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ABSTRACT: The recent increase in the production of natural
gas from shale deposits has signiﬁcantly changed energy E 20
outlooks in both the US and world. Shale gas may have 0 15
important climate beneﬁts if it displaces more carbon-intensive
oil or coal, but recent attention has discussed the potential for ▪g 10
upstream methane emissions to counteract this reduced LLo 5
combustion greenhouse gas emissions. We examine six recent E 0
studies to produce a Monte Carlo uncertainty analysis of the
carbon footprint of both shale and conventional natural gas
production. The results show that the most likely upstream -10
Conventional
Shale
Shale w/REC Diffe rence (w/o Difference
carbon footprints of these types of natural gas production are
REC)
(w/REC)
largely similar, with overlapping 95% uncertainty ranges of
• Pre production • Production/Processine ■ Transmission MDiffe re nce(Conv•Shale)
11.0−21.0 g CO2e/MJLHV for shale gas and 12.4−19.5 g
CO2e/MJLHV for conventional gas. However, because this
upstream footprint represents less than 25% of the total carbon footprint of gas, the eﬃciency of producing heat, electricity,
transportation services, or other function is of equal or greater importance when identifying emission reduction opportunities.
Better data are needed to reduce the uncertainty in natural gas’s carbon footprint, but understanding system-level climate impacts
of shale gas, through shifts in national and global energy markets, may be more important and requires more detailed energy and
economic systems assessments.
a 5

footprint12) associated with shale gas production due to fugitive
methane emissions in the production phase. A study by
Howarth, Santoro, and Ingraﬀea13 suggested that fugitive
methane emissions from shale gas yielded a higher overall
carbon footprint for shale gas compared to coal, though the
methods and modeling choices have been criticized by other
authors.14−16 Since the publication of this study, several authors
have performed similar life cycle carbon footprint studies using
diﬀerent data and assumptions.8,15−19
The goal of this research was 2-fold: ﬁrst, to compare the
original study to ﬁve subsequent studies with consistent system
boundaries and assumptions; and second, to compare these
current estimates of the life cycle carbon footprint of shale gas
to conventional onshore natural gas production. We present
our results broken down by process in signiﬁcant detail in the
Supporting Information so researchers and policymakers can
perform comparative analysis of this important policy issue.
After reconciling assumptions and boundaries, we utilize the
data and assumptions in these studies to construct a best
estimate of the carbon footprint of both shale gas and onshore

