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Approximate time Tony Ingraffea, Renee Santoro, and I
started working on greenhouse gas footprint of shale gas



Publication of first peer-reviewed
paper on greenhouse gas
footprint of shale gas (Howarth,
Santoro, & Ingraffea 2011)



First published on line,

April 15, 2011



(Hayhoe et al. 2002) 

For just the release of carbon dioxide during combustion…..

Is natural gas a “bridge fuel?”

Natural gas 15

Diesel oil 20

Coal 25

g C of CO2 MJ-1 of energy



Methane emissions – the Achilles’ heel of natural gas

• Natural gas is mostly methane.

•Methane is 2nd most important gas behind human-
caused global warming.

•Methane is much more potent greenhouse gas
than carbon dioxide, so even small emissions matter.



Methane emissions
(full life-cycle, well site to consumer), shown chronologically
by date of publication (% of life-time production of well)

Conventional gas Shale gas

EPA (1996, through 2010) 1.1 % -----

Hayhoe et al. (2002) 3.8 % -----

Jamarillo et al. (2007) 1.0 % -----

Howarth et al. (2011) 3.8 % 5.8 %
(1.6 – 6.0) (3.6 – 7.9)
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Poking Holes in a Green Image
Tom Zeller
April 11, 2011

“The old dogma of natural gas being better than coal in terms of greenhouse gas
emissions gets stated over and over without qualification,” said Robert Howarth, a
professor of ecology and environmental biology at Cornell University and the lead
author ………

“I don’t think this is the end of the story,” said Mr. Howarth, who is an opponent of
growing gas development in western New York. “I think this is just the beginning of the
story, and before governments and the industry push ahead on gas development, at
the very least we ought to do a better job of making measurements.”

The findings are certain to stir debate. For much of the last decade, the
natural gas industry has carefully cultivated a green reputation, often with
the help of environmental groups that embrace the resource as a clean-
burning “bridge fuel” to a renewable energy future.



The biggest environmental issue of 2011— at least in the U.S.— wasn't global
warming. It was hydraulic fracturing, and these three men helped represent the
determined opposition to what's more commonly known as fracking. Anthony
Ingraffea is an engineer at Cornell University who is willing to go anywhere to talk
to audiences about the geologic risks of fracking, raising questions about the
threats that shale gas drilling could pose to water supplies. Robert Howarth is his
colleague at Cornell, an ecologist who produced one of the most controversial
scientific studies of the year: a paper arguing that natural gas produced by
fracking may actually have a bigger greenhouse gas footprint than coal. That
study— strenuously opposed by the gas industry and many of Howarth's fellow
scientists— undercut shale gas's major claim as a clean fuel. And while he's best
known for his laidback hipster performances in films like The Kids Are All Right,
Mark Ruffalo emerged as a tireless, serious activist against fracking— especially
in his home state of New York.

Mark Ruffalo, Anthony Ingraffea, 
Robert Howarth 
By Bryan Walsh Wednesday, Dec. 14, 2011 

People who Mattered 



Other “People who Mattered” in 2011:

Newt Gingrich, Osama bin Laden, Joe Paterno,
Adele, Mitt Romney, Muammar Gaddafi,
Barack Obama, Bill McKibben, Herman Cain,
Rupert Murdoch, Vladimir Putin, Benjamin
Netanyahu…

Mark Ruffalo, Anthony Ingraffea, 
Robert Howarth 
By Bryan Walsh Wednesday, Dec. 14, 2011 

People who Mattered 



What more has been learned or reported
in the past 4 years?

And how well has our original study fared?



Each of the past 3 decades
has consecutively been
the warmest in past
120,000 years.

Rate of warming is the
fastest ever on Earth.





Carbon Dioxide
Methane



IPCC 2013 

Global greenhouse gas emissions, weighted by global warming potentials
(anthropogenic emissions, not total global fluxes)



http://news.discovery.com/earth/alas
kas-arctic-tundra-feeling-the-
heat.html 

1.5 oC threshold

2.0 oC threshold

Dangerous temperatures (increased risk of climatic tipping points
and runaway global warming) in 15 to 35 years.

