Comments Receiveduting the Public Review Period onthe
Inventbry of U.S. Greenhousé&sas Emissions andSinks:
19902012

Commenter: Giles Ragsdale
AECOM

Comment: Regarding chapterES.2.1 My opinion is that une this recent trends @ragraph, ndae
should bdaken of theresults ofFigure ES-15. Thereis a positive sty to tell in that aspite
increased population andRed GDP, emissionsgy capitaand per $GDP lave been trending
dowrward sirce 1990and by more than anegligible amount.

Comment: Regarding figureES-3: | think the title should besvised. | might beconfused, butl
do not think thedata on thegraph reflect thetitle of thefigure. | see thateadc yearG annual total
compaed to 1990 isepresented, butl do not ge the iCumuktive Changed notedin thetitle.
For cumulative change, it would seem that 1991would be-25as noed, but1992 would bé&2,
1993 would be&61,etc.

Commenter: William Herz
National Lime Association

Comment: In resporse to thelast iteration of EPAG &reenhouseGas Inventory Draft, published
in March of 2013,NLA submitted comments thet recommended EPA disontinueusingthe
IPCCemission fctors toacmunt for LKD emissionsand that the gency also take into acount
CO2emissions fom off-spec lime, scrubber sludg, and othemwastes. Acopy of NLA previous
comments is inclueéd in Attachment 1. This issueontinues to beimportant to NLA membe's,
not orly to helpensue the completenessand accuracy of thedata EPA pullishes but also to
ensuringthe achievementof EPA& stted goal of agreement andalignmentwith the GHG
mandtory reporting system.

Curently, EPA cdcination emissioncdculations ely sdely on outpu-based emission &ctors
from thelPCC 2006 GG Guidelineswhichwe believe are outdaed. Central to theNLAG
previous comments were recommendations toadopt eccurate clcination emissonscaculation
methodolgy for:

1 Lime Prodcts; and
1 LimeKiln Dust(LKD); and
1 Off-spec lime, crubber sludge and othemwastes.
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Each of our recommendations wes based on analysis ofactual production data, including CaO
and MgO «ide contents of limeand LKD, which had been provided toNLA by menber
companes. Theseresultsof this datavere incorporated in thecomments NLA submitied to your
office lastyear. The comments together with thedata we provided, should besufficient to
provideEPAwith the basis t@enerate mae accurate emissionsestimates for LKD and other
lime products (including of-spec lime and srubber sludg).

In sum,NLAOG sarliee comments corluded hat while thelP C C 6 s t-lwasedtagproadc for
estimatingcdcinationemissions fom U.S. limeproducts may be accurate as to theoverall data
to be published, it natheless undestaes emissions fom LKD and otler byproducts andwastes
generated in theUnited Staes. For that reason,NLA recommended that limecalcination
emissions benultiplied by afactor of 1.06(not 102) toaccount for LKD and afactor of 1.02 to
acount for wastesgeneratedat lime plants; mither of theseare currently accountedfor which
we believeis acritical eror.

When thecurrent Draft Inventory of U.S. GeenhouseGases and Sinks 190-2012 was published
on February 21, 2014, itwas disgppointingthatnoneof our recommendationsconcerning the wse
of more accurate correction factors had been adoptedand EPAcontinued to rely on the outdaed
IPCC fctor of 1.02 to acount forLKD. Likewise, EPA took ncadion in relation to of-spec
lime and othemwastes.

As we stressed in oupreviouscomments cormerningtheealier draft, NLA conclusionsand
recommendationswere premised on ourbelief in theneeal for EPAG published da to be
acarate; espedally whenNLAG memlers are willing to supplerent theagencyd satawith
acairate data of their own. BecauseEPA relies lely on the aestiorable IPCCLKD generation
rates, @cination emissionscontinueto be uneérstated. Accordingly, we again urgeEPA toadopt
our recommendations; if there are othersupporting data we can also provie that wouldadd
furtherweight to and/or suppat for our recommendations, peaselet us krow.

In addition, werecognize that EPA las asubsantive interest in having boththe GHG Inventory
and the Mandatory GHG Reportingsystem ben agreamentas much as passible. This is
important not orty for EPAGs credibility but alsofor the publids and stekeholdas 6
understanding of theseissues. In this regard, as we staked in our pevious comments:

Lime Kiln Dust

f...based ondata reported to NLA from our nembers, emissions fom generating LKD account
for about 6%of cdcination-related emissions fom limemandaduring (in 2011, it vas 5.8%).
Cumrently the IPCC multiples lime poduct-related emissionsby a ficorredion fact o of D.02to
acount for LKD. The IPCC Guiddines adknowledge that this carection factor for LKD is
borowed from its clapter on cement, whch in tun explains ttat thefactor for cement kiln dust
(CKD) is relatively low becaisemost CKDis recycled back into the pocess.
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By contrast, thelime industy does notrecycle LKD back into the pocess, and thus barowing
such afactor to accountfor LKD-related cacination emissions is inapopriate.

EPAG rdiance on thelPC C A.KD generation rate of 2% (ratherthan 6%) understates
cdcination emissions fom our nembes aloneby 535,610 tons. Thiss rowghly 5.4%of our
memler dofal emissionsand twenty times theunderstated @lcination emissions éscribed
ealier for lime products.o

Off-Spec Lime, ScrubberSludge, and Oher Wastes

AThelPCC Guidlines do not todke into acountcdcination emissions resultingrom wastes
commorly generatedat lime plants €.9. off-spec lime thet is not ecycled, scrubber sludge).
Again, bagd on 2011datareported toNLA from ourmemters, c@lcination emissions fom
production of such wastes acount forappraximately 1.7%of total calcination emissions, or
256,000 tons. To adessthis omission, weecommend that EPA multipy quicklime cdcination
emissionsby afador of 1.020

Corclusion:

NLA believes thedeficiencies in theproposed inventory are significant and should becorreded.
In theaggregate, EPA has urglestimatd lime emissiondy appraximately 814,000 CO2 tons;
as the df-spec materials generate 256,000 tons (complely unaccountedfor in the inentory)
and 535K tons (théifferencein LKD emissians when utilizing the correct emissionsdctor;
(854K 319K)). Thisrepresents an uderestimae of appraximately 5.1%, which is not

insignifi cant.

Commenter: Marlen Eve
USDA Animal and Plant Health Inspection Service

Comment: Exeautive Sumnary:

Page 1 lines 2-30: Excdlent!

Page 2 lines 9-10: Needed for effective compaison.

Page 5 Figure ES-3: Very impressiveand encouraging trend!

Page 10 lines 10-14: This isexcdlent i it enablesan accurate sedoria picture otheawise difficult
to estimag.

Page 14 lines Z7-31: Noteworthy point that tehnology improvementscan besoeffedive in this
area
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Page 15 lines 9-10: Goodto seehis point nadein Summary i an areaUSDA is researching and
still in need of improvement.

Page 16 lines 19-21: Sugestsan areain nead of moreoversight and egulation in afast growing
industy.

Page 17 line13: Naeworthy effect of improved land-useand forestsas snk. Questioni why

have thesesinks not ireased since 20077 compared to notble improving trend over 1998-
20047

Page 20 lines 7-10: Goodpoint to note not surethis is widkly recognized i and how dfficult it
is to manage for lower levels. This is aclearly-needed USDA research area.

Page 20 lines 2-30: Gad to mention inExeautive Sumnary given this isa problematic areain
many developing counties includingChinaand India.

Page 27 lines 7-9: Goodpoint to nekei it identified an areathatcould benefit from future
research.

Page 5 line 27: Is this \ery long tableneaded in Exeautive Sumnary?

Page 11 line15: Reference that lowfuel prices during period 199-2012 inpart contributed to
increase in number of vehicle miles. Hopefully this can besubséantiated through eanomic
compaisoni | think fud prices inaeased consicerably during this period relative to other
consuner prices. Andwhen | look at somenternet sites suches:

http://mwww.infl ationdata. com/inflation/images/charts/Oil/@soline_inflation_chart.htm, they

sean to rflect that thestaement that gs cost hagemained low and thus e conclusion that this
leads to inceasein numler of vehicle miles could be chall enged.

Page 17 lines 17-18:Is this vay long talde needed in Exeautive Sumnary?

Comment: Introduction

Page 13 linel: Very good summaryof al input souces of data and expertise in onediagam!
Comment: Agriculture

Page 1 lines 5-8: Very good way to focus on vhat is critica in agriculture practices!!

Page 1 lines 16-20: We lik ed this yp-front sumnary and focus on what is critical!
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All pages: Thereis agreat abun@nce of numbers, infformational statements, tabks and some
figures. Thedetails @an be overwhelming but weview the £xt and sipportingdata as essential,
comprehensive,wel-balanced, and sugrbly organized by easy to real, consistent sdions on
ead souce of non-CO2GHG. The methods usedhould beof value to oher countries as agole
mo d en wiet datais needed and on howto asgss unertainty and apply verificationsand

recd culations.

