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Abstract In April 2011, we published the first comprehensive analysis of greenhouse gas
(GHG) emissions from shale gas obtained by hydraulic fracturing, with a focus on methane
emissions. Our analysis was challenged by Cathles et al. (2012). Here, we respond to those
criticisms. We stand by our approach and findings. The latest EPA estimate for methane
emissions from shale gas falls within the range of our estimates but not those of Cathles et al.
which are substantially lower. Cathles et al. believe the focus should be just on electricity
generation, and the global warming potential of methane should be considered only on a
100-year time scale. Our analysis covered both electricity (30% of US usage) and heat
generation (the largest usage), and we evaluated both 20- and 100-year integrated time
frames for methane. Both time frames are important, but the decadal scale is critical, given
the urgent need to avoid climate-system tipping points. Using all available information and
the latest climate science, we conclude that for most uses, the GHG footprint of shale gas is
greater than that of other fossil fuels on time scales of up to 100 years. When used to
generate electricity, the shale-gas footprint is still significantly greater than that of coal at
decadal time scales but is less at the century scale. We reiterate our conclusion from our
April 2011 paper that shale gas is not a suitable bridge fuel for the 21st Century.

1 Introduction

Promoters view shale gas as a bridge fuel that allows continued reliance on fossil fuels while
reducing greenhouse gas (GHG) emissions. Our April 2011 paper in Climatic Change
challenged this view (Howarth et al. 2011). In the first comprehensive analysis of the
GHG emissions from shale gas, we concluded that methane emissions lead to a large
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GHG footprint, particularly at decadal time scales. Cathles et al. (2012) challenged our
work. Here, we respond to the criticisms of Cathles et al. (2012), and show that most have
little merit. Further, we compare and contrast our assumptions and approach with other
studies and with new information made available since our paper was published. After
carefully considering all of these, we stand by the analysis and conclusions we published
in Howarth et al. (2011).

2 Methane emissions during entire life cycle for shale gas and conventional gas

Cathles et al. (2012) state our methane emissions are too high and are “at odds with previous
studies.” We strongly disagree. Table 1 compares our estimates for both conventional gas
and shale gas (Howarth et al. 2011) with 9 other studies, including 7 that have only become
available since our paper was published in April 2011, listed chronologically by time of
publication. See Electronic Supplementary Materials for details on conversions and calcu-
lations. Prior to our study, published estimates existed only for conventional gas. As we
discussed in Howarth et al. (2011), the estimate of Hayhoe et al. (2002) is very close to our
mean value for conventional gas, while the estimate from Jamarillo et al. (2007) is lower and
should probably be considered too low because of their reliance on emission factors from a
1996 EPA report (Harrison et al. 1996). Increasing evidence over the past 15 years has
suggested the 1996 factors were low (Howarth et al. 2011). In November 2010, EPA (2010)
released parts of their first re-assessment of the 1996 methane emission factors, increasing
some emissions factors by orders of magnitude. EPA (2011a), released just after our paper
was published in April, used these new factors to re-assess and update the U.S. national
GHG inventory, leading to a 2-fold increase in total methane emissions from the natural gas

industry.

Table 1 Comparison of published estimates for full life-cycle methane emissions from conventional gas and
shale gas, expressed per unit of Lower Heating Value (gC MJ'). Studies are listed by chronology of
publication date

Conventional gas Shale gas
Hayhoe et al. (2002) 0.57 *
Jamarillo et al. (2007) 0.15 *
Howarth et al. (2011) 0.26-0.96 0.55-1.2
EPA (2011a) 0.38 0.60"
Jiang et al. (2011) * 0.30
Fulton et al.(2011) 0.38"" *
Hultman et al. (2011) 0.35 0.57
Skone et al. (2011) 0.27 0.37
Burnham et al. (2011) 0.39 0.29
Cathles et al. (2012) 0.14-0.36 0.14-0.36

See Electronic Supplemental Materials for details on conversions
* Estimates not provided in these reports
“Includes emissions from coal-bed methane, and therefore may under-estimate shale gas emissions

“"Based on average for all gas production in the US, not just conventional gas, and so somewhat over-
estimates conventional gas emissions
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The new estimate for methane emissions from conventional gas in the EPA (2011a)
inventory, 0.38 g C MJ ', is within the range of our estimates: 0.26 to 0.96 g C MJ !
(Table 1). As discussed below, we believe the new EPA estimate may still be too low, due to
a low estimate for emissions during gas transmission, storage, and distribution. Several of
the other recent estimates for conventional gas are very close to the new EPA estimate
(Fulton et al. 2011; Hultman et al. 2011; Burnham et al. 2011). The Skone et al. (2011) value
is 29% lower than the EPA estimate and is very similar to our lower-end number. Cathles et
al. (2012) present a range of values, with their high end estimate of 0.36 g C MJ ' being
similar to the EPA estimate but their low end estimate (0.14 g C MJ™") far lower than any
other estimate, except for the Jamarillo et al. (2007) estimate based on the old 1996 EPA
emission factors.

