      •      Perform reduced emission completions.  
     •      Install plunger lifts (improves well production while 

reducing gas losses).  
     •      Aerial leak detection using laser and/or infrared technology.  
     •      Eliminate unnecessary equipment and/or systems.   

  Oil production.
   

      •      Install vapor recovery units on crude oil storage tanks.  
     •      Route casing head gas to vapor recovery unit or compres-

sor for recovery and use or sale.   
   
  Gas storage.

   
      •      Convert gas pneumatic controls to instrument air.  
     •      Replace bidirectional orifice metering with ultrasonic 

meters.  
     •      Reduce methane emissions from compressor rod packing 

systems.   
   
  Gas transmission.

   
      •      Directed inspection and maintenance at compressor 

stations.  
     •      Use fi xed/portable compressors for pipeline pumpdown.  
     •      Install vapor recovery units on pipeline liquid/condensate 

tanks.   
   
  Gas distribution.

   
      •      Directed inspection and maintenance at surface facilities.  
     •      Identify and replace high-bleed pneumatic devices.  
     •      Survey and repair leak.   

   
  An emerging literature has attempted to estimate GHG 

emissions from unconventional natural gas production, based 
on the limited available information. Measurement of GHGs 
in the atmosphere, if they could be reliably attributed to spe-
cific sources, would be the ideal methodological approach. 
However, such measurements are expensive, attribution is 
challenging, and only a few studies have been published to 
date, such as Pétron et al. (2014).  80   Many other studies use 
engineering-based modeling, based on as much empirical 
information as is possible to assemble. Much of this emerging 
literature is guided by the methods of LCA, which in this 
context aims at estimating all GHG emissions attributable to 
natural gas used for a particular function: electricity, trans-
portation, or primary energy content (e.g., heat). Attributable 
emissions are those from any activity in the process chain of 
producing the natural gas—from exploration and well pad 
preparation to drilling and completion—processing it to pipe-
line quality, transporting it to the location of end use, and 
combustion. In addition, the construction, operation and main-
tenance, and end-of-life decommissioning of the end use tech-
nology are also considered. 

 LCAs are typically performed for the purpose of comparing 
the results from one system to another.  ‡‡‡‡   Natural gas, once 
processed for pipeline transmission to end use customers, is a 
homogenous product, undifferentiated by source. End-use 
combustion of the natural gas has by far the largest contribution 
to life cycle GHG emissions (as is true for any fossil-fueled 
combustion technology). It is not a point of differentiation 
between conventional and unconventional natural gas, but 
remains a signifi cant factor relative to the use of coal, nuclear, 

  

 Figure 8.      Synthesis of prior estimate of life cycle GHG emissions from 

natural gas (conventionally produced and unconventionally) and coal used 

for electricity generation after methodological harmonization.  42      
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or renewable energy options as well as for transportation. 
Therefore, the attention here focuses on the activities associ-
ated with production of natural gas because they are the points 
of potential differentiation between unconventional and con-
ventional natural gas. Given current regulatory and scientifi c 
attention to emissions from the natural gas industry and oppor-
tunity provided by the unique data sources used in this report, 
we additionally focus on emissions from natural gas processing. 
We rely on the multitude of previously published LCAs of 
conventionally produced natural gas,  81 - 86   updated for recent 
changes in understanding and harmonized for methodologi-
cal inconsistency, for comparison to the results of this study. 
We also compare these results to those for coal-fired electric-
ity generation based on a systematic review and harmoniza-
tion of that LCA literature, because coal has been the largest 
energy source for electricity in the United States over the last 
50-plus years.  81   

 Prior research comparing life cycle GHG emissions of elec-
tricity generated from shale gas to conventional gas and other 
energy sources has been inconclusive and remains uncertain. 
Both the magnitude and direction of difference reported in 
these publications vary. See, for example, Howarth et al. 
(2011)  82  ; Jiang et al. (2011)  83  ; and Stephenson et al. (2011).  84   
This is despite their reliance on very similar data sources 
(mostly EPA's GHG emission inventory and supporting docu-
mentation). Uncertainty in the underlying data sources drives 
the uncertainty in published results. Furthermore, inconsistent 
approaches to data use and other assumptions thwart direct 
comparison of the results of these studies and the development 
of collective understanding. Separately, Heath et al. have exam-
ined this literature using a meta-analytical technique called 
harmonization that clarifi es the collective results of this emerg-
ing literature by adjustment to more consistent methods and 
assumptions.  85 - 86   In these publications, the authors elucidate 
differences between previously published estimates of life 
cycle GHG emissions from combustion of shale gas for power 
production and key sensitivities identified in the literature. 
Key sensitivities include estimated ultimate recovery (EUR) 
and lifetime (years) of wells; emissions and emissions reduc-
tion practices from well completion and workover; and emis-
sions and emission reduction practices from well liquids 
unloading, all of which vary from basin to basin and from oper-
ator to operator. A key conclusion from the assessment of pre-
vious estimates of unconventional gas life cycle GHG emissions 
is that given current uncertainties, it is not possible to discern 
with a high level of confi dence whether more GHGs are emit-
ted from the life cycle of shale gas or conventional gas used for 
electricity generation. 