Overdld comprehensiveand well -written chapter on aifficult subject.

Several locations in theChapter: There are references to numbeirof céatle/dairy céttle
increasing/decreasingbut overall CH4 emission inceasing due to digestibility. | can look at
some tends in theNASSthat would indcate thet thetrends in numbes of cattle seted dord
guite coincidewith my quick review of NASS. But they do stte alot of adjustments i they
madeto thenumbes thatl dond tave the timeto work through. And I definitely dond havethe
badkgroundon dgestibility i few, if any, in Veterinary Services would. So tan Ovdlidate or
refute, and would not vant our krief review to beconsidered a fipeer reviewo. | would hopethat
this setion and othes in thepaper have been appropriately peer reviewed to avoid any improper
conclusions avelopedwhich could havean unduenegative influence on animal agriculture.

Comment: Land Use, Land-UseChange, and Forestry:

All pages: Ascommented on Agiculture Chapter we note tlat there is agrea abunance of
numbes, infaomationalstatements, éblesand smefigures. Thedetails can beoverwhelming

but weview the £xt and suppding data as essetial, comprehensive,well-balanced, and

superbly organized by easy to read, consistent seions onead souce of GHG. Themethods
used should bef value to othercountriesasadole model 6 wietrdatais needed and on how to
assess urertainty and apply verifi cationsand recdculations.

Overdl: Comprehensiveand well-written chapter on adifficult subjest. This caegory is
espedally important to developing countries where land usés in flux and where practices such
as farest cutting and clearing, fire use, and extensivedegradation by grazing is wide-spread.

Comment: Recalculations

Page 1 lines 2-4: We fdit this is oneof themost mportant chepters in the Rport given it
provides aprotacol andverification annually of the estimaes. It has thesalutarybenefit of
credibility of estimaed madegiven they are constaniy under re-evaluation as rew data (past and
present) and methodsare developedand accessed. Someof thechanges appea large in
magnitudei but this nay not be unusa where only imprecise data was avail able initially.

Possilby add asummay or atabubtion of what this report achieved in theway of new dita, new
methodsand rew findings that were not mainstream in prior anal yses and thinking.

We notewith interest some por assumptions (or simpladk of information orawareness) on
aspeds of agricultureand land usé forestry of spedal interest. Someof thesenew perceptions
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are now and in theimmedégte futurewill be important in a-going and future negotiations ower
landand land pactice monitoringby different countries.

Commenter: Marlen Eve
USDA Agriculture Research Service

Comment: Agriculture chapter: Pagel line6:

Seams to impy C removal is othy related to laml-usechange. Assumingother management des
not havean impaa?

Comment: Agriculturechapter: Page 1 line 18:
flothercroppingpracticesd alittle vaguei such as?
Comment: Agriculture chapter: Page 2 lines 1617:

AThesenon-ruminants emit significantly less G144 on aper-animal-massbasis tharmruminants
becaisethe cgpadty of thelarge intestine to praduce CH4 is lower.0

Add éerthaoiwarumen.

Comment: Agriculture chapter: Page 9 line 20:

fié increasinguse of liquid manuremanagmentsystems, wheh have higher potential CH4
emissions thn dry systems.o Are thereany estimaes on theadoption ofmethanecapture fom
liquid manure?

Comment: Agriculture chapter: Page 29 line3-4:

This nterce needs to baewritten without all thefinots:0

fiHowever, renewal of pasturethat isnot rotatedwith annwa crops a@casiondly is not common
in theUnited Sttes,and isnot estimaed . 0

Comment: Agriculture chapter. Page 30:

In general DAY CENT appeas to perform well, but recent work by Campbell etal., 2014
suggestion DAYCENT may underestimateN20 emissionsiiOveral, DAYCENT performed
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well at simukting stoveryields and lowN20O emission ates,reasorebly well when simukting
theeffeds of management practices onaverage grain yields and SOQ@hange, and poaly when
estimatinghigh N20O emissions. Thsebiases shald beconsidered when DAY CENT is used as
adeasion support tooldr recommending sustinable corn stoer removal practices toadvance
bioerergy industy based on corn stoer feadstockmaterial .(Gampbell et al., 2014. Thus,as
moreempirical data becomesavail able it could beused to improveDAYCENT.

Comment: Agriculturechapter: Page 41 Table 6-27:

Key Assumptions foEstimatingEmissionsrom Field Burning of Agricultura Residues: Is it
correct that this is efers only to residue hat are burned in thefield or doesit includeresidues
harvested and buned for energy i clarify.

Commenter: Other
USDA

Comment: Page 6-7, linel 8 : imont msredatehid 6ol d b e

Commenter: Carrie Reese
Pioneer

Comment: Gas Well CompletionsMorkovers with Hydraulic Fracturing:

Pioneer commends ERA's consiceration of stakeholdercomments to the 213 Inventory and
subsegent development of control technology-spedfi ¢, net emission &ctors for gas well
completionsand wakovers with hydraulic fracturing. This appoad m&es use oaamore
comprehensivedata st and provides geater transparency regarding EPA's acounting of
emissions eductionscaried outby the industy. However, Pioreer feds that this methodology
can still be improed upon.

Emissions gentified in the GreenhouseGas Reporting Program (GHGRP)for 2011and 2012
are based onengineering estimats and bkest a\ail able monitoringmethod4dBAMM) in addition
to direct measurements.In Pioree’s initial review of 2011 and 2012 GIGRP ditafor "HF
completions thet vent', average emissions pr event (Mg CH4) computd by an estimation
methodolgy appea to be nealy tenfold that ofdirectly-measured emissions. Untikthereis
furtherunderstanding of the reture of theseevents, Pioneer suggests that EPA evelop contol
technology-spedfic, net emissions &ctorsfocusing on measured data from the GHGRP and
measured data contributed by other accepted souces.

Publisked by the University of Texas at Austin in Septemler 2013, Measurements of Mithane
Emissionsat Natural Gas Prodiction Sies1 @Allen, et. al) quantifies emissons fom 27 gasvell
completions in multipleproduction regions. Representativegas well completionsfrom nine
operators, whch conduct about halfof al new well completions, were sampled. The
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measurementresults, aproduct of peer-reviewed, scientificdly-robust,and fully-disclosed
methodolagy, present abasis to consier thereasonableness of otler data provided uncer less
controlled circumsances.

Referred to in the 2014nventory, the November 8, 2012 doumententitled "Inventory of U.S.
Greenhowse Gas Emissionsnd Sinks: Updting Emissions Estatefor Hydraulicdly Fractured
Gas Well Completionsand Workovers', identifies fourcategories ofevents and proposes new
emission bctorsfor eat of thesecategories. The following tableprovides a compaison of the
EPA emission &ctors in the2014Inventory to themeasurementsreported by Allen, et al.
{2013). Thestudy reports emissions dta for completion flowbadks only, with no nessurements
for workovers with hydraulicfraduring.

Type of compktion flowback EPA ObservedEmission
or workover Emission Factorfrom Allen, et
Factor al., (2013)

Wellsthat vent without flaring or 41 083 (observed mean)

Reduced Emisgon Equipment (REC) 08-124(range)*

Wells that flare (withoutREC) 5 Not observed

Wells with RECthatdo not flare 3 4

| Wells with RECthat flare 6 15-B

*The wells that vented without flaring or REC obseaved by Allen, et al. (2013 had much lower potential
emissions (083 Mg) thantheaverage potential emissionsfor all of theobsavedwells (124 Mg). Ifthewellsin this
catggory obsaved by Allenet al.are represantative of national popuations of this category of wells, then the
emissionfactorforthiscategory would beO8 Mgperevent; incontrast,ifthesanple of all wellsobsevedby Allen,
et d.(2013 isconsideredrepreseantative of thiscategory and it isassimedthatthedeploymentof REC equipment
is randam anong all of thesewells, thentheemissionfactorfor thiscategory would be124 Mg per event.

Comment: Liquid Unloadings:

In previous comments tothe 2013nventory, Pionex expressed supgart for EPA's development
of net emissionsdctorsfor liquid unloadingevents, butalso notedconcern that Subprt W
cdculation methodolgy may tend to erstate emissions. Piong requeststhat EPAcontinueto
consicer improvementsto thecalculations in thisemissionscategory.

In the stdy referenced abowve, Allen, et al. (2013) also reported onemissions fom liquid
unloadirgs.

