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Bottom-up studies

•Drilling, completions and production

• Gathering and processing

• Transmission and storage

• Distribution

•Tall tower and aircraft

• Satellite remote sensing

Global atmospheric methane balance

•Current atmospheric methane content

Value Chain Methane Losses  - Overview
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Aggregate individual 
value chain losses to
determine total 
emissions

Measure local 
atmospheric 
methane concentrations
and attribute to sources

Model global methane 
concentrations and 
attribute to sources

Do bottom-up, top-down and methane balance studies produce similar results? 

Divide by 
natural gas 
production 

volume

Percent 
methane 

loss
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Top-down studies



Important definitions:
“Super-emitter” - Within a given set of emission sources, a group of sources

which emit substantially more than the rest of the sources.
Example:  If 20% of tested compressor seals emitted 80%

of the emissions, that 20% would be called “super-emitters”. 

Also referred to as “fat-tails”

Confidence interval - Statistical term indicating the amount of uncertainty associated
with a sample estimate for a population, e.g. average methane loss rate.   
A 95% confidence interval is the range of values that you can be 95% 
certain will contain the true mean of the population. 
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Value Chain Methane Losses  - Overview

Sample size
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• ConocoPhillips 2012 review included 24 studies:

• Consensus on lifecycle methane loss:   0.7% to 2.6%

• U.S. Average (2013 USEPA GHG Inventory):  ~ 1.6%

• Howarth study - was outlier at 3.6% to 7.9%

• Variation driven by:

•Assumed completion fugitive losses
•Methane global warming potential

• This review considered 26 newer papers:

• 4 studies (2012-2013)

• 11 studies (2014-2015)

• 11 studies were not used 
• Literature studies of existing research – no new information
• Not enough methane or production information 
• Peer comments on another paper
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Review of Studies



Methane Value Chain Emission Sources
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• Venting during well completion 
• Stationary and portable combustion

• Liquids unloading 
• Natural gas activated pneumatic devices 
• Natural gas driven pump venting 
• Venting for well workovers
• Flare stacks 
• Storage tanks, produced hydrocarbons 
• Reciprocating rod packing venting 
• Well testing venting and flaring 
• Associated gas venting and flaring
• EOR injection pump blowdown

• Centrifugal compressor venting 
• Equipment leaks
• Stationary and portable combustion 

• Dehydrator vents 
• Acid gas removal vent stacks 
• Compressor seals
• Equipment leaks

• Compressor seals
• Equipment leaks

• Equipment and piping leaks

Drilling & 
Completions

Production

Gathering 

Processing

Transmission & 

Storage

Distribution

Basin

Away from 
Basin

Location Activity Potential sources

The above activity segments are consistent  
with EPA GHG Inventory activity segments
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Value Chain Methane Loss Research

American Gas Association

6. Distribution

5. Transmission and Storage

4. Processing

2. Production3. Gathering

1. Drilling and completions



7

Bottom-Up Research

American Gas Association

2. Production

1. Drilling and completions
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Drilling, Completions and Production

•Allen (U of Texas/Environmental Defense Fund) October, 2013

• Direct measurement of methane losses at 190 sites

• Completions, production, unloading and workovers

• Loss rate based of US equipment inventory (0.42%)

•Allen (U of Texas/Environmental Defense Fund) December, 2014

• Liquid unloading activities (107 wells)

• Results consistent with USEPA GHG Inventory

• Wells with higher frequency unloading produce 

higher annual emissions

•Without plunger lift:  <10 lifts/year, 21k-35k SCF/event

•With plunger lifts: 100’s-1,000’s lifts/year, 1k-10k SCF/event

Drilling, completion and production losses average ≈0.4% 
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Bottom-Up Research

American Gas Association

4. Processing

3. Gathering



• Mitchell  (Carnegie Mellon) February, 2015

• Compression (and gathering pipelines) 

• Dehydrators (H2O removal)

• Treatment (H2S and CO2 removal)

• Processing (NGL separation)

• Monitoring and tracer studies

• 114 Gathering

• 16 Processing

• Findings

• Gathering facilities losses:  0.5% of throughput

• 30% of gathering facilities responsible for 80% of emissions

• Processing facilities:  0.08%

• Processing plants benefit from LDAR programs and onsite personnel
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Gathering and Processing

Gathering and processing losses average ≈0.6% 

Facilities studied (by basin)

Source:  Mitchell et al, “Measurements of Methane Emissions from Natural Gas Gathering Facilities and Processing Plants, 
ES&T, February, 2015. 

