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•  Goal: To better understand natural gas leakage rates by 
critically analyzing available evidence 
–  Many studies over 20+ years, but no synthesis 

•  Method: Assemble experts to review existing literature 
–  Reviewed ~200 scientific and technical references 

•  Organized by Novim  (UCSB, Institute for Theoretical Physics) 

•  Funded by: Cynthia and George Mitchell Foundation 
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Result #1: Inventories underestimate methane 
(CH4) emissions 
•  Evidence at all scales (y-

axis) from numerous 
empirical studies consistently 
have found that CH4 
emissions are larger than 
those estimated by EPA 
inventory 

  
•  National-scale top-down 

studies suggest that total 
U.S. 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) 

•  Excess CH4 emissions from 
the NG industry are very 
likely to contribute to this 
excess, but exact 
contribution is still 
uncertain 2 

Top-‐Down	  

Bo*om-‐up	  

Ra/os	  >1	  indicate	  measured	  emissions	  are	  larger	  than	  
expected	  from	  EFs	  or	  inventory.	  (Brandt	  et	  al.	  2014)	  
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Broad industry sectors 
•  Example: NG production and processing:  

•  Leakage rate of 9% (Karion et al. (2013) data from Uintah Basin UT) 
•  Apply this to 1%, 10% and 25% of US gas production, compute excess 

•  Result: High emissions rates from recent atmospheric studies (UT, LA) are not the 
norm. If so, we would see more methane from the continental/national atmospheric 
studies. 

Result #2: High emissions from recent studies in 
certain basins unlikely representative nationally 
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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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 fi rst chart. Both NG 
sources and possible confounding sectors are included. NG production, petroleum production, and NG dis-
tribution 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 fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Thought experiment to explore what could contribute to 14 Tg excess: 



Result #3: Small number of “super-emitters” could be 
responsible for large fraction of emissions 

Bottom-up studies1 suggest that unintentional leakage rates 
vary greatly between devices 

–  Vast majority of sources leak very little 
–  A very small fraction (<<1%) leak a large amount. These 

sources often contribute a large fraction of the total leakage 

4 1See Table S6 in paper SM for tabular evidence of “super-emitters”, and Figure S2 
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Fig. S2. (a) Observed distribution of leakage rates across 203 wells reported by Alvarez et al. (28). Original 
data from a study in Fort 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.  
  

Alvarez et al. (2012) 
Well pad emissions 
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An	  example:	  50	  out	  of	  75,000	  source	  points	  (0.06%)	  	  
resulted	  in	  60%	  of	  all	  emissions.	  	  



Result #4: Coal to NG fuel substitution likely still 
climate favorable using 100 year GWP framework 

•  Leakage rates from the NG system are unlikely to be 
high enough to disfavor coal to NG substitution for 
electricity generation (100 year global warming 
potentials) 
–  To favor coal: high estimate of undercounted emissions (1.75x 

EPA); all excess CH4 from NG industry. 
–  We know other sources contribute (livestock emissions) 

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

5 
Additional notes:  
1Fuel switching benefits defined using cutoff percentages from Alvarez et al. (2012) 
 



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 
•  Work is ongoing around the country in these areas (EDF 

effort, many national laboratories and universities) 

•  Closing the gap between estimates from top-down and 
bottom-up approaches is a key challenge that requires 
specific focus 
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