Thesampleset of ninemanual unloadings prowed insufficient toallow for extrapolation at a
national scale, and the study team is condtcting additional measurements to supement the dia
colleded in thefirst part of the stuly. However, Allen, et al. (2013)does reportan imporiant
observation from theinitial effort, demonsteting that the Subgart W methodolgy for liquid
unloadirgs without plungetifts (based onengineeringcalculationsand notdirect measuements)
overestimats emissions forvery measured event. Colledively, emissionsare estimated five
times hgher than the measured emissions.
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Pioneer again suggests hat undelying causes for overestimation ofemissions nay be EPA's
assumption that &ull wellbore volumeof gas isventedwith each unloadng and the assumption
that awell unloadsfor one houron average. In addition, Allen, et al. (2013)observed
intermittent flow rates diring unloading events and proposes that EPAs assumption ofa
continuousgas flow rate may be anothercontribuor to owrestimation .

Comment: Pioneer applauds EPA commitment to &fine emissionestimats in theU.S.
Greenhouwse Gas Inventory to reflect thebest available information. As thebody of scientific and
engineaing knowledge continues togrow with regards toemissions fom oil andgas adivities,
Pioneer contends tht emphasis must beplaced ondirectly-measured data and thatresults fom
thesedirect measurements should in turn infan carespondng estimation nethodolagies .
Collaboration is the keyo this pr@ess, and Pioger looksforward to continued dialague with
EPA.

Commenter: Chris Busch
Energy Innovation: Policy and Technology

Comment: The EPA slould take steps to ad@ssclear evidencethat its inventoy of GHG
emissions is unercountingmethane. In the sha run, as part of findizing the 2014 inentory, the
agency should makehe casefor asignificant effort to improvethe inventory of emissions fom
the retura gas <ctor. In the lorger run, theagency should @velop a pbn for integating top-
down cita as well as new technolagies that oprate at groundlevel that can assist in @k
detection and measurement. Thefederal government shold beplacing more emphasis and
devotingmore esouces to this dfort.

Comment: Brandt etal . wirk illustrates thevalue of top-down nmeasurements to povide
evidence of overall emission leels overlargeareas. TheEPA should movéo collect airborne
measurements into its GHGnventaies. By conducting measurementcampaigns, EPAwiIll be
able to obtairetmospteric data thet is morecomprehensive @ross spce and time. This will
enable theagency to identify aggregate emissions évels with much geaer accuracy and will
help to improveconfidence intervals. Current confiderte intervals are much too small.

Comment: Emerging technol@ies @n link emissions lad to soures, enabling the EPA to
condwct an efective ground-level measurementcampagn. Infrared cametras are effective at
locating leaks, and theirusehas been required under arecently approved Colorado regulation.
Low cost stationey detectorsare also undr development. Thenewest detectorscan locate leaks
and estimatetheir magnitudefrom a distane, which reduces thechall enge of acquiring property
owner permission tht becevils direct on-site measurement.

Comment: Thecurrent oil and gas boom las been unleashed by a wave of technologicd
innovation (diectional drillin g, hydraulic fraduring, and oter emerging techniques, like

A ddezingo). Governments nexd to keep pace with fasterinnovation on theegulatay side.New
monitoringtechnologies are an opportunity for greaer acairracy, and theEPA shouldmove
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quicky to usethese technologies totransform government monitoringof emissions Better
monitoringof emissions will help the EPA solve tingystery of themissingmethane and povide
the lest obpdive guidance to policymakers, regulators,and saiety.

Commenter: Kerry Kelly
Waste Management

Comment: WM is pleased to e that theemissions fom thewastesedor and lanéills in
particular, continueto trend dowward, while methaneemissionscontrol viagas colledion and
combustion in enewable energy projeds orflares continues to grow. We aso notedwith
interest, thediscussion oplanred improvementsto measuring landill emissionsby replaang
the default 10 percent oxidation with amoreaccurate, cience-based estimate. It is thisaspect of
the Draft Inventory thatis thesubgad of ourcomments.

The Agency refers to agrowing body of peer-reviewed literature describing both field and
labaratory studies thatall indicae thet the default oxidation valueof ten percent uncerstates the
oxidation etesachieved at well-managd landills. EPAGs careful analysis of peer-reviewed
literature and field measurement studiesesulted in recent regulatary changes to estimating
methane oxidation in landfill cover in theGreenhouseGas Mardatory Reporting Rule (GHG
MRR). Thesechanges allow greder useof site-spedfic conditions ether than national default
assumptiongnd will greatly increase the accuracy of landfill f adli ty methaneemissions
estimation. We urge thatthe Agency also updite its natioral inventory methods to €fl ect these
changes, so tlat it can improvethe acuracy and reliability of theU.S. GHG Inventory.

Comment: TheEPAG Decision to Revise theM ethane Oxidation Fador Used in theGHG MRR
is Well Suppatedby PeerReviewed Science:

Numerous studés have been conductedworldwide and refrenced in thescientific literaturethat
address and dcument methne oxidation incover soils, as @l as ggs colledion efficiency. In
2009, Thelourral of Environmenal Quality published acomprehensive liteature review. The
paper references ower 60 technical documnents datingrom 1960 to theresent, with the najority
of thepapers being publisted in the1990sand 2000s. Overal, based onreview of 42
determinations of thefraction of methane oxidized in a \ariety of soil types and landill covers,
the mean fradion of methane oxidized aaossall studies was 36 @rcent with astanard error of
6 percent. For asubsenf 15 studiescondwcted over an annual cycle, thefradion of methane
oxidized ranged from 11percent to 89 rcent with amean value of 35 percent + 6 pecent,
nealy identica to the overal mean.

In July 2007, the SolidVastelndusty for ClimateSolutions SWICS)released its first white
paper titled Curent MSW Industy Positon and Staé-of-the-Pradice on LFG Collection
Efficiency, Methane Qiidation, and Carbon Sequestration in Landfills (White Paper). The
public and privatemenbers of SWICS slared theWhite Paper with EPAas it developedthe
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GHG MRR requirementsfor evaluating and reporting MSW landill emisgons. In January 2009,
SWICS updted theWhite Paper to incorporate additional studies netd above.

Sincethereleaseof the 2009 White Paper, anumberof studies ave been published in peer-
reviewed literature, mostnotally an entire special issueof thejournd Waste Management (2011)
on Landfill G as Emissiorand Mitigation sponseed by Consortium forLandfill Emissions
Abatement Research (CLEAR). CLEAR is aninternational Waste WorkingGroup (IWWG)
Task Group, whch focuses on bndfill gas emission to thetmosplere. Thegrouphas memlers
from 12 countes, acrossfour continents. A number of papersin thespecial issuefocus on the
useof compost bigovers, bio-windows orpermeable gas disgrsion kyers to treat and xidize
landfill gas in situ Huber-Humer et al., 2011;Pedersen et a., 2011; Sheutz et al., 2011;
Pawlowskaet al., 2011;Dever et d., 2011; andlunget al., 2011). Additionaly, severa papers
in thespedal isste, Ranchor et al., (2011); Abichou et al., (2011)and Chantonet al., (20118,
examined theresponse othe nethaneoxidizing microbial communty to methaneloading to the
cover soil. Two ley papers, Bogner et a., (2011, and Spoles et al., (2017), describe recent
work in Californiawhere field measurements ofemissionand oxidation vere cougded with
extensivemodelingefforts. Chanton etal., (2011a) published theresultsof 37 sasoral sampling
events at 20andfills with intermedite covers over afour-year period. Abichouet al. (2011b)
examined the lest appoach towards describing central tendencies in «idation dataand reported
that theresults were generaly distributed nemally so thet mean valuescould beused.

In November2012 SVICS, with theparticipation ofDr. Jeffrey Chanton ofFlorida State
University and Dr. Morton Barlaz of North CaolinaStateUniversity, finalized an addendum
(2012Addendum) to theMethane Oxidation setion of the 2009 WhitdPaper. The2012
Addendum ircludes nethane oxidation results fom ewduations of 90 landfills asompaed to
the 47 publiskd evaluationsavail able in 2009.

In reviewing and incaporating the results of tlesepeer-reviewed studies ofandill methane
oxidation, the2012 Adendum updadd the 2009V hite Paper resultsas follows:

1. Clay cover: Thenumter of studies in clagover increased from fivein 2009 to 31 in
2012. Themean fraction of methaneoxidized increased from 18 grcent to 30 percent, while the
medan fraction axidized inaeased from 14 to 2%ercent.

2. Sandy soils cover: Theumberof studies in say soils doubéd from eght to 16,with
the mean oxidation valuechanging very little (55to 54 percent) while the medan value
increased from 43 to 5Qpercent methane oxidized.

3. fiOther oovers: Thenumber of studies | rero €owertsails inceased by nineand both
the mean and themedianfradion oxidized values ircreased slightly.