Basins studied
Source:  BLM.gov
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Bottom-Up Research

American Gas Association

5. Transmission and Storage



• Zimmerle (Colorado State) July, 2015 

• 2,300 onsite measurements

• Methane losses: 0.3% - 0.4% 

• Statistically similar to EPA GHG Inventory

• Subramanian (Carnegie Mellon) February, 2015

• 1,398 onsite measurements

• Study does not calculate % methane loss 

• Highlights “super-emitters” - some fraction of a given 

equipment type produces significantly more than others.

• Highest 10% of emitting sources contributed 50% of 

aggregate emissions  

• Lowest emitting 50% accounted for less than 10% of 

emissions

0.00%

0.10%

0.20%

0.30%

0.40%

0.50%

Legend

2012 EPA GHG Inventory
Zimmerle study

Transmission and Storage Losses
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Transmission and Storage

Source:  Zimmerle et al, “Methane Emissions from the Natural Gas Transmission and Storage System of the U.S.”, ES&T, July, 2015.

Transmission and storage losses are 0.3% - 0.4% (Zimmerle) 
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6. Distribution

Bottom-Up Research
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Distribution

Pipeline 
material

Emission Factor-This 
Study (g/min)

Emission Factor-1992 
GRI-EPA (g/min)

Cast iron 0.90 3.57

Unprotected steel 0.77 1.91

Protected steel 1.21 0.76

Plastic 0.33 1.88

Metering & 
Regulating 
Facilities

Emission Factor-This 
Study

(g/min)

Emission Factor-1992 
GRI-EPA
(g/min)

>300 psi 4.06 57.4

100-300 psi 1.88 30.5

Regulating 
Stations

Emission Factor-This 
Study (g/min)

Emission Factor-1992 
GRI-EPA (g/min)

>300 psi 1.64 51.6

100-300 psi 0.27 12.9

40-100 psi 0.31 0.32

• Lamb (Washington State) March, 2015 

• 13 urban distribution systems 

• 0.1 - 0.2% methane loss rate

• Use of the study factors results in an 
emissions volume 36% - 70% lower than 
the EPA GHG Inventory (which is based 
on EPA-GRI factors)

Study emission factors (Lamb, 2015)

Source:  Lamb, et al., “Direct Measurements Show Decreasing Methane Emissions fro Natural Gas Local Distribution Systems in the U. S.”,
ES&T, March, 2015.



Bottom-Up - Summary
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• Venting during well completion 
• Stationary and Portable Combustion

• Liquids unloading 
• Natural gas activated pneumatic devices 
• Natural gas driven pump venting 
• Venting for well workovers
• Flare stacks 
• Storage tanks, produced hydrocarbons 
• Reciprocating rod packing venting 
• Well testing venting and flaring 
• Associated gas venting and flaring
• EOR injection pump blowdown

• Centrifugal compressor venting 
• Equipment Leaks
• Stationary and portable combustion 

• Dehydrator vents 
• Acid gas removal vent stacks 
• Compressor seals
• Equipment Leaks

• Compressor seals
• Equipment Leaks

• Equipment and piping Leaks

Drilling & 
Completions

Production

Gathering 

Processing

Transmission & 

Storage

Distribution

Basin

Away from 
Basin

Location Activity Potential sources Methane Loss Rate

≈ 0.4% 

0.3% - 0.4%

0.1% - 0.2%

1.3% - 1.4%
≈ 1.5%

≈ 0.6% 

0.4%

0.5%

0.3%

0.3%

1.5%
1.2%

Legend
Peer reviewed studies
2013 EPA GHG Inventory



Top-Down Research

• Tall tower 

• Planetary boundary layer measurements (0 - 2,000 ft/600 m)

• Continuous monitoring

• Aircraft monitoring 

• Methane flux measured across a specified 
three dimensional area

• Continuous monitoring supplemented 
with discrete sampling 

• Source allocation by constituent ratios, 
e.g. ethane : methane

16
CREDIT: NOAA.gov

CREDIT: NOAA.gov
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Top-Down Research

Upwind
Air

(1-2 ppm CH4

methane flux
rate in)

Downwind
Air

(2-4 ppm CH4

methane flux
rate out)

Emission sources
(Coal, natural gas, landfills, 
agriculture, natural seeps)

Flight path

Accuracy for aircraft methane measurement studies contingent on:

• Understanding methane flux across the boundary layer (top) and sides parallel to wind direction
• Upwind and downwind flight path sampling - sufficient to characterize methane flux
• Complete understanding of methane source attribution

These challenges make it difficult to estimate methane loss from a particular source type

Aircraft studies
Boundary 

Layer
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Transient vs. steady state

Aircraft studies do not differentiate what may be high transient emissions at the 
beginning of the well life and what is representative of the long-term well operation

Top-Down Research
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Top-Down Research

• Petron (U of Colorado, Boulder) February, 2012

• Denver-Julesburg basin  
• Tall tower (top-down) 
• mobile monitoring (bottom-up)