Controlling methane is CRITICAL to the solution!

Shindell et al. 2012 



The two faces of Carbon

Carbon dioxide (CO2)

• Emissions today will
influence climate for
1,000s of years

• Because of lags in
climate system,
reducing emissions
now will have little
influence during next
40 years

Methane (CH4)

• Persists in the
atmosphere for only
12 years

• Only modest long-term
influence, unless
global warming leads
to tipping points in the
climate system

• Reducing emissions
immediately slows
global warming



• Hayhoe et al. (2002) 0 to 100 years
• Lelieveld et al. (2005) 20 & 100 years
• Jamarillo et al. (2007) 100 years
• Howarth et al. (2011) 20 & 100 years
• Hughes (2011) 20 & 100 years
• Venkatesh et al. (2011) 100 years
• Jiang et al. (2011) 100 years
•Wigley (2011) 0 to 100 years
• Fulton et al. (2011) 100 years
• Stephenson et al. (2011) 100 years
• Hultman et al. (2011) 100 years
• Skone et al. (2011) 100 years
• Burnham et al. (2011) 100 years
• Cathles et al. (2012) 100 years

Time frame for comparing methane and carbon dioxide:



IPCC (2013): “There is no
scientific argument for
selecting 100 years compared
with other choices.”

“The choice of time horizon ….
depends on the relative
weight assigned to the effects
at different times.”



http://news.discovery.com/earth/alas
kas-arctic-tundra-feeling-the-
heat.html 

1.5 oC threshold

2.0 oC threshold

Shindell et al. 2012 



Methane emission estimates:

Upstream Downstream Total
(well site) (storage, distribution, etc.)

Hayhoe et al. (2002), conventional 1.3 % 2.5 % 3.8 %

EPA (2010), US average for 2009 0.16 % 0.9 % 1.1 %

Howarth et al. (2011), US average 1.7 % 2.5 % 4.2 %
conventional gas 1.3 % 2.5 % 3.8 %
shale gas 3.3 % 2.5 % 5.8 %

EPA (2011), US average for 2009 1.8 % 0.9 % 2.7 %
conventional gas 1.6 % 0.9 % 2.5 %
shale gas 3.0 % 0.9 % 3. 9 %

EPA (2013), US average for 2009 0.88 % 0.9 % 1.8 %



Methane emission estimates:

Upstream Downstream Total
(well site) (storage, distribution, etc.)

Hayhoe et al. (2002), conventional 1.3 % 2.5 % 3.8 %

EPA (2010), US average for 2009 0.16 % 0.9 % 1.1 %

Howarth et al. (2011), US average 1.7 % 2.5 % 4.2 %
conventional gas 1.3 % 2.5 % 3.8 %
shale gas 3.3 % 2.5 % 5.8 %

EPA (2011), US average for 2009 1.8 % 0.9 % 2.7 %
conventional gas 1.6 % 0.9 % 2.5 %
shale gas 3.0 % 0.9 % 3. 9 %

EPA (2013), US average for 2009 0.88 % 0.9 % 1.8 %



Methane emission estimates:

Upstream Downstream Total
(well site) (storage, distribution, etc.)

Hayhoe et al. (2002), conventional 1.3 % 2.5 % 3.8 %

EPA (2010), US average for 2009 0.16 % 0.9 % 1.1 %

Howarth et al. (2011), US average 1.7 % 2.5 % 4.2 %
conventional gas 1.3 % 2.5 % 3.8 %
shale gas 3.3 % 2.5 % 5.8 %

EPA (2011), US average for 2009 1.8 % 0.9 % 2.7 %
conventional gas 1.6 % 0.9 % 2.5 %
shale gas 3.0 % 0.9 % 3. 9 %