4, Theoverall mean axidation value acrossal of the studes inaeased from 35 to 38 pecent
while theoverall median oxidation fradion inaeased from 31 to 33 prcent.
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Comment: TheSWICS2012 Addndum Définitiv ely Suppats a $gnificant Increaseto the
Current Default Vaue of Ten Percent:

The2012Addendum cacluded that the EPA default oxidation valueof 10 percent
underestimats typical methaneoxidation and is notgpresentative of expected nethane
oxidation at #es utilzing organic, clay, sand orothercover types. EPA derived the @fault
value from one feld studyperformed at one pody maintaired landfill with no gas colledion
system, Qepiel et al. Analysis of the90 studiesighlighted in the2012 Addendum indictes
that if asingle value isconsidered for methaneoxidation it should béetween 33and 38 prcent.

The2012 Adendum aso examined metlane oxidation as afunction of methaneloading to the
cover layer of thelandfill. Recent studies show #i thepercent oxidationis an inversefunction
of therate of emission (S¢rn et al.,2007; Rachor et al., 2011; Chnton etal., 2011a,h. At lower
emission etes, themethanotrophs in thesoil cover can consumealarger portion of themethane
delivered to trem, poentially oxidizing 95 to 100percent (Humerand Lechner, 199, 2005,
Huber-Humer 2008; Powelson etal., 2006, 2007; Kgldsenet al., 1997. As flux rates ircrease,
the percent oxidation dereases and the nethanotophscan become overwhelmed with methare.
Thus,as metlaneemisson inaeases, percent oxidation dereases (Pavelson etal., 2006, 2007).

A mathensaticd model of cover oxidation dewopedby Dr. Tarek Abichouof Florida State
University (Abichouet d., 2010, demonstetes hat at lower methane fluxes, oidation etesare
equal to themethaneloading to thesoil cover. Oxidation kesps e with flux, and the soil
cover is able to «idize all of the methane coming from below. At lower lcading rates, nethane
oxidationisequal to 100 prcent. Asflux increases, thecover is notable tooxidize all of the
incomingmethane, and the percent axidation falls off. Therefore, percent oxidationstarts to
deaeaseas the nethaneloading to thecover increases. This glationship is showrlearly in the
labaratory column studes of Rahoret d., (201)). Field studies bBve also corfirmed this
relationship betwen methaneflux and percent axidation (Chanton etal., 2011a, b). At low
rates of methaneemission, thepercent axidation is rea 100 pgercent. As emission etes
increase, the percent oxidation dereases. This aralysis ®rved to support thepproah that EPA
finalized for determining amoreacairate methane oxidation fradion by cdculating the metrane
flux rate for the bndfill.

In addition to the 2012 ddendum, thdandill sectorprovided datafor 262 private and public
landfills reportingunder Subgrt HH. Thedataset allowed theAgency to evaluatesevera
possible options fodeterminingmoreaccurate methaneoxidation fradions. Thedata
conclusively showed thatthe average oxidation fractions fordifferent soil cover types are all
well abovethedefault 10 percent value required by Submart HH, and uncempin theneed for a
revised dfault value or moreefined methodor determining an axidationfradion at a site.

Comment: WM recommends tlat the Agency carefully consicer its aralysis underpinningits

dedsion to estimatéacility-level methane oxidation by calculating the nethaneflux rate and
consicer howthat metlmdology could be ed at the national inventory level. Thework done by
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the Agency in updatng methods fofacili ty-level calculation of methane oxidation wil greatly
improvetheaccuracy and reli ability of emissionsestimaes forlandills. We urge EPA to
endeavor to m&e similar improvements to its aional inventory of emissionsand sinksat
landfills.

Commenters: Anna Moritz, Kevin Bundy, Sparsh Khandeshi,
Center for Biological Diversity and Environmental Integrity Project

Comment: We are concerned that theemissions fatorsand global warming pantia for
methanethatare currently employed by EPA have resulted in a $gnifi cant underestimateof U.S.
anthropogenic methane emissions First, multiple studes have reported far higher leskagefadors
from oil and @tural gas operations tren EPAcurrently uses. It is esential that EPA arrive at
acarate numlers. In addition, even reported leakage numbers neessarily underestimate
emissions lecaisethey omit undisovered and urreported leaks, such as thoseby smalker
operators. EPA shouldmmediately commence on-the-grounddata colledion and, until the
results fom theseefforts are avail able, aoount for thesefactors by presenting arange of likely
underreporting. Second, theclimateimpad of methaneis underestimaed becaisethe inventay
reports nemalized methane emissions usingolely a 100-year global warmingpotential
(AGWP0) and an outdated value for the GWP.

Methaneis an imporant component otlimate strategies to avoid Actic disasteland other
caastrophidipping points. Unlikeothertraditional greenhousegases thathave atmospleric

lif etimes ofa century or more, methaneremainsin theatmosplere for only about 12years. This
means thet a reduction in emissions taa will not only slow theincreasein radiative forcing, but
also result in actual decreases in radiativeforcing in ashort timei' just over adecade. When we
are consdering how toaddress thecollapseof the Arctic cyrosplere or avoid nearterm tipping
points, metaneand other shat-lived climate pollutants pesent an oppdunity for rapid
reductions inclimateforcing.

Becausemehane mitigation isan imporant climate stetegy, it is esgntial that the current
emissions évels from US souces beaccuratel y characterized. This ircludes botremissions
factorsfor various indusries and quantification usingthe mosturrent values for global warming
patential: a 100-year GWP of 34and a20-year GWP 0f 86.

Comment: Emissions &ctorsfrom oil and gas operations should beevised:

There is comlli ng evidence that leakage ratesfrom oil and gas oerations are far higher than
EPA emission &ctors suggest. For instane, Miller and colleagues recently used atmospleric
measurements toestimée thatadual metlane emissionsare about 1.5 tines larger than EPA
estimaes, with fossil flel methane emissions more than two tiea higher than estimaed.
Ob=ervations from oil end gas goerations in Coloedo indicate thet inventories undrestimate
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methane emissionsby at least afactor of two. Leakagerates ower a Utah gas field were recently
estimaed at 6.2 to 11.%, well abovethe etesassumedby national inventories.

Moreover, EPAG satafir oil and combired oil/gas wells omit the impat of hydraulic fracturing.
A recent whitepaper from Environnental Defense Fund summezes findings from anumter of
studes to comlude tret emissions &ctors ugd in EPAG current inventory underestimate
methane emissions fom oil wells thatemploy hydraulic fracuring.

Another mgjor souce of methane emissions fomthe oil and gs se&tor isle&ks from preumatic
devices. Arecent study calculatedemission fators forpneumatic dvicesto find that rational
emissions fom this soute are likely at least twice the amount pedicted usingthe emission
factors in theUS GHG Inventory. This isanotherarea where improvementof emission &ctors is
essential.

We urge EPA toconsicer therange of data avail able and updite theemission &ctors thatare
used in theGHG inventory to accuratel y refl ect methaneemissions fom both ventingand
leakage in theoil and gas industy. These data are critica as industy leaders and dedsion
makersconsicer mitigation options.

Recent reports have also subsintiated an alarming rate ofleaks from decaying gas pipeline
systemsacross thecountry, creating the need for systemetic, on-the-grounddata colledion to
obtainan accurate quantification of emissionsfrom this souce. For example, acordingto a
recent study, the two disributors ofnatural gas inNew York City and WestchesterCourty
reported 9,906 €aks in theircombired system for 2012lone,and gas distributors rationwide
reported an average of 12 leaks per 100miles ofthe 1.2 million miles ofgas main pipesacross
thecounty. Morethan 5800 lesks were detected fromaging gas pipelinesunderneath thestreets
of Washington, D.C.Thesesamples indicate that EPAGs dbta are incompkte, and weurge EPA
to notethis fact and undeeke the efforts recessary to providean accurate acmounting next year.

Comment: TheGHG Inventory should giantify methaneemissionsusingAR5 GWF:

EPArecently finaized technica amendments to theGreenhouseGas Reporting Rule. These
changes included updating the methane GWP from thevalues in thdPCC Seamnd Assessnent
Report to thoseén the Fourth Assessment &ort (FAR40) for reporting in yea 2015 and beyond.
While this was an impotant improvement, weand otherorganizations joined Clen Air Task
Forcein recommendingthat EPA utilize the mosup-to-date sience and adopt the mostacent
methane GWPs fom thelPCCFifth Assesament Report ( AR50) as well as requirereporting of
both 100year and 20 year methane GWPs.10FA declined to adopt thenost ecent estimaes
of methared &WP tecausecurrent international reporting requirementsunder the United
Nations Framework Convention on ClimateChange employ only 100-yea GWPsand will

begin using AR4 GWPs in 2015.11

While we understand EPAS reed to compy with international reporting requirements we renew
our call upon EPA toconsiderupdating the emissions eported in theU.S. GHG Inventory to
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reflect the AR5 GWPsas well as report rormali zed emissions usingpoth 20year and 100year
GWPs formethane. The US GHAnventory is important donesticdly for bothgovernment and
private-sector decision-makingand analysis. This is apurposeseparate from international
commitmentsand requires moreprecise quantifi cation of climateimpads. We appreciate the
inclusion ofAppendix 6.1 in thedraft GHG Inventory, which providesemissionsestimaks as
cdculatedwith both AR4and AR5 100year GWPs.We ask thet EPA nmeke this information
moreprominant so that use's will bemorelik ely to find and employ the updated emissions
estimaes. Furthermae, it is imporent that EPA usethe mostacarrate GWP for methane, which
includes carbon cycle feedbadks.

