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Study origins and participants
• Goal: To better understand natural gas leakage rates by
critically analyzing available evidence
• Method: Assemble experts to review existing literature
– Reviewed ~200 scientific and technical references
– Reviewed studies at all scales: individual devices to continental
atmospheric studies

• Organized by Novim (UCSB, Institute for Theoretical Physics)
• Funded by: Cynthia and George Mitchell Foundation and
Novim
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Background: EPA inventory
• The EPA GHG inventory1 estimates that ~1.5% of gross
methane (CH4) production leaks from the natural gas (NG)
system before it is burned2
• Small leakage rates from NG systems can be significant
because CH4 is a potent greenhouse gas (~30x CO2)3

Notes:
1Data from EPA 2013 inventory, which assess emissions through 2011.
2Percentage computed as a mass fraction of gross CH production from both gas wells and petroleum-associated gas. Stage4
specific leakage rates and gas compositions are used from EPA 2013 Inventory. This is equal to ~1.8% of end-use methane
consumption.
3This study uses IPCC AR4 global warming potentials, as these were the standard potentials at the time calculations were
3
performed

Results: Inventories underestimate CH4 emissions
• Evidence from numerous studies suggests that total U.S. CH4
emissions are larger than those estimated by EPA inventory
• National-scale atmospheric studies1 suggest that CH4
emissions are 50% higher than EPA estimates (uncertainty
range = 25 – 75% higher)
– 14 million tonnes of excess CH4 per year (range 7 to 21)2

• Excess CH4 emissions from the NG industry are very likely to
contribute to this excess, but exact contribution is still
uncertain
Notes:
1National-scale studies include Kort et al. (2008), Xiao et al. (2008), Miller et al. (2013), Wang et al. (2004)
2This excess amounts to ~14 Tg (+/- 7 Tg) of excess methane

4

Figure 1: What is evidence for excess CH4?
• In Figure 1, we collect and compare evidence
from all studies we could locate which:
– Were based on original observations or
experimentation
– Computed an emissions flux and compared their
estimate to established emissions factor or
inventory
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1 Pg CH4
≈ 50 TCF NG
≈ 2 years of US NG consumption

1 kg CH4
≈ 50 scf NG
≈ 1 day of residential NG
consumption for average US citizen
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Allen et al. (2013)

Clearstone (2002)
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ep 1 of flowback using the equipment configuration
leading from well to tank; upper right: temporary plastic
tank, with exhaust stacks on ground adjacent to tank;
g system.

Examples: Bottom-up studies
Allen et al. (2013): Measurement of
flowback from hydraulic fracturing

Result:
• EPA estimates for hydraulic fracturing
flowback far overstated
• Other sources underestimated (chemical
pumps, pneumatic controllers, leaks)

ranges of the dual-element detector system. Zeroing of the detectors was done
using ambient air upwind of the facilities. The calibrations were done prior to use
of the HiFlowTM Sampler at each site, and then periodically thereafter to ensure
that no significant drift occurred. The HiFlowTM Sampler is also calibrated
periodically by releasing known flowrates of methane into the sampler inlet and
comparing the leak rate measured by the HiFlowTM to the actual gas release rate
determined using a bubblometer or diaphragm meter. A total of three correction
factors are applied to the raw data collected.

Two temporary
stacks with
different
diameters and
gas sampling
lines
Clamps holding
temporary
cover of
Clearstone (2002):
Measurement
leaks using Hi-Flow
in sampler
place
Figure 4. GRI HiFlowTM Sampler

Result:
• Mixed results: connectors, PRVs larger than
EPA, compressor seals smaller than EPA
• Highly heterogeneous leakage rates (top 10
sources at each site (50/100,000) were 35%
of leaks
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Bottom-up studies
Advantages:
No attribution challenges
More precise measurement
Disadvantages:
Sample sizes small
Sampling bias possible
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Miller et al. (2013)
Karion et al. (2013)
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Examples: Top-down studies