EPA (2013), US average for 2009 0.88 % 0.9 % 1.8 %

First re-analysis 
by EPA since 1996 

Re-analyzed again, 
under pressure from 
industry, and ignoring 
new data on emissions 
from NOAA published in 
2012 



Methane emissions
(% of life-time production of well)

Conventional gas Shale gas

EPA (1996, through 2010) 1.1 % -----
Hayhoe et al. (2002) 3.8 % -----
Jamarillo et al. (2007) 1.0 % -----
Howarth et al. (2011) 3.8 % 5.8 %
EPA (2011) 2.5 % 3.9 %
Venkatesh et al. (2011) 2.2 % ----
Jiang et al. (2011) ---- 2.0 %
Stephenson et al. (2011) 0.5 % 0.7 %
Hultman et al. (2011) 2.3 % 3.8 %
Burnham et al. (2011) 2.6 % 1.9 %
Cathles et al. (2012) 1.8 % 1.8%



Methane emissions
(% of life-time production of well)

Conventional gas Shale gas

EPA (1996, through 2010) 1.1 % -----
Hayhoe et al. (2002) 3.8 % -----
Jamarillo et al. (2007) 1.0 % -----
Howarth et al. (2011) 3.8 % 5.8 %
EPA (2011) 2.5 % 3.9 %
Venkatesh et al. (2011) 2.2 % ----
Jiang et al. (2011) ---- 2.0 %
Stephenson et al. (2011) 0.5 % 0.7 %
Hultman et al. (2011) 2.3 % 3.8 %
Burnham et al. (2011) 2.6 % 1.9 %
Cathles et al. (2012) 1.8 % 1.8%

 
Many things to critique here….  
 

But fundamentally, these are all just reinterpretations of 
the same pretty limited data set. 

 



EPA estimates are “bottom-up” estimates,
summing known sources, and begin with
emission factors for these sources supplied by
industry.



 
One of our major conclusions in Howarth et al. (2011):  
pertinent data were extremely limited, and poorly
documented. 

Great need for better data, conducted by researchers
free of industry control and influence.



Poking Holes in a Green Image
Tom Zeller
April 11, 2011

“The old dogma of natural gas being better than coal in terms of greenhouse gas
emissions gets stated over and over without qualification,” said Robert Howarth, a
professor of ecology and environmental biology at Cornell University and the lead author
………

“I don’t think this is the end of the story,” said Mr. Howarth, who is an
opponent of growing gas development in western New York. “I think this is just the
beginning of the story, and before governments and the industry push ahead on gas
development, at the very least we ought to do a better job of making
measurements.”

The findings are certain to stir debate. For much of the last decade, the natural gas
industry has carefully cultivated a green reputation, often with the help of environmental
groups that embrace the resource as a clean-burning “bridge fuel” to a renewable energy
future.



In 2013, White House Judged Our Work  
Not Credible 

“There were numerous studies on fugitive emissions of
methane. There was a very famous Cornell report which we looked at
and decided was not as credible as…well we didn’t think it was
credible, I’ll just put it that way and it was over estimating fugitive
emissions.”

Former U.S. Energy Secretary Steven Chu
Sept. 17, 2013 while giving a speech at
America’s Natural Gas Alliance Think
About Energy Summit, Columbus, Ohio
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Two Key 2014 White House Reports
Directly Address Methane Emissions



Recent EPA National and International
Actions Concerning Methane Emissions



Peer-reviewed studies on methane emissions since April 2011

Upstream emissions from shale gas and other unconventional:
Petron et al. (2012)
Karion et al. (2013)
Allen et al. (2013)
Petron et al. (2014)
Caulton et al. (2014)
Schneising et al. (2014)
Peischl et al. (2015)

Downstream emissions (transmission, storage, distribution):
Lamb et al. (2015)
McKain et al. (2015)

Total average emissions (before shale gas boom):
Miller et al. (2013) – from widespread monitoring data
Brandt et al. (2014) – a review from many sources