We furtherrequest that EPA consider reporting emissons usingyoth thel00-year and 20-year
GWP formethaneas this will alow thefull consiceration of climate consequences. The 100year
GWP gives abetter senseof how reductions can influence long-term climate stabilization, while
the D-yea GWP is ugful when consicering tipping pointsand rear-term climateimpads.
Furthermore, the AR5 valuesfor GWP have changed subsantialy sinceAR4. The AR5 methane
GWP of 34is significantly higher than AR41 36 percent higher. The AR5 20- year GWP is 86
(19%higher than theAR4 GWP).Thesesubsantial increases in GNP men thatemissions dta
reported usng AR4 GWPs orearlier are understated. Accordingly, EPAmustrevise theGWPs
used inthe inventory and ensurethat trey properly reflect carbon cycle feedbadks.

Comment: EPA MustClarify Data Sources and Emissions fom Biomass Ekdricity Generation:

According to theDraft Inventory, COz emissions fom woaly biomassand woody biomass
consumption (reasured in trillion Btus) in theelectricity generation sedor increased nearly
terfold between 2011and 20121t is notclear, fowever, how theseemissonsestimaes were
derived. Although emissions of bigenic COz assocatedwith electricity generation are reported
primarily for informational purpo®s pursant tointernational accountingconventions,acarate
emissions dta are critical to evaluatingdomestiaenewable energy programs andaccounting for
the actual climate consequences of increasingbiomassenergy generation.

TheDraft Inventory staes that bigienic COz emissions fom theelectricity generation sector data
were cdculated usingePAG Clean Air Market Acid Rain Program daaset, while emissions fom
othersedorswere obtaired fromEIAG s My Endrgly Review.13 An annex to theDraft
Inventory explains ttat  diietwére signifi cant differences between wood homassconsumption
in theelectric power sector between the EPA (2013) and EIA (2013) dataset s Acdaordingly, fithe
electricity generation s2dorés woaly biomass camsumption ves adjusted dowrward to math the
value obtined from thebottam-up analysis kased on EPAG Acid Rain Program dabset.0

Theincreasein emissions &ween 2011and 202, if accurate, represents adramaticexpansion
of emissions fom this industyd nearly afull order of magnitudeover the courseof only one
yea. It is impossible to disern, however, whether theDraft Inventoryd emissionsestimats are
either comprehensive orconsistent.

Commernts Receéved diring the Public Review Paiod on thelnvertory of U.S. Greenhaise Gas
Emissionsand Sinks: 19902012

15



TheEIA Monthly Energy Review data usd for otherbiomass emissionsstimaes daes not show
asimilar increase in woody biomass consumptiobetween 2011and 2012; in &ct, thesedata
show aslight decline in both woodand othetbiomas swasiiedo consumptionTheincrease thus
must bereflected, if anywhere, in EPAG Clean Air Market dabset. Again, however, this is
impossible to disern becausethefull dataset doesnot apar to have been included orexplained
furtherin either theDraft Inventory or theannexes.

Indeed, it appears thet the AMPD dataset may be under inclusiveof eedrical gereration
facilities usingwoody biomass aduel. For example, aquery performed on theAMPD website
for 2012emissions dtafrom al programs anddl fadlities returned 4,828records natonwide,
only 23 ofwhich | wosotastthieprimary fue souce CO2 emissions fom thesefacilities in
2012, wlere emissions vere reported at all, totakd orly about2.7 million nmetric tons.There are,
of course, morethan 23wood-burning power plants ogerating in theUnited Sétes; ndeed, there
aremore than 23 sth facilities in Californiadone,dthough no Glifornia plants apea in the
guery report generated by the AMPD dataset.1s Of coursg, if there are numerous biomass posr
plants thatare not listed in theAMPD datat, use ofthis dataset forafib o t t 0 emissiopso
estimatewill lik ely underestimateemissions fom this gdor.

Given thesespparent inconsisteies, EPA shouldlarify what dataset it is usingto estimate
biogenic CO2 emissions fronelectricity generation and shouldensurethatthesedata are
inclusiveand comprehensive enough to prodwe an informativereport.

Comment: Corclusion:

In sum,we commend EPA for compiling and reporting extensivedata fromvarious souces of
greenhouseagases withinthe United Staes. There remain, hovever, someareas where
improvementsare needed to maximize the utlity of theGHG Inventory for both inernational
reporting and informed domesticpolicy-making. First, emissiongactorsfor theoil and gas
industries, includingpipeline leakage, are very likely much too low taaccurately reflect fugitive
methane emissions. $omond, werequest thet EPA expand its ieportingof methaneemissions
usingboth 20year and 100-year GWPsas well as report methane emissions in the ran text of
the Inventory using the GWPs fom ARS5. Andfinally, we request thet EPA clarify the souces
and accuracy of data used to estimatemissions fom biomassombustionparticularly for the
electricity generation sdor.

Commenter: Jeff ZIimmerman
Damascus Citizens for Sustainability

Comment: Over thelast seera years it has beome apparent thet stray emissions of mthane
from gas eévelopment projects across theJnited Stakes are increasingly contributingto the
greenhousayas lewvals and climate change. The purposeof our submissions taay to your draft
inventay document is to bringo your attention anumberof recent (2012-2013)studies and
reports poviding adual measured emissions of sy methanefrom uncaventional gas
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development usingfracking. Thedata collectedand reported in thesepublications da@uments a
range of additional sientific information that needs to befactored into theGHG emissions
inventay and the esultant impacts of climate change.

Three of thesereports dcumentextensivemethtane leakage from natural gas distribution
facilities in Mankettan, New York City, NY, (Payne and Ackley, March 2013) Boston, MA,
(Philipset al., 2012)and Los Angeles, CA (Reischl etadl., 2013). Thd.A Basin reportdocuments
methane leakage at 17% of total gas production in theLA Basin. Anotler report provides
methaneleakage datain a retural gas production areain Wyalusing Township inBradford
Courty, PA (Payneand Ackley, November 2013) and another eport dauments nethaneleakage
in fradked gas prodiction areas of Leroy, Granville, and Franklin Townships inBradford

Courty, PA (Payneand Ackley, 2012). A sixth report deuments 4% rethaneleakage in the
Denver-Julesug Basin in Colorado (Tollefson, 212), and aseventh report documents @%
overal methaneledage rate from fracked gas development in theUinta Basin in Uth
(Tollefson, 2013 These reports rioudy call into question the muh lower methaneleakage
ratesfrom fracked gas development estimagd by EPA. A reportby Miller and many othe's
sumnarizes theresults of tleseand othersimilar studies and concludes tlat acdual metfane
leakage ratesare almost five times theearlier EPA estimaes (Miller et al.,2013. Each of the
reports weare providing with thiscomment letter should bencluded in theEPA inventory of
climate change and GHG data. Thetrend in thesereports cemonstetes that methaneleakage
from unconentional gas development is far greater than previoudy thought. A comprehensive
reexamination of leakageratesand impects iscleady required.

Commenter: Cynthia Finley
National Association of Clean Water Agencies (NACWA)

Comment: Thewastewvater treatment category includespublicly owned treatment works
(POTWSs), sptic systens, and industriel wastaewvater treatment systems. Alhowgh the emissions
aremuch snaller in magnitudethanfor thehighest ranked categories, thebroadly-based
wastavater category consistenty ranks in the togen emitters for nitrousoxide and metfane
emissionsn theU.S. NACWAG review focused on emissions fom POTWSs, which are a
fradion of the totalwastewater reament category emissions.

Theemissions fom POTWSs in the2012Inventory are essentially the same as thosen the2011
Inventory, with someclarificaionsadded to thetext. NACWAG comments on the 2011
Inventory requested that all values usd in theequation to caculate emissions beprovided to
enable thecdculations tobeesasily reproduced. NACWA appreciates theresponse to thisequest
with theaddition of Table 815, which provides the \duesfor the variablesused in caculating
the nitrous &ide emissions for2012and previousyeas.

