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Activity Factor 

API American Petroleum Institute 

AR-4 IPCC Fourth Assessment Report 

AR-5 IPCC Fifth Assessment Report 

Bbl Barrel 

Bef Billion Cubic Feet 

CCAC Climate and Clean Air Coalition 
co eseeseneeseenee an . baeecone Soosprosironuesiuitaniaigisisstistiunessvassssasnaneeeee 

CO; Carbon Dioxide 

COze Carbon Dioxide Equivalent 

CSSD Center for Sustainable Shale E 
. eeeesesseesnennnnnnes pepo eseresnnaseeseeee 

EIA U.S. Energy Information Ad 

EPA 

FAR : 
eee peengencnenencie pepe Peecope I eraceareeeere ers 

GHG 

GHGRP 

GRI 
—— seasons cn Ce cen a on i nc 

GWP 

HAP 

Hp Horsepower 

PCC governmental 
a — ccsevevetenvsnse canearamemcesan end 

LDC 

LNG 

mM&R 
aces Dan at eo et cc tcc 

deeeeeeeeneeeseeeeeeee egg Moon apt a 

a MMTCH, illion Metric Tonnes Methane 

MMTCOze Metric Tonnes CO2 equivalent 

a NESHAP i sion Standards for Hazardous Air Pollutants 
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Natural Gas STAR 

New Source Performance Standards 

IPCC Second Assessment Report 

Standard Cubic Feet 

   
   
   

Standard Cubic Feet per Day 

Standard Cubie Feet per Hour 

Standard Cubic Feet per Minute 

IPCC Third Assessment Report 

United Nations Environmental 

World Meteorological 
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i. Executive Summary 

With the development of shale gas resources and a new period of low and stable natura 

prices, natural gas has taken on an expanded role in the U.S. economy as a low cost, | 

emitting, flexible fuel for many applications. While natural gas has the lowest dire 

all fossil fuels, concerns have been raised about the emissions of methane in th 

processing, and delivery segments. This heightened interest has resulted in a fl 

of the methane emissions profile of natural gas systems by a multitude of entities, 1 1 

| government, industry, academia and s¢ ere £1 at 

of these studies are highly technical and some are sontadticnary, creating confunien for 

| policymakers, industry and the general public regarding 8 

emissions. 

   

  

   

   

  

   

            

   

    

   

     
     

     

The goal of this report is to examine these analyses through a ¢ 

context for their findings in order to provide clarity around th 

addition to our study of studies, and in order to Bettas 

LOL on methane emissions, this report al 

emissions in the —— gas sector, reviews recent data on e 

underway to reduce emissions from natural gas systems. 

  

    

  

Methane is an odorless, colorless gas that makes 

homes, commercial and industrial facilities 

greenhouse gas (GHG) that accounted for 9 

to the latest U.S. EPA Inventory. Agricult 

largest U.S. sources of methane. Overall t 

emissions or 2.4% of the total U.S. GHG 

is emitted directly to the atmosphere withov 

combusted to produce energy and 

tric power plants. 

of total U.S. GHG emissions if cording 

sources in livestock and farming operations are the 

tural gas industry accounted fam 29% of methane 

gions in 2013. Methane is ac as a GHG if it 

bustion. However when ng i 

ethane emissions ag 

      

      

    

   
   

   
   

   

    

     
    

   

   

       

  

  

This report addresses the follov 

# Voluntary and re rts to reduce methane emissions. 

Interest in methane emission 

various groups on this topic. Below4 

of four different types of studies of mett 

al gas systems has resulted in an increase in research by 

‘summary of the highlights gleaned from a review 

sions from natural gas systems: 
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8 iheneased use of abundant natural gas, from shale and other sources, has resulted in 

> environmental benefits, an important consideration When eXaMi1aainen.. 
the eal emissions profile of natural gas. 
    

    

    

  

   

      

   

  

    

   
   

  

* Natural gas has the lowest direct emissions of carbon dioxide (CO2) of a 
as well as very low emissions of conventional pollutants, such as nitrog 
(NOx), sulfur dioxide (SO2), particulate matter (soot) and mercury ( 
overall emits fewer pollutants than other fossil fuels. : 

* Recent development of North American shale gas resources has increased 

availability and reduced the price of natural gas. 

* Increased use of natural gas : 

reduced CO emissions = 3:   

* The most detailed and authoritative life-cycle analyse 

emissions of natural gas are 40 to 50% lower than cx a 100 year bas 

    

      
   

   

# Methane is a concern as a GHG /fit is emitted directl e atmosphere without 

combustion. However when natural gas is combuste oduce energy and heat in * 

homes, businesses and electric power plants, its met missions are --| Commented [BJ4]: See note above _ 
  

      

  

* Methane is the primary component of natural gas 
delivered natural gas that is used in homes and busi 

ising more than 95% of t 

  

   

      

   

   

  

      

# The U.S. EPA Inventory of Greenh 

influenced (“anthropologic”) GHG em 
inventory of those GHG@ 

& On ecent MBeane emissions from the 

  

  

a ry, methane emissions per unit of natural gas produced 

have been declin sly since the early 1990s, 
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* Reasons for the decline in methane emissions include: turnover and replacement of 

equipment, voluntary actions by industry to reduce emissions, and recent regulatioiigen 
requiring reductions. - 

    

   
    

     

# Analyses of the industry’s methane emissions fall into these major categories¢ 

¢ Ambient measurement studies from all sources show a range of res 
locally higher methane emissions than in the EPA Inventory to much 

emissions. The results are affected by a variety of uncertainties includig 
estimates of other sources of methane, and estimates of natural gas produ 

regions being measured. 

* Direct measurement studies of emissions from natural gas operations show that ~ 

most sources and facilities have emissions lower than the f in the EPA 
inventory, but a small number of sources — “super emit Missi 

profile. Direct measurement studies also show that s 
categories are under-represented in the inventory. 

   

        

© Meta-analyses examine numerous studies to sear 

facts and similar findings. § 
e EY is} 

    
e> 
Sie    

  

  

        SES ¢ 
wy weed 

$ Lif aly 
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2. introduction 

Methane 1s a greenhouse gas (GHG) that accounted for 9.5% of total U.S. GHG emissi 

EPA’s Inventory for 2013, the most recent available. Agricultural sources in livestog 

farming operations are the largest U.S. sources of methane in the Inventory, accou: 

of methane emissions. The oil and gas industries accounted for 29% of methane, 

2.4% of all U.S. GHG emissions in 2013, according to EPA’s Inventory. 

   

      

   

  

    
   

   

fieure | STYLEREF 2 is HY SEQ, Figure (* ARABIC 4c i ~ Methane Eilssians from the Mate 

industries 

iMiave 2.4% of Total GHG Emissions is 2025 

    

    

  

  
MEAL Pais Bs Nee A peices seit ee cee tel le 

Wit te GO VCLlOpIneiit OL Siidie Pas Tesour 

prices, natural gas has assumed an expand 

emitting, flexible fuel for many application: 

oh oS espns oa. oF we oe = 4. 

10 a Hew period OF LOW alld 5 

e in the U.S. economy as a lq €ost, low 
   

      

   

    

   

   
      

    

    

   

facilities and electric power plants: 

the atmosphere without combustion. 

  

Natural gas is extracted from diverse 
  

  
According to the’ 

equal to 1.3% of the 

This rate of methane emiss 

. There are multiple reason 

improved performance in most secto 

      ral gas produced in the U.S. 

een declining continuously since 1993. : 

lecline. First, equipment turnover typically results in 

lower-emitting equipment replaces cider 
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equipment. Second, the natural gas industry has been engaging in voluntary reduction activities 

since 1993 (see Section [ REF _Ref43 4155458 \r \*¥ MERGEFORMAT p. Third, new - sake PAO EL OLR UV aNELG Fer PlO WU S¥iS RAPES INVES Santi,    

            

   

             
       

    

    

  

regulations have taken effect in recent years to require further reductions (see Section 

_Ref434213544 \r ]). 

Figura | STYLERE® 2 \s }] SEC) Figure 4° ARABIC Ys 1] - Methane Eriesions par Un 

Procucad Have Declined Corntinucusly Since 1980 

Methane Emissions per Mcf Gas Produced 
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The increased interest in methane emissiof 

of new studies measuring or estimating th af methane emissions ff natural gas 

sector and related environmental implicati these studies are very ical and some 

are contradictory. The goal of this report is Po 3 is information, describe 

the sources of methane emi : 

and discuss the implicatio 

' 

   

=
,
    

  
    

  

  

  

     

    

  

The remainder of this chapter provides 

economy and an overview of the natu 

provides backggp LC discusses Tig” 

methane emissi 1S recent studies that 

understanding of me 

voluntary and regulatory e 

conclusions. The Appendix pro 

g the role of natural gas in the U.S. 

ud the sources of methane. Chapter 3 

S2igovernment sources of data on 

attempting to improve our 

ns and their implications for natural gas. Chapter 6 discusses 

uce methane emissions. Chapter 7 provides some 

mary of a larger number of the recent studies. 
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2.1, Uses and Markets for Natural Gas 
    

   

  

    

   

   

    
    

   

    

      
  
        

   

   
    

      

  Natural gas aa a scene role 1 in the UL 8. er that ¥ eet nid ah 

   

fa gest primary source ee energy in the United States, behind wetelenm (oil) and 

| with a total < energy value of approximately 27.9 quadrillion Btus in 2( 

_Ref430327320 \h \* MERGEFORMAT |.) According to projections of U.S. el 

consumption to the year 2030, performed by the Energy Information Administration ¢ 

natural gas is expected to remain the second largest primary energy source in the country 

this time. 

   

Fiewre ]STYDLEREP 2s ]-1 SEG? Fieure \* ARABRHC 3 11. ELS. Rmery 

  

Data source: U.S. Energy i Administration, 

Moreover, natural gas is unique among t ources shown in that it plays a major role in 

ee diverse sectors of the econor 4188851 | shows that in the United 

secondarily as a peti 

byproducts, by contrast, @ 

industrial sectors, in addition 

variety of goods, such as medical 

means that natural gas has a direct and 

/ dely a: as a fuel in the residential, eoriineretal, power, and 

use a chemical feedstock to make a 

and fertilizer. This diversity of end uses 

impact on many sectors of the broader 
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economy. Figure 2-4 shows that the forecasted utilization of natural gas as an energy source is 

expected to increase.    

    

   

   
   

  

     

    
   

  

   

igure PSPYLEREF 24s }-f sia Prgare °° ARABIC ts L1T-LLS. Enersy Consumntion by 
” 2 Mae Oo gece: Rotetemres i 

  

2 Raturel Gas 

2 Renewants 

cleat 

  

oF 

            Residential Commesciad 

Source: Energy Information Administration 

  

   

         

[ REF Ref433984336 \* MERGEFORMAT US, cs gas prices from 

1997 through the middle of 2015 anit’. ections the SS. It shows a period of 

gas prices a around $2 per atl at Btu Soa or about 2 2000, at itis point variability 

1 2000, prices increased shi i 
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Figure PSPYLEREP £ ks LT SEQ Figure \* ARABI Xs 11-4h8. Netural Ges Price Trends Have Declined in 

Recent Years -. 
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Data Source: U.S. Energy Information Adi 

Annual Energy Outlook 

Declining natural gas prices have been a si    
  

  

  

  

  

  

~¢ Formatted: Subscript    
   

  

pressure on coal from environmental 

significant growth in gas-fired generati 

_Ref433542045 |. Since coal consu 

largest source of emission e shift | Miatural gas has resulted in an 8% 

je power sector since 2005. This is an important 

Vv emissions characteristics of natural gas. 

  

  

  

   

      
reduction in CO 

demonstration of the 
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Data source: U.S. Energy Informatio’ 

2.2, the Natural Gas Valu sources of Methane! 

      

  
    

  

There are man P Missions across e oil and gas supply chain. These 

emissions are char 

' This overview is based on ICF’s Report enti ent of New York City Natural Gas Market Fundamentals and Life Cycle 

Fuel Emissions” 
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# Fugitive emissions — methane that “leaks” unintentionally from : 

equipment or components such as Hanges, valves, or other equipment. 

  

   

      

   

  

    

  

   

    

   

   

   

  

   

   
   

  

   
      
    

    
    

   

   

   

   

    

aaa, ssh as from pneumatic oe bleeds, blowdowns, - equipme 

« Uncombusted emissions — uncombusted methane in the exhaust of natura 

combustion equipment in the production, processing and transmission s 

Although these sources are sometimes referred to as “leaks”, we use the more narro\ 

definitions in this report. [ REF Ref434155291 | illustrates the major segments of the n 

gas industry and examples of the primary sources of methane emissions as gas is produced, 

processed, and delivered to consumers. 

Natural gas is produced along with oil in most oil wells (as “ass¢ 

gas wells that do not produce oil (as “non-associated gas”). Fo 

natural gas production has been primarily in the Southwest 

More recently, mid-continent and northeastern shale plays hé 

gas, as the focus of new development has turned to the extra¢ 

Shale is a sedimentary rock composed of compacted mud, cl: 

the organic material can produce natural gas and/or 

2 

production 

Gas from shale formations is recovered by ically fracturi ale | to release the 

Hydrocarbons, This involves pumping watef dditives ig Ss ne well to 

e water “flows 
  

       
   

i Commented [D6]: ‘Not correct — need t to acknowledge Quad a 
pues card: volunt C efforts ‘prior to! COO: SS     potential of inethane, this caft 

production of shale ga 

ons, the increased 

eased GHG emissions. 

  

| Seenext paragraph 

  

  

Federal regulations promulgated in 2012 

wells to capture or flare the flow-back 

regulations also : 
new sources ani 

majority of new hydraulically fractured gas 

ations and other federal and state 

ocesses, though many apply only to 

Marily produce eas, rather than wells that pr+ 

    

Although some of the 

transported by pipeline fror 

gathering systems may have pnet 

emissions. Gas processing plants rem6 

ral gas is pure enough to be used as-is, most natural gas is 

ead to a natural gas processing plant. These pipeline 

levices and compressors that vent gas, as well as fugitive 

al hydrocarbon liquids such as ethane and 
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butane as well as gaseous impurities from the raw gas, including COz, in order to produce 

pipeline-quality natural gas to be compressed and transported. Such plants are another SERA APE LEG SU aah sh ehh ECLA Sis Be . eessh likes    

      

   

   

Figure [ STYLEREP 3 4s M1 SEQ Fieure \* BBARIC (s i T- Metural Gas industry Pr 
Bawcnevartdax Raat hseress Femieeleu: Sespereert 

fugitive and vented emissions. 

    ‘Gas iintdietion 

ReREIS for S24 oF 

pas indentey 
pmtiinek eniesicns,.- 
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Source: Adapted from Clean Air Task Force 

   

  

   

    
   

  

   

        

   

   

          

   

       

From the gas processing plant, natural gas is transported, generally over long distances 

interstate pipeline to the “city gate” hub and then to consumers. The vast majority of 7 

compressors that pressurize the pipeline to move the gas are fueled by natural gas 

small share is powered by electricity. Compressors emit CO and methane emis 

combustion and are also a source of fugitive and vented methane emissions thro 

from compressor seals, valves, and connections, and through venting that occurs duff 

operations and maintenance. Compressor stations constitute the primary source of vented 

> methane emissions in natural gas transmission. 