1. INTRODUCTION
Recent advances in horizontal drilling and hydraulic fracturing
technology have made it technically and economically possible
to access vast deposits of natural gas in shale deposits located
across the U.S. and elsewhere.1,2 Shale gas production has
grown 48% per year from 2006 to 2010 in the U.S., and
growing estimates of recoverable resources have altered US and
world energy outlooks for the foreseeable future.3 Many
authors have praised the industry’s growth as leading to
signiﬁcant job growth, further decoupled gas and oil prices, and
the potential for displacing more carbon-intensive oil in
transportation or coal in electricity.4,5
Despite the potentially positive impacts of shale gas
development, it has been criticized for several reasons,
including its impacts on water quality, air quality, and climate
change.6−10 Current federal initiatives to identify and assess
shale gas impacts have focused across a range of these issues.10
For example, in August 2011, EPA issued proposed rulemaking
to establish New Source Performance Standards (NSPS) and
National Emissions Standards for Hazardous Air Pollutants
(NESHAP) for speciﬁc processes and equipment associated
with unconventional oil and gas recovery.11 Although not
necessarily the greatest potential environmental issue with shale
gas, one recent concern identiﬁed in the literature is the
potentially high life cycle greenhouse gas emissions (i.e., carbon
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the value to be an outlier it was not included in the
construction of the best estimate distribution. Where individual
studies provided uncertainty ranges at the subcategory level, we
again utilized judgment based on the underlying data and
methodology in question (and a comparison to other study
estimates) to determine whether the maximum/minimum
values of our distributions should include the uncertainty
range from the study in question. Generally the uncertainty
range was kept to ensure the worst-case (i.e., highest carbon
footprint) and best-case scenarios were captured by our
analysis. For the case of Howarth,13 who presented only low
and high emissions estimates without a mean, we averaged the
low and high estimates for the base case (thus assuming a
symmetric uncertainty distribution) and included the low and
high estimates in our distributions where they were not judged
to be outliers. Except where judged to be an outlier, we did not
attempt to correct for any errors or omissions in the reported
studies.
2.1. Goal, Scope, and Functional Unit. The ﬁrst stage of
a life cycle assessment is identifying study goal and scope and
the functional unit.21 The six studies all attempted to study the
carbon footprint of shale gas (and conventional gas as well for
all but Hultman et al.17), but each had diﬀerent speciﬁc
inclusions or exclusions within its scope. In terms of functional
unit, we follow the convention of all studies except Howarth13
and present results in terms of an upstream carbon footprint at
the power plant gate (in g CO2e/MJLHV) and a downstream
“well-to-wire” estimate of the total carbon footprint for each
type of gas to produce 1 kWh of electricity (g CO2e/kWh). We
utilize 100-year GWP values from the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, as
standardized by recent carbon footprint protocols.22,23
The studies had diﬀerent speciﬁc scopes. First, the studies
analyzed diﬀerent geographies: NETL18 examined only the
Barnett shale basin, Jiang8 examined only the Marcellus shale
basin, Stephenson16 and Burnham15 averaged over North
American basins, and Hultman17 and Howarth13 averaged over
all unconventional gas including tight gas. The basin choice
aﬀects both the estimated ultimate recovery of wells as well as
the methane content of produced natural gas-- cited as 97% in
Jiang,8 87% in Stephenson,16 80% in Burnham,15 and 78% in
NETL,18 Howarth,13 and Hultman.17 Here we attempt to
describe U.S. average practices wherever possible though
recognize that data limitations do not allow a full description
of geographic variability.
Second, several modeling choices resulted in diﬀerences
across studies that were quantiﬁed where possible. Each study
used diﬀerent time periods of analysis, ranging from 3 years16
to 30 years.18 These diﬀerences show the immense uncertainty
in estimated gas recoveries. All of the studies used diﬀerent
system boundaries, as shown in Table SI-5 by notations where
an individual study did not estimate a certain emissions
category. We attempted to draw as broad a system boundary as
possible to include all potential sources identiﬁed in any of the
studies. We also made adjustments where necessary to make
system boundaries as similar as possible, such as removing
liquid unloading emissions associated with shale gas in Jiang8
and Howarth13 to parallel the other studies (further details on
liquids unloading provided in the Supporting Information).
Third, in several emissions categories, certain studies used a
top-down estimate from a governmental source (such as EIA or
EPA), whereas others use the bottom-up estimate using
process-speciﬁc calculations, potentially producing system

conventional gas production, including both of their associated
uncertainties. Additionally we utilize our analysis of the current
estimates and model the impacts of EPA’s proposed NSPS rule
requiring reduced emission completions (RECs) on nearly all
unconventional natural gas drilling activity.11 We limit our
discussion to onshore conventional production because only
one study discussed oﬀshore production in detail.18 We further
discuss the policy implications of these studies and their
uncertainties and the suitability and limitations of life cycle
carbon footprint assessment for analyzing large-scale energy
system changes such as shale gas development.

