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Abstract:

We evauate the greenhouse gas footprint of natural gas obtained by high-volume
hydraulic fracturing from shale formations, focusing on methane emissions. Natural gas
is composed largely of methane, and 3.6% to 7.9% of the methane from shale-gas
production escapes to the atmosphere in venting and leaks over the life-time of awell.
These methane emissions are at least 30% more than and perhaps more than twice as
great as those from conventional gas. The higher emissions from shale gas occur at the
time wells are hydraulically fractured -- as methane escapes from flow-back return fluids
-- and during drill out following the fracturing. Methaneis a powerful greenhouse gas,
with aglobal warming potential that is far greater than that of carbon dioxide, particularly
over the time horizon of the first few decades following emission. Methane contributes
substantially to the greenhouse gas footprint of shale gas on shorter time scales,
dominating it on a 20-year time horizon. The footprint for shale gasis greater than that
for conventional gas or oil when viewed on any time horizon, but particularly so over 20
years. Compared to coal, the footprint of shale gasis at least 20% greater and perhaps
more than twice as great on the 20-year horizon and is comparable when compared over
100 years.



Many view natural gas as atransitional fuel, allowing continued dependence on
fossil fuels yet reducing greenhouse gas (GHG) emissions compared to oil or coal over
coming decades (Pacala and Socolow 2004). Development of “unconventiona” gas
dispersed in shale is part of thisvision, as the potential resource may be large, and in
many regions conventional reserves are becoming depleted (Woods et al. 2011).
Domestic production in the U.S. was predominantly from conventional reservoirs through
the 1990s, but by 2009 U.S. unconventional production exceeded that of conventional
gas. The Department of Energy predicts that by 2035 total domestic production will
grow by 20%, with unconventional gas providing 75% of the total (EIA 2010a). The
greatest growth is predicted for shale gas, increasing from 16% of total productionin
2009 to an expected 45% in 2035.

Although natural gasis promoted as a bridge fuel over the coming few decades, in
part because of its presumed benefit for global warming compared to other fossil fuels,
very little is known about the GHG footprint of unconventional gas. Here, we define the
GHG footprint as the total GHG emissions from devel oping and using the gas, expressed
as equivalents of carbon dioxide, per unit of energy obtained during combustion). The
GHG footprint of shale gas has received little study or scrutiny, although many have
voiced concern. The National Research Council (2009) noted emissions from shale-gas
extraction may be greater than from conventional gas. The Council of Scientific Society
Presidents (2010) wrote to President Obama, warning that some potential energy bridges
such as shale gas have received insufficient analysis and may aggravate rather than
mitigate global warming. And in late 2010, the U.S. Environmental Protection Agency
issued areport concluding that fugitive emissions of methane from unconventional gas
may be far greater than for conventional gas (EPA 2010).

Fugitive emissions of methane are of particular concern. Methane isthe mgor
component of natural gas and a powerful greenhouse gas. As such, small leakages are
important. Recent modeling indicates methane has an even greater global warming
potential than previously believed, when the indirect effects of methane on atmospheric
aerosols are considered (Shindell et al. 2009). The global methane budget is poorly
constrained, with multiple sources and sinks all having large uncertainties. The
radiocarbon content of atmospheric methane suggests fossil fuels may be afar larger
source of atmospheric methane than generally thought (Lassey et a. 2007).

The GHG footprint of shale gas consists of the direct emissions of CO, from end-
use consumption, indirect emissions of CO, from fossil fuels used to extract, develop,
and transport the gas, and methane fugitive emissions and venting. Despite the high level
of industrial activity involved in developing shale gas, the indirect emissions of CO, are
relatively small compared to those from the direct combustion of thefuel: 1to 1.5gC
MJ* (Santoro et al. 2011) vs 15 g C MJ* for direct emissions (Hayhoe et al. 2002).
Indirect emissions from shale gas are estimated to be only 0.04 to 0.45 g C MJ* greater
than those for conventional gas (Woods et al. 2011). Thus, for both conventional and
shale gas, the GHG footprint is dominated by the direct CO, emissions and fugitive
methane emissions. Here we present estimates for methane emissions as contributors to
the GHG footprint of shale gas compared to conventional gas.