KARION ET AL.: CH4 EMISSIONS OVER A NATURAL GAS FIELD

Result: Leakage rate
of 8.9% (+/- 2.7%) of
produced gas

ments on 3 February 2012. Aircraft ﬂight track overlaid on natural gas (black dots) and oil (blue
Karion CH
et al.
(2013): Upwind and downwind
g with color-coded
4 mole fraction. Bold red arrow shows the 3 h trajectory of the downwind
transects
a gasHorse
field inPool
rural(red
UtahX) and one northwest of Horse Pool (green X) are
f two vertical
proﬁlesofover
15

the EDGAR 4.2 inventory. We ﬁnd emissions for the United
States that are a factor of 1.7 larger than the EDGAR inventory.
The optimized emissions estimated by this study bring the model
closer in line with the observations (Fig. 4, Figs. S6 and S7).
Posterior emissions ﬁt the CH4 observations [R2 = 0:64, root
mean square error (RMSE) = 31 ppb] much better than EDGAR

northern plains, a region with high ruminant density but little
fossil fuel extraction, further supports the ruminant estimate
(Nebraska, Iowa, Wisconsin, Minnesota, and South Dakota).
Our total budget for this region of 3.4 ± 0.7 compares with 1.5
TgC·y−1 in EDGAR. Ruminants and agriculture may also be

Examples: Top-down studies
B

EDGARv4.2 inventory

C

This study minus EDGARv4.2

55

A This study (2007-2008 average)

>.04

0.02

0.00

−0.02
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Fig. 3. The 2-y averaged CH4 emissions estimated in this study (A) compared against the commonly used EDGAR 4.2 inventory (B and C). Emissions estimated
in this study are greater than in EDGAR 4.2, especially near Texas and California.
Miller et al.

Miller et al. (2013): 12,000+ measurements
underlying atmospheric inverse modeling
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Result: Total methane emissions ~1.5 x US
EPA GHGI
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Top-down studies
Advantages:
Broad assessment possible
Not subject to same sampling
biases
Disadvantages:
Attributing emissions to
sources
Relies on meteorology
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Challenge of diﬀering baselines
• Nearly all bottom-up studies compare their
results to EPA GHGI1 emissions factors
• Top-down studies compare to a variety of
baselines
– EDGAR
– National (EPA) or regional inventories (WRAP, CARB)

• Putting studies on consistent basis yields more
robust insights
– For each study, scaled 2013 EPA GHGI to region and
sector appropriate for the given study2
Additional notes:
1One exception: Chambers (2004, 2006) compares his results to CAPP methods
2See supplemental worksheet, sheet ‘Calc – Figure 1 – Inset’ for full computation
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Summary results: Figure 1
• Normalized top-down studies suggest
emissions of CH4 ~1.5X (1.25-1.75) EPA GHGI
• NG-specific studies also find excess
– Both top-down and bottom-up tend > 1
– Wider range and more scatter given the smaller
emission scale

• We cannot say how much of the overall excess
is due to the NG system
20

Causes of a methane “gap”
• Why a gap between observations and
inventories?
• Inventories rely on a set of key assumptions
1. Sampled populations are representative
2. Sample sizes are suﬀiciently large to characterize
variability
3. Distributions are suﬀiciently normal for valid
extrapolation from sample mean
4. Activity factors are well characterized

• These assumptions not generally met
21

Figure 2: What might be causing excess CH4?
• In Figure 2, we perform a thought experiment
on some possible causes of excess CH4, given
evidence available
• Focus on NG sources and sources that might
be mistaken for NG
– “Look like” NG by chemical or isotopic signature
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Potential contributions to total U.S. CH4 emissions above EPA estimates. EPA estimate in blue, based
on central estimate and uncertainty range from large-scale studies from the inset in the first chart. Both NG
sources and possible confounding sectors are included. NG production, petroleum production, and NG distribution emissions are based on regional empirical studies (1, 2, 6), which estimate emissions rates from
high-emitting sources but do not estimate prevalence. Scenarios (a) to (c) correspond to 1, 10, and 25% of
gas production or consumption from such high-emitting sources. Ranges (d) to (g) correspond to estimates
for flowback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to
EPA estimates. Ranges (h) to (m) reflect sources not included in EPA CH4 inventories but which could be mistaken for NG emissions by chemical or isotopic composition. See SM for details.

are being applied at scale (e.g., hydraulic
fracturing and horizontal drilling) that were
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on central estimate and uncertainty range from large-scale studies from the inset in the first chart. Both NG
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NG production,
Rangeand
of total
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on normalized
1 results)petroleum production, and NG distribution emissions are based on regional empirical studies (1, 2, 6), which estimate emissions rates from
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= 50% (25-75%)
above
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gas
production
= 14
Tg CH4/yor(7-consumption
21 Tg CH4/yfrom
) such high-emitting sources. Ranges (d) to (g) correspond to estimates
for flowback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to
EPA estimates. Ranges (h) to (m) reflect sources not included in EPA CH4 inventories but which could be mistaken for NG emissions by chemical or isotopic composition. See SM for details.
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sources. Evidence from regional studies sug-