Comment: NACWA agrees with theadditions nadeto thePlanred Improvements setion and
encourages EPA to invetigate additional cita saurces as soonas possiké. Sincethe 2008 Géan
Watershed Needs Surey (CWNS)is not cetailedenough to be used in thelnventory and the
2004 GNVNS datais likely outdaed, additional dita sources are necessay to ensurethe accuracy
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of futurelnventories. NACWA suppats BPAG investigation of the data avail able at
www.biogasdata.org and from orgoing research in theU.S. and abroad. However, NACWA also
urges caution in using esults from studies tit were not desgned to producenationally-
applicable results. Relying on studes thatare not representative of utilities retionwide may
adualy increase the unertainty of the estimaes. NACWA agrees that EPAs plan to review
inventaiesfrom other countries foradditional dita and methodolagies may be useful, as longas
any information used is dictly appliceble towastewvater treatment processes irtheU.S.

Comment: As NACWA has explained in comments on thiewventory in previousyears, the
Assaiation beliews thatthe nitraen loading rates for N2OEFFLUENT are sourced incorredly
and that usingnformation from theexisting National Pollution Discharge Elimination System
(NPDES) catabese will yield moreaccurate and justifiable loadingrates. The NPDES @rmitting
progam represents lang-term, natiowide facili ty performance which would allow emissions
estimateprojections ower the timeseries represented in the Inventory. If EPA decides notto
investpate its own @tabases, theaveragenitrogen loadingrate of15.1g N/cepita-dayl
representstheindusty standard and is suppded by a wealth of datawidely confirmed in US.
practice, as explained in ourpreviouscommentsand suppord by data collededby NACWA
from 48 U.S. POWSs. This esult represents all domesticsources of nitrogen, the usef other
nitrogen-containng compounds,and both esidential andcommercial souces.

Comment: Outsideof theWastewater Treatment setion, the Inventoryd Exeautive Sumnary
and Introdwction should site moreclearly that thelnventoryd s rpgsaus for informetion, not
regulation. EPA shoul@nsurethatall of its offices undrstand the pupose of the Inventory and
recognize that thelnventoryG industy-wide methodologiesare largel y inadequate for facili ty
level emissions, sth as thoserequired by EPAG Greenhowse Gas Reporting Ruleand the Céan
Air Act Title V and Pevention of Significant Deterioration (PSD)permitting programs.

Commenter: David McCabe
Clean Air Task Force (CATF)

Comment: Methanefrom Petroleum andNatural Gas Systens:

In our January comments on theExpert draft of the inventay, weraised a numbeof isstes that
we sumnarize here. Although EPA res noed mast of theissues weraised in thediscussion bet
of thepublic draft inventory (fiDraft Inventoryd), theemissionsestimags in thet version rave not
been subsantially modified from theexpert draft inventory. Congquently, the irmcaradeswe
identified remain intheinventory estimates. Assuch, were-confirm ourJanuary comments,
which wehave attached to thisdocumentfor your convenience, with someupdatedfigures, and
have madeadditional sgcific suggestionsabouthow EPA might handledentified inaccuracies
in thedraft inventories here.

We raised thee principle isstes in theJanuary comments: Emissiongrom completion of oll

wells with hydraulic fracturing (HF), emissions fom completion ofjas wells with HF, and
emissions fom preumaticcontrollers (PCs).
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In addition weraise twoadditional isses in tresecomments: Methanefrom ventingof
assocatedgas from oil wells (during production), and general commentsabout theappraach
taken to tbulatingemissions in theénventory.

Comment: Emissions fom completion of oil vels with hydraulic fracturing. EPAcontinues to
useavery low emissions &ctor for oil well competion1 733 f per completion 1 that pe-dates
the useof HF on oil wells. Sincemost oil wells are now hydraulically fractured, and the e of
HF subsantially increases poential emissions pr well (just asfor netural gas wells), theuseof
this ancientemissions &ctor for all oil well completions subsintially underestimaes acual
emissions.

We reference the recent comments fom Environnental DefenseFund (EDF) on theDraft
Inventory. EDF reviewed data from anumber of sources that show that ltbh potentialand acual
emissions fom oil well completionsafter hydraulic fracturing can be hundeds of tines greater
than the733 <f perwell completion EPA uss in theDraft Inventory. EDF recommends that
EPA useanaysis of EPAG6 &reenhouseGas Reporting Program (GHGRP) data for reported
emissions fom well completions in ol-beaing formations. Thisanalysis finds that reported
adual cumulative emissons (ircluding wells wheregas was vented,wells where gas wes flared,
and wells where gas was captured into pipelinesguring flowbad) were an averageof 6.2 metic
tons of nethaneper completion orrecompletion, based onreports on 1,754ompletionsand
recompletions.We support BDF6 secommendation that EPA us¢his data torevise theestimates
for well completion of oil wells for wells that usenydraulic fraduring, EDFO suggestion that oil
well completion emissions beeported with subcategories for wells with and withouthydraulic
fraduring, and EDFO suggestedapproad for estimatingthe numler of oil wells that use
hydraulic fracuring.

Estimatingmethane emissions fom oil well completions in this maner would clealy be more
acarate than EPAG current method. EPA must prompt address this ather manifest inaccuracy
in thefinal 2014 inventoy. If EPA is urable to povide amoreaccurate estimate ofemissions
from oil wells completions in thefinal 2014 inventoy, astatement directly notingthis issudas
warranted. Wesuggest addingthefollowing to page 3-55 (suggestedadditions in bold):

-inel 1 : dieaseagan with thewidespeal use of hydraulic fracturing in tight
foomat i ons. 0O

- Aftertheperiod on linel3. fiNotethat the inentory methodobgy has notbeen updited
to refl ect emissions duringvell completion orre-completion after hydraulic fraduring,
and thus the inentory lik ely underestimats emissions from this soure. 0

Comment: EPA hes revised themethodolgy for estimatingemissions of rethanefrom
completion of gas wells. As in ourJanuary comments, wegenerally suppat this revision, as the
revised dita appears tobe based on mae robust data and the esult is mech moretransparent.
However, aswe noted in ourJanuary comments, BPAG methodolgy is flawed becauseit fails to
acount for thesignificant fradion of gas well completionsat facilities that do not eport cita to
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the GHGRP. Thus, thectivity data reported in table A-126of the inventory is clealy an
underestimateof adual activity. Aswe suggestedealier, EPA should uselatafrom state
databases orcommercial databeses, compaed toreports toGHGRP, to @l culatethe fraction of
wells thatare owned by firms thet report data to he GHGRP,and thenadjust theadivity data
from GHGRP usinghis fradion, toget a mae accurate estimateof thenumberof completions
occurring nationwide. The suggestedapproach is described in somevhat moredetail in our
January comments, asEPA mentionsin thePublicDraft Inventory (p 3-71,lines 13).

Although adjustingthe GHGRP to a poper estimate of national activity is not trivial, the current
figureis clearly an uncerestimateof national emissionsand webelieve EPA would st apoor
precedent by usingunadjusted @ta in thelnventory. If EPA chooses not toadjust theGHGRP
data, as suggestedor by some otler approach, BPA shouldadnowledgein theinventay that the
issueexists. Curently, in the PublicDraft, this issuds notmentioned directly, but ather is
indirectly referred to (inresponse tcCATF comments) unay iWell Countsand Compétion and
Workover  C o unter fiPlanred Improvemen t ¢t shouldbe raisedwith a staément to the
effect of, AiThis methodd ogy undercountsemissions fom completions and workovers with
hydraulic fraduring, totheextent that it undrcountscompletion and wakover events, becaise
not all well facilities report emissionsand adivity data toGHG R P Thés staément kelongs in
either thecompletions ext in the QA/QC sdion, orthe completions &xt in the Recdculations
sedion. Additiorally, it would bea grea exampleto list under Uncertainty and TimeSeries
Consistenyg. For example, stating on line35 of p 3-66,

TheIPCCguidancenotes that in usinghis method,"some unertainties hat are not
addressedby statistcd means nay exist, includngthosearising from omissions or
doublecounting, or other conceptualerrors,or from incomplete unarstanding of the
processes tht may lead to inaccurades inestimaes developedfrom mods." An
examplewould bethe prolable undrcount ofcompletion and wakover events with
hydraulic fraduring (see below). As aresult, theunderstanding of theuncertainty of
emissionsestimaes forthis category will evolve and will improveas theunderlying
methodolgiesand datasets impro\e.