For shale gas, the estimate derived from EPA (2011a) of 0.60 g C MJ ! is within our
estimated range of 0.55t0 1.2 g C MIJ! (Table 1); as with conventional gas, we feel the EPA
estimate may not adequately reflect methane emissions from transmission, storage, and
distribution. Hultman et al. (2011) provide an estimate only slightly less than the EPA
number. In contrast, several other studies present shale gas emission estimates that are 38%
(Skone et al. 2011) to 50% lower (Jiang et al. 2011; Burnham et al. 2011) than the EPA
estimate. The Cathles et al. (2012) emission estimates are 40% to 77% lower than the EPA
values, and represent the lowest estimates given in any study.

In an analysis of a PowerPoint presentation by Skone that provided the basis for Skone et
al. (2011), Hughes (2011a) concludes that a major difference between our work and that of
Skone and colleagues was the estimated lifetime gas production from a well, an important
factor since emissions are normalized to production. Hughes (2011a) suggests that Skone
significantly overestimated this lifetime production, and thereby underestimated the emis-
sions per unit of energy available from gas production (see Electronic Supplemental
Materials). We agree, and believe this criticism also applies to Jiang et al. (2011). The
lifetime production of shale-gas wells remains uncertain, since the shale-gas technology is so
new (Howarth and Ingraffea 2011). Some industry sources estimate a 30-year lifetime, but
the oldest shale-gas wells from high-volume hydraulic fracturing are only a decade old, and
production of shale-gas wells falls off much more rapidly than for conventional gas wells.
Further, increasing evidence suggests that shale-gas production often has been exaggerated
(Berman 2010; Hughes 2011a, 2011b; Urbina 2011a, 2011b).

Our high-end methane estimates for both conventional gas and shale gas are substantially
higher than EPA (2011a) (Table 1), due to higher emission estimates for gas storage,
transmission, and distribution (“downstream” emissions). Note that our estimated range
for emissions at the shale-gas wells (“upstream” emissions of 0.34 to 0.58 g C MJI ") agree
very well with the EPA estimate (0.43 g C MJ'; see Electronic Supplementary Materials).
While EPA has updated many emission factors for natural gas systems since 2010 (EPA
2010, 2011a, 2011b), they continue to rely on the 1996 EPA study for downstream
emissions. Updates to this assumption currently are under consideration (EPA 2011a). In
the meanwhile, we believe the EPA estimates are too low (Howarth et al. 2011). Note that
the downstream emission estimates of Hultman et al. (2011) are similar to EPA (2011a),
while those of Jiang et al. (2011) are 43% less, Skone et al. (2011) 38% less, and Burnham et
al. (2011) 31% less (Electronic Supplemental Materials). One problem with the 1996
emission factors is that they were not based on random sampling or a comprehensive
assessment of actual industry practices, but rather only analyzed emissions from model
facilities run by companies that voluntarily participated (Kirchgessner et al. 1997). The
average long-distance gas transmission pipeline in the U.S. is more than 50 years old, and
many cities rely on gas distribution systems that are 80 to 100 years old, but these older
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systems were not part of the 1996 EPA assessment. Our range of estimates for methane
emissions during gas storage, transmission, and distribution falls well within the range given
by Hayhoe et al. (2002), and our mean estimate is virtually identical to their “best estimate”
(Howarth et al. 2011). Nonetheless, we readily admit that these estimates are highly
uncertain. There is an urgent need for better measurement of methane fluxes from all parts
of the natural gas industry, but particularly during completion of unconventional wells and
from storage, transmission, and distribution sectors (Howarth et al. 2011).