Our analysis uses the most recently available data, relying particularly on a
technical background document on GHG emissions from the oil and gas industry (EPA
2010) and materials discussed in that report, and a report on natural gas losses on federal
lands from the General Accountability Office (GAO 2010). The EPA (2010) report isthe
first update on emission factors by the agency since 1996 (Harrison et al. 1996). The
earlier report served as the basis for the national GHG inventory for the past decade.
However, that study was not based on random sampling or a comprehensive assessment
of actual industry practices, but rather only analyzed facilities of companies that
voluntarily participated (Kirchgessner et a. 1997). The new EPA (2010) report notes
that the 1996 “study was conducted at a time when methane emissions were not a
significant concern in the discussion about GHG emissions’ and that emission factors
from the 1996 report “are outdated and potentially understated for some emissions
sources.” Indeed, emission factors presented in EPA (2010) are much higher, by orders
of magnitude for some sources.

Fugitive methane emissions during well completion:

Shale gasis extracted by high-volume hydraulic fracturing. Large volumes of
water are forced under pressure into the shale to fracture and re-fracture the rock to boost
gasflow. A significant amount of this water returns to the surface as flow-back within
the first few days to weeks after injection and is accompanied by large quantities of
methane (EPA 2010). The amount of methaneis far more than could be dissolved in the
flow-back fluids, reflecting a mixture of fracture-return fluids and methane gas. We have
compiled datafrom 2 shale gas formations and 3 tight-sand gas formationsin the U.S.
Between 0.6% and 3.2% of the life-time production of gas from wellsis emitted as
methane during the flow-back period (Table 1). We include tight-sand formations since
flow-back emissions and the patterns of gas production over time are similar to those for
shale (EPA 2010). Note that the rate of methane emitted during flow-back (column B in
Table 1) correlates well to theinitial production rate for the well following completion
(column Cin Table 1). Although the data are limited, the variation across the basins
seems reasonable: the highest methane emissions during flow-back were in the
Haynesville, where initial pressures and initial production were very high, and the lowest
emissions were in the Uinta, where the flow-back period was the shortest and initial
production following well completion waslow. However, we note that the data used in
Table 1 are not well documented, with many values based on PowerPoint slides from
EPA-sponsored workshops. For this paper, we therefore choose to represent gas losses
from flow-back fluids as the mean value from Table 1: 1.6%.

More methane is emitted during “drill-out,” the stage in developing
unconventional gasin which the plugs set to separate fracturing stages are drilled out to
release gas for production. EPA (2007) estimates drill-out emissions at 142 x 10° to 425
x 10° m® per well. Using the mean drill-out emissions estimate of 280 x 10° m* (EPA
2007) and the mean life-time gas production for the 5 formationsin Table 1 (85 x 10°
m®), we estimate that 0.33% of the total life-time production of wellsis emitted as



methane during the drill-out stage. If we instead use the average life-time production for
alarger set of data on 12 formations (Woods et al. 2011), 45 x 10° m®, we estimate a
percentage emission of 0.62%. More effort is needed to determine drill-out emissions on
individual formation. Meanwhile, in this paper we use the conservative estimate of
0.33% for drill-out emissions.

Combining losses associated with flow-back fluids (1.6%) and drill out (0.33%),
we estimate that 1.9% of the total production of gas from an unconventional shale-gas
well is emitted as methane during well completion (Table 2). Again, thisestimateis
uncertain but conservative.

Emissions are far lower for conventional natural gas wells during completion,
since conventional wells have no flow-back and no drill out. An average of 1.04 x 10°
m?® of methane is released per well completed for conventional gas (EPA 2010),
corresponding to 1.32 x 10 m® natural gas (assuming 78.8% methane content of the gas).
In 2007, 19,819 conventiona wells were completed in the US (EPA 2010), so we
estimate atotal national emission of 26 x 10° m* natural gas. The total national
production of onshore conventional gas in 2007 was 384 x 10° m® (EIA 2010b).
Therefore, we estimate the average fugitive emissions at well completion for
conventional gas as 0.01% of the life-time production of awell (Table 2), three orders of
magnitude less than for shale gas.