 The peer reviewed scientific literature fairly consistently 
indicates a signifi cant difference in emissions from natural gas 
processing, transmission and distribution compared to “offi -
cial” inventories.  76   These differences will not be resolved 
without major effort, because current estimates are based 
on decades-old and inadequately sampled measurements of 
methane leakage. Better measurement technologies and more 
comprehensive sampling across the many segments, regions, 

operators, gas types, and technologies are necessary to ensure 
that bottom-up inventories and LCAs can accurately estimate 
the GHG emissions profi le of gas. 

 Top-down assessments are likewise in a state of early scien-
tifi c investigation [see, e.g., Pétron et al., 2014 (Ref.  80 )] and 
have been restricted to limited regions or slices of time. Despite 
disagreement in methods and interpretations, top-down assess-
ments have repeatedly found that bottom-up emission estimates 
cannot explain the concentrations of methane measured in the 
atmosphere.  76   This has raised questions about the true emis-
sions profi le of natural gas production and use. 

 The natural gas leakage rate is another critical parameter 
determining the climate impact of natural gas. Leakage can 
be defi ned as the proportion of produced natural gas that is 
released to the atmosphere either intentionally through 
standard practice and component/system design, or uninten-
tionally through fugitive emissions. Alvarez et al. (2012) have 
calculated the maximum leakage rate for natural gas to pro-
vide climate benefi t, over all time scales, compared to the fuel 
it would displace.  87   Their results suggest that maximum leak-
age rates differ signifi cantly depending on the application. 
Emissions could be as high as 3.2% for benefi ts to be realized 
in the electric sector displacing coal, but only as high as 1.2% 
for beneficial use in the transportation sector. Preliminary 
emission estimates based on atmospheric research suggest 
that current leakage rates could be signifi cantly higher than 
these tipping points.  76 , 88   The increased attention to methane 
emissions has risen due to a combination of factors including 
new literature and dramatically increased production in the 
United States. The climate mitigation perspective was fur-
thered by the recent update to global warming potentials by 
the Intergovernmental Panel on Climate Change (IPCC).  89   
Here, specifically, the IPCC updated the 25- and 100-year 
global warming potentials of methane from 84 to 86, and 28 
to 34, respectively.  §§§§   

 Atmospheric measurements may be used for verifi cation of 
bottom-up assessments, but are not likely to achieve the resolu-
tion necessary to support source prioritization. Therefore, it is 
also critical to develop analytical approaches to reconcile 
bottom-up and top-down assessments, which are currently in such 
disagreement. Better agreement between these two approaches 
could be explored by improving measurement technologies, 
modeling downscaling techniques, and improving understand-
ing of the gas composition profi le of sources. Signifi cantly more 
measurement, verifi cation, continuous monitoring, and rapid 
leak repair methods and practices are needed to assure minimal 
methane emissions. 

 Recent research  76   has explored the wider system impacts of 
methane leaks from the whole gas system. They discuss gas as a 
“potential” bridge fuel. We use their language as a bridge to 
Section “Implications for pathways toward a sustainable energy 
future,” noting a summary conclusion of Brandt et al.’s seminal 
article: “Our fi ndings show that natural gas can be a bridge to a 
sustainable energy future, but that bridge must be traversed 
carefully. Current evidence suggests that leakages may be larger 
than official estimates, so diligence will be needed to ensure 

https://doi.org/10.1557/mre.2015.5 Published online by Cambridge University Press

https://doi.org/10.1557/mre.2015.5


 14          MRS ENERGY & SUSTAINABILITY  //  V O L U M E  2   //  e 4   // www.mrs.org/energy-sustainability-journal

  

 Figure 9.      Change in U.S. generating mix from January 1950 to August 2014 (derived from EIA “Electric Power Monthly,” October 2014).    

that leakage rates are actually low enough to achieve sustaina-
bility goals.”  76      

 Implications for pathways toward a sustainable energy 

future 

 This section reviews the literature related to the role of con-
ventional and unconventional gas in energy scenarios with a 
focus on environmental considerations such as air pollution 
and GHG emissions. In doing so, it considers the assertions of 
natural gas as a “bridge” fuel in the context of the larger energy-
economy system. 