EPA proposed new regulations in October 2009 that would require regular reporting on
GHG emissions, including methane, from natural gas systems (EPA 2011c). Chesapeake
Energy Corporation, the American Gas Association, and others filed legal challenges to
these regulations (Nelson 2011). Nonetheless, final implementation of the regulations seems
likely. As of November 2011, EPA has extended the deadline for the first reporting to
September 2012 (EPA 2011c). These regulations should help evaluate methane pollution,
although actual measurements of venting and leakage rates will not be required, and the
reporting requirement as proposed could be met using EPA emission factors. Field measure-
ments across a range of well types, pipeline and storage systems, and geographic locations
are important for better characterizing methane emissions.

3 How much methane is vented during completion of shale-gas wells?

During the weeks following hydraulic fracturing, frac-return liquids flow back to the surface,
accompanied by large volumes of natural gas. We estimated substantial methane venting to
the atmosphere at this time, leading to a higher GHG footprint for shale gas than for
conventional gas (Howarth et al. 2011). Cathles et al. (2012) claim we are wrong and assert
that methane emissions from shale-gas and conventional gas wells should be equivalent.
They provide four arguments: 1) a physical argument that large flows of gas are not possible
while frac fluids fill the well; 2) an assertion that venting of methane to the atmosphere
would be unsafe; 3) a statement that we incorrectly used data on methane capture during
flowback to estimate venting; and 4) an assertion that venting of methane is not in the
economic interests of industry. We disagree with each point, and note our methane emission
estimates during well completion and flowback are quite consistent with both those of EPA
(2010, 2011a, b) and Hultman et al. (2011).

Cathles et al. state that gas venting during flowback is low, since the liquids in the well
interfere with the free flow of gas, and imply that this condition continues until the well goes
into production. While it is true that liquids can restrict gas flow early in the flow-back
period, gas is freely vented in the latter stages. According to EPA (2011d), during well
cleanup following hydraulic fracturing “backflow emissions are a result of free gas being
produced by the well during well cleanup event, when the well also happens to be producing
liquids (mostly water) and sand. The high rate backflow, with intermittent slugs of water and
sand along with free gas, is typically directed to an impoundment or vessels until the well is
fully cleaned up, where the free gas vents to the atmosphere while the water and sand remain
in the impoundment or vessels.” The methane emissions are “vented as the backflow enters
the impoundment or vessels” (EPA 2011d). Initial flowback is 100% liquid, but this quickly
becomes a two-phase flow of liquid and gas as backpressure within the fractures declines
(Soliman & Hunt 1985; Willberg et al. 1998; Yang et al. 2010; EPA 2011a, d). The gas
produced is not in solution, but rather is free-flowing with the liquid in this frothy mix. The
gas cannot be put into production and sent to sales until flowback rates are sufficiently
decreased to impose pipeline pressure.
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Is it unsafe for industry to vent gas during flowback, as Cathles et al. assert? Perhaps, but
venting appears to be common industry practice, and the latest estimates from EPA (2011b,
page 3—12) are that 85% of flowback gas from unconventional wells is vented and less than
15% flared or captured. While visiting Cornell, a Shell engineer stated Shell never flares gas
during well completion in its Pennsylvania Marcellus operations (Bill Langin, pers. comm.).
Venting of flow-back methane is clearly not as unsafe as Cathles et al. (2012) believe, since
methane has a density that is only 58% that of air and so would be expected to be extremely
buoyant when vented. Under sufficiently high wind conditions, vented gas may be mixed and
advected laterally rather than rising buoyantly, but we can envision no atmospheric conditions
under which methane would sink into a layer over the ground. Buoyantly rising methane is
clearly seen in Forward Looking Infra Red (FLIR) video of a Pennsylvania well during
flowback (Fig. 1). Note that we are not using this video information to infer any information
on the rate of venting, but simply to illustrate that venting occurred in the summer of 2011 in
Pennsylvania and that the gas rose rapidly into the atmosphere. Despite the assertion by Cathles
et al. that venting is illegal in Pennyslvania, the only legal restriction is that “excess gas
encountered during drilling, completion or stimulation shall be flared, captured, or diverted
away from the drilling rig in a manner than does not create a hazard to the public health or
safety” (PA § 78.73. General provision for well construction and operation).