Routine venting and equi pment |eaks:

After completion, some fugitive emissions continue at the well site over its
lifetime. A typica well has 55 to 150 connections to equipment such as heaters, meters,
dehydrators, compressors, and vapor-recovery apparatus. Many of these potentialy leak,
and many pressure relief valves are designed to purposefully vent gas. Emissions from
pneumatic pumps and dehydrators are amajor part of the leakage (GAO 2010). Once a
well is completed and connected to a pipeline, the same technologies are used for both
conventional and shale gas; we assume that these post-compl etion fugitive emissions are
the same for shale and conventional gas. GAO (2010) concluded that 0.3% to 1.9% of the
life-time production of awell islost due to routine venting and equipment leaks (Table
2). Previous studies have estimated routine well-site fugitive emissions as approximately
0.5% or less (Hayhoe et a. 2002; Armendariz 2009) and 0.95% (Shires et a. 2009).
Note that none of these estimates include accidents or emergency vents. Dataon
emissions during emergencies are not available and have never, asfar as we can
determine, been used in any estimate of emissions from natural gas production. Thus,
our estimate of 0.3% to 1.9% leakage is conservative. Aswe discuss below, the 0.3%
reflects use of best available technology.

Additional venting occurs during “liquid unloading.” Conventional wells
frequently require multiple liquid-unloading events as they mature to mitigate water
intrusion as reservoir pressure drops. Though not as common, some unconventional
wells may aso require unloading. Empirical datafrom 4 gas basins indicate that 0.02 to



0.26% of total life-time production of awell is vented as methane during liquid unloading
(GAO 2010). Since not all wells require unloading, we set the range at 0 to 0.26% (Table
2).

Processing | osses:

Some natural gas, whether conventional or from shale, is of sufficient quality to
be “pipeline ready” without further processing. Other gas contains sufficient amounts of
heavy hydrocarbons and impurities such as sulfur gases to require removal through
processing before the gasis piped. Note that the quality of gas can vary even within a
formation. For example, gas from the Marcellus shale in northeastern Pennsylvania
needs little or no processing, while gas from southwestern Pennsylvania must be
processed (NYDEC 2009). Some methane is emitted during this processing. The default
EPA facility-level fugitive emission factor for gas processing indicates aloss of 0.19% of
production (Shires et al 2009). We therefore give arange of 0% (i.e. no processing, for
wells that produce “pipeline ready” gas) to 0.19% of gas produced as our estimate of
processing losses (Table 2). Actua measurements of processing plant emissionsin
Canada showed 4-fold greater |eakage than standard emission factors of the sort used by
Shires et a. (2009) would indicate (Chambers 2004), so again, our estimates are very
conservative.

Transport, storage, and distribution losses:

Further fugitive emissions occur during transport, storage, and distribution of
natural gas. Direct measurements of leakage from transmission are limited, but two
studies give similar leakage rates in both the U.S. (as part of the 1996 EPA emission
factor study; mean value of 0.53%; Harrison et a. 1996; Kirchgessener et a. 1997) and
in Russia (0.7% mean estimate, with arange of 0.4% to 1.6%; Lelieveld et al. 2005).
Direct estimates of distribution losses are even more limited, but the 1996 EPA study
estimates losses at 0.35% of production (Harrison et a. 1996; Kirchgessner et al. 1997).
Lelieveld et al. (2005) used the 1996 emission factors for natural gas storage and
distribution together with their transmission estimates to suggest an overall average loss
rate of 1.4% (range of 1.0% to 2.5%). We usethis 1.4% |leakage as the likely lower limit
(Table 2). Asnoted above, the EPA 1996 emission estimates are based on limited data,
and Revkin and Krauss (2009) reported “government scientists and industry officials
caution that the real figureisamost certainly higher.” Furthermore, the IPCC (2007)
cautions that these “bottom-up” approaches for methane inventories often underestimate
fluxes.