• Estimated top-down loss rate:   2.3% - 7.7%
• Estimated bottom-up loss rate: 1.2% - 2.2% 

• Levi (Council on Foreign Relations) 2012 

• Comments on Petron (2012) study:
• NG methane composition arbitrarily constrained 
• Instead, should use observed methane:propane

and methane:butane ratios 
• Estimated top-down loss rate:   1.0% - 3.2%
• Estimated bottom-up loss rate: 1.1% - 1.9%

• Petron (U of Colorado, Boulder) June, 2014

• Petron conducts Denver-Julesburg basin aircraft survey
• Estimated top-down loss rate 2.6% - 5.6%

Methane loss rate, % of Production

0

2

4

6

8

Petron
(2012)

Top-down

Petron
(2012)

Bottom-up

Levi (2012)
Top-down

Levi (2012)
Bottom-up

Petron
(2014)

Top-down

Note:  Wider confidence intervals 
(i.e. taller bars) indicate greater 
statistical uncertainty

Sources: Petron, et al, eischl et al, “Hydrocarbon emissions characterization in the Colorado Front Range: A pilot study,” Journal of 
Geophysical Research, February, 2012.; Levi, “Comment on “Hydrocarbon emissions characterization in the Colorado Front Range: A 
pilot study,” Journal of Geophysical Research, November, 2012.; Petron, et al, “A new look at methane and nonmethane hydrocarbon 
emissions from oil and natural gas operations in the Colorado Denver-Julesburg Basin, Journal of Geophysical Research, June, 2014.
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Top-Down Research

• Karion (U of Colorado, Boulder) August, 2013

• Uintah Basin

• February 2012 aircraft survey

• Results

• Reported natural gas loss 

rate:  6.2% - 11.7%

• Observations

• Atmospheric conditions hindered 

data collection

• 1.8 times Government Accounting office/

Western Region Air Partnership Phase III

inventory

Source:  Karion, et al, “Methane emissions estimate from airborne measurement over a western United States natural gas field”,
Geophysical Research Letters, August, 2013.

  Author Karion

  Basin Uintah

  Ground area 2,400 square km / 927 square miles

  Boundary layer 1,700  m / 5,600 ft

  Total study airspace 4,080 cubic km / 983 cubic miles

  Number of flights attempted 12

  Number of flight with usable data 1

  Total flight time 3-4 hours 

  Upwind concentration 1.92 ppm methane

General downwind concentration range 1.98 - 2.07 ppm methane 

  Area sources mentioned
Natural gas value chain, animal feeding 

operations, natural seeps

Study Summary
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Top-Down Research

• Caulton (Purdue) April, 2014

• Marcellus basin

• June, 2012 aircraft survey

• Nine flights

• Results

• Natural gas loss rate  2.9% - 17.3%

• 1% of wells account for 4-30% 

of total methane loss

• Source attribution assumption

• Gas production 22% - 62%

• Coal 37% - 76%

• Observations

• Coal mines underlay most of  study area

Source: Caulton, “Towards a better understanding and quantification of methane emissions from shale gas development,” 
Proceedings from the National Academy of Science, April, 2014.

  Author Caulton

  Basin Marcellus

  Ground area 2,844 square km / 1,100 square miles

  Boundary layer 370m - 500m / 1,200 - 1,600 ft

  Total study airspace 1,050 - 1,420 cubic km / 250 - 330 square miles

  Number of flights attempted 9 (total basin)

  Number of flight with usable data 9 (total basin)

  Total flight time ≈ 7 hours (total)

  Upwind concentration 2.1 ppm methane*

General downwind concentration range ≈ 3 ppm methane *

  Area sources mentioned
Natural gas value chain, coal production, animal 

feeding operations

* Estimated from Figure 1 of source

Study Summary
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Top-Down Research

Source: Peischl et al, “Quantifying atmospheric methane emissions from the Haynesville, Fayetteville, and northeastern Marcellus
shale gas production regions”, Journal of Geophysical Research: Atmospheres, March, 2015.