Cathles et al. state with regard to our paper: “The data they cite to support their contention
that fugitive methane emissions from unconventional gas production is [sic] significantly
greater than that from conventional gas production are actually estimates of gas emissions that
were captured for sale. The authors implicitly assume that capture (or even flaring) is rare, and
that the gas captured in the references they cite is normally vented directly into the atmosphere.”
We did indeed use data on captured gas as a surrogate for vented emissions, similar to such
interpretation by EPA (2010). Although most flowback gas appears to be vented and not
captured (EPA 2011b), we are aware of no data on the rate of venting, and industry apparently
does not usually measure or estimate the gas that is vented during flowback. Our assumption
(and that of EPA 2010) is that the rate of gas flow is the same during flowback, whether vented
or captured. Most of the data we used were reported to the EPA as part of their “green
completions” program, and they provide some of the very few publicly available quantitative
estimates of methane flows at the time of flowback. Note that the estimates we published in
Howarth et al. (2011) for emissions at the time of well completion for shale gas could be
reduced by 15%, to account for the estimated average percentage of gas that is not vented but

Fig. 1 Venting of natural gas into
the atmosphere at the time of well
completion and flowback follow-
ing hydraulic fracturing of a well
in Susquehanna County, PA, on
June 22, 2011. Note that this gas
is being vented, not flared or
burned, and the color of the image
is to enhance the IR image of this
methane-tuned FLIR imagery.
The full video of this event is
available at http://www.
psehealthyenergy.org/resources/
view/198782. Video provided
courtesy of Frank Finan

6/22/11 11.5?.2DAM
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rather is flared or captured and sold (EPA 2011b). Given the other uncertainty in these estimates,
though, our conclusions would remain the same.

Cathles et al. also assert that we used initial production rates for gas wells, and that in
doing so over-estimated flowback venting. Our estimates of flowback emissions for the
Barnett, Piceance, Uinta, and Denver-Jules basins were not based on initial production rates,
but rather solely on industry-reported volumes of gas captured, assuming. We estimated
emissions for the Haynesville basin as the median of data given in Eckhardt et al. (2009),
who reported daily rates ranging from 400,000 m> (14 MMcf ) to 960,000 m® (38 MMcf).
We assumed a 10-day period for the latter part of the flowback in which gases freely flow,
the mean for the other basin studies we used. The use of initial production rates applied to
the latter portion of flowback duration as an estimate of venting is commonly accepted
(Jiang et al. 2011; NYS DEC 2011).

Finally, Cathles et al. state that economic self-interest would make venting of gas unlikely.
Rather, they assert industry would capture the gas and sell it to market. According to EPA
(2011b), the break-even price at which the cost of capturing flowback gas equals the market
value of the captured gas is slightly under $4 per thousand cubic feet. This is roughly the well-
head price of gas over the past two years, suggesting that indeed industry would turn a profit by
capturing the gas, albeit a small one. Nonetheless, EPA (2011Db) states that industry is not
commonly capturing the gas, probably because the rate of economic return on investment for
doing so is much lower than the normal expectation for the industry. That is, industry is more
likely to use their funds for more profitable ventures than capturing and selling vented gas (EPA
2011b). There also is substantial uncertainty in the cost of capturing the gas. At least for low-
energy wells, a BP presentation put the cost of “green” cleanouts as 30% higher than for normal
well completions (Smith 2008). The value of the captured gas would roughly pay for the
process, according to BP, at the price of gas as of 2008, or approximately $6.50 per thousand
cubic feet (EIA 2011a). At this cost, industry would lose money by capturing and selling gas not
only at the current price of gas but also at the price forecast for the next 2 decades (EPA 2011b).

In July 2011, EPA (2011b, e) proposed new regulations to reduce emissions during
flowback. The proposed regulation is aimed at reducing ozone and other local air pollution,
but would also reduce methane emissions. EPA (2011Db, e) estimates the regulation would
reduce flowback methane emissions from shale gas wells by up to 95%, although gas
capture would only be required for wells where collector pipelines are already in place,
which is often not the case when new sites are developed. Nonetheless, this is a very
important step, and if the regulation is adopted and can be adequately enforced, will reduce
greatly the difference in emissions between shale gas and conventional gas in the U.S. We
urge universal adoption of gas-capture policies.

To summarize, most studies conclude that methane emissions from shale gas are far
higher than from conventional gas: approximately 40% higher, according to Skone et al.
(2011) and using the mean values from Howarth et al. (2011), and approximately 60%
higher using the estimates from EPA (2011a) and Hultman et al. (2011). Cathles et al.
assertion that shale gas emissions are no higher seems implausible to us. The suggestion by
Burnham et al. (2011) that shale gas methane emissions are less than for conventional gas
seems even less plausible (see Electronic Supplementary Materials).