Another way to estimate pipeline leakage is to examine “lost and unaccounted for
gas,” e.g. the difference between the measured volume of gas at the wellhead and that
actually purchased and used by consumers. At the global scale, this method has
estimated pipeline leakage at 2.5% to 10% (Crutzen 1987; Cicerone and Oremland 1988;
Hayhoe et al. 2002), although the higher value reflects poorly maintained pipelinesin



Russia during the Soviet collapse, and leakages in Russia are now far less (Lelieveld et
al. 2005; Resetnikov et al. 2000). Kirchgessner et al. (1997) argue against this approach,
stating it is * subject to numerous errors including gas theft, variations in temperature and
pressure, billing cycle differences, and meter inaccuracies.” With the exception of theft,
however, errors should be randomly distributed and should not bias the |leakage estimate
high or low. Few recent data on lost and unaccounted gas are publicly available, but
statewide data for Texas averaged 2.3% in 2000 and 4.9% in 2007 (Percival 2010). In
2007, the State of Texas passed new legidlation to regulate lost and unaccounted for gas,
the legidlation originally proposed a 5% hard cap which was dropped in the face of
industry opposition (Liu 2008; Percival 2010). We take the mean of the 2000 and 2007
Texas data for missing and unaccounted gas (3.6%) as the upper limit of downstream
losses (Table 2), assuming that the higher value for 2007 and lower value for 2000 may
potentially reflect random variation in billing cycle differences. We believethisisa
conservative upper limit, particularly given the industry resistance to a 5% hard cap.

Our conservative estimate of 1.4% to 3.6% leakage of gas during transmission,
storage, and distribution is remarkably similar to the 2.5% “ best estimate” used by
Hayhoe et a. (2002). They considered the possible range as 0.2% and 10%.

Contribution of methane emissions to the GHG footprints of shale gas and conventional
gas.

Summing all estimated losses, we calculate that during the life cycle of an average
shale-gas well, 3.6 to 7.9% of the total production of the well is emitted to the
atmosphere as methane (Table 2). Thisisat least 30% more and perhaps more than twice
as great as the life-cycle methane emissions we estimate for conventional gas, 1.7% to
6%. Methaneisafar more potent GHG than is CO,, but methane aso has a 10-fold
shorter residence time in the atmosphere, so its effect on global warming attenuates more
rapidly (IPCC 2007). Consequently, to compare the global warming potential of methane
and CO,, requires a specific time horizon. Wefollow Lelieveld et al. (2005) and present
analyses for both 20-year and 100-year time horizons. Though the 100-year horizon is
commonly used, we agree with Nisbet et a (2000) that the 20-year horizon is critical,
given the need to reduce global warming in coming decades (IPCC 2007). We use
recently modeled values for the global warming potential of methane compared to CO.:
105 and 33 on amass-to-mass basis for 20 and 100 years, respectively, with an
uncertainty of plus or minus 23% (Shindell et a. 2009). These are somewhat higher than
those presented in the 4™ assessment report of the IPCC (2007), but better account for the
interaction of methane with aerosols. Note that carbon-trading markets use alower
global-warming potential yet of only 21 on the 100-year horizon, but this is based on the
2" |PCC (1995) assessment, which is clearly out of date on thistopic. See Electronic
Supplemental Materials for the methodology for calculating the effect of methane on
GHG in terms of CO, equivalents.

M ethane dominates the GHG footprint for shale gas on the 20-year time horizon,
contributing 1.4- to 3-times more than does direct CO, emission (Fig. 1-a). At thistime



scale, the GHG footprint for shale gasis 22% to 43% greater than that for conventional
gas. When viewed at atime 100 years after the emissions, methane emissions still
contribute significantly to the GHG footprints, but the effect is diminished by the
relatively short residence time of methane in the atmosphere. On thistime frame, the
GHG footprint for shale gasis 14% to 19% greater than that for conventional gas (Fig. 1-
b).

Shale gas versus other fossil fuels:

Considering the 20-year horizon, the GHG footprint for shale gasis at least 20%
greater than and perhaps more than twice as great as that for coal when expressed
per quantity of energy available during combustion (Fig. 1-a; see Electronic
Supplemental Materials for derivation of the estimates for diesel oil and coal). Over the
100-year frame, the GHG footprint is comparable to that for coal: the low-end shale-gas
emissions are 18% lower than deep-mined coal, and the high-end shale-gas emissions are
15% greater than surface-mined coal emissions (Fig. 1-b). For the 20 year horizon, the
GHG footprint of shale gasis at least 50% greater than for oil, and perhaps 2.5-times
greater. At the 100-year time scale, the footprint for shale gasis similar to or 35%
greater than for oil.