  

Some power plants and large industrial facilities receive gas direc 

while others, such as residential and commercial consumers, ha 

distribution pipelines operated by local gas distribution comp. 

not typically require gas compression; however, some metha: 

leakage from older distribution lines and valves, connection 

especially true for older systems that have cast iron or unpro 

Many of the emission sources from domestic oil production ai 

~ completion emissions, pneumatic devices, proces 

Crude oil contains natural gas and the gas is se 

can be captured for sale, vented, or flared. V. 

not have gas gathering infrastructure. This 

growth in oil production has taken place i 

new gathering lines are being built, prod : seis tits Ute Vili, Lith citiecikh Cit tiie Sele eS 

in continued flaring. 
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3. Introduction to Greenhouse Gases and Other 
Environmental Factors 

Greenhouse gases (GHG) are gases that contribute to global climate change. Carbo 

(COz) is the primary GHG but there are others that are emitted in lower quantities 

stronger effect on climate change. This chapter discusses the emissions of diffe 

how they are expressed and tracked. 

    
   
   

   

      

3.1. Combustion Emissions 

Carbon dioxide (CO2) is a by-byproduct of the combustion process in 

converted into heat and the combustion products of carbon dioxide 

  

sions of conventional pollut 
  

  

    

  

than other fossil fuels, such as nitrogen oxides, sulfur diox particulate matter. 
f eee yen 
Peers! 
   

    

    
    

‘Near 2 20-year low as a result of unconventional natural gas 
development leading to econamically-mativated coal-to-gas 

ching in the power sector. 

  

$ vp fosgrer res TR ALENY RST Abe        

  

Commented [D7]: Suggest including fact that CO2 emissions 

    

  

   sot Pfrect Of Emrils 

    

   

  

       
       

      
LATE ~ ss is as z o we 

Carbon Dhoxide Em 

Mutor Gasoln 

ot Fuse! 

frusie TH   
yHrenas Copal 
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42. Non-CO. Greenhouse Gases and Giobal Warming Potential 

  

   

  

   

   

            

   

  

   

   

    

     

        

   

  

Greenhouse gases absorb and re-emit solar radiation, resulting in an overall warming e 

“trapping” heat in the earth’s atmosphere. Different gases have different warming ef ft 

different lifetimes in the atmosphere, making it difficult to compare their effects o, 

basis. A factor called global warming potential (GWP) is often used for this pu ) 

be defined as the amount of total energy added to the climate by a gas relative to 

the baseline gas CO2". The GHG emissions weighted by the GWP are expressed as 

equivalent (CO2e). 

  

The science and policy communities have historically looked to t 

Panel on Climate Change (IPCC) assessment reports as the auth 

The IPCC is the chief international organization for climate c 

in 1988 by the United Nations Environmental Progr 

Meteorological Organization (WMO). Governments, organig 

around the world voluntarily contribute to these reports. 

published: 

« IPCC First Assessment Report 1990 (FAR) 

# IPCC Second Assessment Report 199 

# IPCC Third Assessment Report 20 

# IPCC Fourth Assessment Repo 

« IPCC Fifth Assessment Report 

      

Two key factors in determining the effect 

that it remains active in the atmosphere. CG 

atmosphere for thousands of years. Even th ‘ argest GHG 

source from large users of fossi fatives to regulate 

GHG emissions. On the ot 

only about 12 years. Other G 

shorter lifetimes. | REF Ref4332 

EPA! to describe the characteristics and 

IPCC’s Fifth Assessment Report. 

ae length of time 

‘was developed by the U.S. 

Sof major greenhouse gases based on the 

  

The GWP of COz is defined as 1.0 
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Table 1 STYLEREF 4 is 1-41 SEG Table (* ARABIC 4s 2 ]- Greenhouse Gas GWPs and Lifeti    

      

   

            

   

      

   
   

    

   

   

    

   

    

            

    

   

         

   

  

    

  

Carbon Dioxide Produced mainly by the burning of Carbon dioxide’s 
fossil fuels (oil, natural gas, and coal), —_— lifetime is not defined 

solid waste, and trees and wood because it continues to 

products. Land-use changes, move between 
deforestation, and soil degradation also different parts of the 
contribute to its production. ocean-atmosphere- 

land system instea 
being destroy 

Methane Emitted during the production and 
transport of coal, natural gas, and oil, as 

well as from livestock, agricultural 
practices, and the anaerobic decay of 
organic waste in solid waste landfills. 
    
Nitrous Oxide Produced during agricultural and 

industrial activities, and during the 
combustion of fossil fuels and solid 
waste.     

Fluorinated Gases Synthetic gases containing 
such as hydrofluorocarbo 
perfluorocarbons, and su} 
hexafluoride. They are 
various industrial proc¢ 
commercial and househ       

The IPCC calculates the GWP based on a 1 e alternative 

bases for analyzing emission impacts. Dependt® al gas, the 20 

year GWP can be higher or 1 es are correct but 

they reflect a different snapshot ing . While there is no 

Nations Framework Convention on Cli FCCC) and was made operational in the 

1997 Kyoto Prot daxd for reporting national emissions to 

the UNFCCC af orting and regulatory programs. 

   Most countries and in 

set by the IPC hich 

recent assessment and includes 

major change in AR-5 is fully includ 

PA) follow is ‘ protocols 

{ xr GWP of 25. That said, the AR-5 is the most 

ges in the treatment of the methane GWP. The first 

  

| Commented [D8]: |     
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temperature increases, the biosphere retains less CO2, which enters the atmosphere and causes 

further warming. This feedback was included for CO> (the denominator in the GWP) in carers... 

   

   

    

   

  

    

        

   

    
     
     
    

reports but not for the other gases. Including it for both increases the calculated GWP. , 

The second change is specific to methane. When methane oxidizes in the atmosph 

COz, which has an additional warming effect. Thus methane emissions have a dig 

indirect effect on the Earth’s climate due to the CO: that is created. The prima 

methane listed in the AR-5 are for biogenic methane, for which the CO: is assume 

absorbed from the biosphere and therefore the oxidation does not constitute a net increasé 

fossil methane, however, the methane oxidation effect adds | to the 20 year GWP and 2 tot 

100 year GWP. 

The 100-year value without feedback or oxidation adjustment is 4 

4 value of 25). With the adjustment for fossil methane it is 30 

adjustment for oxidation is 36. The 20 year values in the A 

oxidation and 87 with feedback and oxidation. These results 

_Ref433226114 \* MERGEFORMAT J]. These new findin 

accepted by all parties and many entities, including some go 

use the values without feedback, while few organizations are 

    
AR-5 have not been 

nt and regulatory agencies 

iy using the values with 
   

  
feedback and oxidation fa 

  

     

     

Mm. Global Warning Poke fable ESTYLEREP 2 4s 1-7 SEC) Table (? ARAB 

ncluding feedbacks} fMfferent Lite 

      

  
“IPCC AR Ye 0- Year GWP 100 - Year GWP 
“AR4 2007 72 | i 
AR S* 2014 84/86/87 (28/ 
" *Without feedback/With feedb oxidation 

  

           

    
   

      

   
    

     
    

  

  
   

    

   

3.3. Pomissions Measu 

Methane emissions can be measured an a variety of units and formats. The most 

common are listed below with the mo: m the U.S. EPA’s GHG Inventory: 

feet (ft*) or meters (m*). The 
t) of methane emitted from natural 

of methane emissions in units such as million metric 
, The 2013 U.S. Inventory reports 6.3 million metric 

1 oil and gas operations. 

a Mass basis: Expres 

tonnes (MMT) or gigagt 
tonnes (MMT) of methane 
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# COve basis: Expresses the mass of GWP-weighted methane emissions in units of million 

metric tons of CO2 equivalent (MMTCOve). The 2013 U.S. Inventory reports 157. ee 
MMTCOdxve emitted from natural gas operations (using a GWP of 25). : | 

    

    

# Percent of production: Expresses methane emissions as a percentage of natu 

produced annually in the U.S. - sometimes referred to as a "leakage rate". Uf 

Inventory emissions are equivalent to 1.3% of gross natural gas product 
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4, Vederal Reporting of GHG Emissions 

4.1. EPA Inventory of GHG Hoviasions 
   

   

    

   

  

   

    

   

  

   

  

   

  

     

   

   

     
   

     
   

    

   

The U.S. EPA Inventory of GHG Emissions? is an annual report that quantifies 

emissions from all sectors of the U.S. ccmnomyy and is the oak national, econo 

| of US - GHG emissions : te imelhane on BO UCEL        

by the UNFCCC. 

The EPA GHG Inventory provides methane emissions estimate 

natural gas industry. Emissions are tabulated by source and e 

each of the different segments to provide a U.S. national est 

includes over 200 source categories for the oil and gas indu 

basis dating from 1990 to the year of publication. Emissions 

year for every source over the entire time span when the EP 

instance, the 2013 version of the EPA GHG Inventory include 

latest year, 2013, but also revisions to all source i 

Emissions are generated using an activity fa: 

the population of sources — number of well 

per unit of activity — e.g., cubic feet emitt 

es of pipeline, etc. The EF is the e 

well, device, or mile. The equation is: 
   

Emissions = Acti 

s Journal (OGS), 

Many of the EFs 

Research Institute 

The estimates are revised 

new data on emissions to ide 

that can be used, however. The date 

applied over the entire historical se 

ased on the most recent activity data. The EPA also reviews 

emission factors. There are limits to the kinds of data 

public, citable, nationally applicable, and able to be 

@nt years, the EPA has been reviewing and 
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adopting multiple new sources of data, especially the Greenhouse Gas Reporting Program to 

identify notential undates to the Inventory. SENSE lh Y PU as Pa UP AR SE 

  

    

    

    

  

     

    

In addition to serving as the official U.S. accounting of GHG emissions, the inventor 

reference and source of information on opportunities for reduction and a measure 

voluntary and regulatory programs. [ REF _Ref434157290 ] below displays to 

reported annually for the natural gas industry since 1993. As noted above, the nk 

for emissions in 2013 estimates 327 Bcf or 157 MMTCO:ze of methane from the nattif 

industry. The total emissions have been declining for most of the period, with a slight upt 

the last years. However, this trend does not take into account the changes in natural gas 

production and throughput during this period, especially during the lag _.ewveams.as shale gas 

production has increased. é 

  

      
Figure [SPYLEREF i is }-] SEQ Figure \* ARABIC \s 1] ~ Methane QiM@rons Have Been Bech 

Production increases 

    

    
    

Methane Emissions and Gas 

MW
Mi

To
nn

e 
a
i
e
 

a 2 

Data source: 

"http://www3.epa.gov/climatechange/ghg 

Energy Information Administration 

[| REF Ref433574105 | displays nat 5 of gas produced. As U.S. natural 

gas production geased rapi )f estimated emissions per cubic 

t Factors contributing to this 

ger and replacement, voluntary reductions by the gas industry, 

organic compounds (VOCs), which have the co-benefit of 

ipmethane emissions in many parts of the industry are 

reduction include equr 

and recent regulations to lin 

reducing methane emissions. In% 
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not highly correlated to throughput so increased production and use tend to reduce emissions per 

unit of natural gas throughputi!, 1 gas unit of natural gas throughput      

    

   

      

     

Figure PSPYLEREP £ ys 1-1 SEC Figure \* ARABIC Ys bi- Methane Emissions ner Ric? of Pras 
Reclined Sharply ‘ 

  

Methane Emissions per Mcf Gas Produced 
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4.2. Greenhouse Gas Reporting @ 

    
  

ber 2010 in response to a Congressional mand 

requires the reporting of greenhouse gas 

rs of the economy. The rule dO@s not require 

g requirement applies to f: s that ert 

bon dioxide equivalent ar of all GHGs. 

rces when evalu e threshold to 

The GHGRP was finalized by the EPA in ¢ 

This rule establishes a mandatory prograr 

emissions on a facility-level basis from al 

control measures to reduce methane. The ré 

25,000 metric tonnes (25 MTCOze) or more 

Therefore, a facility must include emissions fr 

determine if it is necessary t¢ 

    
      

       

      

  

   

    

  

  

  
   
  

physical property, plant, building, struc 

contiguous area under common ownershd 
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all of the LDC operations within a state. The first reporting occurred in 2012 and represented 

ission Ss. ite. 

   

    

   

  

    

        

   
   

The rule has 43 subparts, including the general provisions in Subpart A and 42 subp 

representing a source of emissions from a particular industry or process. Each sub 

requirements for data directly related to the source category which must be repo 

reporting system for methane emissions from petroleum and natural gas system 

“Subpart W.” Under Subpart W, oil and gas facilities report methane emissions fro 

emission sources across the natural gas/oil supply chain, including: onshore and offshore* 

petroleum and natural gas production, onshore natural gas processing, natural gas transmiss 

and underground storage, liquefied natural gas (LNG) storage, LNG i 

natural gas distribution facilities. The original subpart W did not ing 

however a modification to the rule in 2015 added these rolls 

beginning in 2016. : 

   

    
   

    

   

    
   

       
   

   

     

  

   
   

  

ompressors, dehydrators, 

EPA which confirms the 

Subpart W requires reporting of emissions from sources suc 

pneumatic devices, and storage tanks. This data is sent directh 

reported information: reporting entities are subject to signifi 

imprisonment for submitting false statements*. Data within th 

variety of methods including direct measurements eng 

specified in the rule. 

d the 25,000 MTCOnxe thres 

missions. In addition, some types of equipment 

_ further limiting the completen@ss of the program SSEEIALDEE ES tte RAEI me ER Pe te. 

   Because many gas industry facilities do not 

provides an incomplete estimate of total Ua 

are not included in the reporting requirem Abt dheeieed bad tiie peestiite se hpuielis 

For example, the EPA Inventory for 2013 

petroleum systems and 6,295 Gg of methant Subpart W data 

for 2013 reports approximately 2,948 Gg of reporting 

facilities in the oil and gas s 1 

# 2,010 Gg of methane em sum and natural gas 

activity factors and any processes at thé*facilities that must report. This is an 

extremely valuable souf 
  

\ See 40 C.F.R. §98.4(e) Certification of the G eport (Subpart A, General Provisions). 
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. Measurement and Analysis of Methane omissions 
   

    

   

    

     

AS eI Hs PaaS a geri ee ae Sos WS se gas value a1 
ir creased Ule©rest in methane emissions ivomM the natur al gas Va. alue chain has result 

of research and analysis over the last five years. This report has identified nearly 70 

studies of different kinds. Many of the studies are highly technical and some are con 

This chapter summarizes some of the most significant studies in four categories: 

# On-site measurement (“bottom up’) studies — studies in which emissions’ 

directly at the facility, usually at the component level 

# Ambient measurement (“top down’) studies — studies that measure methane in the 

atmosphere from planes, tall towers, or measurement points downwind from gas indusit 

facilities 

  

   

  

       
    

   

  

a Life-cycle analysis — studies that estimate the total —_ 

that nadia} process, and transport natural gas i: t   

  

# Meta-analysis — studies that review and synthesize t sults of other studies 

A listing of all the studies reviewed in this report, indicating| ope of each project, as well a 

primary conclusions is provided in the Appendix. , 

Si, On-Site Measurement Studies 

     
    

    

   

   

      

   

    

  

      
O -site measurement studies involve direct ment of emission: 

‘ chain (e.g. valve leaks, hyd: 

udies range in scope from focusing on one type of 

dressing emissions from an eiébire segment in the 

  

  

  

equipment and processes in the natural gas 

tank vents, liquids unloading). Measurem: 

equipment, such as pneumatic controllers 

U.S. natural gas industry, such as the natu 

studies can form the basis for development’ 

processes. On-site measurement studies ofte s of emissions sampling in terms of 

  

  

results with emission values 4 i ious stt : as the annual EPA 

GHG Inventory. . 

from poet ibuti : study f omission factor for polyethylene 

  

“ GTi was formed in 2000 by a merger of GRI and e of Gas Technology. 
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factors in the EPA Inventory and GHGRP. After evaluating a variety of factors, the study found 

a weak or no relationship between the leak rate and the pipeline operating pressure, pipe age soil 

characteristics, and temperature. 