2. METHODS
This section examines diﬀerences between the six cited studies
across several diﬀerent categories: diﬀerences in the goal and
scope of each study and diﬀerences in the assumptions; data for
one large and uncertain emissions categories, well completion;
and data and assumptions related to the combustion phase of
the life cycle. Additional categories of importance, including
workovers, liquids unloading, lease and plant fuel usage, fugitive
emissions in production, and fugitive emissions in transmission,
are discussed in detail in the SI. Emissions categories were
chosen for detailed analysis based on an initial comparison of
the major emissions sources in the upstream life cycle of shale
and conventional gas (see Table SI-5 for a detailed
comparison). Each of these categories represents a signiﬁcant
portion (greater than 10% in at least one study) of the
upstream carbon footprint of either shale or conventional gas
(or both) and displays disagreement (greater than 20%
diﬀerence) between the diﬀerent authors’ results. For
simplicity, we refer to the authors by ﬁrst author (or
institutional author in the case of the National Energy
Technology Laboratory, NETL18). Jiang8 covers only the
preproduction phase of the shale gas life cycle and cites
Venkatesh19 for the remainder of the life cycle, though we refer
to the two studies collectively as Jiang8 here. All studies were
process-based assessments, though Jiang8 utilizes some inputoutput data for infrastructure construction.
We conducted a Monte Carlo simulation (sample size
10,000) using a selected combination of the inputs taken from
across the six studies, summed together to create category
subtotal (preproduction, production, and transmission) and
total carbon footprint estimates for both conventional and shale
gas production. As is common in life cycle assessment and
carbon footprint studies, data scarcity did not allow us to fully
determine the functional form of the underlying uncertainty
distributions.20 Instead we chose ﬂexible triangular distributions
with a most likely value equal to either the average of the
various study estimates (using only the subset of studies that
estimated each process) or a single value judged to be of high
quality and minimum/maximum values equal to the minimum
and maximum study estimates for each emissions subcategory
(see Table SI-4). Given no further information on correlations
between the diﬀerent model parameter uncertainties, we
assume statistical independence. We note that this may lead
to an underestimate of total uncertainty, though we have no
reason to believe a priori that such correlations exist except in
the potential case of workovers and ultimate well production
(further details on workovers provided in the Supporting
Information).
Our best judgment was used to determine whether an
individual study’s subcategory estimate was an outlier, based on
the method and data used to produce the estimate. If we judged
B
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Table 1. Assumed Parameters by Study for Estimating Completion and Workover Emissions Factors
total vent/ﬂare
(t CH4)
Jiang8

400 (26−1000)

NETL18

177a

Hultman17
Stephenson16

139a
177a (52−385)

Burnham15
Howarth13

177a (13.5−385)
74−3610

ﬂaring rate
76% (51%−
100%)
15% (12%−
18%)
15%
51% (0%−
100%)
41% (37−70%)
0%

estimated ultimate
recovery (EUR),
BCF

CH4 mass
fraction

workovers
per EUR

completion emissions
factor (g CO2e/
MJLHV)

workovers emissions
factor (g CO2e/
MJLHV)

2.85 (0.5−91)

97.2

0

1.2 (0.1−9.2)

0

3 (2.1−3.9)

78.3

3.5

1.3 (1.0−1.9)

4.5 (3.4−6.7)

0.54
2 (1−3)

78.8
87

1
0−1

5.2
1.6

5.2
0.0−1.2

3.5 (1.6−5.3)
1.2−7.4

80 (40−97)
78

2
0

0.75
8.6

1.5
0

NETL,18 Stephenson,16 Burnham,15 and Hultman17 all use the EPA TSD to estimate total vented or ﬂared gas, but Hultman17 assumes that EPA
factors represented gas, rather than methane (177 tons gas contains 139 tons CH4 due to 78.8% CH4 mass fraction assumed).

a

boundary diﬀerences when comparing between the studies.
These were controlled for where possible but taken as
uncertainty in the emissions category where not possible.
Fourth, natural gas statistics can be shown in terms of low
heating values (LHVs) or high heating values (HHVs), which
diﬀer by around 10%.16 Two of the studies utilized HHV
(Jiang8 and Hultman17) and were converted to LHV basis using
values from Stephenson16 and NETL18 (resulting in an average
of 10% diﬀerence between LHV and HHV).16,18 All values
reported here have been converted to a common unit (g CO2e/
MJLHV).
Finally, two studies speciﬁcally noted that natural gas often is
produced with other coproducts like condensate, ethane, and
LPG.16,18 Both authors applied an energy content-based
allocation factor (88% in Stephenson16) to all processes
involving both natural gas and its coproducts. We adjusted
for Stephenson’s coproduct allocation in the following emission
categories: well drilling, water management, and well
completion.16 We only attempted to adjust for NETL18
allocation in the vented plant CO2 due to AGR unit coproduct
allocation. We did not attempt to adjust for other NETL18
process categories as it was diﬃcult to determine which
processes were allocated and which were not.
2.2. Upstream Emissions Sources. 2.2.1. Well Completion. The ﬁrst large emissions category is well completion.
While well completion emissions apply to both conventional
and shale wells, most authors focused more on shale
completions given the much higher values reported by EPA
for shale completions as compared to conventional completions.24 One author (Stephenson16) rightfully noted that the
EPA values for conventional completions are relatively old
estimates that are signiﬁcantly lower than comparable estimates
from the API Compendium.16 We thus utilize Stephenson’s16
values for conventional completions as an alternative value to
the EPA values cited by most of the other authors (see Table
SI-5).
In terms of shale completions, Table SI-5 shows relatively
good agreement between four of the studies with two outliers
(Hultman17 and Howarth13). It is diﬃcult to know the
underlying uncertainty in these estimates without more fully
documenting their assumptions, and thus our analysis focused
on the relevant parameters used to calculate well completion
emissions, as shown in Table 1. Most of the studies utilize US
EPA’s Greenhouse Gas Emissions Reporting Background
Technical Support Document (TSD) for their assumptions
regarding the amount of gas released per completion and the
ﬂaring rate for completions, the two critical parameters that