 Recent U.S. shale gas developments have had more impact 
on the electricity sector than any other sector to date.  90   Oppor-
tunities exist to advance energy, economic, and environmental 
goals in other sectors—including transportation, industry, and 
buildings—although specifi c barriers must fi rst be overcome.  91   

  Figure 9  illustrates the rapid growth of natural gas genera-
tion in the U.S. power sector since 2005. Natural gas demand 
for power generation has grown by more than 6.8 billion cubic 
feet per day since 2008. The power sector accounted for nearly 
36% of all natural gas demand at the end of 2012, up from 29% 
in 2008.  92   During the same period, consumption of coal for 
electricity generation dropped by nearly 21%.  93   The initial 

impact of this fuel switching on GHG emissions depends on at 
least two factors: life cycle GHG accounting assumptions and 
“consequential” impacts associated with greater exports of 
U.S. coal supplies.  42 , 94       

 Over the medium term, the contribution of natural gas to the 
U.S. power generation demand (and related GHG emissions) 
will depend on a number of factors. Illustrative examples pre-
sented in  Fig. 10(a)  show a range of natural gas contributions 
across a number of possible scenarios, including natural gas 
availability and price, as well as other key policy, regulatory, 
and technology factors. Natural gas contributions to U.S. power 
may either remain relatively f lat to 2030 (low supply/high 
prices or low cost renewables), or nearly double under low cost 
availability and more stringent GHG policy [e.g., upper bound 
of the Clean Energy Standard (CES) scenarios] in which natural 
gas displaces a signifi cant amount of coal generation by 2030. 
By 2050, in the baseline scenarios, *****  gas could represent 
from 28 to 38% of power-sector generation compared to the 
25–30% in recent years as shown in  Fig. 9 . Attributes of the 
baseline scenarios include rising power demand, stable GHG 
emissions, and slowly rising electricity prices that refl ect natu-
ral gas availability and prices. In a coal retirement scenario, 
natural gas, and wind to a lesser extent, replaces coal-based 
generation. Under a carbon-constrained scenario,  †††††   U.S. 
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power-sector carbon dioxide emissions would decrease by 90% 
between 2010 and 2050; natural gas demand would remain rel-
atively fl at under a low resource estimate/high price regime but 
roughly double through 2030 if prices remain competitive as 
shown in  Fig. 10(b) . Natural gas demand for power would return 
to, e.g., 2010 levels by 2050 if carbon capture and sequestra-
tion (CCS) were not a viable and competitive option due to the 
increased stringency of the carbon constraint in a CES scenario. 
Notably under a high gas price and strong carbon constraint 
scenario, as discussed below in more detail, large quantities of 
variable renewable energy and f lexible gas generation work 
synergistically to meet the stringent GHG emissions constraint 
while maintaining system reliability requirements.     

 Natural gas has approximately half of the carbon emissions 
per unit energy as coal, but is still a fossil fuel and therefore has 
more direct carbon emissions than energy forms such as wind, 
solar, and nuclear power. Ignoring those for the time being, 
burner-tip carbon dioxide emissions—that is, emissions attrib-
utable to burning fossil fuels at the power plant—in the U.S. 
power sector have declined by approximately 13% since 2008. 
Rising natural gas prices relative to coal in 2013–14 has resulted 
in some shift back to more coal generation. 