  

   

    

   

   

   

    

Several studies have used an extremely sensitive measurement device (cavity ring 

spectroscopy) to + ‘leaks from the gas distribution system at the sty 

Environmental Defense F und (EDF) has joined with Google to link these + 

t with Google street maps in several cities’. A similar but more detailed stu 

on n the distribution system in Washington, DC in 2014 reported nearly 6,000 leaks. 

    

      

   

   

    

      
   

    

1on level at whi 

atory inspection and 

500 ppm. In other words, th 

hold for action if they were 1 

nholes) where gas had 

ted more significant 

natural gas is 50,000 ppm. As another point of comparison, th 

leaks in natural gas processing plants must be repaired under 

maintenance programs was reduced in 2012 from 10,000 pp 

majority of the leaks in this study were 100 times below the 

regulated facility. The study did identify 12 enclosed locatio 

accumulated to above the LEL and four locations where they 

ea These 4H i 

    

      

   

  

  

  

  

    

              

   

    

    

      

        

Mormed in cities, which like Washington, DC, 

dude cast iron pipe. Old cast irop pipe is known to 

be leak-prone and gas distribution compari e implementing programs to #@flace the many 

thousands of miles of leak-prone pipe. In t ious leak surveys 

and immediately repair any leaks that prese safety risk. G@s @ystribution 

companies have been replaci ar. The process is 

difficult and expensive beca vareas, mostly in the 

ators (0 make these investments and 

st to consumers rather than emissions. That said, 

g or have implemented accelerated pipeline 

have very old gas distribution systems tha 

the regulators’ primary concern is sa 

many states and distribution companies 

replacement programs. (See Section 6) 

   on direct meast it is a series of 16 studies organized 

ncluding several universities, and published in peer- 

dress each of the gas industry segments at facilities of 

jes. Some of the major components of these studies are 

by EDF with a var 

reviewed journals!®. T 

companies that participate 

summarized below: 
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x “Measurements of methane emissions at natural gas production sites in the United States” 

— David T. Allen et al. (2013). This study measured emissions from natural gas well sites 
operated by nine companies in different parts of the U.S. From direct measuremenig@@fmay 
well completion flowback emissions, the study estimated a range of methane eg 
from 0.01 Mg to 17 Mg. The study showed that companies could reduce flo 
emissions by 99%.The upper range of the study’s methane emissions es 

source (17 Mg) is nearly 80% smaller than the average emissions per eveft 
cited in the 2011 EPA Inventory. The study noted, “there was significant; 

variability in the emissions rates from pneumatic pumps and controllers, b 
regional differences were not as pronounced for equipment leaks.” Extrapolating 

results to the national level, the study estimated the overall emissions to be compar: 
the EPA inventory, with lower emissions from well completions offsetting higher 
estimates from other components. 

  

   

  

   

   

   

   

  

   

        

     

      

      
    

  
  
   

« “Measurements of Methane Emissions at Natural Gas P. 
States: Liquids Unloading” — David T. Allen et. al. (20) 

unloading emissions for a sample of natural gas produ 
the United States. The study’s estimate for total meth@ 
estimates in national emissions inventories such as t 
estimated total annual methane emissions from liqui 

value very similar to both the 2012 EPA National Em 
Greenhouse Gas Reporting Program (GHGRP) values 

14.3 Bef/yr, respectively. 

  
  

y wells (107 wells tota 
missions was consistent \ wh 

‘A Inventory. The study 
oading events at 14.4 Bef/yr, 

hs Inventory (NEI) and the 
proximately 14 Bet/yr and 4 

  

    

  

     

   

  

    

    
    

  

       

rons attributed to 
Wells, stating: “Emissions 

ar geographic regions, and at particu ar times in a 
on of unloading emissions'!.” The study 

ates Manediea’s Natural Ges A@isncs 
CEU / SALE LIL OD LNGDLUL EE NID pea 

The study indicated that a majority of, 
may come from a smaller percentagg 
that a small fraction of wells, in pa: 

well’s life cycle, account for a larg 
referen eeo an A meannran Patrol eV WALES Gib DALI PUL ULE Uh 

(API/ANGA) study that found a si 
of emissions from this type of well f 
accounted for more than 90% of emi 

         

   

   

      

   
   

ounted for half 

f the wells 

esult, “three percent of wells 
without plunger lifts] and 

   
« “Measurements of Mg e Emissions a was Producti 

States: Pneumatic C ten tudy focused on 
emissions from pneumat age emissions per 

controller (17% greater) an mber of pneumatic controllers per well (2.7 vs. 
1.0) than those reflected in the E ory. The study found that less than 20% of 

high bleed pneumatic devices ag o? @ of measured methane emissions. 
Additionally, the study foun tees used in two particular applications, 
for sepag il compressors, exhibited higher 

emission F ocesses. The study states, “More 
than half (51%}, piers had an emissions rate less than 0.001 scf/h over the 15 

min sampling pert ad an emissions rate less than 0.01 sct/h over the 15 min 
sampling period.” pneumatic devices exhibited no detectable emissions 

during the sampling period ehting that of the total sample size of 377 controllers, 
38% (146) had detectable emi 1 pneumatic actuations during the sampling 
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period. The study found that 44 io pneumatic devices with the highest 

emissions were behaving in a manzer inconsistent with the manufacturer’s design'* 

        

   
   

  

    

    

    

   
   

a “Methane Emissions from Natural Gas Compressor Stations in the Transmissior 

Storage Sector: Measurements and Comparisons with the EPA GHGRP” - R.@ 
Subramanian et. al. (2015). This study combined on-site direct measureme 

flux techniques, which estimate on-site methane emissions from ambient g 

downwind plumes from the measurements sites. The study found that t 
independent estimates agreed within experimental uncertainty. The stud 

highest emitting 10% of sites (including two superemitters) contributed 50% Of 
aggregate methane emissions, while the lowest emitting 50% of sites contributed'Te 

than 10% of the aggregate emissions'>... however, we lack the daa b to determine whe 
the magnitude or frequency of the super rereitters encountered 1 
representative of the entire T&S sector'®.” 

  

  

    
   
    

S from Natural Gas 

et. al. (2015). - The study 

e emissions estimate from “ 

the sector in the 2011 EPA * 
icant upgrades at metering an 

itenance activities, as well 
two studies!’.” For 

x “Direct Measurements Show Decreasing Methane Em 

Distribution Systems in the United States” — Brian K. 

13 distribution systems across the U.S. arrived at a n 
LDC systems that was 36-70% less than that publish 
Inventory. The report states, “[this estimate] reflects 4 
regulating stations, improvements in leak detection an 
potential effects from differences in methodologies be 

underground pipeline leaks, the researcher 
lower than reported in the 1992 EPA/GR 

facilities, the study found emission fag 
than the same sources published in § 
emissions from nine facilities sam 

reductions from the stations rangi 
attributed these emission reductio 

between reduced emission factors 14 
upgrades, project researchers survey ~ 

American Gas Association (AGA). T 

   

    

   
   
   

    

    

     

    

    

     

  

or larger emitting so 
92 EPA/GRI study. The stud 

the EPA/GRI study and found emission 

m 2-50% from the 1992 values, The study 
grades at the sites. To underst@ifal any correlation 

di in their study and distri infrastructure 
partner LDCs and LD bers of the 

esults indicated that 60% of sites 

  

   

   

    
    

   

   

    

         

    

    

   

          

    

   
    

    

          

represented in returned Stxveys had und e equipmey ge since 1992!°.” 
The report found that" duge leaks (34. : espectively, 1.8, 1.2, 
and 0.25 scfm — from unpre steel main, , and cast iron main 

leaks, respectively) accounted f the total measured emissions from pipeline 
leaks”? 

While the EDF and other studies foun e i om several source categories than 

rellected in th of higher emitters (often called 

  

ost segments. They found high 

. The studies also    
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&.?. Ambient Measurement Studies 

As opposed to direct measurement of emissions from a site-specific piece of equ 

process, ambient (“top-down”) studies use air sampling methods to estimate emis§ 
  

larger scale, such as from an oil or gas production region. The studies measure the conte 

of methane in the atmosphere and use atmospheric modeling to estimate the source. They 171 

also attempt to differentiate methane from gas systems from methane derived from agricultural 

or other sources. This is done through analysis of other hydrocarbons with the 

methane that indicate the presence of natural gas. Ambient mea 

  

     

   other remote sai 

s and have other challeé 

d sampling time, weather 

tential sources of methane, 

id, most recent ambient 

production/oil production , 

(typically measuring methane concentration from aircraft, towg 

stations) are limited in their ability to identify site-specific engi 

not associated with direct measurement techniques, such as 

conditions, extent of pollutant dispersion, and presence of 0 

such as those related to livestock, agriculture, or landfills. Th 

measurement studies estimate higher emissions from the natu: 

chain than similar estimates from on-site, direct meagyrement st 

Some of the significant recent ambient measur : dies includ 

   
      

      

  

   

   

     
     
   

        

   

     
    

   

    
   

    

       

   

e Measurements over a \V 
| The study used airplane measurements in Uintah 

) gas production. Although ten flights were 
nly two days due to inconsisi¢ eteorological 

| emissions associated with e and natural 
in oil and gas operations, he final result is 

based on assumptions about other poo hged sources of metha he study then 

calculated emissions 5 in the county. 

Methane emissions : 8.8% + 2.6% of 

a Methane Emissions Estimate from A 

Natural Gas Field — Karion et al (2 
county Utah to estimate emissions 
planned, measurements were base 
conditions. The study deducted est 
seepage to estimate methane emissi 

  

  

    

       
    

   

  

    

  
     

   
    

    

  

   

Operations Report (OGOR) and 

(WRAP) phase III inventory. T d that this estimate was not thought to be 

  
o Denver-Julesburg Basin - Petron et al. - The study 

es of hydrocarbon emissions from the densely drilled 
borne measurements and calculations. The study 

ced from the region based on two days of data 
h as estimates from the EPA Inventory or from 

  
developed top dow 
Denver-Julesburg b 

estimated a loss of 4.1% 0 

collection. This is more than t 
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the GHGRP data for the same region, but only half as much as the 8.8% reported by 

Karion for the Uintah study. An estimated 75% of the total methane emissions were 
attributed to oil and gas operations in this study.    

    

   
   

   

    

   

    

         

   

# Quantifying Atmospheric Methane Emissions from the Haynesville, Fayettevi 
Northeastern Marcellus Shale Gas Production Regions - Peischl et al.(2015)@ 

took airborne emissions measurements over three regions, the Haynesvill 

Fayetteville (AR), and northeastern Marcellus (PA), all of which contain 
shale gas production. The measurements were found to be equivalent to f 

addressed in the Karion and Petron studies, however the production in these 
higher, resulting in lower estimates of the loss percentage — 1.0-2. 1% 1 mn the Hay 

l 0-2. eal in n the Rayeltoulle, and 0. Le 0. abet in the Marcellus... 

  

  

  

  

# Methane Emissions from Natural Gas Infrastructure and, 

Boston Massachusetts - McKain et al. (2015)?! — The easured ambient 

levels from tall towers or buildings at four locations 1 Boston area (two near 
urban center and two outside it) to determine an emi is value related to natural ga 
delivery and end use. Ethane concentrations were letermine emissions associate 
with natural gas. Because ethane is a typical compo natural gas, using ethane 
concentrations can serve as an indicator of natural gas jons as there are no other 
known sources of ethane in the region. Boston has no g l seeps, oil and gas 

production, or refining, and low rates of bi Missions were esti 
to be 2.7% of consumed natural gas in 

times higher than predicted by existt 
Inventory. That said, the study was 
(i.e., delivery systems vs. end use) 

percent leakage calculation) was e 

  
  

  

   

    

     

      

       

  

      

     
   

   

  

   

  

   

   

   

   

   
   

    

ble to attribute a specific sour issions 
e total consumption of gas (denominator in the 

ted from a variety of secondary sources. 

Ambient measurement studies can provid 

estimating methane emissions from oil and 

a They may require com red methane 

concentration to a q 

# They require data to accot 

« They do not allow attribution of emissions to specific sources or processes 

# If expres ption), they are very sensitive to the 

level of 10n, which may also be difficult 

to estim: 

In general, most ambi 

average of the U.S. EPA In¥ 

though there is great variability a 

lent studies have found emissions higher than the national 

than extrapolations from on-site measurement studies, 

st one study that found much lower emissions. This 
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discrepancy has been difficult to resolve, though one notable study has addressed this issue (See 

Section [ REF Ref434182837 \r ].) 

3.3. Life-Cycle Analysis (LACA} Studies 

Life-cycle GHG emissions are the aggregate quantity of GHGs related to the full # 

including all stages of fuel and feedstock production and distribution, from fee 

through processing, distribution, and delivery and use of the finished fuel. This is 

important for natural gas because methane is the primary component in natural gas, so 

of the product along the value chain are sources of GHG emissions, which are amplified du 

methane’s higher GWP. LCAs are often used to compare the overall emissions of different fuels* 

LCAs typically use emission factors for each stage of the fuel value estimate 

of the GHG emissions for the production, processing, and delivery 
   

    

   

   

CO emissions from combustion processes (e.g., gas compress 

coal processing emissions) as well as emissions of other GH: 

is emitted from coal and oil production and processing as we 

amounts.     

The LCA can be calculated for the fuel at the point of delive 

seen as a lower-emitting alternative to coal, 

that application. Natural ee combined cyc 

fired plants, making the 

the burner-tip e 

        

   

   
   

  

   
     

  
fuels. 

There had been several fairly high level LCA as thr primarily 

based on data from the EPA i ‘ vas focused on the 

topic when new emission fad levelopment of the 

GHGRP. This was followed by f y by¥ He 20117, which found 

that the life-cycle emissions of sha 

certain assumptions due to the upstream 

and heightened concern over methane 

uissions. This renewed interest in the topic 

  

The Howarth s    e emissions le gas production and i 

nethane from shale pas production escapes into the 

s during a well’s lifetime, and that these emissions are at least 

al gas. The higher emissions were particularly affected by 

w-back during hydraulic fracturing and during the 

, estimated the LCA emissions from shale gas to 

   

      
   

    

   
atmosphere through ve 

30% more than those from ¢ 

| high esiimated sd 
“drill out” after the fracturing occurs. 
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Concepteraphic = I 
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be 20% greater than conventional gas when using the 20 year lifetime and almost the same as 

conventional gas when using the 100 year lifetime. The study also stated that emissions from gas 

were slightly higher than from coal on a 100 year basis and almost twice as high on a 2 r 

basis. 

        

   

      

      

    
   

     

  

Several studies have criticized and/or rebutted Howarth’s analysis”: *“ and there aff 

that, in retrospect, significantly affect the study’s conclusions, including: : 

# The study used a variety of lesser known and sometimes poorly supported ass 
for its emission factors. The emission factors for flow-back emissions were derived 

limited well production data. Some of the fugitive emissions data was based on ane 
estimates of “lost and unaccounted for” gas, which is largely 

and not a measurement of emissions. The study did not use Ji 
established emissions data sources for most sources. 

   
   

# The study assumed that all emissions from shale gas w4 

though at least one state was requiring capture or flari 
that they were voluntarily capturing or flaring the ga 

a The study did not use the then accepted (AR-4) GW 

GWP of 105, over 20% higher than the highest valu 
played a large role in shaping the conclusions. 

pletion were vente 
And companies had report 

   
methane. It used a 20 year 

epted under the AR-5. Tt 

     

  

   
      

  

   
   

  

      

  

   

Among the subsequent LCA analyses, the nal Energy Technology Laborato 

completed a series of very detailed and we cumented LCAs of different fuels, with several 
focusina eneci ically on natiral agas ap. LUW SEE SPN LEE Y Vdd LEU OS. i > 

     The first of these, starting in 20117°, focus 

found that while the upstream emissions of 

higher than those of coal, the iSS1 

efficiency of gas-fired powe 

100 year basis ([ REF Ref434 : 

produces greenhouse gas emissions 34 

natural gas-fired electricity is generated. 

tural gas as a fuel for ele 

gas, including methane 

Yerabustion of t] 

y generation. It 

gsions, were 

and the higher 

gas than for coal ona 

tral gas-fired electricity 

an coal using the 20-year GWP, even when that 

gas sources. 