We know of no other estimates for the GHG footprint of shale gas in the peer-
reviewed literature. However, we can compare our estimates for conventional gas with
three previous peer-reviewed studies on the GHG emissions of conventional natural gas
and coal: Hayhoe et al. (2002), Lelieveld et al. (2005), and Jamarillo et a. (2007). All
concluded that GHG emissions for conventional gas are less than for coal, when
considering the contribution of methane over 100 years. In contrast, our analysis
indicates that conventional gas has little or no advantage over coal even over the 100-year
time period (Fig. 1-b). Our estimates for conventional-gas methane emissions are in the
range of those in Hayhoe et al. (2002) but are higher than thosein Lelieveld et a. (2005)
and Jamarillo et al. (2007) who used 1996 EPA emission factors now known to be too
low (EPA 2010). To evaluate the effect of methane, all three of these studies also used
global warming potentials now believed to be too low (Shindell et a. 2009). till,
Hayhoe et al. (2002) concluded that under many of the scenarios evaluated, a switch from
coal to conventional natural gas could aggravate globa warming on time scales of up to
several decades. Even with the lower globa warming potential value, Lelieveld et al.
(2005) concluded that natural gas have a greater GHG footprint than oil if methane
emissions exceeded 3.1% and worse than coal if the emissions exceeded 5.6% on the 20-
year time scale. They used a methane global warming potential value for methane from
IPCC (1995) that is only 57% of the new value from Shindell et al. (2009), suggesting
that in fact methane emissions of only 2% to 3% make the GHG footprint of conventional
gas worse than oil and coal. Our estimates for fugitive shale-gas emissions are 3.6 to
7.9%.

Our analysis does not consider the efficiency of final use. If fuels are used to
generate electricity, natural gas gains some advantage over coal because of greater



efficiencies of generation (see Electronic Supplemental Materials). However, this does
not greatly affect our overal conclusion: the GHG footprint of shale gas approaches or
exceeds coal even when used to generate electricity (Table in Electronic Supplemental
Materias). Further, shale-gasis promoted for other uses, including as a heating and
transportation fuel, where there islittle evidence that efficiencies are superior to diesel
oil.

Can methane emissions be reduced?

The EPA estimates that 'green’ technologies can reduce gas-industry methane
emissions by 40% (GAO, 2010). For instance, liquid-unloading emissions can be greatly
reduced with plunger lifts (EPA 2006; GAO 2010); industry reports a 99% venting
reduction in the San Juan basin with the use of smart-automated plunger lifts (GAO
2010). Use of flash-tank separators or vapor recovery units can reduce dehydrator
emissions by 90% (Fernandez et al 2005). Note, however, that our lower range of
estimates for 3 out of the 5 sources as shown in Table 2 aready reflect the use of best
technology: 0.3% lower-end estimate for routine venting and leaks at well sites (GAO
2010), 0% lower-end estimate for emissions during liquid unloading, and 0% during
processing.

M ethane emissions during the flow-back period in theory can be reduced by up to
90% through Reduced Emission Completions technologies, or REC (EPA 2010).
However, REC technologies require that pipelinesto the well arein place prior to
completion, which is not always possible in emerging development areas. I1n any event,
these technol ogies are currently not in wide use (EPA 2010).

If emissions during transmission, storage, and distribution are at the high end of
our estimate (3.6%; Table 2), these could probably be reduced through use of better
storage tanks and compressors and through improved monitoring for leaks. Industry has
shown little interest in making the investments needed to reduce these emission sources,
however (Percival 2010).

Better regulation can help push industry towards reduced emissions. In
reconciling awide range of emissions, the GAO (2010) noted that lower emissionsin the
Piceance basin in Colorado relative to the Uinta basin in Utah are largely due to a higher
use of low-bleed pneumatics in the former due to stricter state regulations. .