• Pieschl (MIT) March, 2015

• Marcellus, Haynesville and Fayetteville

• Major part of U.S. shale gas production

• Mid-2013 aircraft surveys

• Results

• Marcellus:    0.18 - 0.41%

• Haynesville:   1.0 - 2.1%

• Fayetteville:  1.0 - 2.8%

• Observations

• Generally consistent with 

GHG Inventory

• Marcellus loss rate low 

compared with Caulton

  Author

  Basin Haynesville Fayetteville Marcellus

  Ground area, km2 ≈ 15,000 ≈ 6,000 ≈ 10,000

  Boundary layer, km ≈ 1.5 Not specified Not specified

  Total study airspace, km3 ≈ 22,000

  Number of flight days attempted 2 2 1

  Number of flight with usable data 1 1 1

  Total flight time, hours 4 3 2.3

  Upwind concentration, ppm methane 1.86 1.87 1.86

General downwind concentration range

* ppm methane
1.87 - 1.90 1.9 - 1.97 1.87 - 1.95 

  Area sources mentioned

Natural gas value chain, 

animal feeding operations, 

coal mining, landfill, coal-

fired power plant, 

petroleum refining, 

wastewater treatment and 

coal seeps

Natural gas 

value chain, 

animal feeding 

operations, 

landfill, and 

paper 

manufacturing

Natural gas 

value chain, 

animal feeding 

operations, 

coal mining 

and landfill

* Estimated from Figures 6, 8 and 9  of source

Study Summary
Peischl



Top-Down Research

• Satellite remote sensing

• 700-800 km altitude (typical)

• Instruments measure reflected, scattered and 
ambient solar radiation across a certain spectral 
band

• Methane is indicated by the presence of 

certain characteristic wavelength(s)

• Sophisticated algorithm translates the ratio of 

ambient and methane wavelengths in retrieved 

radiation into atmospheric methane mass

23
CREDIT: NASA/JPL
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Top-Down Research 

• Schneising (U of Bremen) October, 2014

• Assessment of Bakken and Eagle Ford production areas

• Satellite remote-sensing

• Results
• Bakken:  10.1 ± 7.3%

• Eagle Ford:  9.1 ± 6.2%

• Observations

• Results not a comparable to other loss rate studies

• Author calculates change in emission rate between two time periods:

• Starting period:  2006-2008 (little development)

•Ending period:    2009-2011 (substantial growth)

• High uncertainty relative to median value (≈70%)

• Oil production included in production rate volumes (not typical)

The satellite used for this study is no longer operational.   Both the U.S. and Japan 
have subsequently launched satellites to better observe methane losses.

Source: Schneising, et al, “Remote sensing of fugitive methane emissions from oil and gas production in North America tight 
geologic formations,” American Geophysical Union Publications, October, 2014.
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Global Atmospheric Methane Balance

• Schwietzke (Carnegie) June, 2014

• Mass balance model

• Considers major man-made sources

• Validated with atmospheric model

• Criteria to isolate natural gas losses:

• Methane

• Ethane

• C12:C13 carbon isotope ratio

• Results

• Calculated 2011 global natural gas 

loss rate: 2% - 4%

• Observations

• Trending downward 

A global atmospheric methane balance sets the plausible upper limit on natural gas supply chain loss rate 

Natural Gas Value Chain Losses

Source:  Schwietzke, et al, “Natural Gas Fugitive Emissions Rates Constrained by Global Atmospheric Methane and Ethane, June, 2014.
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0%

4%

8%

12%

16%

20%

Value chain 
US average
losses from 
component 

studies (1.5%)

Global 
upper limit 

from natural 
gas–related 

losses
(2% - 4%)

Studies Summary
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aircraft studies
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* Excluding distribution

Atmospheric 
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Bottom up component
& activity studies



Global atmospheric methane balance

•Current atmospheric methane content

Bottom-up studies

•Drilling, completions and production

• Gathering and processing

• Transmission and storage

• Distribution

Top-down studies 

•Tall tower and aircraft

• Satellite remote sensing

Value Chain Methane Losses  - Conclusions
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While there are differences between the 
emission factors determined by the studies 
and current factors used for the EPA GHG 
Inventory, both the studies and EPA GHG 
Inventory conclude the U.S. loss rate is 1.5%.

Depending on the study, methane losses range 
from 0.2% to 17.3%.  Higher methane loss rates 
are generally associated with greater uncertainty 
in study results (i.e. wider confidence intervals). 

Most likely global average upper limit of 
natural gas-related losses 2% - 4%.

Bottom-up studies are consistent with the global atmospheric methane balance results.   
Top-down studies are generally consistent with the global balance, except that some 
studies with significant uncertainty (wide confidence intervals) suggest losses which greatly 
exceed the 2% to 4% global balance range.
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Our Conclusions from Study Review

• We believe the studies continue to support an average natural gas loss rate less than 2%.

• We continue to learn more about methane loss rates through new research
aided by larger data sets.  

• “Super-emitters” are identified in most studies, suggesting focus on a subset 
of equipment will produce the greatest emission benefit and may be more 
cost-effective.

• Bottom-up study loss rates are generally consistent with a global atmospheric
methane balance.

• Aircraft and remote sensing measurement studies are relatively new and 
are generally reporting very wide confidence intervals for methane loss rate.

• Emission source attribution is critical to correct understanding of top-down results.

• Initial short-duration new well methane losses may help explain differences
between bottom-up and top-down study results.

• More research study would be beneficial to confirm the current understanding.      