     

Figure [SPTYLEY dy! MOTEREF HolSs7saraag \" MERGEFORMAT { 

Lower than Coal. 
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Conventional Shale Gas Lnide 

Gas Cal 

    ral gas (LNG) exports. Some 

combustion emissions 

The most recent NETL study in 2014” focuses on liquefied j 

have suggested that the upstream methane emissions and m: 

associated with liquefaction, transport, and regasitication of | akes the life-cycle emissioy 

of such exports higher than those of coal combustion in the targe tries. The study evalua 

the question for different U.S. LNG export locatig o and Asian 

     

       

  

       

  

   y emissions in comparison 

extraction and consumption used to genera ctricity. 

    

    

      

    

  

| Onentharnaishlel (CA. waenerinemed zet al in 201927 Thie ch epee 
| AALS VUIL. AVLGAUIL Iw’ Wao peik PhGIO & GAL. aki. Li 2YVLo  . Libis Olu JL Ud 

GWPs to compare different GHGs. Instea roposed the use of “technolog 

potentials” (TWPs), which allow the comp the time-dependent cli 

   hen decay over 

ave a lower climate 

GHGs as they enter the atm 

time. The analysis then dete 

  

    

  

     

  

ane emission levels 

emissions estimates in the 2010 EPA 

H#apact than coal at all times. However, the 

20,10 Inventory, switching to 

result in a greater radiative 

nt benefits. Similarly, at emission 

, Shifting to compressed natural gas vehicles from efficient 

r radiative forcing for 280 years, before any benefits are 

methane emission level would need to be reduced to 

efits compared to diesel-fueled vehicles. 

forcing impact than other fuels. It 

equaling 3% of annual production (bas 

Inventory) gas would have a lower cli 

analysis predicted,that at emission le 

compressed na 

forcing of the c 

levels reported in the 2 

diesel vehicles would resu 

produced. The study found that 

1% or less for gas to have immediate't 
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In summary, the recent and most-detailed LCA studies consistently show that natural gas has 

lower GHG emissions than coal at the burner tip, and even more so for generated electr icity at 

both the 20-year and 100-year lifetimes. The benefits of natural gas relative to petroleu 

on the methane emissions level assumed, the technology being compared, methodolog 

the atmospheric lifetime assumed. 

      

   

  

   
   

  

     

  

    

   

5.4. Meta-Analysis 

Meta-analysis is the study of multiple studies to synthesize conclusions. This section 

three different kinds of meta-analysis related to methane emissions. 

The first study, by Heath et. al.?8, compares the greenhouse gas emi 

conventionally-produced natural gas or coal by analyzing eight p: 

reporting ten original estimates of life cycle GHG emissions froff 

electricity generation. These studies have emission estimates | 

COvze/kWh for shale gas due to different assumptions, compdi 

boundaries (the definition of which upstream operations are 

compares the emission estimates across the different studies 

“harmonization.” The result is an analytically-consistent com of life cycle GHG 

emissions for electricity (on a per unit electrical output basis) frog gas, conventionally 4 

produced natural gas, and coal. The harmonizati ; sist lizing emissigg 

a consistent metric of grams carbon dioxide nt per kilowatt-howe 

COvze/k Wh) 8 § 

      
   

    

   

  

ruse of shale gasie 

1g from about 440 to. 

baselines, and system 

ded). The report normalizes 

h a process called 
   

   

   

    

    

     

   

    

  

¥ i ices 

ates of GHG emissions from 

while the emissions fro: le gas- 

ectricity are almost h of electricity 

‘The main conclusions are that the median’ 

electricity are close to those from convent 

generated and conventional natural-gas gen 

from coal. Although the harmggization process‘¥¢ greater consistexfe ong the reports, 

there are still differences bet studies that count, such as gas 

type and play assessed, evalua gneth: oak: on of co-products, as 

    

gas-generated 

      

   
   

   

        
     

   

     
    

   

    

Another meta is study reviewed 20 years of 

top-down” and ‘om the natural gas industry. The 

study concluded that ‘ ‘nts at all scales those that official inventories consistently 

underestimate actual CH4 ef 

contributors; (ii) many independ 

could be responsible for a large fract 

with the NG [natural gas] and oil sectors as important 

1ents suggest that a small number of “superemitters” 

. e; (111) recent regional atmospheric studies with 
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very high emissions rates are unlikely to be representative of typical NG system leakage rates; 

and (iv) assessments using 100-year impact indicators show system-wide leakage is unlikely to 

be large enough to negate climate benefits of coal-to-NG substitution.” The study also af 

highlighted the difficulty of disaggregating methane emissions from natural gas opera 

    

   

  

   

  

   

   

          

   

   
   

    

   

    

   
   

    

1.25 to 1.75 times higher than the EPA fn though again it is difficult to 

much is from natural gas operations. It should be noted that much of the data ust 

was from older studies, prior to the recent adoption of voluntary and required emi 

actions. 

  

the third t 
     

‘ study is a cutee aca ar meta- _ SiS, 

Se In this MS 88 i   

  

specific area ey a set of coordinated direct and ambient 

single region: the Barnett shale region in Texas. This effort 

inventory and analysis of all of the methane sources in the r 

five direct measurement studies were combined with airpla: 

ambient measurements. The researchers were able to reconcik 

ambient measurements accounting for all of the different mett 

| U sing results from both 1 top-down at and bottom-u, 

| Barnett shale Rte than : 

contributor to this higher estimate was a 
  

  

production sites. The study also found tha ett shale oil ¢ as emissiot count for 1.2% 

(1.0-1.4%) of production. Excluding oil pré@ 

of production decreased to 1.1% (1.0-1.3%). 

  

§ emissions rate 
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O 
fit. 
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&. Efforts to Reduce Methane Emissions 
   

    

Since methane is the primary constituent of natural gas, reducing methane emissions tl 

recovery of otherwise lost gas can often result in savings that improve industry pro 

Thus. there has alla been: an incentive to reduce emissions and i in some parts of i 

  

      

    

  

    

      

   

      

       
   

      

   

   

      

     

   

   

   

    

re i sending and reducing methane emissions is see a re issue in 

and companies have invested large amounts of capital for safety programs that have als 

emissions. Beyond these safety and operational drivers however, companies have participate 

voluntary programs focused specifically on reducing methane emissio. 

and federal regulators have started to promulgate regulations speci 

emission reductions. This chapter addresses both voluntary and ry progral 

6.1. Federal Voluntary Programs 

641.1. The Natural Gas STAR (8008) Program 

in 1993 that encourages The NGS Program is a voluntary partnership established by! t 

5 roven and cost- domestic and intemational oil and natural gas comp 

emis sions®. * The program focuses on a shuts 

production, gathering and processing, and tf 

natural gas industry. Through this progran panies — experience, know-how, and success 

stories for methane reduction. The technig 

The NGS Program was opened up to in ernational members in 2006, and has helped 

support international companies to mit ibic feet of methane emissions to date 

main methane emission sources: agriculture (animal waste 

) municipal wastewater, and the oil and gas sectors. For the 

in GMI is under the NGS International program, which 

ished in the domestic Natural Gas STAR program to 

The GMI has helped support international 

effective methane fre 

management), coal mt 

oil and gas value chains, pa: 

applies partnership goals/progra 

international oil and gas sectors secto 
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companies to mitigate 77.8 billion cubic feet of methane emissions*>. Voluntary industry 

participation and support of the both the NGS domestic and international programs has spurred 

further federal efforts to work with industry on methane emissions, including the proposg 

Methane Challenge Program (described below). : 

  

    

  

   

              

   

   

6.1.3. The Climate and Clean Air Coalition (CCAC) OH and Gas Me 

Partnership (OGOMP) 

The CCAC OGMP is a voluntary partnership between industry and government laun 

2014, whose goals include better understanding of methane emissions in the oil and gas 

continued systematic emissions reduction, and the creation of a platform to demonstrate 

leadership in reduction practices to the public and other stakeholders 

under the United Nations Environmental Programme joined in thed 

Department. The seven founding oil and gas companies of the 

Partnership include BG-Group, ENI, PEMEX, Southwestern 

   

     

  

      
    

   

     

The CCAC OGMP serves as a forum for knowledge-sharin, 

representatives of prominent national/international methane 

een industry partners and 

tion programs, including the 

emission sources, and sharing of project sum 
successes/findings. In partnering with CC , 

CCAC’s “next steps,” which aim to estab 

control in the oil and gas industry°®. 

  

dustry members are contributing t 

ternational standards for emission reduction 

6.14, Natural Gas STAR Methane € 
Proposed Framework 

se Program (“Aieth allonge} 

    

   

      

    

    

    

   

Motion program, called 
or leading companies,” in 

hiction from the oil and gas industry’. As part of 

fic emission reduction goals and track 

Subpart W of the Greenhouse Gas 

fambitious commitments” on the 

ency,” thereby pro g public sharing of 

ve-year program is anticipated to start by the end of the 

In 2015, the U.S. EPA propo! 

“Methane Challenge”. The new pre 

promoting cost-effective methane em 

the proposed program, industry partner 

progress through federal emission rep@i 

       

      

part of industry 

accomplishments a 
  

  

2015, according to the "| Commented [BI19]:Changethisy 
  

remain to be worked out, 
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6.2. industry Voluntary Programs     

   

    

    
   

   

   
   

6.2.1, The Center for Sustainable Shale Development (CSSD) 

The CSSD is a nonprofit organization consisting of industry partners and non-gove 

environmental organizations whose objective is to set and achieve industry-leadi 

pollutants as well as methane emissions. The methane standards address flaring limitaft 

of green completions, and storage tank emission controls*!. The performance standards 

Force, CONSOL Energy, Environmental Defense Fund, E 

and Pollution, Pennsylvania Environmental Council, and Shé 

6.2.2. Our Nation’s Emervy Future Coalition (ONE } 

ONE Future is a coalition of companies in the na 

“identifying policy and technical solutions th 

management of methane emissions associat, 

distribution of natural gas.” Members of f 

AGL Resources, Hess Corporation, Apac 

Columbia Pipeline Group, and National ¢ 

reducing methane emissions from their opef 

increasing operational efficiency and proc {fectiveness. ONE Futug 

99% efficiency in the natural gas supply chain | s “achieving an § 

emissions across the entire n@fimaljgas value chain the sof total natural gas 

production™’.” ONE Future me } * feasibility/cost 

effectiveness of this emissions redu using existing technologies and practices, and 

scientific findings that advance this emi: action goal for greenhouse gas reduction 

benefits”. 

    

    

  

ath the production, processifg Sk i, and 

i Future include: Southwestern Energy Company, 

‘ rporation, Kinder Morgan, Inc., BHP Billiton, 

@NE Future member compas @ 

ins across the natural gas su hain, thereby 

  

    

    

    

   

    

      

   

   

e rate of methane 
       
   

    

   

      

   

   
    

    

    

6.3. Peder4 

Assued an Executive Order focusing on reductions of 

015 Obama Administration expressed a policy 

ne emissions from the oil and gas industry by 40-45% 

riety of regulatory and non-regulatory actions”®. 

The Obama Administ 

methane from all sources. 

commitment to take action to re 

from 2012 emission levels by 2025 
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The primary regulatory focus is through regulation by the EPA. Though not described here, other 

federal regulatory efforts aimed at reducing emissions from oil and natural gas operations 

include the Department of Interior’s Bureau of Land Management’s (BLM) proposed 

reduce emission from oil/gas wells on public lands*’, the Department of Transportatig 

and Hazardous Materials Safety Administration) new research into pipeline safety 

better detection of leaks/methane fugitives)"*, and Department of Energy’s (DO 

support for emissions reduction from transportation and distribution infrastructul 

          

   

  

   

   
       

   

Under the Clean Air Act, the U.S. EPA is responsible for establishing air quality standat 

including emission standards known as “New Source Performance Standards (NSPS) for 

and modified stationary pollution sources in source categories that significantly endanger public 

health or welfare*’.” In recent years, the EPA has used these provisi 

regulate methane emissions from the natural gas industry. 

   

  

   
       ee for Crude OF and 

bution (2012) 

6.3.1. NSPS, Subpart GOO ~ Standards of Perfery 
Natural Gas Production, Transmission and 3 

The Clean Air Act requires the EPA to issue regulations to 

industry sources under the New Source Performance Standaré 

identifies specific control requirements for new and modified ef 

specified air pollutants from 

PS) program. The NSPS 

im, sources. On April 17 

  

     
    
  
  

   

    

      

    
   

   

  

   

    

   

   

   
   

    

lettOns, pneumatic 

processing plants, sweetening units at proc plants, reciprocating comp 

compressors, and storage vessels. NSPS Qt 

(VOCs) and sulfur dioxide emissions fror 

However, methane emissions are reduced 

this regulation. Perhaps the most significa: 

reduce emissions from completion flowbac 

capturing the gas through redug 

  

The final updates and clarific é r December 19, 2014. 

These standards were expected to d ‘ y om “more than 11,000 new 

hydraulically fractured gas wells each 

methane, the methane is contained in t : ams as the VOCs, so the regulations have 

the co-benefit of geducing methane asf 

overview of th y ) for Quipment at natural gas facilities”! 

    ‘table [ STYLERE fe 1° BRABIC Ys 2 i~ Gyvarview of MSPS OCH Provisions    
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- Hydraulically fractured low pressure wells, Route flowback emission to completion 

non-wildcat and non-delineation wells combustion device 
   

    

     

ll other hydraulically fractured gas wells 

      

  

    

    

  

Reciprocating compressors   
Continuous bleed natural gas-driven pneumatic 
controllers with a bleed rate greater than 6 scfh 

between wellhead and natural gas processing       

     and Repair program (LDAR     

  

Equipment leaks at onshore natural gas 

     
    

     

vinission Standards for“ $3.2. NESHAP, Subpart HH ~ Natig a 

as Production Facilities 2012) Pollotents from GH and Nate 

    

Alans unth RIOD OAM tha HDA « 
FMV WU LN OE OO VARY, UU POP ah 

include emission reduction targets for co 

(HAPs).°?. NESHAP Subpart HH regulation 
equipment leaks, storage vessels, and glycol d 

mixed xylenes, ethylbenze 

and storage facilities. As with’ ype ions do not directly 

aim to reduce methane emissions, indi “some methane emissions. 

Qubhaocrt LITT Th 
OUUPaLe PEER. AL 

classified as hazardous air, 

ire emissions control frong s@urces including 

  

    
aan al 
VVisu 

  

         

  

   

    

  

   

   

   

  

   

   

The NESHAP Subpart HH regulations oyiti EF Ref434190919 | are those regulations 

that are specifically applicable to natu and describe HAP emission standards 
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Yable 1 STYLEREF dis 1-1 SEQ Table \* ARABIC ts 1} - Summary of NESHAP HH Requirements 

  

         
    

  

Established MACT standards for BTEX emission } 
previously unregulated source New sources ~ 4.66 x 103 

Existing sources — 3.2 

   Small glycol dehydrators 

     

g/sem-ppmv 

        

   

   

  

  

Associated equipment Revised definition to exclude all 
storage vessels 
  

Valves — equipment leaks Revised definition of leak Leak Detection and Repair (LD 

must be applied at 500 ppn¥ 
  

    All affected sources Eliminated exemption from compliance 
during periods of startup, shutdown and 

malfunction      

    

   

apply at all times       
  

6.3.3, NSPS Proposed Regulations 0OOOa 2615) [ 

ft OOOO tor oil and gas    On August 18, 2015, the EPA proposed updates to NSPS Su 

operations to further reduce methane and VOC emissions fo 

and gas industry. EPA has further proposed creating NSPS OO€ 

methane directly as a pollutant. NSPS OO000a 

emission sources not currently covered by the 

emission sources that are currently covered 

set of EPA technical white papers, which 

hydraulically fractured oil well completi 7 

    
hich would regulate 

    

      

   

s foe VOCs”. The newer 

pecific emission sources such as compressors, 

associated gas, leaks, liquids unloading, and 
a.      