Conclusions and implications:

The GHG footprint of shale gasis significantly larger than that from conventional
gas, due to methane emissions with flow-back fluids and from drill out of wells during
well completion. Routine production and downstream methane emissions are also large,
but are the same for conventional and shale gas. Our estimates for these routine and
downstream methane emission sources are within the range of those reported by most
other peer-reviewed publications inventories (Hayhoe et a. 2002; Lelieveld et a. 2005).



Despite this broad agreement, the uncertainty in the magnitude of fugitive emissionsis
large. Given the importance of methane in global warming, these emissions deserve far
greater study than has occurred in the past. We urge both more direct measurements and
refined accounting to better quantify lost and unaccounted for gas.

The large GHG footprint of shale gas undercuts the logic of its use as abridging
fuel over coming decades, if the goal is to reduce global warming. We do not intend that
our study be used to justify the continued use of either oil or coal, but rather to
demonstrate that substituting shale gas for these other fossil fuels may not have the
desired effect of mitigating climate warming.

Finally, we note that carbon-trading markets at present under-value the
greenhouse warming consequences of methane, by focusing on a 100-year time horizon
and by using out-of-date global warming potentials for methane. This should be
corrected, and the full GHG footprint of unconventional gas should be used in planning
for aternative energy futures that adequately consider global climate change.
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Table 1. Methane emissions during the flow-back period following hydraulic fracturing,
initial gas production rates following well completion, life-time gas production of wells,
and the methane emitted during flow-back expressed as a percentage of the life-time
production for 5 unconventional wellsin the United States. Flow-back isthe return of
hydraulic fracturing fluids to the surface immediately after fracturing and before well
completion. For these wells, the flow-back period ranged from 5 to 12 days.

(A) Methane  (B) Methane (C) Initial gas (D) Lifetime (E) Methane

emitted emitted per production  production emitted during
during day during at well of well flow-back as
flow-back flow-back completion  (10°m3)? % of life-time
(10°m®) @ @w*midy)®  @o*mi*dhe production®
Haynesville 6,800 680 640 210 3.2%
(Louisiana,
shale)
Barnett 370 41 37 35 1.1%
(Texas, shale)
Piceance 710 79 57 55 1.3%
(Colorado,
tight sand)
Uinta 255 51 42 40 0.6%
(Utah,
tight sand)
Den-Jules 140 12 11 ? ?
(Colorado,
tight sand)

#Haynesville: average from Eckhardt et al (2009); Piceance: EPA (2007); Barnett: EPA (2004);
Uintac Samuels (2010); Denver-Julesburg: Bracken (2008).

P Calculated by dividing the total methane emitted during flow-back (column A) by the duration
of flow-back. Flow-back durations were 9 days for Barnett (EPA 2004), 8 daysfor Piceance
(EPA 2007), 5 days for Uinta (Samuels 2010), and 12 days for Denver-Julesburg (Bracken 2008);
median value of 10 days for flow-back was assumed for Haynesville.

¢ Haynesville: http://shale.typepad.com/haynesvilleshal €/2009/07/chesapeake-energy-haynesville-
shale-decline-curve.html 1/7/2011 and http://oilshal egas.com/haynesvill eshal estocks.html;
Barnett: http://oilshal egas.com/barnettshale.html;
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Piceance: Kruuskraa (2004) and Henke (2010);

Uinta: http://www.epmag.com/archives/ newsComments/6242.htm;

Denver-Julesburg: http://www.busi nesswire.com/news/home/20100924005169/en/Synergy-
Resources-Corporation-Reports-I nitial -Production-Rates

9 Based on averages for these basins. Haynesville:

http://shale.typepad.com/haynesvill eshal e/decline-curvey);

Barnett: http://www.aapg.org/explorer/2002/07jul/barnett _shale.cfm and Woods et a. (2011);
Piceance: Kruuskraa (2004); Uinta: http://www.epmag.com/archives/newsComments/6242.htm;

® Calculated by dividing column (A) by column (D).
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Table 2. Fugitive methane emissions associated with development of natural gas from
conventional wells and from shale formations (expressed as the percentage of methane

produced over the lifecycle of awell)