4 Time frame and global warming potential of methane

Methane is a far more powerful GHG than carbon dioxide, although the residence time for
methane in the atmosphere is much shorter. Consequently, the time frame for comparing
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methane and carbon dioxide is critical. In Howarth et al. (2011), we equally presented two
time frames, the 20 and 100 years integrated time after emission, using the global warming
potential (GWP) approach. Note that GWPs for methane have only been estimated at time
scales of 20, 100, and 500 years, and so GHG analyses that compare methane and carbon
dioxide on other time scales require a more complicated atmospheric modeling approach,
such as that used by Hayhoe et al. (2002) and Wigley (2011). The GWP approach we follow
is quite commonly used in GHG lifecycle analyses, sometimes considering both 20-year and
100-year time frames as we did (Lelieveld et al. 2005; Hultman et al. 2011), but quite
commonly using only the 100-year time frame (Jamarillo et al. 2007; Jiang et al. 2011;
Fulton et al. 2011; Skone et al. 2011; Burnham et al. 2011). Cathles et al. state that a
comparison based on the 20-year GWP is inappropriate, and criticize us for having done so.
We very strongly disagree.

Considering methane’s global-warming effects at the decadal time scale is critical
(Fig. 2). Hansen et al. (2007) stressed the need for immediate control of methane to avoid
critical tipping points in the Earth’s climate system, particularly since methane release from
permafrost becomes increasingly likely as global temperature exceeds 1.8°C above the
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Fig. 2 Observed global mean temperature from 1900 to 2009 and projected future temperature under four
scenarios, relative to the mean temperature from 1890-1910. The scenarios include the IPCC (2007)
reference, reducing carbon dioxide emissions but not other greenhouse gases (“CO, measures™), controlling
methane and black carbon emissions but not carbon dioxide (“CH, + BC measures”), and reducing emissions
of carbon dioxide, methane, and black carbon (“CO, + CH4 + BC measures”). An increase in the temperature
to 1.5° to 2.0°C above the 1890-1910 baseline (illustrated by the yellow bar) poses high risk of passing a
tipping point and moving the Earth into an alternate state for the climate system. The lower bound of this
danger zone, 1.5° warming, is predicted to occur by 2030 unless stringent controls on methane and black
carbon emissions are initiated immediately. Controlling methane and black carbon shows more immediate
results than controlling carbon dioxide emissions, although controlling all greenhouse gas emissions is
essential to keeping the planet in a safe operating space for humanity. Reprinted from UNEP/WMO (2011)
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baseline average temperature between 1890 and 1910 (Hansen and Sato 2004; Hansen et al.
2007). This could lead to a rapidly accelerating positive feedback of further global warming
(Zimov et al. 2006; Walter et al. 2007). Shindell et al. (2012) and a recent United Nations
study both conclude that this 1.8°C threshold may be reached within 30 years unless
societies take urgent action to reduce the emissions of methane and other short-lived
greenhouse gases now (UNEP/WMO 2011). The reports predict that the lower bound for
the danger zone for a temperature increase leading to climate tipping points — a 1.5°C
increase — will occur within the next 18 years or even less if emissions of methane and other
short-lived radiatively active substances such as black carbon are not better controlled,
beginning immediately (Fig. 2) (Shindell et al. 2012; UNEP/WMO 2011).

In addition to different time frames, studies have used a variety of GWP values. We used
values of 105 and 33 for the 20- and 100-year integrated time frames, respectively (Howarth
et al. 2011), based on the latest information on methane interactions with other radiatively
active materials in the atmosphere (Shindell et al. 2009). Surprisingly, EPA (2011a) uses a
value of 21 based on IPCC (1995) rather than higher values from more recent science (IPCC
2007; Shindell et al. 2009). Jiang et al. (2011), Fulton et al. (2011), Skone et al. (2011), and
Burnham et al. (2011) all used the 100-year GWP value of 25 from IPCC (2007), which
underestimates methane’s warming at the century time scale by 33% compared to the
more recent GWP value of 33 from Shindell et al. (2009). We stand by our use of the
higher GWP values published by Shindell et al. (2009), believing it appropriate to use
the best and most recent science. While there are considerable uncertainties in GWP
estimates, inclusion of the suppression of photosynthetic carbon uptake due to methane-
induced ozone (Sitch et al. 2007) would further increase methane’s GWP over all the
values discussed here.