Comment: Preumatic @ntroller emissiors:

As described in ourJanuary comments, GHGRP data shavs significantly higher emissions fom
pneumaticcontrollers (PCs) ttan theDraft Inventory reports. Sinceghe GHGRP ugs emissions
factors derived from EPA/QRI (1996), as does thelnventory, theapparent difference between
the two is in @vice counts. Although theGHGRP clearly undercountsdevices (by not capturing
al welpads, orany emissionsfrom gathering), it must bemoreaccurate than the current activity
figures used in thénventory. As noed in ourJanuary comments, sincenot al wellpads eport
under theGHGRP, it slows thet total emissions fom oil andgas wellpadswere, a aminimum,
861 Ggmetanein 2012.ThePublicDraft reportsemissions fom both Gs Prodation and Ol
Production of 692 Ggmethare, less thanvas reported in theExpert Draft (787 Ggmetane), so
this gap hes widened sgnificantly. While we recognize that umglated adivity datafor 2012 nay
increase thefigures in thelnventory, relative to hie Public Draft, we anticipate thet thegap
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between thelnventory figure and theGHGRP figue will remain: for 2011, the PublidDraft
Inventory reportsemissions of 75Z5g methanefrom oil andgas prodiction, whilethe GHGRP
data shavs 835Gg metane. Again, this is troublingoecausethe GHGRPonly covers aportion
of thefacilities that theInventory is interded to cover yet its emissions figres are higher than
theDraft Inventory.

As mentioned in ourJanuary comments, thegap would bemuch brger if themoreaccurate
emissions &ctorsfrom the Allen et. al (2013) studywere used in place of the GHGRPemissions
factors. The data avail able today suggests that théllen et al. emissions factorsare the best
available today. Asdescribed in ourJanuary comments, carecting the GHGRP with theAllen et
al. emissionsdctors praluces anational methane emissionsestimateof 1,140 Gy, even without
scding emissions up taefl ect production faciliti es that do noteport to GHGRP.

Thus itappeas thet boththe activity data and emissions &ctors ugd in theinventory for PCsare
not the mosacarate data avail able. If EPA cannot use thenoreaccurate, recent data we have
suggestedhere, EPA shouldccontinueto notethat cita (as is donan the Public Draft) and
commit to examining this data in thecomingyeatr.

Comment: Venting of Assocated Gas from Oil Wells:

It appears thet the Inventory underestimates venting from oil wells by a subgantial amount. To
our understanding, venting of assocatedgas from oil wells duringproduction (i.e., casinghead
gasventing) is listed in thenventory as iiStripper Wel | usder VentedEmissions in Btroleum
Prodction, and is listedas 14.2Gg methanefor 2012.Lastyeard sventay listed thesame
valuefor 2011.

GHGRP dita shavs much higher emissions of mthanefrom fAssaciated Gas Venting and
Flaring. Bor 2011, 175Gg methane emissionswere reported to GHGRP; for2012, thefigure
was 90Gg. Someof this is dueto emissions of thanefrom flares, dueto incomplete
combustion in thélame. This portion of themethane emissionscan beaccurately estimated, by
compaing CO2emissions fom assocatedgas venting and flaring to methane emissions fom
that souce. As described below, CATF analyzed the GHGRP dita in this wg, finding that 8%
to 90% ofthe GHGRP metlane emissionsfrom ascciated gas venting and flaring are dueto
venting, and thus the 12 Ggmetanefigure in theDraft Inventory is ggnificantly too low.

We compaed theemissions of CO2nd CH4reported from each fadli ty reportingiAssaiated
Gas Venting and Flaring @missions to th&HGRP, forboth 2011 and 2012he GHGRP uss a
default factor of 2% for emissions of rthanefrom flares, dueto incomplete combustion 40
CFR Part 98.233n)(1), Eq. W-19). Usingthis factor, we subtrated avay the maximum methane
thatcould bedueto incomplete combustion in fires from each individualfacili ty report. Tobe
consrvative, we also mnsideed acasewhere thefactor for incomplete combustion ér methane
in flares was 5%, in case somefadlities used this hgher factor to cdcul ate their emissions.
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In either case, many facilities have methane emissions vell in excess of that duéo incomplete
combustion,and thisfi xcess methare,6 which isdueto ventingof assocéated gas, is sgnificant
at thenational level. In 2011, \entedemissionscdculatedwith the 2%emissions &ctor, were
157.5 Ggmethane; in 2012 they were 60.1Gg CH4. Raisinghe inrcomplete combustion é&ctor to
5% drops thesdigures somewhat, to 154.0Gg CH4 and 56.3Gg CH4, respedively. This
analysisof the GHGRPdata shavs that \enting of assocéted gas from oil wells is much hgher
than thel4 Gg reported in theDraft Inventory.

Comment: Genera Comments on theéDrganization of the Inventory for Oil and Ges:

As new dataemerges onemissions fom oil and @s facilities, it is very important that EPA use
that dita in the mosappropriate way in theinvertory. In somecases it may not be lest forEPA
to force thedata into theframework used in theinventory, particularly wherea) oil and natural
gas production are separatedand b) natural gas pioduction is brolen down,for amost eery
individual souce, into NEMS regions.

It is appropriate thet EPA has not évelopedemissions fadorsfor each NEMS region for well
completion and wakover with HF, and it grealy improves theclarity of the inventay that these
emissionsare presentedseparately in Table A-126. We believe that EPA &ould haveaken the
same approad lastyear when upditing the methodology for estimatingliquids unloadindLU)
emissions. Theeport sibmitted by APl and ANGA on LU emissions did notecommend
developing distinctemissions fadorsfor each NEMS region for wells thatvent duringLU with
and without plumer lifts. Instead, APl and ANGA concluded it was mae apprapriate toestimate
national emissionsdy applying their entire dataset to nationaladivity drivers. EPA, in
cdculating emissions foread NEMS region, concludes tlat nationalLU emissions \sre
subsantially lower than APl and ANGA concluded. Moreover, thecalculated emissions éctors
for LU wells vary tremendougy between NEMS regionsthatare not desgned to @pture
differences in geology, age of wells, oranything else that might afed LU emissions. The&NEMS
region emissionsdctorsare simgy not credible.

EPA should use theetional emissions dctor approad used for completion / workover
emissions forLU.

Additionally, when data from theGHGRP is surior to other avail able data, EPA should use
that dita, even if it does not readily allow separation of emissions letween the oil prodation and
natural gas prodiction sctors. As EPA bs recognized in, forexample, GHGRP Subprt W and
NSPS Subart OO0O0, thesesedorsare redly one industy, and the distinion between the two
is necessaily arbitrary. At present thelnventory reports that oer 60% of emissions fom PCsare
from oil production, so it may be moreappropriate to simgy list PC emissions una oil
production, with thefincludedelsewhereo designation for PCs uner gas production.

Finally, we comment here on theDraft Inventory® digussion ofMethane Measurement Studes
(p. 3-71). First, wenotethat theBrandt etal. study mentionedn this ®dion is quitespedfic that
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emissions fom oil and atura gas, specifi cdly, were underestimaed in the2013Inventory
(whichreported higher emissions thn theDraft 2014 Inventory. Quoting from Brandt etal.:
fiWef i n dneasurements atall scdes show tht official inventories consistenity underestimate
adual CH4emissions, with thé&\G and oil dorsas imporent conti b u t o(emphéasis
added). Thetitle of Brandt etal . @per is fiMethane Leaks from North American Natural Gas
Sys t e milseDraft Inventoryd sver-generdization of Brandt etal . & $ngsfmushbe
corrected.

EPA asks forinput on how ifiormation from top-downambient studies should be etto update
theinventay. Onenon-quantitative way that EPAshould usehis informaion is to put the
bottomup inventay in context. Thebottam-up inventory is essentiafor understanding the
spedfics of GHG emissions so tt mitigation priorities, forexample, can be examined.
However, thebottomup inventaoy clealy does rot captureall emissions from oil andas
operations. Kientificadly, it is notclear that theemissions fom thesedor as awhole are most
acarately measured with the bottan-up mesurementswvail able to dite. As sich, it may be
apprapriate tocdculate theleak rate from theentire industy (for life-cycle analysis, for
example) usingdifferent methodolgies. Sepately, as ambient studiesontinueand techniques
are developed, tley will illuminate souices that must beeexamined in bottan-up studiesFor
thesereasons, theop-down methodolagies arestrongly complemertary to the bottan-up
approech.

It would be appraoriate for EPA to mention, in tts setion, the \alue oftop-down studes in
providingindependent data on oeral emissions from théndusty, and onidentifying specific
potential issaes in the inentory.

Comment: Emissions Btafor WoodBiomass Combustio:

CATF requests that EPA providaclearer explanation ofthe dta on CO2 emsons frfom wood
consumption eported in sedion 3.10 ofthe Draft Inventory, particularly the data thet are
reported for electricity generation units (E5Us). EPA describes theapproah it used to deérmine
theamount of CO2eemitted by EGUs thatcombust woaly biomass in theMethodolayy passage
at 3-79 oftheDraft Inventory, but it is dificultd if not impossiblé to replicate theresults that
EPA achieved using the databesereferenced by the Agency.