 Despite the newfound abundance of domestic natural gas, 
generation planners and utility regulators retain their longstand-
ing concerns over natural gas prices and volatility.  95 - 96   Ensuring 
balanced and risk-appropriate generation portfolios may be a 
key challenge going forward for many. Furthermore, natural 
gas may have a limited role in a carbon-constrained world. 
In the long term at least, natural gas is still a fossil fuel, and lim-
iting CO 2  concentrations in the atmosphere ultimately requires 
that net CO 2  emissions decline toward zero. Carbon capture and 
sequestration (CCS) could help address that barrier to gas use, 
and coal use for that matter, although many challenges must 
be resolved to deploy CCS.  13 , 42 , 97 - 99   

 The rapid expansion of shale gas has created opportuni-
ties and challenges in the U.S. energy sector. How long the 
ascendancy of natural gas in the electric sector will last will 
be a function of a wide variety of market and policy factors. 
The story of unconventional gas is evolving rapidly, and, in 
some cases, unexpectedly. Robust and up-to-date analysis 
will remain critical to informing the key decisions that must 
be made by all types of stakeholders in the energy and envi-
ronmental arenas. 

 Reporting on the narrative of natural gas as a bridge fuel 
began prior to the 2010 Massachusetts Institute of Technology 
study by Moniz et al. on “The Future of Natural Gas.” That 
report [as reported on by  Scientifi c American  in 2010 (Ref.  100 )] 
noted, however, that “Under a scenario that envisions a fed-
eral policy aimed at cutting GHG emissions to 50% below 
2005 levels by 2050, researchers found a substantial role for 
natural gas.” In general, that sentiment has remained, and 
although the “bridge” narrative has gone through numerous 
sets of often competing analysis, no precise defi nition of what 
in fact constitutes a “bridge fuel” seems to exist. That narra-
tive discusses how natural gas might be optimally used to 
advance toward a “low-carbon” future by displacing coal in 
the power sector, and oil in transport (to a lesser degree). The 
crux of the discussion  101 - 103   lies not only in how much benefi t 
in terms of mitigation gas growth would provide, but also the 
various issues surrounding fugitive emissions from the gas sys-
tem. Michael Levi described his fi ndings:

    “…global climate stabilization scenarios where natural gas 
provides a substantial bridge are generally absent from the 
literature, making study of gas as a bridge fuel difficult. 
Here we construct a family of such scenarios and study some 
of their properties. In the context of the most ambitious 
stabilization objectives (450 ppm CO 2 ), and absent carbon 

  

 Figure 10.      (a) Range of electricity generation from natural gas power plants under different scenarios and (b) natural gas consumption for a baseline and 

low carbon scenarios with high or low EUR and without CCS.  42      
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 Figure 11.      Risks in the power sector for natural gas and renewable energy 

developments.  106      

capture and sequestration, a natural gas bridge is of limited 
direct emissions-reducing value, since that bridge must be 
short. Natural gas can, however, play a more important role 
in the context of more modest but still stringent objectives 
(550 ppm CO 2 ), which are compatible with longer natural 
gas bridges. Further, contrary to recent claims, methane 
leakage from natural gas operations is unlikely to strongly 
undermine the climate benefi ts of substituting gas for coal 
in the context of bridge fuel scenarios.”  104     

   Other teams, for example Jacoby and O'Sullivan,  105   investigate 
the potential impact of abundant, low cost natural gas and 
describe the results of their modeling exercise this way: “The 
emergence of shale gas supplies is a boon to the U.S. economy and 
an aid to potential climate policy. The lower-cost energy is pro-
jected to stimulate greater economic growth over the period to 
2050, and to ease the task of GHG control over coming decades.” 

 The use of natural gas as part of a sustainable energy future is 
also often discussed in terms of its relationship with renewable 
energy as well as other power sector options.  Figure 11  presents 
a schematic of typical risks in power sector development and 
how both natural gas and renewable energy relate to each. As 
discussed by Lee et al.,  106   natural gas and renewables have com-
plementary risk profi les that span policy, regulation, price vol-
atility, and resource variability. Portfolio approaches range 
from hybrid system design, to colocation of assets, to fi nancial 
portfolios of noncorrelated or collocated assets. In the electric-
ity sector, their principal fi nding was that “A diverse electricity 
portfolio can maximize the benefi ts and minimize the risks of 
each portfolio component and, most importantly, provide a 
robust platform for the future. Natural gas and renewable 
energy interactions span economic, technical, environmental, 
and institutional aspects. Combined pursuit of both can signif-
icantly reduce overall portfolio risks in the electric power sec-
tor.” These synergies may help achieve both near-term and 
long-term decarbonization in countries or regions with suffi -
cient renewable resources, when combined with fast-ramping 

natural gas power generation used to provide the needed fl exi-
bility and capacity.     