1	
  hHp://www.nyLmes.com/1992/05/03/us/abandoned-‐oil-‐and-‐gas-‐wells-‐become-‐polluLon-‐portals.html	
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sources. Evidence from regional studies sug-

Results: Variability and “super-emitters”
• Bottom-up studies1 suggest that unintentional
leakage rates vary greatly between devices
– Most devices do not leak
– A small fraction of devices leak excess gas (1-2 %)
– A very small fraction (<<1%) leak a large amount. These
super-emitters often contribute a large fraction of the total
leakage

Additional notes:
1See Table S6 in paper SM for tabular evidence of “super-emitters”
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Distributions of emissions

Alvarez et al. (2012)
Well pad emissions

Harrison et
al. (2012)

NGML et al. 2006
Gas plants, other

Fig. S2. (a) Observed distribution of leakage rates across 203 wells report
data from a study in Fort Worth region (83). (b) Observations of leakage r
source from the Harrison et al. study (13). In the Harrison plot, emissions
expressed as multiples of the mean emissions for that group. (c) Distributi
extracted emissions rates from the Clearstone et al. study [Appendix I in (
are single sources that are unable to be seen due to the axis scale: high em
very high emitter above 150 mcf/d.

Footnotes:
Fig. S2. (a) Observed distribution of leakage rates across 203 wells reported by Alvarez et al. (28). Original
1Figure
S2a in
paper
data from
study
in FortSM
Worth region (83). (b) Observations of leakage rates by type of equipment and
source from the Harrison et al. study (13). In the Harrison plot, emissions for each group of equipment are
expressed as multiples of the mean emissions for that group. (c) Distribution of emissions across ~1600
extracted emissions rates from the Clearstone et al. study [Appendix I in (16)] Marked with black arrows
are single sources that are unable to be seen due to the axis scale: high emitters at 10–50 mcf/d and one
very high emitter above 150 mcf/d.
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Dominance of a few sources
Number of sources

Emissions contribution

a

b

Fig. S3. Comparison of (a) the numbers of counts of sources by emissions strength, and (b) the volume of
emissions by emissions strength for the NGML/Clearstone dataset (16). A small number of emissions
Footnotes:
ininthe
tail SM.
of the
emissions
distribution
(10+ MSCF/d)
account
forMeasurements
a large fraction
total well pads,
1Seesources
Figure S3
paper
Data
from NGML,
IES, Clearstone
(2006) report
for EPA.
atof
gasthe
plants,
33
otheremissions.
sources.

Misalignment: inventories, LCAs, measurements
• A still-entangled problem: methodologies have
diﬀerent system boundaries
• Comparisons require understanding
congruence (or lack thereof) between LCA,
inventories, and experimental evidence
• Examples
– Peischl et al. (2013) gas vs. petroleum
– EPA GHGI vs. LCA
34

Results: NG fuel substitution
• Leakage rates from the NG system still favor coal to NG
substitution for electricity generation
– 100 year global warming potentials, life cycle basis
– To favor coal: high estimate of undercounted emissions (1.75x EPA); all
excess CH4 from NG industry.
– We know other sources contribute; e.g., livestock

• Climate benefits from using NG in transportation are uncertain
(for gasoline cars) or unlikely (for heavy-duty diesel vehicles)

Footnotes:
Fuel switching benefits defined using cutoﬀ percentages from Alvarez et al. (2012)
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Fuel switching caveats
• We use 100-year climate assessment period
• We rely on Alvarez et al. (2012) analysis and assumptions
– Leakage rates for NG vehicle refueling and vehicle eﬀiciencies
– Global warming potentials for CH4 have since increased

• System boundary alignment between inventories and LCAs is
poor
– Attributing emissions between oil and gas in co-producing systems

• Does not consider technological change or reductions in
leakage
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Need for more science
• Atmospheric studies have uncertainty due to challenges
inherent in atmospheric modeling
– More scientific development needed to improve attribution and reduce
uncertainty

• Measurements from facilities’ current operations are lacking
– Need much more data from variety of emission sources
– Need broader participation in studies (e.g., large and small operators)
and variety of methods

• Closing the gap between estimates from experiments
and invetories is a key challenge"
– Work is ongoing around the country in this area (EDF eﬀort, many
national laboratories and universities)
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Opportunities to solve the problem
• Leakage detection and repair programs have
been shown to be profitable
• Super-emitting sources: if we can find them
cheaply and quickly, they are profitable to fix
• EPA Inventory accuracy should be improved to
provide better policy guidance

38