describe the amount of greenhouse gases released per
completion. The TSD lists two alternative minimum ﬂaring
rates derived from state requirements for ﬂaring, one that
includes the production of tight gas (15%) and the other that
includes shale gas only (51%). Despite the possibility for the
emissions from completion and workover to be captured and
sold using RECs, it is important to note these percentages are
absolute minimums of the extent of ﬂaring as required by law,
despite ﬂaring’s added safety beneﬁts over cold venting.25 Most
of the studies used one of these percentages as their base case.
Howarth13 instead assumes zero ﬂaring, and Burnham15 instead
utilized data from the EPA NG STAR program, which
produced the base case estimate of 41%.
In terms of total gas vented or ﬂared, four studies utilized the
TSD value of 177 tons CH4, while Jiang8 modeled the process
directly using an extremely large range for illustrative sensitivity
analysis. Howarth13 cites several data for diﬀerent basins, but
their average is increased considerably by data from the
Haynesville basin, which has been criticized by the original
report’s author as misrepresenting its ﬁndings.25 Further, as
several authors have pointed out, Howarth’s13 data are based on
initial production rates, during which time gas concentrations in
ﬂowback water are very small, another factor that may lead to
Howarth’s high estimates.13,15,25 While it is diﬃcult to know
exactly where to draw the line of the upper uncertainty range
for this parameter, we chose Burnham’s15 upper estimate (385
tons CH4) as a reasonable upper bound expected to be highly
conservative considering safety and economics.15,25
These two parameters are combined with the estimated
ultimate recovery (EUR) from each well to allocate the onetime emissions from completion and workovers to the
functional unit of MJ. The studies used diﬀerent sources for
EUR, but most used a range given that the parameter is highly
uncertain and varies by well and by basin. Tables A-15 in
NETL18 and Table S-4 of Stephenson16 examine diﬀerent data
on production rates and EUR’s in diﬀerent types of wells,
showing that such rates can vary over several orders of
magnitude.8,16,18,26 Hultman’s17 value was considerably lower
due to a top down method that allocates total natural gas
consumed in the US to conventional and unconventional wells
based on number of wells, thus assuming that production rates
for conventional and unconventional wells are similar.27 Jiang’s8
range could be considered illustrative of EURs of individual
wells, but the national average is expected to be a much tighter
range based on data provided by NETL18 and Stephenson.16
When combined, the total emissions factor for well
completions varied surprisingly little between four of the
C
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Figure 1. Summary of upstream carbon footprint estimates and uncertainty ranges for each study, including authors’ best estimates. Note that
diﬀerent studies have diﬀerent system boundaries. See Table SI-5 for more details.

in power plants are relatively certain compared to upstream
sources given the high (99%) levels of combustion achieved in
large boilers and turbines.29 The main uncertainty in
combustion emissions, thus, is due only to uncertainty and
variability in energy content of gas. We averaged the cited
combustion emissions (56.3 g CO2e/MJLHV) in ﬁve of the
studies where the information was easily attainable, as shown in
Table SI-1. To present values in well-to-wire terms, the life
cycle emissions including combustion were converted to g
CO2e/kWh using several diﬀerent types of generation
technologies: the average US natural gas ﬂeet over the past
10 years (an analysis of EIA data provides NG ﬂeet eﬃciency
averages of 40% in 2001 rising to 48% in 2010 on a LHV
basis30), a relatively ineﬃcient conventional gas turbine
(average 37% eﬃciency LHV based on EIA data30), and a
highly eﬃcient combined cycle turbine (assumed eﬃciency
50% LHV). These values were taken from several of the
reviewed studies and EIA data, as shown in Table SI-2 and SI-3.