 Returning to the role of gas in the energy mix from a cli-
mate perspective, Wood et al. do not find the bridge argu-
ment compelling. They note that “…while being promoted as 
a transition route to a low carbon future, none of the availa-
ble evidence indicates that this is likely to be the case. It is 
difficult to envisage any situation other than shale gas largely 
being used in addition to other fossil fuel reserves and adding 
a further carbon burden.”  12   Still, the narrative of using natu-
ral gas as a bridge fuel remains politically attractive.  107   Simi-
larly, Newell and Raimi report, “Our main conclusions are 
that natural gas can help reduce GHG emissions, but in the 
absence of targeted climate policy measures, it will not substan-
tially change the course of global GHG concentrations.”  98   
This is consistent with the findings from a set of 14 diverse 
policy models evaluated in Energy Modeling Forum (EMF) 26: 
“Overall shale gas development and use across the breadth of 
[U.S.] scenarios analyzed have relatively modest impacts on 
the emissions of carbon dioxide, sulfur dioxide, and nitrogen 
oxides.”  108   This conclusion also appears to translate to the 
global stage. Emphasizing the same causal effects as the EMF 
and Newell and Raimi studies, McJeon et al. report results 
from five global models examining the effect of more abun-
dant natural gas resources and conclude: “The core finding 
of this research is that more abundant natural gas could sub-
stantially change the global energy system over the decades 
ahead without producing commensurate changes in emis-
sions or climate forcing. The result stems from three effects: 
abundant gas substituting for all energy sources; lower 
energy prices increasing the scale of the energy system; and 
changes in non-CO 2  emissions.”  109   

 While there is an increasing number of studies looking at 
the role of natural gas in climate forcing in the absence of 
new policies and measures to limit climate change, there are 
relatively few studies that have examined the role of more 
abundant natural gas in the context of policies and measures 
to limit climate forcing. EMF 26 (Ref.  108 ) is a notable excep-
tion to that generalization and current efforts are continuing 
under a new effort (EMF 31). More research in this area is 
needed. 

 In general, the literature finds that more abundant natu-
ral gas carries a variety of implications for sustainability 
including:

   
      •      U.S. natural gas demand for power generation would 

grow rapidly, more than doubling from the 2010 level by 
2050, in the reference, or baseline, scenario.  Figure 10  
illustrates the range of natural gas power generation in 
all scenarios from Logan et al. (2013).  13   However, the 
principal conclusion of research to date  1 , 98 , 108 - 109   is, as 
Newell and Raimi put it, that “Shale gas will likely not 
substantially change global GHG concentrations on its 
own.”  98   The increased supply of natural gas lowers the 
natural gas price, making natural gas more competi-
tive relative to all other energy competitors, both fossil 
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and non-fossil forms with only a modest net effect on carbon 
dioxide emissions without policies explicitly designed to 
limit competitiveness relative to renewable energy forms. 
McJeon et al.  109   point out that the same is true for the global 
energy-economy system when the net climate forcing from 
all GHGs is considered.  

     •      Several studies  1 , 98 , 108 - 109   report that lower gas prices 
result in an energy-economy feedback effect; that is, 
lower gas prices increase overall economic activity, i.e., 
GDP. This in turn increases demands for all energy forms, 
including fossil fuels.  

     •      To the extent that abundant gas occurs locally, changes 
in GHG emissions in one region can have consequences 
for emissions in another region. For example, the IEA 
reported that natural gas displacement of coal in the United 
States over the period 2006 to 2010 led to an increase in 
coal use in the Europe.  110    

     •      The inclusion of non-CO 2  (e.g., methane, N 2 O, halocar-
bons, CO, and NO  x  ) GHG emissions changes the overall 
analysis marginally.  98   In the absence of climate policy, 
the expansion of natural gas leads to increased methane 
losses in gas production, transmission, and distribution, 
since natural gas is primarily methane. Fugitive natural 
gas emissions are offset to some degree, but not entirely, 
by reductions in methane losses associated with coal pro-
duction.  109    

     •      The displacement of coal by gas increases radiative 
forcing through the reduction in sulfur emissions, 
which has a strong regional cooling effect on climate, 
while conferring a local air quality benefit (reduced 
SOx related emissions). However, the net climate effect 
of changes in sulfur emissions is subject to substantial 
uncertainty.  98     