In Fig. 3, we present the importance of methane to the total GHG inventory for the US,
considered at both the 20- and 100-year time periods, and using the Shindell et al. (2009)
GWP values. Figure 3 uses the most recently available information on methane fluxes for the
2009 base year, reflecting the new methane emission factors and updates through July 2011
(EPA 2010; 2011a, b); see Electronic Supplemental Materials. Natural gas systems dominate
the methane flux for the US, according to these EPA estimates, contributing 39% of the
nation’s total. And methane contributes 19% of the entire GHG inventory of the US at the
century time scale and 44% at the 20-year scale, including all gases and all human activities.
The methane emissions from natural gas systems make up 17% of the entire anthropogenic
GHG inventory of the US, when viewed through the lens of the 20-year integrated time
frame. If our high-end estimate for downstream methane emissions during gas storage,
transmission, and distribution is correct (Howarth et al. 2011), the importance of methane
from natural gas systems would be even greater.

5 Electricity vs. other uses

Howarth et al. (2011) focused on the GHG footprint of shale gas and other fuels normalized
to heat from the fuels, following Lelieveld et al. (2005) for conventional gas. We noted that
for electricity generation — as opposed to other uses of natural gas — the greater efficiency for
gas shifts the comparison somewhat, towards the footprint of gas being less unfavorable.
Nonetheless, we concluded shale gas has a larger GHG footprint than coal even when used
to generate electricity, at the 20-year time horizon (Howarth et al. 2011). Hughes (2011b)
further explored the use of shale gas for electricity generation, and supported our conclusion.
Cathles et al. criticize us for not focusing exclusively on electricity.

@ Springer



Climatic Change

100 yr

Natural gas systems

—_——
Animal agriculture [

==

ji—

=

=8

I

{

I

|

Landfills
Coal mining

Petroleum systems 20yr

Wastewater treatment
Forest management
Rice agriculture
Stationary combustion

All other sources

0 10 20 30 40 S0
% of total U.S. methane emissions

Fig. 3 Environmental Protection Agency estimates for human-controlled sources of methane emission from
the U.S. in 2009 (bar graph) and percent contribution of methane to the entire greenhouse gas inventory for the
U.S. (shown in red on the pie charts) for the 100-year and 20-year integrated time scales. The sizes of the pie
charts are proportional to the total greenhouse gas emission for the U.S. in 2009. The methane emissions
represent a greater portion of the warming potential when converted to equivalents of mass of carbon dioxide
at the shorter time scale, which increases both the magnitude of the total warming potential and the percentage
attributed to methane. Data are from EPA (2011a, b), as discussed in Electronic Supplemental Material, and
reflect an increase over the April 2011 national inventory estimates due to new information on methane
emissions from Marcellus shale gas and tight-sand gas production for 2009 (EPA 2011b). Animal agriculture
estimate combines enteric fermentation with manure management. Coal mining combines active mines and
abandoned mines. The time-frame comparisons are made using the most recent data on global warming
potentials from Shindell et al. (2009)

We stand by our focus on GHG emissions normalized to heat content. Only 30% of
natural gas in the U.S. is used to generate electricity, while most is used for heat for
domestic, commercial, and industrial needs, and this pattern is predicted to hold over coming
decades (EIA 2011b; Hughes 2011b). Globally, demand for heat is the largest use of energy,
at 47% of use (International Energy Agency 2011). And natural gas is the largest source of
heat globally, providing over half of all heat needs in developed countries (International
Energy Agency 2011). While generating electricity from natural gas has some efficiency
gains over using coal, we are aware of no such advantage for natural gas over other fossil
fuels for providing heat.

Many view use of natural gas for transportation as an important part of an energy future.
The “Natural Gas Act” (H.R.1380) introduced in Congress in 2011 with bipartisan support
and the support of President Obama would provide tax subsidies to encourage long-distance
trucks to switch from diesel to natural gas (Weiss and Boss 2011). And in Quebec, industry
claims converting trucks from diesel to shale gas could reduce GHG emissions by 25 to 30%
(Beaudine 2010). Our study suggests this claim is wrong and indicates shale gas has a larger
GHG footprint than diesel oil, particularly over the 20-year time frame (Howarth et al.
2011). In fact, using natural gas for long-distance trucks may be worse than our analysis
suggested, since it would likely depend on liquefied natural gas, LNG. GHG emissions from
LNG are far higher than for non-liquified gas (Jamarillo et al. 2007). See Electronic
Supplemental Materials for more information on future use of natural gas in the U.S.
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6 Conclusions