Conventional gas Shale gas

Emissions during well completion 0.01% 1.9%
Routine venting and equipment leaks

at well site 0.3t01.9% 0.3t01.9%
Emissions during liquid unloading 0to 0.26% 0 to 0.26%
Emissions during gas processing 0to 0.19% 0to 0.19%
Emissions during transport, storage, and

distribution 1.4t0 3.6% 1.4t0 3.6%
Total emissions 1.7t0 6.0% 3.6t07.9%

See text for derivation of estimates and supporting information.
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A. 20-year time horizon
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B. 100-year time horizon
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Figure 1. Comparison of greenhouse gas emissions from shale gas with low and high
estimates of fugitive methane emissions, conventional natural gas with low and high
estimates of fugitive methane emissions, surface-mined coal, deep-mined coal, and diesel
oil. Top panel (a) isfor a20-year time horizon, and bottom panel (b) isfor a 100-year
time horizon. Estimatesinclude direct emissions of CO, during combustion (blue bars),
indirect emissions of CO, necessary to develop and use the energy source (red bars), and
fugitive emissions of methane, converted to equivalent value of CO, as described in the
text (pink bars). Emissions are normalized to the quantity of energy released at the time

of combustion. The conversion of methane to CO; equivaentsis based on global
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warming potentials from Shindell et al. (2009) that include both direct and indirect
influences of methane on aerosols. Mean values from Shindell et al. (2009) are used

here. Shindell et al. (2009) present an uncertainty in these mean values of plus or minus
23%, which is not included in this figure.
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Electronic Supplemental Materials:

Calculation of the contribution of methane emissions to GHG footprints:

The mass of fugitive methane emissionsis given by two equations:
M=L*W (equation 1)
W-M=D (equation 2)

where M is the mass of fugitive methane emissions, vents, and leaks in units of g C MJ*;
L isthe percent emission rate for methane expressed as adecimal (ie, 0.01 rather than
1%); W is the gross production of methane gas at the well head before any fugitive
emissions, vents, and leaks in units of g C MJ?; and D isthe rate of direct emissions of
CO, inunitsof g C MJ™. In this paper, we assume the direct emission of CO, released
during combustion is 15 g C MJ* of CO, (Hayhoe et a. 2002), corresponding to the
combustion of 15 g C MJ* of methane.

The conversion to CO;, equivaentsin terms of global warming potential for the methane
emissions is given by the equation:

COxrE=M * GWP (equation 3)

where CO,-E isthe equivaent of CO, in terms of greenhouse gas warming in units of g
CMJ' and GWP isthe global warming potential conversion factor expressed on amole-
for-mole basis on either a 20-year or 100-year time horizon. When compared on a mass-
to-mass basis with CO,, methane has a 105-fold greater global warming potential on a
20-year time period and a 33-fold greater global warming potential on a 100-year time
period (Shindell et a. 2009). These values correspond to global warming potential
values of 38-fold and 12-fold for the 20- and 100-year times when compared mole-for-
mole.

GHG footprint for diesel fuel: CO, released during the combustion of the fuel is
estimated as 18.6 g C MJ* for gasoline and 18.9 g C MJ" for diesel (US EIA 2007).
These estimates are based on the Low Heating Value, and should beincreased by 1 g C
MJ™ to be consistent with the High Heating Value convention used by the IPCC (Hayhoe
et al. 2002), to an approximate value of 19.9 g C MJ* for diesel fuel. For much of the
20™ century, the net energy return on investment for crude oil was approximately 12.5:1
(Cleveland et al. 1984), indicating an indirect release of CO, from the fossil fuels used to
exploit, process, and transport the oil of approximately 8% of the direct emissions, or 1.6
g C MJ*. The methane leakage from using il is estimated as 0.07 g C MJ* of methane
(National Energy Technology Laboratory 2008). This methane leakage is equivalent to
2.66 g C MJ* of CO,, when considered on a 20-year basis, or 0.84 g C MJ* of CO,,
when considered on a 100-year basis. Therefore, the total GHG footprint for diesel fuel
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isin the range of 22.3t0 24.2 g C MJ* of CO, equivalents (considering both the 20- and
100-year time horizons).