   
  In summary, natural gas (both conventional and uncon-

ventional) can offer GHG mitigation benefits relative to coal, 
if methane emissions are small enough. Many detailed stud-
ies indicate that official inventory estimates (such as those 
reported by EPA or other national reporting bodies) may 
underestimate the methane emissions.  76   Significant work 
is needed to measure and verify methane emissions across 
the full production, transportation, and distribution value 
chain. The methane emission levels also significantly effect 
whether natural gas has a net life cycle GHG benefit, or not, 
relative to other transportation fuels.  87   Thus, if natural gas is 
to help mitigate climate change, it will do so primarily by dis-
placing coal. However, in the long term, natural gas itself, 
through displacement of coal or other fossil fuels, will not 
significantly alter long-range climate projections if greater 
availability stimulates additional energy consumption through 
either lower energy prices or increased economic activity. 
Other zero carbon technologies such as renewables or CCS 
will be needed to achieve carbon mitigation goals. Furthermore, 
the same economic forces that drive the substitution of natural 
gas for coal also work to the disadvantage of nongreenhouse-
emitting technologies such as nuclear, wind, and solar power. 

McJeon et al. report that policies such as renewable portfolio 
standards can limit the substitution of gas for nonemitting 
technologies.  109     

 Some areas for further research 

 This section considers the need for further research on new 
techniques and technologies that may improve our understand-
ing of the environmental impacts of conventional and uncon-
ventional natural gas. 

 Ongoing and intensified research is needed to ensure the 
foundations for good long-term decision-making and the 
development of sound and sustainable regulation and policy. 
It remains critical to consider and weigh the wider set of 
costs and benefits to society, including economics, security, 
and public health. Some considerations for further research 
in this area can be found in Bazilian et al. (2014).  111   Other 
technologies being explored by both academia and industry 
include:

   
      •      New applications of using recycled brackish, f lowback, 

and produced water instead of fresh water coupled 
with green completions and tighter leakage controls in 
transmission and distribution will all help ensure bet-
ter developments and improved social license to oper-
ate benefits.  

     •      Newer technologies such as nonhydro fracking—using 
butane, propane, CO 2 , or nitrogen or other substi-
tutes  ‡‡‡‡‡  —may improve the LCA of unconventional 
gas even further but these approaches face economic and 
scale challenges.  

     •      “Tracers” injected into fracking water are also emerging 
as an interesting way to better understand leakage and dif-
fusion.  §§§§§    

     •      Improved low-cost, ubiquitous monitoring equipment 
throughout the transmission and distribution system 
may also provide the data required to vastly improve 
system overall performance.  

     •      Nanotechnologies that lead to improved proppants. ******   
     •      Improved and lower cost imaging equipment to detect 

methane emissions.   
   
  A number of questions can be prioritized in the water and 

GHG emissions area, such as:
   

      •      Water: 
   

      •      What are the water contamination pathways and 
risks that are adequately or inadequately addressed 
by current industry practices?  

     •      What is the probability (quantitative) that water resourc-
es will be contaminated based on existing industry 
practices? What is the probability (quantitative) that 
water resources will be contaminated if alternative 
water management practices are adopted?  

     •      What are the most common methods industry is current-
ly using to minimize risks to water resources?   
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      •      GHG emissions: 
   

      •      What technological options exist for improved moni-
toring of methane emissions? How can breakthroughs 
in sensors and data handling be put to use in managing 
methane leakage?  

     •      What improvements in technology, infrastructure, 
process, and practice can be made to reduce methane 
emissions?  

     •      How can (or should) new estimates of methane emis-
sions be included in regulatory air quality processes 
such as emissions inventories and modeling for state 
implementation plans?  

     •      Will the availability of abundant natural gas make it 
easier or more diffi cult to limit climate forcing, in the 
near term and/or the long term, in the U.S./World?  

     •      Will natural gas producers benefit under climate 
policies or be disadvantaged?      

     
  Technological advances will need to be coupled with improved 

analysis and communication around risks and benefi ts to con-
sumers, landowners, and society in general to create and realize 
benefi ts. To that end, SEAB cautioned that, “whether its [SEAB 
recommendations] approach is followed or not, some concerted 
and sustained action is needed to avoid excessive environmental 
impacts of shale gas production and the consequent risk of public 
opposition to its continuation and expansion.”  66     