    

   

   

  

   

     

  

prema atic devices™* 

Specifically, NSPS OOO0Oa proposes emiss 

# Pneumatic controllers 

# Hydraulically fractur 

x Leak detection for well sites! 

compressor stations; 

# Natural gas-driven pneumatic py ments, if a control device is already 

present (zero emissions from ;     

    'U! Standard cubic meters 

22! Parts per million by volume 

3! Leak Detection and Repair 
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« Performance testing and monitoring of control devices used to control storage vessel 

emissions”. 

    

  

   
   

  

   
    

an, 

s Minimum of annual leak surveys with optical gas imaging on perhaps 1,000 comg 

station component parts and, depending on the results of those surveys, leak repa 
made within 15 days of detection, regardless of leak size. 

Stakeholders have submitted comments and a final rule is expected in 2016. 

6.4. State Regulation of Methane Emissions 

Several states have issued regulations and/or guidance on methane emissions from oil and 

operations with varying levels of methane-specificity and stringency. The maj 

not include language specific to reduction of methane in existing re 

exception to this generalization is Colorado, which became the fy 

emissions directly as a GHG. Colorado’s rules for methane e | 

Department of Public Health and Environment’s Regulation | 

Ozone Precursors And Control of Hydrocarbons Via Oil a 

include provisions for emissions-type/equipment/processes 

including: 

  

    
   

    

    ber 7, “Control of Ozon 

Emissions®*.” The state’s 
   

# Associated gas; stom 

  

   
    

# Centrifugal compressor seals (wet 

and dry); 

x Above ground equipment fugitive / 
_ Rod-packing on reciprocatin 

emissions; F e P e 
compressors, and 

    11 2 oa Se 
B@ Fildares,     # Gas well complet ey 

   

  

    

a Gas-driven pneumatic controllers; ¥ 

Though not directly regulating 1 from oil/gas 

operations, which result in r SS1Oh ov the regulated 

process/equipment and process/equi yp ral other states are 

developing regulations related to metha 

related to upstream and midstream emis ibstates have also passed legislation or 

regulation relatedsto methane emissiosii 

    

  

   

  

     

  

    

  

    

   

   

peration, maintenance, repair, and replacement of 

peline facilities that are intrastate transmission and 

s.” The objective of the bill is to reduce natural gas 
ort achievement of the greenhouse gas reductions 

ne Solutions Act of 2006. This Act aims to 

procedures “g 
commission-regulat 

distribution lines to mii 
emissions from gas faciliti®s 

outlined in the California Glob 
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decrease California’s GHG emissions to 1990 levels by 2020, which amounts to a 15% 

reduction. The bill requires gas companies to file a report that summarizes: utility leak 
management practices, a list of new methane ieaks in 2013 by grade, a list of opened 

that are being monitored or are scheduled to be repaired, and a best estimate o 
due to leaks. In addition, the bill states that “at would require the commissio 
commence a proceeding by January 15, 2015 to adopt these rules and proc, 

proceeding is in progress. 

   

            

    

   

    

     
   

      
   

  

a Oregon Bill No.844 was passed by the Oregon State Senate on June 19, 

signed by the governor on July 1, 2013.The bill states that “the PUC shall estag 
voluntary emission reduction program for the purposes of incentivizing public 1 u 

that furnish natural gas to invest in projects that reduce emissions and providing bene 
to customers of public utilities that furnish natural gas.” 

# Massachusetts Bill No. 4164 was passed on June 13, 2012 

pipelines and gathering lines. While it does not specific 
outlines a natural gas leak classification system and a pf 

requires gas companies to prioritize the repair of gas | 
defined as any area within “50 feet of any school pro 
companies have to annually report the location of all 
Public Utilities. Gas companies may also file a Gas 
which outlines their plan for replacing leak-prone in 
includes infrastructure constructed from non- -cathodica i 

wrought iron. The Department of Public 
progress and the reporting made by theg 

repair system. The 
within school zones, w 

.” In addition, the gas : 
leaks to the Department of ‘ 
Enhancement Plan (GSEP) 
ture within 20 years, which 

€ cted steel, cast iron, an 
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7. Conclusions 

The main conclusions of this review include: 

   

  

   

   

  

    

    

    

   
         
      
        

    
    

  

| emissions of conventional fi golene, 

sa Recent development of North American shale gas resources has increas¢ 

and reduced the price of natural gas. 

Methane makes up more than 95% of delivered natural gas as used in homes an 
businesses. Methane is a greenhouse gas that has a climate-forcing effect 28 to 36 tit 
greater than CO: according to the most recent global warming factg ad pied by the 

International Protocol on Climate Change. Methane’s lifeti 
| 12 years. 

   its most recent estimat 

U.S. emissions and 1.3% 

emissions and the only economy-wide, national inve 
methane emissions from the gas industry were 2.4% 

| U.S. gas production. 

   * According to the EPA Inventory, methane emissi 
been declining continuously since the early 1990s." 
turnover and replacement of equipment, voluntary a 
emissions, and recent regulations req 

ker r unit of gas produced have 
s for the decline include: j 

industry toreduce 4 
   

     
   

* Methane emissions per unit of ga ed have declined   

‘part on emission factors from 

comes available. 

® The EPA Inventory is based in 

being updated as new informat 

  

   

    

Ey   

     

    

   
   
   

    

— use of natural gas in r sector has resulted in C 

  

# Interest in methane emissions fr ¢ Ty i crease in research 
on this topic. 

¢ Direct measurement 
and facilities have emissié 
number of sources — “‘superet ominate the emission profile. They alse show 

that some segments and sourg re under-represented in the inventory.    

  

   
   

ertainties including Wéather, estimates of other sources of 
gas production in the regions being measured.     

    

   

    

methane, 

ematic effort to reconcile simultaneous top-down and 
ated that that methane emissions in a major gas- 

0% higher than the estimates based on EPA 

* Two recent ana 
bottom-up measure 

producing region could 
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calculations. The major factors driving this difference were underrepresentation of 

sources in the EPA estimate and the influence of superemitters. 
cot CN 

The most detailed and authoritative life-cycle analyses show that the life-cycle egg 

of natural gas are 40 to 50% lower than coal on a 100 year basis. 

The gas industry is continuing to reduce methane emissions through voluntg 
and in response to regulation by the federal and state governments. 
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&. Appendix 
os: Ah ON PRS Re SS 2S BS BSB eas PRES 2 se esa 

TI this Appendix summar izes 74 recen t studies related tO Mecinan 

industries. The studies are listed chronologically, from oldest to most recent. 

  

   

  

   

  

   

      

   

    

1) A Commitment to Air Quality in the Barnett Shale. The Texas Commission 

Environmental Quality. (May 2010). Published online by the TCEQ. 

Texas Commission on Environmental Quality studied air emissions in the Barnett $ 

near Dallas-Fort Worth. They concluded that that emissions levels were less than harm 

health limits. 

2) Southwestern Pennsylvania Marcellus Shale Short-Term Amb 
Pennsylvania Department of Environmental Protection, Buy 
2010). Published online by the PDEP. ' 

ale Formation have increa 

vania Department of 

jort-term, screening level air 

project was completed in | 

Sin Greene and 

   Since 2005, natural gas exploration activities in the Marcell 

significantly in the Commonwealth of Pennsylvania. The Pe 

Environmental Protection (PA DEP or Department) launche 

quality sampling initiative in the southwest region in April 20 

August 2010. This report provides findings of the air. sampling 

Washington counties; background air samples \ 

       
   

    

  

      

        

    
The key findings are as follows: 

e Short-term sampling did detect ntrations of certain natural gas constituents 
including methane, ethane and pr , and associated compound as benzene, in 
the air near Marcellus Shale drillin ations. 

e Most of the compounds were deteet ring short-term sampli 

stations in Greene and Washington cot . 

e Certain compounds, 4 

produce odors. Ss 

e Results of the limited ¢ arnt ing inl in the southwest tepion 
did not identify concentrati 2 

health issues associated with Ma: 

e Sampling for carbon monoxide 
National 

   
      

    

   

    
    

    

   

    

two compressor 

and ozone, did not detect levels above 
sampling sites. The Department has 

not yet ns of these pollutants from many 
natural g s of the health and welfare based 
federal standa 

e A specialized infi ra that can detect emissions of certain pollutants from a 
source that otherwis visible to ine naked eye, aud detect eae emis sions 

to the ambient concentrations 
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3) Northeastern Pennsylvania Marcellus Shale Short-Term Ambient Air Sampling Report: 

Pennsylvania Department of Environmental Protection, Bureau of Air Quality. January 
Mt: RnroOon 

2010). Published online by the PDEP. 
   

    

   

   
    
   

In response to the increased number of well sites and concerns about the impact of thi 

Shale natural gas development activities on air quality, the Pennsylvania Departmg 

Environmental Protection (PA DEP or Department) launched a short-term, scre : 

quality sampling initiative in the northeast region in August 2010 culminating in 

The key findings of the short-term air sampling surveys are provided as follows: 

    

    

« Concentrations of certain natural gas constituents including me propane and 

butane, and associated compounds, in the air near Mar aperations 
were detected during the four sampling weeks. 

e Elevated methane levels were detected in the ambi 
conducted at two compressor stations (the Lathrop ang 
well sites (Carter Road and Loomis well sites). 

e Certain compounds, mainly methyl mercaptan, we 

produce odors. 

e Results of the limited ambient air sampling initiati 
identify concentrations of any compound that wou 
issues associated with Marcellus Shale drill ¢ 

e Sampling for carbon monoxide, nitrog 

concentrations above National Ambji 
sites. However, the Department is 9 

cumulative emissions of criteria ants from natural gas exploration activities will 
result in violations of the health a 

e <A specialized infrared camera thi 
source that otherwise may be invi§ 

    
=| compressor stations)    
ected at levels which general    

      
the northeast region did 

, trigger air-related he       

      

   

       detect emissions of cert llutants from a 

io the naked eye, did de itive and direct      

        

     

    

   

    

4) Methane and the Greenhgtige ‘ ations: Robert 

Howarth and Anthony Ir . Cit 106, Issue 4, pages 

679-690. 

This iney wy uses emissions estimates fro igations to conclude that the lifecycle GHG 

in venting and leaks over the lifetime of a well. These 

ore than and perhaps more than twice as great as those 

cludes that “substituting shale gas for other fossil fuels 

mitigating climate warming*®,” and cites, “we 

production escapes to"th 

methane emissions are at 

from conventional gas°’." 

(oil or coal) may not have the desi 
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urge more direct measurements and refined accounting to better quantify for lost and 

unaccounted for gas*?.” 

    

   

   

   
    

   

      

     

    
    

       

    

   

5) Indirect Emissions of Carbon Dioxide from Marcellus Shale Gas Development: R: 

Howarth and Anthony Ingraffea. (June 2011). Published online by Cornell Univ, 

This study analyzes the indirect emissions of carbon dioxide associated with sha 

development without direct measurement, focusing on the Marcellus shale region 

concludes that "methane dominates the GHG footprint of shale gas, at least when vieW 

the 20-year time horizon®." “Our estimated indirect CO2 emissions from shale gas are 0 

0.45 g C/MJ greater than that reported for conventional gas (Woods et al., 2011). Still, a far 

greater part of the GHG footprint of shale gas comes from methane veut 

(Howarth et al., 2011)°!." "The indirect CO2 emissions from devel 
but they are small compared to direct CO2 emissions as the ga 

the greenhouse gas footprint of shale gas comes from methang 

largest component of indirect CO2 emissions was found to 

g C/MJ). 

from production engines ( 

   
6) City of Fort Worth Natural Gas Air Quality Study: Easte arch Group, Sage 

Environmental Consulting. (July 2011). Published online bythe B A. 

    

    

  

    

   

   

llutants (ine 

onth period with am@ie 

h°’." The report estimated tota 

"In this study [2010], air pollution levels of nea 

Air Pollutants - HAPs - were measured ove 

stations at eight different locations in Fort ¥ 

methane emissions/year to be 19,030 tons 3 

mitigation efforts to reduce air pollution f 

including: 1.) installing vapor recovery u 

compressor engines; and 3.) installing low t 

(0.9 Bet/year). The report recommended emission 

atural gas production operati 

storage tanks, 2.) using elec 

    
    

in the area; 

to power 

In the study report it is writte 

setback distances." 
   
    

    

   

   
   

    

     

    

   

  

Marcellus Shale Gas. Jiang et. al. (August 2011) 
Qumber 3. 

7) Life Cycle Greenhouse Gas Emissie 
Environmental Research Letters: V 

This study estima missions from the production of 

Marcellus shal S its emi lational average US natural gas 

emissions produce@] Marcellus shale development. The 

study estimates that the and completion of a typical Marcellus shale well results in 

roughly 1.8 g CO2e/MI of : ed, assuming conservative estimates of the production 

lifetime of a typical well. This ré E 11% increase in GHG emissions relative to average 

domestic gas (excluding combustion increase relative to the life cycle emissions when 

  

ICF International [PAGE \* MERGEFORMAT ][STYLEREF "Date_Title Page" \* MERGEFORMAT ] 

CONFIDENTIAL EM-HCOR3-00636670



Natural Gas and Methane: Overview and Literature Review — Draft 
  

combustion is included. Green completion and capturing the gas for market that would otherwise 

be flared or vented, could reduce the emissions associated with completion and thus would 

significantly reduce the largest source of emissions specific to Marcellus shale preprodugéi 

Natural gas from the Marcellus shale has generally lower life cycle GHG emissions th 

production of electricity in the absence of any effective carbon capture and storage g 

20-50% depending upon plant efficiencies and natural gas emissions variability 

   

    

   

  

   

        

   

8) Coal to Gas: Influence of Methane Leakage. Tom Wigley. (August 2011) 

Climage Change: Volume 108, Issue 3, pages 601-608 

This study finds that methane emissions from the oil and gas sectors offsets the Kecnchons 

associated with the transition of coal to natural gas-generated power 
"Our results show that the substitution of gas for coal as an energy@ 

rather decreased global warming for many decades - out to the y 

leakage case. This is in accordance with Hayhoe et al. (2002) 

of Howarth et al. (2011) who based their analysis on Global ¥ 

direct modeling of the climate®." Based on analyses perfor: 

"the temperature differences bebe the baseline and coal- 

0.1° C) out to at least 2020. The most important result, howe 

authors, is that, unless leakage rates for new methane can be kef 

coal is not an effective means for reducing the 

  

    

   
eB Potentials rather than 

the study, the report states, 

cenarios are small (less tha: 

  

      

     

    

      

   

   

   

  

   

            

      

    

      

   

      

9) Mismeasuring Methane: Estimating G ouse Gas Emissions from Upstrea 

Development. Mary Marcela, Samant oss, and Surya Raja. (August 2011). Published 
online. 

This study states that although natural gas ing fossil fuel 

owing to its low carbon content, attention h 1: ions of 

methane during well drilling, ncludes that: 

e EPA’s current methodolog t ing gas Held methan sions is not based on 
methane emitted during we LOns xically is based on a data sample of 

methane captured during well cof 

e The tg se oe EP. do not reflect current industry practices. 