studies given that it combines three uncertain parameters (total
CH4 vented and ﬂared, ﬂaring rate, and EUR) with large
diﬀerences. As shown in Table 1, the base case factors were
fairly similar with the exception of Hultman,17 whose low EUR
inﬂated the estimate, and Howarth,13 who used a 0% ﬂaring
rate and extremely high CH4 emissions factor from one basin.
The ranges found in the diﬀerent studies were much larger,
however, showing the inherent uncertainty and variability in
this emissions factor. All of the studies reported that estimates
were sensitive to assumed quantity vented and ﬂared and ﬂaring
rate. We created a Monte Carlo simulation using distributions
for EUR (0.5, 2, 3.5), ﬂaring rate (15%, 41%, 100%), and total
emitted gas (13.5, 177, 385), yielding a best estimate range of
0.2−3.4 with a mean of 1.2 g CO2e/MJLHV. The value could
range as high as 4−5 g/MJLHV with very low ﬂaring rates and
EURs.
We take our analysis on completions and workovers one step
further to generate an alternative scenario where reduced
emission completion equipment (REC) are used on unconventional natural gas drilling activity, reﬂecting the REC requirement of EPA’s proposed NSPS and NESHAPs rule.11 We
expect that the other sources of emissions covered by the rule
will apply approximately equally to components present in both
the conventional and shale production processes. Thus, to
account for the diﬀerential impact between shale and
unconventional processes, the alternative scenario assumes all
completions use reduce emission completion (REC) equipment, and we adopt EPA’s assumption that REC equipment is
90% eﬀective capturing ﬂowback.28
2.2.2. Other Signiﬁcant Upstream Emissions Sources. As
shown in Table SI-5, several other categories of important
upstream emissions exist for shale and conventional gas
production, including workovers, liquids unloading, lease and
plant fuel usage, fugitive emissions in production, and fugitive
emissions in transmission. These sources are explored in more
detail in the Supporting Information.
2.3. Combustion Emissions. The Supporting Information
discusses assumptions regarding combustion emissions in
detail. Emissions resulting from the combustion of natural gas

3. RESULTS AND DISCUSSION
3.1. Upstream Carbon Footprint Results. Figure 1
shows the results of the upstream comparison at the category
level (preproduction, production, and transmission) for each
study and the best estimate simulated through Monte Carlo
analysis. Detailed results at the process level are shown in the
Supporting Information in Table SI-5. Shale gas estimates are
shown to the left of the vertical line and conventional gas to the
right.
It should be noted that the uncertainty bounds in Figure 1
represent diﬀerent methods of uncertainty quantiﬁcation: none
(Hultman17), simple high-low ranges (Howarth,13 Stephenson,16 and NETL18), and Monte Carlo simulations with an 80%
probability interval (Burnham15) and 90% probability interval
(Jiang8). Our best estimate values show a 95% probability
interval using Monte Carlo analysis with probability distributions constructed using the estimates in all six studies (see
Table SI-5 of the SI for more details). We chose a 95% interval
to capture best- and worst-case scenarios exhibited in the tails
of the various input parameters’ distributions.
D
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Figure 2. Well-to-wire carbon footprint for shale gas across the range of power generation eﬃciencies assumed in the studies and reported by EIA
Electric Power Monthly data.30,32