 Conclusions 

 This article provided a brief overview of two of the key areas 
of environmental impact associated with natural gas produc-
tion and use—water and GHG emissions. All phases of shale gas 
development have the potential to affect either the quantity 
or quality of local water resources. Hydrofracking can be water 
intensive, and water resources in many areas where shale plays 
exist are already experiencing groundwater depletion due to 
drought conditions and over-consumption by domestic, agricul-
tural, and industrial sectors. Industry and stakeholder groups 
have not yet established a standard set of BMPs or principles for 
managing water use or water quality, but many have innovated 
to reduce water demands, increase recycling and reuse, and care-
fully manage disposal of solids. Further, there is little consist-
ency in regulations from one state to the next regarding water 
and wastewater management practices associated with uncon-
ventional oil and gas development. A full characterization of the 
sources and the mechanisms of actual and potential contamina-
tion is needed, followed by an examination of practices and 
procedures to eliminate or mitigate the risks of depletion and 
contamination of water resources. 

 Related to GHG emissions, natural gas (both conventional 
and unconventional) can offer GHG mitigation benefi ts relative 
to coal, if methane emissions are small enough. However, the 
same economic advantage that spurs the substitution of gas 
for coal also operates to substitute gas for nonemitting energy 
forms such as nuclear, wind, and solar. Natural gas can have a 
net life cycle GHG benefi t, or not, relative to other transportation 

fuels, but this strongly depends on methane emissions, which 
would need to be less than 1%. Thus, if natural gas is to help mit-
igate climate change, it will do so primarily by displacing coal. 

 It appears likely that natural gas—whether unconventional 
or not—will form an important part of the energy mix over the 
forthcoming decades. Thus, from a pragmatic perspective, 
the development and adherence to stringent environmental 
and public health related principles and practices (perhaps 
through regulation) are critical to ensuring that natural gas 
can contribute in optimal ways to support the “vector” of a 
sustainable energy pathway over the next 50–100 years. How-
ever, in the long term, natural gas itself, through displace-
ment of coal or other fossil fuels, will not signifi cantly alter 
long-range climate projections. Other zero carbon technolo-
gies such as renewables or CCS will be needed to achieve car-
bon mitigation goals. Policies that limit the effect of economic 
forces driving the penetration of natural gas against all fuels, 
including renewable energy forms, can help ensure that natu-
ral gas substitutes primarily against coal. 

 The pace of the U.S. shale gas revolution has naturally led 
to several existing gaps for future research and development 
related to environmental impacts. Specifi cally, the transparent 
and ongoing robust treatment of the areas of water use and 
GHG emissions will be critical for the successful and maintained 
development of shale gas in the United States and abroad. There 
is a need for increased availability of transparent and accessible 
data in all of these areas, and this is likely done best through 
a partnership with industry. Other countries and regions (like 
the European Union) are carefully watching the development 
of the shale gas sector in the United States—especially for the 
development and enforcement of associated environmental and 
public health regulations.    