: dramatically overstated and it would 
s recent Howarth study on methane 

e If methane ¢ 
conditions would“ 

industry or regulators 

e EPA has proposed additior 
Clean Air Act. For the most 

@s high as EPA and Howarth assume, extremely hazardous 
i at the well site. Such conditions would not be permitted by 

son, if no other, the estimates are not credible. 

tion of hydraulically fractured gas wells under the 
posed regulations are already standard industry 
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practice and are unlikely to significantly reduce upstream GHG emissions. However, 

measured emissions could be significantly lower than EPA-inflated estimates. Th 
greatest benefit of the proposed regulations is likely to be better documentation Qj 

GHG emissions from upstream natural gas development. 

  

    

    

      

    

10) The Greenhouse Impact of Unconventional Gas for Electricity Generation. Hu, 

(October 2011). Environmental Research Letters: Volume 6, Number 4. 

New techniques to extract natural gas from unconventional resources have becom 

competitive over the past several years, leading to a rapid expansion in natural gas prodte 

this report, the GHG footprints of conventional natural gas, unconventional natural gas (i.e. 

gas that has been produced using the process of hydraulic fracturing, o and saa are 

compared in a transparent and consistent way, focusing primarily og 

sector. The report shows that electricity generation the GHG impé 

than those of conventional gas, and only 56% that of coal for 

   

  

     

         
assumptions. 

          
   

    

      

   

   

    

    

   

      

    

   

    

Infrastructure. Alvarez et. 

ciences of the United States: 

11) Greater Focus Needed on Methane Leakage from Natur: 
(December 2011). Proceedings of the National Academ 

Volume 109, Number 17, pages 6435-6440. 

This study proposes that technology warming potentials ow 

potentials (GWPs) are a better way to compare t u 

alternative technologies fueled by natural gas 

compare the radiative forcing of different 

switching scenarios. TWPs provide a tran: 

the time-dependent climate influence of d 

shows that while CH, leakage from natur 

appears that current leakage rates are highe 

much higher effect on radiative forcing tha 

critical to maximizing the cli 

of teeta warming 

ertain, it 

HH, initially has a 

emissions. Ho 

for methane emission: 

Cathles et al. which are sub 

electricity generation, and the gl 

a 100-year time scale. The Howarth a 

falls within the range of our estimates but not those of 

ower. Cathles et al. believe the focus should be just on 

gaping potential of methane should be considered only on 

wovered both electricity (30% of US usage) and heat 
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generation (the largest usage), and they evaluated both 20- and 100-year integrated time frames 

for methane. Using all available information and the latest climate science, Howarth still 

  

   
   

   

        

     

   

concludes that for most uses, the GHG footprint of shale gas is greater than that of other, 

fuels on time scales of up to 100 years. When used to generate electricity, the shale- 

is still significantly greater than that of coal at decadal time scales but is less at the 

13) Air Sampling Reveals High Emissions from Gas Field. [ HYPERLINK 
“http://www.nature.com/news/air-sampling-reveals-high-emissions-from-gas-fiel 

1" ] (February 2012). Nature: Volume 482, Issue 7384, pages 139-140. 

Denver, Colorado, and eventually linked the pollution to a nearby nat 

investigation produced the first hard evidence that the cleanest-bu, 

much better than coal when it comes to climate change. Led b 

Oceanic and Atmospheric Administration (NOAA) and the U; 

study estimates that natural-gas producers in an area known 

losing about 4% of their gas to the atmosphere — not inclu 

and distribution system. This is more than double the officia 

estimates made in 2011 that have been challenged by indus 

archers at the ] 

Fsity of Colorado, Bou 

Denver-Julesburg Basin a 

dditional losses in the pipelin 

tory, but roughly in line wi 

      

   

   

  

    

          

   

   

    

  

   

14) Press Release: Response to Howarth et al’s 
online by Cornell University. 

pon
d n April of 2011 Howarth, Ingraffea and 

Climatic Change to essentially argue that aaicht ee EeeeS WEAtiCGisY Ga uk lich 

© published online a letter in the journal 

sa “cleaner” fuel than naturalé@as in terms of gree      
nhouse gas emissions. This is a comment flaws in Howarth’s analysis 

summarized as: 
   

  

     

    

   

   

   

e An unsupported, and we feel if 
greenhouse impacts of fugitive r 

Cathles (June 2012) 
Geochemistry, Gc eosystems: Volume 13, Issue 6. 

This study shows that the substi 

of that which could be attained by 

rates that are ~1% of production, whi 

natural gas [for coal] reduces global warming by 40% 

ition of zero carbon sources. At methane leakage 

,to today’s probable leakage rate of ~1.5% of 
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production, the 40% benefit is realized as gas substitution occurs. For short transitions of 40 

years, the leakage rate must be more than 10% to 15% for gas substitution not to reduce 

warming. 

            

    

  

   

    

    

      
    

       

  

     

16) Climate Impact of Potential Shale Gas Production in the E.U.: Daniel Forster 
Perks (July 2012). Report for the European Commission Directorate-General 
Action. Published online. 

The objective of this study is to provide state-of-the-art information to the European 

on the potential climate implications of possible future shale gas production in Europe. SOme 

studies have concluded that the lifecycle GHG emissions from shale gas may be larger than _ 

conventional natural gas, oil, or coal when used to generate heat and time scale 

of 20 years. The majority of studies suggest that emissions from shé@ 

but higher than conventional gas, based on other assumptions. ° 

   

  

   
e of emissions estimated if 

and technologies employe 

fechniques has the potential 

e One of the key assumptions which can influence th 

life cycle analysis is the assumed management pra 

the shale gas extraction site. The use of best pra 
significantly reduce emissions relative to other practi 

e The overview analysis of the EU legal acts identified 
that there are very few requirements applicg ecifi 
gas projects. 

    

  

vant to shale gas has sh 
G emissions from g 

   
GHG emissions from pot 

o ensure that emissions, where they arise, are 

e In order to ensure the effective co i 

development in Europe it is impo 
   

   

    

   

   

    

   

  

     

    

reported. 

17) Characterizing Pivotal Sources of Me iSSI fatural ction: Terri 
Shires and Miriam Lev-On (September can Petroleum 

believe that Environmental Protectio 

for the natural gas production sector we tated due to erroneous activity data in several key 

areas - including liquids aba w races trifugal compressors, and pneumatic 

controllers. Menabiey rk re 10n eee two data apes 

tailored to focuS g ; ) 

activities and practic 

fracture rates that are subs 

production. 

lted in liquids unloading and unconventional gas well re- 

ower than EPA’s estimated emissions from natural gas 
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18) Shale Gas Production: Potential Versus Actual Greenhouse Gas Emissions. Francis O’ 

Sullivan and Sergey Paltsev. (November 2012). Environmental Research Letters: Volume 7, 
Number 4. 

    

    

    
   

    

  

   

  

   

     

    

    

This report assesses the level of GHG emissions from shale gas well hydraulic fract 

operations in the United States during 2010. Data from each of the approximatel 

horizontal shale gas wells brought online that year is used to show that about 90; 

potential fugitive emissions were generated by these operations, or 228 Mg CH4"figg 

figure inappropriately used in analyses of the GHG impact of shale gas. Along with s 

venting gas produced during the completion of shale gas wells, two additional techniques % 

widely used to handle these potential emissions, gas flaring, and reduced emissions “green” 

19) Comment on “Hydrocarbon Emissions Characterization 
Pilot Study. Michael Levi (November 2012). Journal of 
Issue D21. 

gas operations in the Denver-Julesburg Basin 

are most likely underestimated in current iny 

20) Life Cycle Greenhouse Gas Emissions a 

Ian J. Laurenzi and Gilbert R. Jersey (Ap 
Volume 47, Issue 9, page: 

¢ellus Shale Gas. 

Technology: 

  

    
   
    

    

cycle of Marcellus 

ectricity at a comb cycle gas turbine (CCGT) 

assess the life cycle freshwater consumption 

for (1) hydraulic fracturing and (2) 

The primary goal of this study 

shale gas from the well pad to gene 

power plant. The secondary goal of the 

associated with shale gas. This includ 

evaporative cool at the power play          

   
      

   

  

Results indicate 

confidence interval: 4 

gal/MWh (80% CI: 185-30 

hydraulic fracturing constitute on 

cycle freshwater consumption. The 

   s gas life cycle yie 66 kg CO2eq/MWh (80% 

q/MWh) of greenhouse gas (GHG) emissions and 224 

) of freshwater consumption. Operations associated with 

) the life cycle GHG emissions, and 6.2% of the life 

nfluenced most strongly by the estimated 
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ultimate recovery (EUR) of the well and the power and the power plant efficiency: increase in 

either quantity will reduce both life cycle freshwater consumption and GHG emissions relative to 

power generated at the plant. 

        

   

    

  

21) Natural Gas and Climate Change. Eric D. Larson (May 2013). Published onlin 
Central. 

Climate Central has developed an interactive graphic that makes it easy to visua 

greenhouse benefits of converting power generation from coal to natural gas for diffe 

assumptions of methane leak rates and coal-to-gas conversion rates while also considering 

methane’s greenhouse potency over time. The EPA recently estimated methane leaks in the 

natural gas system at 1.5 percent. A 1.5 percent leak rate would achig 50 percent 

reduction in greenhouse gas (GHG) emissions, at the individual pet 

  

        

  

    

However, EPA’s estimate contains significant uncertainty, an 

peer-reviewed literature, lacks sufficient real-world measur 

the national level. Climate Central found that the ongoing s 

generation in the U.S. is unlikely to provide the 50 percent r 

attributed to it over the next three to four decades, unless gas‘ 

estimated rates (1 to 1.5 percent) and the coal replacement rat 

(greater than 5 percent per year). 

© all estimates availab 

to guide decision-makin, 

m coal to gas in power 

jon in GHG emissions typica 

    
    

    

   

   

   

    
   
     
   

   

rol et. al (June 2013). 

rational Energy Agency. 
22) Redrawing the Energy-Climate Map. F 

Special Report. Published online by th 

>
 ~
 eed by governments to limit thiglong term r 

ius (°C). Despite positive d ments in some 

reased by 1.4% to reach ®igatonnes (Gt) 

p the 2 °C target aliv, 

The world is not on tra to meet the targ 

     
     

  

the average global temperature to 2 degree§ 

countries, global energy-related CO2 emissi 

in 2012, a historic high. Four energy policies: 

  

   

      

   
     

  

   

  

   

    

    
     
    

        

e Adopting specific ene kency measures’ savings). 

e Limiting the construction @ the least-ef: fared power plants (21% 

e Minimizing methane (CH,) er om upstream oil and gas production AeA 

e Accelerating the (partial) phase 

This report also g@mcludes that targe ger) 3 ires would reduce global energy- 

related emissio 1 s ia today. Ensuring the new 

subcritical coal-fired 

ones, would reduce emi 

Methane releases into the atr 

yer built, and limiting e use of the least efficient existing 

Mt in 2020 and also help efforts to curb local air pollution. 

irom the upstream oil and gas industry would be almost 

ise expected. In addition, accelerated action towards 

tuce CO2 emissions by 360 Mt in 2020 and 

halved in 2020, compared with leve 

a partial phase-out of fossil-fuel subsic! 
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enable energy efficiency policies. The report also concludes that the energy sector is not immune 

from the physical impacts of climate change and must adapt, and that the financial implications 

of stronger climate policies are not uniform across the energy industry and corporate str ak 

will need to adjust accordingly. Delaying stronger climate action to 2020 would comg 

$1.5 trillion in low-carbon investments are avoided before 2020, but $5 trillion in 

investments would be required thereafter to get back on track. 

    

   
   

          

   

23) Leveraging Natural Gas to Reduce Greenhouse Gas Emissions. Center for Clin 
Energy Solutions (June 2013). Published online by the Center for Climate and Ene 
Solutions. 

This study states that natural gas is a potent greenhouse gas and the di 

during production, transmission, and distribution may offset the p. 

expanded use across the economy. This study concludes that th 

replacement for coal and petroleum can help out efforts to re 

substituting natural gas for other fossil fuels, direct releases | 

be minimized. 

    ded use of n 

CHG emissions. Alo 

thane into the atmosphere f 

      

    

  

      

    

24) The President’s Climate Action Plan (June 2013). Publi ine by the Executive Office 

       

  

   

     

  

of the President. 

In 2009, President Obama made a commitmentge U.S. gree 

range of 17 percent below 2005 levels by 202 1S i outlines 

Administration will take — in partnership ates, local communities, and the priva 

to continue on a path to meeting the Presid@mt’s 2020 goal. Achieving this goal includes the 
fallaurinea: cutting carhan nalhition in hnilding a 21¢t-ecentoiry tran cfiiet tion 
LULU We. VULUE Va UU PU UUM a 215t~ cencur y Udiog LOL            
cutting energy waste in homes, businesses factories, reducing other gre se gas    

   

    

  

        

Allen et al. (August 2013). Proe eademy of Science of the United 
States of America: Volume 110, pages 17768- 17773. 

This study demonstrates that measure vell completion emissions are lower 

than previously ed. The dat st rom pneumatic controllers and 

sources of methane emi production of natural gas. 
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26) Methane Emission Estimates from Airborne Measurements over a western United States 

Natural Gas Field. Karion et al. (August 2013). Geophysical Research Letters: Volume 40, 
AAD 

Issue 16, pages 4393-4397. 

    

         

       

        

   

  

    

This study uses atmospheric measurements in a mass balance approach to estimate 

emissions from a natural gas and oil production field in Uintah County, Utah. G 

were determined to be 8.8 + 2.6% of natural gas production in the Uintah Count 

gas field. This emissions estimate is 1.8 to 38 times the inventory-based estimat 0 

region and five times the U.S. EPA nationwide average estimate of leakage from the f 

and processing of natural gas. This study demonstrates the mass balance technique as a 

tool for estimating emissions from oil and gas production regions and illustrates the need for 

further atmospheric measurements to determine the representativene: day estimate 

and to better assess inventories of CH4 emissions. 

27) Anthropogenic Emissions of Methane in the United States er et al. (October 20 

Proceedings of the National Academy of Sciences of the d States: Volume 110, Nu 
50, pages 20018-20022. 

This ambient measurement study estimates anthropogenic CR 

for 2007 and 2008 using comprehensive CH observations at 

towers, and from aircraft, combined with an atmosplagme transp 

   budget for 2007 and 2008 of 33.4 + 1.4 Tg ~7-8% of the total 
estimate is a factor of 1.5 and 1.7 larger t 

The study found the EF for PE) pi | stimated in the 

1996 EPA/GRI study (a basis nventory EP 2 le our as opposed to the 

value of 12.45 scf/leak-hour in the | study. Additionally, when compared to both the EF 

for Subpart W (2010) and the EPA Invent! ) 

77% less for leaks from PE pipes. 

    
   

  

    
   

   

This report states that shale 

deadly pollution known as PM 

primarily in the developing world. 

ot only reduce greenhouse gas emissions, but also reduce a 

trently killing over three million people each year, 

Iso concludes that environmentalists should 
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recognize the shale gas revolution as beneficial to society and lend their full support to helping it 

advance. 

        

   

  

    
    

   

    

   

  

30) Reduced Emissions of CO2, NOx, and SO2 from U.S. power plants owing to 
coal to natural gas with combined cycle technology. NOAA (January 2014). 

Earth’s Future: Volume 2, Issue 2, pages 75-82. 

The aim of this study was to compare emission rates from U.S. power plant electra 

units for three air pollutants/GHGs (direct or indirect): CO2, NOx, and SO2, using p 

continuous emission measurement system (CEMS) data. The study concluded that comb 

cycle power plants using natural gas emit on average 44% less CO2, compared with coal pow 

plants. A caveat of the study was that these benefits in emission reducta itching from 

coal to natural gas should be "weighed against the increase in emi BPati le 

organic compounds and other trace gases that are associated 

storage and transport of natural gas.” 