Several important conclusions can be drawn from Table SI-5
and Figure 1. First, with respect to shale gas, the majority of the
studies’ best estimates for shale gas carbon footprint fall within
a narrow range of 13 to 15 g CO2e/MJLHV. The exceptions are
Stephenson (low)16 and Howarth (high).13 The diﬀerences
between the remaining studies are well within the typical
estimated uncertainty ranges, despite the use of diﬀerent
approaches, data sources, and assumptions. Stephenson’s16 total
is considerably lower than the other studies totals, due to low
assumed energy use and fugitive methane emissions in both the
production ﬁeld and the natural gas processing plant.
Howarth’s13 total for shale gas, which both Figure 1 and
Table SI-5 show as the midpoint of a low and a high estimate, is
well outside the range of uncertainty estimated by the other
authors due to two extremely high estimates for well
completion and fugitive emissions in transmission, as discussed
above and by several authors.15,16,25
An equally important observation, however, is the relative
diﬀerence in upstream carbon footprint between conventional
gas production and shale gas production. As Figure 1 shows,
this diﬀerence is considerably smaller than the uncertainty in
either estimate. Our modeled mean estimate place the
upstream carbon footprint for shale gas at approximately 14.6
g CO2e/MJLHV and for conventional gas at 16.0 g CO2e/MJLHV,
though with relatively similar uncertainty ranges, 11.0−21.0 g
CO2e/MJLHV for shale gas and 12.4−19.5 g CO2e/MJLHV for
conventional gas, respectively. Our alternative scenario with
NSPS required RECs estimates the carbon footprint at 12.7 g
CO2e/MJLHV with an uncertainty range of 9.9−15.6 g CO2e/
MJLHV. Of the studies that compare the two gas sources,
NETL,18 Jiang8/Venkatesh,19 and Burnham15 estimated a
higher total for conventional gas than shale gas, whereas
Howarth13 and Stephenson16 estimated a higher total for shale
gas. (The Jiang8 and Venkatesh19 studies do not explicitly make
this comparison. The numbers shown in Table 1 were
calculated using numbers supplied by these authors through
personal communication after removing emissions associated
with liquid unloading from the shale gas carbon footprint for
consistency with the other studies.) The balance between the
two depends on the assumptions associated with liquids
unloading, which most authors assume applies only to

conventional wells, and the higher one-time emissions
associated with well completion and workovers for shale gas.
We estimated the importance of each individual parameter to
the overall shale gas or conventional gas carbon footprint (see
section 3.B of the SI for details) and found that the most
important parameters to the uncertainty in the carbon
footprints are as follows: 1. the number of well workovers
per well lifetime (primarily shale gas), 2. the fugitive emissions
rate at the wellhead (conventional and shale gas), 3. the
estimated ultimate recovery (i.e., total produced gas) of the well
(primarily shale gas), 4. the completion and workover
emissions factor (primarily shale gas), 5. the liquid unloading
emissions factor (conventional gas), and 6. the fugitive
emissions at the gas processing plant (conventional and shale
gas).
We also simulated the diﬀerence between conventional and
shale gas (see SI section 3.A) and found that the conventional
gas averaged 1.3 g CO2e/MJLHV greater than shale gas, with
23% of simulations produced a higher footprint for shale gas,
whereas 77% of simulations produced a higher footprint for
conventional gas. Given the high uncertainty in one-time
emissions sources like completion and workovers, however,
there is a small chance that the footprint of shale is considerably
greater than conventional gas, as shown by the large left tail in
Figure SI-1. This scenario occurs only when completion
emissions factors are high, average workovers per well lifetime
are high, and ﬂaring rates are low.
Interestingly, when considering the emissions proﬁle
associated with implementing the proposed EPA rule for
RECs on shale wells, our modeled mean estimate is reduced to
12.7 g CO2e/MJLHV with a substantially reduced uncertainty
range of 9.9−15.6 g CO2e/MJLHV (95% interval of ∼6 g CO2e/
MJLHV vs 10 g CO2e/MJLHV for the default scenario). Thus,
substantially reducing the emissions associated with completions and workovers from shale wells reduces both the mean
and the uncertainty range associated with shale gas carbon
footprint. The scenario also changes the most important
parameters associated with uncertainty, as shown by comparing
Figures SI-3 and SI-5. It follows that the reduced emissions
from completions and workovers also increases the average
diﬀerence between conventional and shale gas, which changes
E
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more accurate values.33 However, the true uncertainty in the
data may be poorly modeled by this distribution form or the
choice of most likely values. Further data collection on the most
important model parameters described above could help future
analyses more accurately describe such uncertainties. Finally,
the studies we analyzed represented a variety of diﬀerent
geological basins and areas, but impacts are expected to diﬀer
substantially in diﬀerent areas due to diﬀerent gas chemistries,
basin pressures, and coproduct production. Future work should
focus on more regionally explicit analyses.