We stand by our conclusions in Howarth et al. (2011) and see nothing in Cathles et al. and
other reports since April 2011 that would fundamentally change our analyses. Our methane
emission estimates compare well with EPA (2011a), although our high-end estimates for
emissions from downstream sources (storage, transmission, distribution) are higher. Our
estimates also agree well with earlier papers for conventional gas (Hayhoe et al. 2002;
Lelieveld et al. 2005), including downstream emissions. Several other analyses published
since April of 2011 have presented significantly lower emissions than EPA estimates for
shale gas, including Cathles et al. but also Jiang et al. (2011), Skone et al. (2011), and
Burnham et al. (2011). We believe these other estimates are too low, in part due to over-
estimation of the lifetime production of shale-gas wells.

We reiterate that all methane emission estimates, including ours, are highly uncertain. As
we concluded in Howarth et al. (2011), “the uncertainty in the magnitude of fugitive
emissions is 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 measure-
ments and refined accounting to better quantify lost and unaccounted for gas.” The new
GHG reporting requirements by EPA will provide better information, but much more is
needed. Governments should encourage and fund independent measurements of methane
venting and leakage. The paucity of such independent information is shocking, given the
global significance of methane emissions and the potential scale of shale gas development.

We stress the importance of methane emissions on decadal time scales, and not focusing
exclusively on the century scale. The need for controlling methane is simply too urgent, if society
is to avoid tipping points in the planetary climate system (Hansen et al. 2007; UNEP/WMO 2011;
Shindell et al. 2012). Our analysis shows shale gas to have a much larger GHG footprint than
conventional natural gas, oil, or coal when used to generate heat and viewed over the time scale of
20 years (Howarth et al. 2011). This is true even using our low-end methane emission estimates,
which are somewhat lower than the new EPA (2011a) values and comparable to those of Hultman
et al. (2011). At this 20-year time scale, the emissions data from EPA (2011a, b) show methane
makes up 44% of the entire GHG inventory for the U.S., and methane from natural gas systems
make up 17% of the entire GHG inventory (39% of the methane component of the inventory).

We also stress the need to analyze the shale-gas GHG footprint for all major uses of
natural gas, and not focus on the generation of electricity alone. Of the reports published
since our study, only Hughes (2011b) seriously considered heat as well as electricity. Cathles
et al. (2012), Jiang et al. (2011), Fulton et al. (2011), Hultman et al. (2011), Skone et al.
(2011), and Wigley (2011) all focus just on the generation of electricity. We find this
surprising, since only 30% of natural gas in the U.S. is used to generate electricity. Other
uses such as transportation should not be undertaken without fully understanding the
consequences on GHG emissions, and none of the electricity-based studies provide an
adequate basis for such evaluation.

Can shale-gas methane emissions be reduced? Clearly yes, and proposed EPA regulations
to require capture of gas at the time of well completions are an important step. Regulations
are necessary to accomplish emission reductions, as economic considerations alone have not
driven such reductions (EPA 2011b). And it may be extremely expensive to reduce leakage
associated with aging infrastructure, particularly distribution pipelines in cities but also long-
distance transmission pipelines, which are on average more than 50 years old in the U.S.
Should society invest massive capital in such improvements for a bridge fuel that is to be
used for only 20 to 30 years, or would the capital be better spent on constructing a smart
electric grid and other technologies that move towards a truly green energy future?

@ Springer
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We believe the preponderance of evidence indicates shale gas has a larger GHG footprint
than conventional gas, considered over any time scale. The GHG footprint of shale gas also
exceeds that of oil or coal when considered at decadal time scales, no matter how the gas is
used (Howarth et al. 2011; Hughes 2011a, b; Wigley et al. 2011). Considered over the
century scale, and when used to generate electricity, many studies conclude that shale gas
has a smaller GHG footprint than coal (Wigley 2011; Hughes 2011b; Hultman et al. 2011),
although some of these studies biased their result by using a low estimate for GWP and/or
low estimates for methane emission (Jiang et al. 2011; Skone et al. 2011; Burnham et al.
2011). However, the GHG footprint of shale gas is similar to that of oil or coal at the century
time scale, when used for other than electricity generation. We stand by the conclusion of
Howarth et al. (2011): “The large GHG footprint of shale gas undercuts the logic of its use as
a bridging fuel over coming decades, if the goal is to reduce global warming.”
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