     
     

production, pro     

31) Methane Leaks from North American Natural Gas Syst 
Science. Volume 343, Number 6172, pages 733-735. 

This meta-study reported that methane emissions from both t 

systems appear larger than official estimates. The 

and Canadian natural gas    

  

   and device counts used in inven 

esentativeness." The study reports that high 
    
              

     
    

    

    

      
      

factors; 3.) Small sample sizes; and 4.) "Agf 

contradictory, incomplete, and of unknow, 
mathsane emi 
DUC Uae Vi 

fram the induetry dit that mathane 
S ions hi tHE LAY AIEEE AiUCAL ARIS LILI 

ngineers can develop reliable 

methods to identify and fix the small fractio ych-emitting sources.” 

a are g maior ani\e 
DW abw AMG US wD 

ssibly remote) 

   

32) GHG Emissions Asso of Environmental 
Affairs (February 2014). 

This study was performed in respons 

related to hydraulic fracturing in South 

looking to develop national gas resourgg 

emissions estim 

associated with'v 

LNG export). The 0 

favorable in terms of G 

research is required, particula 

understand the GHG emissions int 

Africa .” 

is environmental impacts. The country is 

ependence on coal. The report analyzes 

med LC. sand provides emissions estimates 

Ses (gas to liquids; ricity generation, direct use, and 

at the substitution of coal for shale gas for electricity is 

s reductions. A caveat is made in the report: “Overall, more 

ect measurements of GHG emissions, in order to better 

   

     

     

      

ale gas extraction, production, and use in South 
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33) Economic Analysis of Methane Emission Reduction Opportunities in the U.S. Onshore Oil 

and Natural Gas Industries (March 2014) Prepared for Environmental Defense Fund by ICF 
International Go    

      

   

   

   

   

  

   

    

   

   

            

    
      

This study developed a marginal abatement cost (MAC) curve for methane reductio 

oil and gas sectors. The study projected methane emissions to 2018 and then iden’ 

characterized available and technically feasible methane reduction technologies A 

largest emitting sectors. The projection estimated that over 90% of emissions in 2 

sources that were in place in 2012. Approximately 80% of the projected emissions w 

of the over 100 source categories. Industry sources provided information on cost and 

performance of the technologies. The analysis estimated that methane emissions could be 

reduced by 40% at a net annualized cost of $0.66/Mcf of methane re 

34) Energy Systems Assessment: Intergovernmental Panel 

Published online by the Intergovernmental Panel on Clim 

This report presents and analyzes previously published emis 

hydraulic fracturing and horizontal drilling have contributed 

in the United States and mentions that increased natural gas 

fugitive methane emissions from conventional and shale gas. 

emissions can be reduced from the power generat 

plants with natural gas combined cycle (NGC | 

(CHP) plants, under the conditions that nat 

associated with its extraction and supply ag     yor mitigated .” The report acknowled = gaps in 

with power ee stating “There is a gap in 
44h. 

seoustaed with 

understanding of methane emissions asso¢ 
a PN pene eR rare geese PTT A 3 

our knowledge CONncel ning fugitive Uli © 

the increasing exploitation of unconventio 
    

        

OHS as well as ad    

from shale gas 
Change: Volume 

35) Toward a better understanding and qua’ 
development. Robert Howarth,and Anthony 
106, Issue 4, pages 670- a 

  

   

  

   

  

   
   
   

    

    

In this study, ambient methane emiss 

the Marcellus shale in June 2012. The s 

(~1.8 ft3/s) per well in the drilling pha c ed tobe 2 to 3 orders of magnitude greater than 

the U.S. EPA es 

fugitive metha: 

states, "Using our to 

contribution (22-62%), an 

the fugitive methane emissiom'® 

to these two specific study dates . 

rasurements, the assumed range of methane from natural gas 

‘reported production rates, we estimate a possible range for 

8-17.3% of production in this region, which applies only 
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36) National Climate Assessment: U.S. Federal Government Advisory Committee (May 2014). 

Published online. 

        

   

   

  

    

    

   

    

   

    
   

Methane emissions from the oil and gas sectors was covered at a high level in this 

comprehensive federal report on climate change in the U.S. The report is produced 

by 13 U.S. federal departments and agencies, including the EPA, DOE, and DOT, 

reported that increased natural gas consumption could reduce U.S. GHG emiss 

with use of other fossil fuels. The report states, “as an energy source, natural gas 

have a major advantage over coal and oil; when combusted, it emits less CO2 per uni 

than other fossil fuels, and fewer pollutants like black carbon (soot) and mercury." The s 7 

posits, “There is considerable uncertainty about these estimates, and it is an active area of 

research. While technological improvements may reduce this leaka 

comparison between natural gas and coal more complex from a ¢] 

37) A New Look At Methane and Nonmethane Hydrocarbon | 

Gas Operations in the Colorado Denver-Julesberg Basin 

Geophysical Research: Volume 119, Issue 11, pages 68: 

Colorado. O&G emissions attributed to the regi 

higher than an hourly estimate based on the @ 

2012. The study concluded: "More top-dow 

emission inventories for dry gas/wet gas/ 

emission mitigation regulations and best 

Repair programs®’.” 

imental Protection 

ies are needed to evaluate 

duction regions and (2) the actual impacts of 

ement practices including Leaks,Detection and 

      

    

  

   

   

   
    

    

      

   

       

     

   

   

Methane emission measurements 1 oil and gas wells. The study 

identified between 280,000-970,000 aba i| and gas wells in Pennsylvania, based on 
historical records. The study used meas iGs data and applied rates to the total 

x rate from the measured wells is 
ja, methane emissions are 4 to 
hane emissions®®." High-emitting 

ified in the study. "Three of the 19 measured wells are 
s govern the average flux, more field measurements are 

Ud be aimed at identifying attributes that aid in finding 

eur in both plugged and unplugged wells®’." The study 
ethane emissions from abandoned oil and gas 

high emitters. Because F 
needed. Such measurement 

these emitters. Leakage was fou 
states that there is high uncertainty re 
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wells due to uncertainties in the number of wells drilled over the years and variability in methane 

emissions per well. Regarding the fact that abandoned oil and gas wells are not included in 
emission inventories, the study states, “This is not surprising since methane emissions 
wells are not included in any emissions inventories, and the implied assumption in ab: 
regulations is that leakage will not occur. The result is a lack of information to quan 
emissions from these wells, which depend on the number of wells and the methan 

well. Both of these are uncertain, which makes evaluating the effectiveness of any 
reduction strategies difficult”?." 

   

   

        

   

        

      

39) Natural Gas Fugitive Emissions Rates Constrained by Global Atmospheric Metha 

Ethane. NOAA. (June 2014). Environmental Science & Technology. Volume 48, Issue 
pages 7714-7722. 

This study used a top down approach to estimate a global methan¢ 

of production, from an estimated mass balance of methane and ¢ ! 

1985-2011. The emissions estimates were based on atmosphe 

data collected by NOAA as well as data published in literatus 

emissions from the natural gas value chain are between 2-4° 

2000. This estimate is higher than comparable inventories 

leakage rate of 1.1-3.2%. The researchers stated in the report 

analysis of key parameters (atmospheric lifetimes, natural gas 

would provide a more detailed characterization 9, 

requires composition data by well type (NG 

detail.” 

e study concluded that 

h a clear downward trend si 
   

    
   

   

        

      

  

40) Evaluation of Impact of Shale Gas Op 
Organic Compounds in Air and Poten 
Science of The Total Environment. V 

          

    
   

  

   
   

   

   

  

tm 
uman Health Risks: A.G. Bu 

68-469, pages 832-842. 

The objective of this study was to evaluate c y-wide exposures to e organic 

compounds (VOCs) in the Bagim@it Shale region. ;     

    

     
ce all below healthel mparison values. 

,acceptable chronic risk and hazard. 

VOCs associated with shafe 

VOCs associated with shale g 

Academy of Scienc ed States: Volume 111, Number 30, pages 10955-10960. 

This study analyzed 75,505 wells 

gas wells in Pennsylvania drilled , 

project was to determine statistics rega 

iance reports for 41,381 conventional and unconventional 

eriod Jan. 2000-December 2012. The aim of the 

ence of well casing and cement impairment. 
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The study does not provide methane emissions estimates from analyzed wells. Shale gas wells 

were found to have higher incidence rates of cement and/or casing issues. The report states 

"Statewide data show a six fold higher incidence of cement and/or casing issues for shal 

wells relative to conventional wells’!."     
      

      

42) Harmonization of Initial Estimates of Shale Gas Lifecycle GHG Emissions fog 

Power Generation: National Renewable Energy Laboratory (NREL) (July 

of the National Academy of Sciences of the United States: Volume 111, Nu 

E3167-E3176. 

This study used findings/results of previous GHG emissions studies to produce new estimate 

lifecycle GHG emissions for electricity produced from shale gas, conventi duced 

natural gas, and coal. The study found that nearly 50% less lifecyclg r 

associated with shale gas-generated electricity than power generat 
      
    

  

    

     
    
  
   

    

  

   

    

            

   

  

   
   

       

   

     

    

  

   

€ 

i irom coal. ; 

nce on lifecycle er 

ding hydraulic fracturing; 

on estimates “be confirmed 

e atmosphere and through 

emissions from a few sources were found to have the greatest 

comparisons: natural gas well completion and re-completior 

well liquids unloading. The report recommends that initial e 

through methane emissions measurements at components ani 

better characterization of EUR and practices””." 

        
   

43) The effect of natural gas supply on US renew, ions: Univers, 
CA, Irvine and Stanford University (Augu 

9, Number 9. 

This study used natural gas supply model 

(no policy, a moderate carbon tax, and 

the U.S. power sector and GHG emission atural gas use 

for electricity will not substantially reduce 

renewable energy technologies, may actuall 1 em in the long 

term.” The study stated that, “ 

emissions is so small that thé > 18a ermine whether the 

overall effect is to slightly reducé ’ 

  

44) Up in Flames - U.S. Shale Oil Boom? 
Increased CO2: Earthworks: Oil any 
online by Earthworks. 

the Expense of Wasted Natural Gas, 

ity Project (August 2014). Published 

    The focus of this 

North Dakota (Ba 

854 million dollars of natut 

to reduce flaring: 1. Drillers m 

Companies should pay taxpayers fu 

aring policies in s (Eagleford shale formation) and 

e study found that ND oil companies have flared more than 

e 2010. The study makes the following recommendations 

@plan in place to limit flaring before drilling begins; 2 

lue for gas that is flared; 3. States should track 
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how much tax drillers pay on flared gas and which drillers are paying; 4. States should 

implement measures to track the amount of gas flared and vented; 5. Regulators should tighten 

enforcement on companies that flare illegally in main natural gas producing regions ir 

    

    

      

   
   

45) Greenhouse Gas Reporting Program: Environmental Protection Agency (Se 
Program data available online by the EPA. 

The GHGRP is mandated by the U.S. Congress and described in the U.S. Code OM 

Regulations Title 40, Part 98, established by EPA in 2009. This regulation requires o 

across various industrial sectors to report GHG emissions from specific emission source 

Reporting requirements for methane emission sources in the oil and gas sectors are described 1 

Subpart W of the federal regulations. The reporting requirements ar ilities that 

emit 25,000 metric tons or greater of GHG emissions (expressed jaf 

eight oil and gas segments: onshore production, offshore prod 

natural gas transmission, natural gas storage, natural gas distr 

(LNG) import and export, and LNG storage. In 2014, 2,369 

reported a total of 236.1 million metric tons (MMT) of GH 

methane emissions of 73.0 MMT CO2e . 

    
     

      

          

   

ion, liquefied natural g 

ties across all oil/gas segm 

sions (CO2e), including 

roduction 1 in North 46) Remote Sensing of Fugitive Methane Emissions from Oil 
et al. Earth’s 4 American Tight Geologic Formations. (Oct 

Future: Volume 2, Issue 10, pages 548-55 
    

   

        

   

  

    

    

    

        

es associated with the oil and gas ‘indtstnes can 

regional emissions can be constrained using 

This report states that positive methane ang 

be detected from space and that correspo 

atellite observations. On the basis of a ce approach, this study’ estimates that methane 

emissions for two of the fastest growing p he Bakken and 

Eagle Ford formations, have increased by 9 H4 yr-1 

between the periods 2006-2008 and 2009-20 ases in oil and 

gas production, these emissi 3% and 9.1% 

+6.2% in terms of energy con’ estion and Indicating 

47) Reducing Methane Pollution from oduction on America’s Public Lands. Claire 
Mose, Nidhi Thakar, and Matt L : 2014). Published online by the Center 

This publication pr 

federal lands and water: 

five years based on review oPU 3 

methane emissions may have bee 

feet). The article states, “policymakers' 

tes of methane emissions from energy production on 

hat flaring activities have significantly increased in the past 

tment of Interior (DOJ) data. The publication cites that 

8.1 million metric tons in 2012 (~420 billion cubic 

eriously address the larger problem of 
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fugitive methane emissions from energy production on public lands and waters.” The article also 

states that fugitive methane emissions from “well-site processing, production, and other 

    

  

   

      

  

upstream, midstream, and downstream activities” are greater than “even the highest e 

methane emitted from venting and flaring.” 

48) Renewables cutting US emissions more than gas as coal consumption drop 

Boren and Lauri Myllvirta. (October 2014). Published online by Greenpeac 

This report presents findings from a new analysis by EnergyDesk, which asserts tha 

energy, not shale gas, is the biggest cause of the fall in U.S. emissions from coal use.” The%@ 

states, “Between 2007-13 the US experienced the largest fall in coal usage ever experienced by 

any country, with renewables, energy efficiency and shale gas tog 

and that “the data shows that the fall US coal consumption since 

to reductions in demand and an increase in renewable generati 

      

   

    

     

      

   
   

  

      

      

  

ased Use of Natural Gas. 

ssue 7523, pages 482-485. 
    

49) Limited Impact On Decadel-Scale Climate Change from 
Haewon McJeon et al. (October 2014). Nature: Volume 

The most f importante energy development of the past dena 

natural gas hare been ae debated. Some r 
substituting for coal could reduce carbon diog 
non-CO2 greenhouse gas emissions ass 

emissions higher than those of coal. This 
supplies of unconventional natural gas do 

emissions or climate forcing. The resi 

integrated assessment models of energy—e¢ 

abundant gas scenario, project large additiot 170 per cent by 
2050. The impact on CO emissions is fou cent to +11 per 
cent), and a majority of the els 3 ase in cli ing (from -0.3 per 
cent to +7 per cent) associaf 1 e results show that 

  

   ased on simulations from 

y—climate systems indep 

ural gas eae tea of u 

state- of- the- art 

a forced by an     

  

   

  

   

  

             

     

50) Four corners: The largest US me viewed from space. Eric A. Kort et al. 
(October 2014). Geophysical Rese é ne 41, Issue 9, pages 6898-6903. 

This article sut 
Michigan on metha’ 
The article describes that, 
2,300 square miles near the 

Utah is “responsible for produ 

a by NASA and the University of 

‘in the vicinity of hydrocarbon production sites in the U.S. 
scovered one “hot spot,” covering an area of approximately 

s intersection of Arizona, Colorado, New Mexico, and 

largest concentration of greenhouse gas methane seen 
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over the United States — more than triple the standard ground-based estimate.” Specific 

identified/compared methane concentrations were not cited in the online article. 

   

   

    

  

51) Fifth Assessment Report (AR5): Intergovernmental Panel on Climate Change 
2014). Published online by the IPCC. 