from 1.3 to 3.3 g CO2e/MJLHV (conventional emissions are
greater than shale emissions). Without the large uncertainty
associated with completion and workover events, we ﬁnd that
less than 1% of simulations produced an upstream shale gas
footprint higher than the conventional footprint. See the
Supporting Information for more details.
3.2. Well-to-Wire Comparison. While emissions from the
upstream component of the natural gas supply chain may be
signiﬁcant, they must be placed into context of the overall life
cycle of natural gas, which in most cases ends in combustion for
one of many purposesnatural gas-ﬁred electricity, commercial or home heating, industrial energy use, and so on. The wellto-wire analysis conducted by all studies reviewed here other
than Howarth13 places these emissions in the context of the
overall life cycle for natural gas-ﬁred versus coal-ﬁred electricity
with various assumptions regarding the eﬃciency of converting
coal and gas to electricity. It is important to note that this is not
the only relevant comparison for natural gas; various policy
proposals have espoused increasing the proportion of natural
gas used for electricity generation, transportation, and export to
other markets.15,19,31
Figure 2 shows well-to-wire carbon footprints (including the
best estimate upstream values for shale gas reported in the
previous section) across the range of power generation
eﬃciencies in the studies, including typical single cycle power
plants, high-eﬃciency combined-cycle plants, and the average
mix of gas plants in 2001−2010 (see Section 1 of the SI and
Table SI-2 and SI-3 for details).30 As Figure 2 shows, regardless
of the assumed conversion eﬃciency, upstream greenhouse gas
emissions accounted for approximately 20−22% (95%
uncertainty) of the natural gas footprint, with the remainder
associated with combustion. Importantly, despite the somewhat
high uncertainty in upstream emission estimates (representing
96 g CO2e/kWh at 37% eﬃciency), the diﬀerence between
diﬀerent types of natural gas power plants (less-eﬃcient steam
turbine vs highly eﬃcient combined cycle plants, 171 g CO2e/
kWh) accounts for a much greater diﬀerence. Overall well-towire uncertainty estimates reported in Figure 2 are assumed to
be based upon modeled 95% uncertainty in the studied
literature and do not represent shifts in this uncertainty
estimate over time. Over the past decade, the increase in ﬂeet
average eﬃciency, in part due to increased combined cycle
plant capacity factors, has already pushed down the life cycle
carbon footprint of shale gas down by over 97 g CO2e/kWh
from 2001 to 2010. This life cycle emission decrease is
signiﬁcant because it exceeds the magnitude of total upstream
uncertainty by over 25% (76 g CO2e/kWh in 2010) and is
nearly as large as the upstream emissions altogether (111 g
CO2e/kWh in 2010).
3.3. Uncertainties and Limitations. As is often the case
when conducting life cycle assessments, data limitations
constrained our analysis in several ways. While 6 similar studies
worth of data are signiﬁcantly more than is frequently
encountered in LCAs, many of the data utilized by diﬀerent
authors were either from the same source or from diﬀerent
basins, leading to high geographic uncertainty.20 Given the
relatively new technology associated with shale gas production,
it is possible many of the data will also change with
technological progress. Another large limitation relates to the
inability to accurately know the distributional form in the
Monte Carlo assessment or whether any parameters are
correlated. We chose triangular distributions for simplicity
and their ability to shift probability mass toward subjectively