Proceedings of the National Academy of Sciences of the United States of America



Proceedings of the National Academy of Sciences of the United States of America



Some Imagery of
Methane Emission Sources

• Blowdowns from compressor stations*
• Blowdowns from pipeline pig and transfer
operations*

• Venting during drilling*
• Blowdowns from shut-in wells**
• Leakage from orphaned and abandoned
wells**

**Not Included in EPA Emissions Inventory
*In our opinion, EPA emission factor/activity under-estimated

36





Schneising et al. (2014) –
“Remote sensing of fugitive
methane emissions from oil
and gas production in North
American tight geologic
formations.” Earth’s Future
2: 548-558

global
United States



Schneising et al. (2014) – “Remote sensing of fugitive methane emissions
from oil and gas production in North American tight geologic formations”



Torben Christensen (2014) Nature

Change in atmospheric methane (polar regions), 1982 - 2013
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Abstract
Quantification of leaks from natural gas (NG) infrastructure is a key step in reducing emissions of the greenhouse gas methane (CH4 ),
particularly as NG becomes a larger component of domestic energy supply. The United States Environmental Protection Agency (USEPA)
requires measurement and reporting of emissions of CH4 from NG transmission, storage, and processing facilities, and the high flow
sampler (or high volume sampler) is one of the tools approved for this by the USEPA. The Bacharach Hi-Flow® Sampler (BHFS) is the only
commercially available high flow instrument, and it is also used throughout the NG supply chain for directed inspection and maintenance,
emission factor development, and greenhouse gas reduction programs. Here we document failure of the BHFS to transition from a catalytic
oxidation sensor used to measure low NG (~5% or less) concentrations to a thermal conductivity sensor for higher concentrations (from ~5%
to 100%), resulting in underestimation of NG emission rates. Our analysis includes both our own field testing as well as analysis of data from
two other studies (Modrak et al., 2012; City of Ft Worth, 2011). Although this failure is not completely understood, and although we do not
know if all BHFS models are similarly affected, sensor transition failure has been observed under one or more of these conditions: 1),
calibration is more than ~2 weeks old; 2), firmware is out of date; or 3), the composition of the NG source is less than ~91% CH4 . The extent
to which this issue has affected recent emission studies is uncertain, but the analysis presented here suggests that the problem could be
widespread. Furthermore, it is critical that this problem be resolved before the onset of regulations on CH4 emissions from the oil and gas
industry, as the BHFS is a popular instrument for these measurements.

Implications
An instrument commonly used to measure leaks in natural gas infrastructure has a
critical sensor transition failure issue that results in underestimation of leaks, with
implications for greenhouse gas emissions estimates as well as safety.
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Peischl et al. (2015) attribute their lower fluxes for the NE Marcellus
compared to our Caulton et al. (2014) estimates for SWMarcellus to dry
gas vs. wet gas: much higher emissions from wet gas.

Another possibility: non-steady state situation, with much lower drilling
and fracking activity at the time of their study (July 2013) compared to
that of Caulton et al. (June 2012). Emissions are normalized to
production, which was still reasonably high in 2013, but based on drilling
and fracking at a previous time.



http://www.businessinsider.com/this-chart-shows-the-true-collapse-of-fracking-in-the-us-2015-3
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Best estimate?
…. based on longest
time series of data



Methane (natural gas) leaks from tanks, pipelines, compressors, etc.

   Methane is not visible to naked eye, but can be “seen” with infra-red cameras.

Naked eye Infra-red (42)  

50



http://www.loe.org/shows/segments.html?programID=12-P13-00002&segmentID=3

Bruce Gellerman, “Living on Earth,” Jan. 13,
2012, based on work of Nathan Phillips 



Pipeline accidents and explosions happen, due to large leaks….
….. small leaks are ubiquitous.

Flames consume homes during a massive fire in a residential neighborhood September 9,
2010 in San Bruno, California. (Photo by Ezra Shaw/Getty Images)  
 

Pipelines in US are old!  