GHG footprint of coal: We take the direct emissions of CO, during combustion of coal
as 25 g C MJ* (Hayhoe et al. 2002), which is consistent with the High Heating Value of
24 g C MJ* given by the Department of Energy (EIA 2007). Indirect emissions to mine
coa and transport it to market are not well known, but we follow Woods et a. (2011) in
assuming these are equivalent to those for conventional natural gas. Methane emissions
from surface-mined coal arelow: 2.3 (+/- 1.0) m® per ton of coal (IPCC 2007; Lightly
2008; Shires et al. 2009). Assuming 27 MJ kg™ for coal, we estimate fugitive emissions
for surface mined coal as 0.045 g C MJ* (+/- 0.02) as methane. This rate corresponds to
an emission of CO, of 0.54 (100-year time horizon) to 1.44 (20-year time horizon) g C
MJ* of CO, equivalents. The methane content of deep coalsisfar greater than surface
coals, due to the higher ambient pressures. However, tighter safety regulations have
resulted in less leakage to the atmosphere over the past decade than in earlier times, and
the best estimates for current leakage of methane from deep minesin the US arein the
range of 7.8to 9 m® per ton of coal (Lightly 2008; Shireset al. 2009). Using the mean
value and following the same cal culation approach as for surface-mined coal, we estimate
that the methane |eakage from deep mines corresponds to 2.0 (100-year time horizon) to
5.26 (20-year time horizon) g C MJ™ of CO, equivalents.

Efficiency of producing electricity: Aswith the assessment of Lelieveld et al. (2005), our
estimate of GHG footprint of fuels does not include the efficiency of final use. If we
examine electricity production, current power plantsin the US are 30% to 37% efficient
if powered by coal and 28% to 58% if powered by natural gas (Jamarillo et a. 2007).
The efficiencies overlap, but are on average greater for natural gas. For both coal and
natural gas, newer plants are more efficient than older plants, and the higher end range
for natural gas may reflect in part that natural gas plants tend to be much newer than coal
plants. Nonetheless, the ability to increase efficiency is probably greater for natural gas
than for coal (Hayhoe et al. 2002), and this suggests an additional penalty for using coal
over natural gas for the generation of electricity not included in our analysis.

Nonetheless, even considering the efficiencies of generating electricity, natural
gas does not necessarily have alower GHG footprint that coal (Electronic Supplemental
Materials Table). When viewed on the 20-year time horizon, the GHG footprint for
producing electricity from shale gasis 15% less than that for coal, when we assume the
lowest methane emissions and highest efficiency of use for producing electricity.
However, at the high-end estimates for methane emissions the GHG footprint is 43%
higher than that for coa even when burned at high efficiency. Further, natural gasis
often viewed as areplacement for diesel and gasoline as atransportation fuel and a
replacement for fuel oil for space heating. 1n these roles, natural gas has no advantage
with regard to efficiency of use.
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Additional references for electronic supplemental materials not otherwise cited in paper:

Cleveland CJ, Costanza R, Hall CAS, and Kaufman R (1984). Energy and the US
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Energy Information Administration (2007). Voluntary Reporting of Greenhouse Gases
Program. US Department of Energy. http://www.eia.doe.gov/oiaf/1605/coefficients.html

Lightly RG (2008). Work plan for potential GHG reductions: coal mine methane
recovery. Pennsylvania Department of Environment Protection.
http://files.dep.state.pa.us/Energy/ Offi ce%200f %20Energy%20and%20T echnol ogy/lib/e
nerqgy/docs/climatechangeadvcom/industrial/coalmine methane 101408.doc

National Energy Technology Laboratory (2009). Petroleum-Based Fuels Life Cycle
Greenhouse Gas Analysis - 2005 Baseline Model. www.netl.doe.gov/energy-analyses
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Electronic Supplemental Materials Table. GHG footprint for generating electricity from
shale gas and from surface-mined coal, with methane global warming potential evaluated
on 20-year time horizon, considering both high and low range of efficiencies (g C MJ*
CO; equivaents)

Low efficiency High efficiency
Shale gas— low methane 131 63
emission rate
Shale gas — high methane 218 106
emission rate
Surface-mined coal of average 91 74
quality

The low and high efficiencies for natural gas are 28% and 58%, respectively. For codl,
low and high efficiencies are 30% and 37% (Jamarillo et al. 2007).
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