4. DISCUSSION AND POLICY IMPLICATIONS
Our review of several studies published since Howarth’s13 initial
shale gas carbon footprint study shows that although the carbon
footprint of shale gas is highly uncertain, it is also diﬃcult to
distinguish from conventional onshore gas production. Thus,
while reducing life cycle emissions associated with both
conventional and unconventional gas should be a policy goal,
the evidence to date suggests that the carbon footprint of shale
gas is not of considerably greater concern than previously
discussed issues with the natural gas system.34 Of course, it is
important to note that shale gas development presents large
economic possibilities and several types of potential environmental issues that are outside of the scope of the current
analysis.
Despite the large recent interest in the issue, data are
extremely scarce for several sources of greenhouse gas
emissions associated with shale gas production. Nearly all of
the studies examined here used two sources24,35 for at least
some of the emissions data, and the uncertainty in these
underlying API and EPA data is unknown. Further, the carbon
footprint of shale gas is dependent on not only the amount of
one-time emissions but also the ultimate production of each
type of well, which varies considerably between individual wells
and basins.16,18,26 These data will naturally increase in quality
with time as wells are refurbished or expire, providing key
information on ultimate recovery potential. However, if the
uncertainty in natural gas carbon footprint is to be reduced,
further data collection and research is also needed for well
completion events, ultimate gas recoveries, in-ﬁeld ﬂaring rates,
and both the extent of, and the emissions associated with, well
workovers and liquids unloading.
One of the traditional uses of life cycle assessments has been
to identify “hot spots” where the environmental impacts of a
product can be reduced.36 Many of the upstream greenhouse
gas emissions associated with both sources of natural gas can be
controlled eﬀectively and economically through ﬂaring (thus
converting high-GWP methane to CO2) or capture of fugitive
emissions in completion and workover through best practices
(such as RECs). EPA’s Natural Gas STAR program compiles
cost-eﬀective opportunities (many with paybacks below 3
years) reported by gas producers that increase production while
reducing methane emissions.37 The studies analyzed here
provide signiﬁcant guidance on where to focus to eﬀectively
reduce emissions from both upstream and the full-life cycle of
project-scale shale gas production.
Nevertheless, despite these uncertainties, the upstream
emissions associated with both types of gas are made less
signiﬁcant by the fact that they represent less than a quarter of
total life cycle emissions when combustion is included. When
examining the entire life cycle, it becomes clear that the
uncertainty in upstream emissions is less signiﬁcant than using
the resulting gas in the most eﬃcient manner possible. This is
F
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true both within a certain sector (such as electricity) as well as
across sectors.
Within the electricity sector, the average gas power
generation ﬂeet is expected to further its recent eﬃciency
increases in the short run given the relatively low capacity
factors of advanced combined-cycle gas plants today. Two
primary factors have inﬂuenced the increased US utilization of
natural gas generation capacity in the past decade: 1. an
overwhelming majority of generation-capacity additions in the
past decade (81% of additional rated capacity) have been
natural gas-generating units and a majority of these units were
combined-cycle units, and 2. combined-cycle power plants have
been increasingly contributing to US baseload generation.38
Projections of increasing levels of domestic natural gas
production due to higher levels of shale gas production and
increased environmental regulations on coal electricity
generation will continue to inﬂuence the projected growth of
higher eﬃciency natural gas generation in the US electricity
generation portfolio.3
However, diﬀerent energy pathways for the future could lead
to diﬀerent productive uses for the large quantities of shale gas
expected to be extracted in the coming years, including power
generation, transportation (through compressed natural gas or
electricity pathways), industrial usage, and exports.1,15,19 These
uses are not necessarily mutually exclusive but not all can
simultaneously be expandedany natural gas used to displace
coal will not be available to potentially displace oil in the
transportation sector. It is within this broader scope of systems
issues that the real impacts of such a large energy shift must be
analyzed. These system-level issues are not adequately
answered using tools such as life cycle assessmentdespite
eﬀorts to move toward more policy-relevant “consequential”
LCAs39due to the need to deﬁne a single functional unit of a
multifunctional energy commodity.
Unexpected large additions of natural gas into the US and
global energy proﬁle may have beneﬁcial impacts for climate
change, such as reducing the utilization of coal generation
facilities or the utilization of oil for transportation, as well as
negative impacts, such as on the rate of renewable energy
technology deployment. Such questions can only be answered
through the use of energy systems and climate models taking
into account both the results of life cycle assessments along
with economics and technological development pathways.40−42
Linking the results of LCAs to more complex models of policies
and economic markets represents a fruitful avenue for future
research.43 Before such models can be linked, of course, there is
a need to understand the life cycle impacts of diﬀerent energy
options fuels with greater conﬁdence.
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