PHMSA 2009 Transmission Annual Data



March 12, 2014 – 7 killed in explosion in NYC
(127-year old gas mains)



Methane emission estimates:

Upstream Downstream Total
(well site) (storage, distribution, etc.)

Hayhoe et al. (2002), conventional 1.3 % 2.5 % 3.8 %

EPA (2010), US average for 2009 0.16 % 0.9 % 1.1 %

Howarth et al. (2011), US average 1.7 % 2.5 % 4.2 %
conventional gas 1.3 % 2.5 % 3.8 %
shale gas 3.3 % 2.5 % 5.8 %

EPA (2011), US average for 2009 1.8 % 0.9 % 2.7 %
conventional gas 1.6 % 0.9 % 2.5 %
shale gas 3.0 % 0.9 % 3. 9 %

EPA (2013), US average for 2009 0.88 % 0.9 % 1.8 %



Proceedings of the National Academy of Sciences of the United States of America

2.7% emission rate, which agrees with “lost and unaccounted for” gas data.

This gives some support for our use of “lost and unaccounted for” gas data.

Estimate is 2.5-fold greater than that derived from EPA approach for Boston.

Infrastructure in Boston (and most NE cities) is older than average for the
country, but on the other hand, this estimate does not include losses from
transmission pipelines.



Emissions from local distribution pipes actually less than EPA estimates, due to
improvements by industry over past 20 years.

Did not look at storage and transmission pipelines, but would tend to support a
downstream emission estimate of less than 1%.



How to integrate upstream and downstream emissions?

For the time before the shale gas boom:

Miller et al. (2013, PNAS) used nationwide monitoring data on
methane in atmosphere (12,694 observations) for 2007-
2008, and compared with EPA bottom-up source estimates
spatially using inverse model.

They concluded EPA estimates were at least 2-fold too low for
emissions (before the shale gas boom).

Miller et al. (2013), PNAS: > 3.6%

Compare with Howarth et al (2011): 3.8% (+/- 1.2)
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Hong & Howarth, ms submitted; 20 year time frame; GWP from IPCC 2013

How natural gas is
used effects the
greenhouse gas
footprint.

The largest use of
natural gas is for
heating.

Coal better than
natural gas

Natural gas
better than coal

Coal better than
natural gas

Natural gas
better than coal



Hong & Howarth, ms submitted; 20 year time frame; GWP values from IPCC 2013

Sensitivity analysis, comparing
different estimates for
methane emissions:

All show natural gas worse
than coal-generated electricity,
at the 20-year averaged time
scale….. Much worse so in
many cases.

Not an argument for coal…. An
argument against natural gas
as a bridge fuel.

We need some other path.





Shale gas…. A bridge to nowhere

Yesterday’s fuel

So what should
our energy
future be?



Powering New York and California with no fossil fuels,
largely by 2030, using only current technologies
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Our Energy Plan for New York State

Jacobson et al., Energy Policy, Feb. 2013



Howarth-Marino
household is 100%
carbon neutral, with
geothermal heating and
renewable electricity.

Half of our driving is by
electric car.



Ingraffea New Home Under Construction to
German PassivHaus Standards: Net Zero

66



Some concluding thoughts:

Our April 2011 paper began a serious inquiry into the greenhouse gas
consequences of shale gas and conventional natural gas.

New studies continue at a rapid pace, but growing evidence shows natural
gas to be no bridge fuel.

Urgent need to reduce methane emissions, to slow down arrival time of
potential tipping points in the climate system.

We must also control carbon dioxide emissions, because of consequences
running 1,000s of years into the future.

We should embrace the 21st Century, and power our economy on
renewable energy and use energy efficient technologies (electric vehicles,
heat pumps) rather than fossil fuels.



Special thanks to:
Renee Santoro
David Hughes
Bongghi Hong
Mark Jacobson
Drew Shindell

Shale gas…. A bridge to nowhere
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Center for a Sustainable Future at Cornell, the Park
Foundation, and the Wallace Global Fund.