This report publishes updated Global Warming Potentials (GWPs) for GHG gas 

concludes that “continued emission of greenhouse gases will cause further war 

lasting changes in all components of the climate system, increasing the likelihood o 

pervasive and irreversible impacts for people and ecosystems. Limiting climate change 

require substantial and sustained reductions in greenhouse gas emissions which, together wit 

adaptation, can limit climate change risks.” Regarding GHG mitigation, posits, 

“Mitigation options are available in every major sector. Mitigatior 

using an integrated approach that combines measures to reduce 

gas intensity of end-use sectors, decarbonize energy supply, r 

carbon sinks in land-based sectors.” 

  

         
    

            

   

  

     
   

ise and the oR 

net emissions and e    

52) Fracking Fumes: Air Pollution from Hydraulic Fracturin. 

Communities. Tanja Srebotnjak and Miriam Rotkin-Ellmé 
online by the Natural Resources Defense Council. 

This report states that there is mounting eviden 

threaten the health of nearby communitie 

have the right to protect themselves by restg 

jurisdictions. Where possible, ongoing un¢é 

hold to conduct comprehensive health ass 

technologies should be allowed to procee 

pollution and with no moratoria, strong safé 

pollution. 

     

   

    
   

ediate protections are 

12 or prohibiting these techniqttés 

ntional oil and gas development should be put on 

nts before determining whetheg.or how these 

eas already bearing the bru : acking-related 

s are needed to control em nd limit      
   
   

    

   
       

    

   

53) Methane Emissions Dec i Oil and Gas 

Published online by Energy 

ecember 2014). 

This is an infographic by “Energy in D 

gas basins: Raton Basin (Las Vegas), 

Permian Basin, Coast Basin, anda 1, 

methane emiss what are iden 

ing methane emissions decline in top oil and 

mA ppalachian Basin, San Juan Basin, 

@igraphic shows a linear decrease in 

top oil and gas basins. 
     

    

    

     

54) Methane Emissions} 

States: Pneumatic Cont 
Science & Technology: Volt 

Equipment at Natural Gas Production Sites in the United 

vid T. Allen et al. (December 2014). Environmental 
mber |, pages 633-640. 
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For this project, emissions from 377 gas actuated pneumatic devices were measured at natural 

gas and oil production sites. The study found that higher average emissions per control and 

average controllers per well than estimated in the 2012 U.S. Inventory. The study concl 

emissions from pneumatic controllers could be 17% higher than the estimate in the Ug : 

Inventory, based on multiplying the average measured pneumatic controller emissi 

count of pneumatic devices published in the 2012 U.S. Inventory. The study foung 

subset of devices (19%) accounted for 95% of emissions. 

   

    

    

    

  

     

   

55) Methane Emissions from Process Equipment at Natural Gas Production Sites in th 
States: Liquid Unloadings. David T. Allen et al. (December 2014). Environmental Scie 
Technology: Volume 49, Number 1, pages 641-648. 

In this study, methane emissions from liquids unloading operation 

without installed plunger lift systems). The study concluded th: 

central estimate of emissions from unloadings are within a fe 

the EPA GHGI, with emissions dominated by wells with hi 

study found that the majority of wells without plunger lifts u 

with emissions averaging 21,000—35,000 scf methane (0.4— 

plunger lifts, average emissions were between 1,000—10,000 : 

ata suggest 

ent of emissions esti 

quencies of unloadings .” 

ed less than 10 times per ye 

2) per event. For wells with 

thane (0.02—0.2 Mg) per 

      

    

   

    

    

   

   

  

   

     

     

   

   
    

    

  

   

    

  

event. 

56) Quantifying Atmospheric Methane Emiss the Haynesvil 

usses measurements of me ; ken abo: -3D research 

ome: in 2013 over the Haynesville shale ouisiana, the 

Fayetteville shale region in Arkansas, and t of the Marcellus 

shale region, which accounted for the majorit n that year. The 

The natural gas loss rates from the .Fayetteville, and Marcellus study regions are 

within the range of emissions estimated et al. [2011] from the routine venting and 

equipment leaks of shale gas wells of Q } ould represent the minimum day-to-day 

emission from duction region. Sare lower than the threshold set 

by Alvarez et al%@ act of using natural gas as a fuel in 

power plants would fmat of coal. 

    

57) Methane Emissions from 
Sector: Measurements and Cor 

as Compressor Stations in the Transmission and Storage 

g with the EPA GHGRP Protocol. Subramanian et al. 
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(February 2015). Environmental Science & Technology: Volume 45, Number 5, pages 3252- 

p20]. 

      

   

      

   

   

Site level methane emissions were concurrently measured with downwind-tracer-flux 4 
at 45 compressor stations in the natural gas transmission and storage sector. The re 

that at most sites, these two independent estimates agreed within experimental ung 

development would be improved by requiring more direct meé 
opposed to using counts and emission factors), avoiding the use gif 

exclusions such as rod-packing vents on standby pressurize 
using more appropriate EFs for exhaust methane from reciprogg 

  

     
   

      

     

  

     
   

   

      

   

    

  

   

    
    

58) Methane Emissions from Natural Gas Infrastructure an 

Massachusetts. McKain et al. (February 2015). Proce 
Sciences of the United States: Volume 112, Number 7, 

im the Urban Region of Bo 

s of the National Academy ‘ 

In this study, atmospheric methane concentrations w 

2012 through August 2013 at two locations near £ 

outside of the city. The study concluded that ¢ 

transmission, distribution, and end-use wa 

study reported that this emissions estimate 

emissions inventory which reported meth 

the state. The study report stated, “The ful 

fossil fuels will only be realized through act 

atmosphere, including in receiving areas su 

  

higher than that indicated by Massachusetts state 

issions to be 1.1% of natural gas consumed in 

n place of other 

to the 

59) Measurements of Methagi bs SION: ne ities and Processing 

Plants: Measurement Res in L. 2015). Environmental 
Science & Technology: Volumé 

In this study, ambient measurement tec sed to sample methane emissions from 114 

gathering facilities and 16 process flants. rements were made using a mobile 
laboratory to pgt# downwind tf 

analyzed to coms Its. At 
from 0.7 to 700 kg 
plants. A cumulative niet 
kg/h, and a cumulative mefl 
kg/h. 

    d methane emission rates ranged 
ereas emissions ranged from 3 to 600 kg/h at processing 

sions rate from all gathering facilities was found to be 6,300 
ons rate from all processing plants was found to be 2,700 
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60) Data Show Texas Ozone Levels Are Not Driven by Fracking. Steven Everly. (February 

2015). Published online by Energy in Depth®. 

  

   

  

   

    

       

    

  

   

  

     

     

  
  

    

       

     

     

  

This publication concluded that “a closer review of publicly available data suggests 

credible link between ozone nonattaiment and development of the Barnett shale, o 

much of the Metroplex sits.” The report states that “data from the Texas Commisg 

Environmental (TCEQ) — which operates the most comprehensive air monitori 

area — show that vehicular emissions actually far exceed those emanating from 

activities.” 

61) Air tests of 5 Barnett Shale wells being hydraulically fractured show no harmful emissions 
(February 2015). Published online by the Barnett Shale Energy Ed i 

    

   

    

In this study, air concentration of VOCs, suspended particulate 

collected at a 600 foot radius from a well pad in the City of N 

that both during hydraulic fracturing operations and the initial 

observed VOCs were noted above the comparison criteria.” 

demonstrate that hydraulic fracturing does not produce harr 

    

  

| flowback period, “non 

tudy concluded that “the res 

vels of emissions.” 

62) Lite Cycle Greenhouse Gas Emissions from U.S. Liquefied 

Implications for End Uses. Leslie S. Abraham: 
Science & Technology: Volume 49, Num 

| Gas Exports: 

This study analyzes how incremental U.S 

greenhouse gas (GHG) emissions. The re 

precombustion emissions of 37 g CO2-eq 

emissions of LNG exported from U.S. po 

3.5-5.5% of precombustion life cycle emis 

J when regasified in Europe agd Asia. Shipping 

Asian and European markets 
   

GHGs. 

63) Direct Measurements Shé sl | Gas Local 

Distribution Systems in the n 2015). Environmental 

direct measure 

an estimate of 393 Ge 

70% less than the 2011 

regulating stations, improvem 

potential effects from differences aie 

specific emission sampling results, the: 

year) of emissions was calculated - "This estimate is 36% to 

ry and reflects significant upgrades at metering and 

detection and maintenance activities, as well as 

ogies between the two studies”*." Regarding more 

states, "We found that three large leaks (34.9, 
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22.2, and 4.9 g/min - respectively, 1.8, 1.2, and 0.25, scfm - from unprotected steel main, 

protected steel main, and case iron main leaks, respectively, accounted for 50% of the total 
TAw    

      

   

  

    

    

   

      

   

measured emissions from pipeline leaks 

64) Cutting Greenhouse Gas From Fossil-Fuel Extraction on Federal Lands and 

Moser et al. (March 2015). Published online by the Center for American Pro 

This study concludes that federal lands and waters could have accounted for 24 pe 

energy-related greenhouse gas emissions in the United States in 2012. Combustion of coa 

federal lands accounts for more than 57 percent of all emissions from fossil-fuel production 

federal lands. Methane pollution from venting and flaring from onsho 

than 51 percent between 2008 and 2013, according to governmentd 

65) Untapped Potential- Reducing Global Methane Emissio: 
Kate Larsen, Michael Delgado, and Peter Marsters. (Ap 

Rhodium Group 

The report asserts that significant profits are lost due to escaped gas from global oil/g 

operations. It concludes, “based on the best current d 3.6 trillion cu 
     

  

      
    

    

  

st revenue at average 20 

’ The reports also notes, “The global methane 

e more detailed and robust than anything 

le, up-to-date estimates for Ba@st countries. 

lar reporting are critical to ve our 

Mchallenge and to inforn 

wasted gas translates into roughly $30 billi 

and about 3% of global natural gas producti 

emissions estimates includes in this report; 

currently available, are limited by a lack 

Better national inventory practices and m 

understanding of the scale of the methane | 

strategies.” 

  

    
       

   

    
   

      

66) Union Township Air Mo : . Profes : Inc. (April 2015). 
Published online. os : 

Professional Service Industries, Inc. (PS mbient air quality monitoring in three 

ants from the drilling and fracking process, including: total 

(hydrogen sulfide (H2S), NOX, carbon monoxide and 

by residents in the vicinity of the well. 
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67) U.S. Greenhouse Gas Inventory Report (1990-2013): Environmental Protection Agency 

(April 2015). Published online by the EPA. 

          

   
       

  

   

    

  

   

  

   
     
      

    

     
   

   

     
    

    

ite. 

EPA develops an annual report called the Inventory of U.S. Greenhouse Gas Emission 

Sinks (Inventory). This report tracks total annual U.S. emissions and removals by so 

economic sector, and greenhouse gas going back to 1990. 

Key findings from the 1990-2013 U.S. Inventory include: 

e In 2013, U.S. greenhouse gas emissions totaled 6,673 million metric tons of 
dioxide equivalent. 

e U.S. emissions of s mcreased by 2.0 percent from 2 
can be attributed to multiple factors including increase 
generation, an increase in miles traveled by on-road v 
production and emissions in multiple sectors, and ye 

weather. 

e Greenhouse gas emissions in 2013 were 9 percent b 

  

68) Unconventional Drilling Emissions Inventory. Pennsylv 
Protection. (April 2015). Published online by the PDEP. \ 

from 2012 levels: 

isadtise LELVALD EwWNEEL GEENED Sulfur dioxide — 57 percent incre 

Volatile Organic Compounds — 19 t increase 

Particulate matter — 12 percent incré 
Methane — 13 percent decrease 

Nitrogen oxides -- 8 pgfeent increase 

Carbon monoxide — I 

69) Spatial distribution of unconv i 

Shale in the United States. Yelena 
Applied Geography: Volume 60, pa, 

A st Virginia, and Ohio. The study identified localized 

ents in the vicinity of gas production sites in Pennsylvania and 

Lindividuals with a lower level of education in the 

production sites in PeHims 

clusters of poorer and eld 

West Virginia, and those of c 

vicinity of sites in West Virginia 
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Operations in the Barnett Shale Region, Texas. Robert Harriss et al. (ful 
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This meta-study concluded that methane emissions from the Barnett shale region y 

approximately 1.5 times higher than those estimated in the U.S. Inventory, by cg 

analyzing both previous top-down and bottom-up emissions studies. The study 

main reason the bottom-up inventory emissions estimate exceeded the Inventory esti 

due to the including of more gathering compressor stations, “whose emissions are compare 

mainline transmission compressor stations.” 

71) A Comparative Analysis: Methane Emissions Studies of Natu. 
Innovative Environmental Solutions, Inc. (September 2015) 4 
Interstate Natural Gas Association of America (INGAA). 

This report is a comparative review of papers published in t st five years related to methat 

emissions from natural gas operations. According to this r 

    

       of conclusions. These 

Mitom the 1996 Gas 
e In 2011 and 2012, life-cycle analysis studies reached 

studies did not introduce new emission data but relied o {       

        

   

    

   

    

    

e Reports published in 2012 and 2013 dit ages ana Say estimates a are ina 
on atmospheric measurements. Thé 
because of the “inability to attribut 
extrapolation of short duration (e 

inventory.” 

e Papers published in 20 iewed ¢ iterat stated Taat data gaps have 
limited the ability to al ifferene 4 studies used the 
term “super emitter” {6 
emissions distributions.” 
analyzed to better utiderstand 

e Some publications published in 
new measurement data from th 1 abL Defense Fund, academic institutions, and 

ta gaps need to be 
missions and large emission sources. 

      

  

remission estimates. Other recommendations include “data 
sollection ‘tiles ‘ equipment sites, mobile monitoring schemes, and regional 
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The Sustainable Gas Institute (SGI) reviewed information on the extent of methane 

emissions in the natural gas supply chain. The review focuses on “the range of e 
estimates, the associated uncertainty, and the methodological differences.” The 
conventional and unconventional wells, and includes the “exploration, extracti 
transmission, storage and distribution of stages of the natural gas supply chain, as W 
Liquefied Natural Gas (LNG) process.” 

The key findings are: 

e The range of estimated greenhouse gas emissions across t 
2 and 42 g CO2 eq./ MJ HHV (Higher Heating Value) < 

potential of 34 for methane. 

   
e The key emission sources identified within the litera are from well completions, 

liquids unloading, pneumatic devices and compresso 

e Super emitters are a small number of high-emitting f pthat are skewing the 
emissions profile at every stage. 

   

   

  

   

    

   

   
     

    

   

  

« ‘This report estimates that the total sup @in emissions sho 
2.7-32.8 g CO2 eq./ MJ HHV with af 
modem equipment with appropriaté 
However, there is significant pote 

e Emissions estimates also vary gr estimation. 

¢ Further research is req chain GHG 

emissions could be redu 

This paper atterip! ik 

benefits of using na ed to coal?” This study makes the following conclusions: 

@ Replacing coal-fired 

reduce global greenhous 
emissions of carbon dioxide 

wer plants with ones using natural gas as a fuel can help 
as. New high efficiency natural gas plants reduce 

they replace a typical 33% efficient US, UK, or 
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European coal plant, for the same electric power generated. If they replace future coal 

plants, carbon dioxide reductions of about 50%. 

e Methane has a high greenhouse potential, and opponents argue that even if one or, 
percent of the gas leaks, the advantage of natural gas over coal would be negat 

e ‘This estimate is incorrect; over a 100 year time span, an implausible 12% o 
natural gas used today would have to leak in order to negate an advantage 
best current estimates for the average leakage across the whole supply ch 

3%; even at 3% leakage natural gas would produce less than half the w: 
averaged over the 100 years following emission. Half this 100 year averag 

the first 10 years; three-quarters from the first 20 years; the warming at 100 yea 
almost entirely from the (relatively low) CO2 produced from burned methane, not 

the leaked methane itself. 

e An additional reason to produce electric power from natural 
advantage of natural gas is enormous; after 100 years, onl 
in the atmosphere, compared to 36% for remnant carbon 
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