  NOTES 

  *     There are analysts who think that the gas and oil “revolution” will be short lived 
due to,  inter alia , a lack of understanding of 20–40 year time horizons and 
decline rates (see, e.g., Berman A.E. and Pittinger L.F.: U.S. Shale Gas: Less 
Abundance, Higher Cost: The Oil Drum (August 5, 2011); Hughes J.D.: Energy: 
A reality check on the shale revolution.  Nature  494, 307–308 (2013); Inman M.: 
Natural gas: The fracking fallacy.  Nature  516, 28–30 (2014). We do not attempt to 
evaluate the strengths and weaknesses of those arguments here.  
  †     The U.S. drought monitor characterizes drought intensity as abnormally dry, 
moderate drought, severe drought, extreme drought, and exceptional drought. 
 http://droughtmonitor.unl.edu   
  ‡      http://www2.epa.gov/hfstudy/hydraulic-fracturing-water-cycle   
  §     For interested readers, Richardson et al. (2013) review the common water 
quality and water quantity risk mitigation techniques that are being used and 
which states are using them.  44    
  **     Trade-secret additives have been exempted from most disclosure practices.  
  ††     For purposes of the GHG inventory, the natural gas industry includes exploration, 
production, processing, transmission, storage, and distribution of natural gas to 
the end user.  72    
  ‡‡     According to the 2012 EPA Inventory, in 2010, total U.S. GHG emissions have 
been estimated as 6822 Tg or million metric tons of CO 2 e (Ref.  72 ). Of this total, 
84% were from CO 2 , with most of the remaining (10%) from methane. Direct 
emission from the combustion of fuels, including natural gas for electricity 
generation, contributes 2258 Tg of CO 2  or 33% of total GHG emissions. Natural 
gas systems contribute 247 Tg of CO 2 e or 3.6% of total emissions, 87% from 
emissions of methane. The 2014 EPA Inventory updated 2010 total emissions to 
6875 Tg, while the proportions remained approximately the same [Inventory of 
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U.S. Greenhouse Gas Emissions and Sinks: 1990–2012. EPA 430-R-14-003. 
(U.S. Environmental Protection Agency, Washington DC, 2014)].  
  §§     Defi ned as any nonstimulated well. This report follows EPA in recognizing 
“that not all unconventional wells involve hydraulic fracturing, but some 
conventional wells are hydraulically fractured, which is assumed to balance the 
over-estimate.”  72    
  ***     The frequency of which has since been reduced from 10% of wells per year to 
1% of wells per year.  72    
  †††     Green completions are systems to reduce methane losses during well completions.  
  ‡‡‡     In 2012, there were actually more methane emissions associated with these 
midstream and downstream segments than with natural gas production. According 
to the April US GHG inventory, some 34% of methane emissions from the natural 
gas sector are associated with transmission and storage while another 20% are 
attributed to the distribution system. See Inventory of U.S. Greenhouse Gas 
Emissions and Sinks: 1990–2012, Energy section, at 3-63 (April 2014).  
  §§§     See Ref.  49  CFR § 195.6.  
  ****     See Section 7 of the Natural Gas Act, 15 U.S.C. §717, which requires a certifi cate 
of public convenience and necessity from FERC before constructing and operating 
an interstate natural gas pipeline. As part of the process for issuing such certifi cates, 
FERC performs an environmental review. 40 C.F.R. 1508.7. These environmental 
reviews sometimes include very general language on climate impacts, but have 
not, to date, addressed the issue of methane emissions or leaks from pipelines. 
See, e.g., FERC, Tioga Area Expansion and Sabinsville to Morrisville Projects 
Environmental Assessment, Docket No. CP12-19-000 (Nov. 2012).  See also  
FERC East Side Expansion Project Environmental Assessment, Docket No. 
CP14-17-000 (Aug. 2014); FERC Environmental Assessment Ohio Pipeline 
Energy Network Project, Texas Eastern Transmission, Docket No. CP14-68-
000 (Aug. 2014); Texas Eastern Appalachia to Market 2014 Project, Docket 
No. CP13-84-000 (Sept. 2013).  
  ††††     Thirty-eight states have established pipeline and distribution system 
replacement programs as part of their general rate regulation of natural gas 
utilities. See Natural Gas Utilities Take Steps to Further Reduce Emissions, 
AGA website (June. 2014),  http://www.aga.org/Newsroom/news-releases/
2014/Pages/Natural-Gas-Utilities-Take-Steps-to-Further-Reduce-Emissions.aspx ; 
American Gas Foundation,  Gas Distribution Infrastructure: Pipeline Replacement 
and Upgrades  (July 2012).  
  ‡‡‡‡     For interested readers, many texts describe LCA principles and methods, 
such as R. Horne, T. Grant, K. Verghese, Life Cycle Assessment: Principles, 
Practice and Prospects, Csiro Publishing, 2009.  
  §§§§     The Global Warming Potential (GWP) is defi ned as the time-integrated radiative 
forcing due to a pulse emission of a given component, relative to a pulse emission of 
an equal mass of CO 2 . The updated values include carbon-climate feedbacks.  
  *****     A baseline scenario serves as a point of comparison with other alternative 
scenarios. The baseline assumes a fairly static view of the future, so it, and all 
alternative scenarios, should not be considered forecasts or predictions of the future.  
  †††††     Logan et al. modeled carbon constraint as a CES, a particular policy 
formulation that allocates low carbon credits to renewables and nuclear, and half 
credit to natural gas, and 90% credit to fossil fuels with CCS. See Logan et al. 
(Ref. 42) for more details.  
  ‡‡‡‡‡     See, e.g., GASFRAC Energy Services Inc., a fracturing services and consulting 
company:  http://www.gasfrac.com/   
  §§§§§     See BaseTrace, e.g., a well-specifi c DNA-based tracer for hydraulic fracturing 
fl uids:  http://www.basetrace.com/   
  ******     See OxFrac, e.g., on an ultralight nanotech ceramic proppant developed by 
Oxane Materials, Inc. ( http://www.oxanematerials.com/ )   
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