According to CATFO sndetstanding of theMethodology passageat 3-79, EPA has determined
that theAcid Rain Program's "bottomup" data for woody biomass consumtion by EGUs are
better than theEIA Monthly Energy Review data for thosesame souces. EPA madethe sme
determination in the2013 US GHGAnventory of Emissionsand Sinks, buneither the2013
Inventory nor the2014Draft Inventory explains theAgency's preference for theAcid Raid dat.
(Id.; 2013Inventory at 3-79). Thelack of an explanation is garticularly problemetic becaise,
notwithstandingts concernsabout theEIA data for woody biomass consumptioby EGUs, EPA
consicers EIA's national estimate for totalwoody biomass consumption tbe accurate. (2014
Draft Inventory at 3-79). In any event, EGU biomassconsumption etafor 2012 is lover in the
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Acid Rain dagset than itis in theEIA datast. So in order to useboth theAcid Rain datafor
woody biomass consurmption by EGUs and the EIA datafor totalnational consumption, EPA
adjusts theconsumptioremissions dtafor theother three sedors (Industial, Residentdl,
Commercial). (Id). It appeas that that EPA calculated thedifference between the EIA dataand
theAcid Rain datafor woody biomass consumjpbn by EGUs and then poportiorally allocated
that difference to thoseother sectorsdEIA scores.

Assumingthat is in fct how EPA determined thewoody biomassconsumption and emissions
datareported in Tables3-55and 356, CATF was unable toreproduce the reported results forthe
Eledricity Generation sctor usingtheampd.e@gov databased which in turnprevented us
from assssing thereported results forthe other three sectors.We note, towever, that the
reported EGU emissions for 201221.0Tg CO2e)are an order of magnitude higher than they
werein 2008 (2.8Tg CO2), 2009 (2.4 Tg CO2¢),2010(2.6 TgCO2¢), and 2011(2.4 Tg
COZ%). (Draft 2014Inventory at 3-78, Table 3-55). Weaso note tlat emissionsrom EGU
consumption ofvoody biomass eported duing earlier years (e.g. 20082011) appear to betoo
low when compared to emissions dta thet CATF received in response taueries at
ampd.e@.gov. Finally, CATF notes tlat Acid Rain datbaseappears to besignifi cantly under-
inclusive. For example, when CATF queried thedatabesefor national CO2 emissions fom EQJs
thatco mb uveood"aid "othersolid fuel , oresulthavas comprised oemissions fom orly a
handful of facilities locaed in just fivestaes.

Comment: Discussionand Pesentation ofGlobal Warming Potentials GWPs)fromIP CC 6 s
Fifth Assessnent Reportin theintroduction and Anrex 6.1:

In theDraft Inventory, EPA haes presented he GWPs fom IP C C Efth Assessnent Report
(AR5)incompletly. We commend EPAfor committing to usingthe GWPs fom the2007
Fourth Assessirent Report (AR4) in rext year&s inventory, in compliarce with UNFCCC
guidelines.However, the moraecent AR5 GWPsare now consdered mare accurate, and it is
important that EPA let eaders knowabout treseupdates. Themateria presented in the
Introduction, and in Amex 6.1, does notacarately reportwhat AR5 reports for GWPs,and the
problem is particularly acutefor mehanefrom i f o srses dudhes ah ail, and ratura gas.

For dl GHGs,ARS reports twoGWPs.For one, theclimate carbonfeedbadk (ficc-f b éffécts
are included when theradiativeforcing from the érget gas (thhe non-CO2 GHG) is calculated; for
the otler GWP, thecc-fb are not included in thiscalculation. Hovever, GWPsare cdculated
relative to theradiative forcing caused by CO2, and thec-fb is included for thecdculation of
radiativeforcing from CO2 inal GWP cdculations. Ttat is, when theGWP for methaneis
cdculated fiwithout the cef b thedadiative forcing for methane without thec-fb is compaed to
theradiativeforcing for CO2with the cc-fb. For this reesson,IPCC stags that it is lilely that the
GWPs with thecc-fb includedare more accurate. (See page 731 0of AR5). As such, th®raft
Inventory, which orly presents AR5 GWPswithout thecc-fb, (Draft Inventory at 1-9, Box 1-2)
iS not pesentingthe mat accurate information to readers.
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Furthermore, specific to methane, EPA shouldso include the GWPs that PCCcdculates for
fossil metlane. Thetableon page 1-9 omitsthis. Theeis noreason not to islude theGWP for
fossil metlanein thetable. While the issuevas not prgerly handled inearlier editions ofIPCC
Assessnent reports, it is asimple natter: CO2from theoxidation offossilmethaneis additional
CO2 in theclimate system, whereas CO2from axidation of biagenic methaneis not. EPA must
report the lest avail able scientific information. Consistencyith earlier, less acurate IPCC
reports, is not amcceptable ressonto leave this information out of th& able. Afterall, it is just
an informational taled. However, many userswill read this tableto read that AR5 says theGWP
of CH4 is 28, priod. The notesat thebottomof thetable are not suficient.

In sumnary, aline shoud beadded for fossil methare. It would have no entries for SAR, TAR,
or AR4, so it would belear that it is new, and that there is noanaloguein the previous ARs.
Seoondy, an additionalcolumn with theAR5 GWPs with thecc-fb included is reeded.

Likewise, Annex 6.1 is quitehelpful, but it appeas to not gen acknowledge the GWPs in AR5
cdculatedwith thecc-fb included, northe gparate GWPs forfossil mettane. Thus, it is not
acarately using therecommendations of ARS.

For example, natural gas,petroleum, coa mines& abandored coal mines,stationary& mobile
combustion, ptrochemical and ron/cokeproduction tagether account for43% of US metlane
emissions. Thus, if usintipe GWPs without theec-fb included, thecorred change to methane
emissions (in CO@) for AR5, relative to AR4 (&ble A280),would be(5 * 0.43 +3 * 0.57)/ 25
or 15.4%, not thel2%reported in table A280. Asmentionedabove, AR5 says that it is lilely
that thevalueswith thecc-fb includedare more aacurate, so the mie accurate GWPsare
acdualy 34 for biogenic methaneand 36for fossil methare. Theefore the mostacarate value
for the change to mettane emissions (in CO@) for AR5, relative to AR4 fable A280)would be
(11 *0.43 +9 * 0.57)/ 25 or39%. That's asignificant difference, andignoring al of theseother
valuesfor GWP daes ared dissrviceto readers of this edion.

Therefore, tades A276,A280,A281 should bepdated to usehefossil metlane GWP forthose
soures, and to digussand show thalifferences if theGWPswith cc-fb included(for al non-
CO2 GHGs)are included.

Comment: Minor Suggested Coredions / Claifi cations (by page number)

Page ES-14, Line 13: Strike fiobserved . Thedrop in emissions is irdrred, largely from dhanges
in adivity drivers.

Page 1-6: Suggest thefollowing addition (in bold):

fiTropospleric ozoneis produwced from complex chemica readions of voktile organic
compoundsand/or nethane mixing with NOx in thepresenceof sunigh t . 0
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Page 1-9 Box 1-2: In theGWP discussion ithe ES, the impornce of forcing by secondary
products of gimary forcers ismentionedUpdates to thecdculations offorcing by seaondary
products isan imporiant factor in thechanges in GWPs in AR5. Sggest thefollowing addition
(in bold):

filn theARS5, thelPCC fas applied an improwed calculation of CO2radiative forcing and
an improved CO2respmsefunction in presenting updated GWP vaues.IPCC aso
applied updited @lculations of indiect radiative forcing for somegases. Additionaly,
theatmospleric lif etimesof somegases have been recdculated, and uplated badground
concentrations were used. In addition, thevaluesfor radiativeforcing and lifetimeshave
been recdculatedfor avariety of halocarbons,which were not presented intheS AR . 0

Page 1-10 Veay end ofsection 11, Add this enterce (copied from ES):

AiTheuseof IPCC AR4GWP \alues in futue year inventories will apply aaoss theentire
time series of theinvenbry (i.e., from 1990 to 203) in next yead sepor t . 0O

Page 3-70, linel: thecorrect table referenceis Annex Table A-135

Page 3-71, line16: TheBrandtet al study is notlisted in theReferences ction. Also, pkase
makean effort to providea URL, whenever possble, toall of the documerts listed in the
References sction, particularly EPA dacuments.

TablesA125-A130 reference anumberof documents not liséd in thereferences sction on pp
A200-A202. EPA shouldattempt toget asmany of the memosand otherdocuments listd as
references onto thevebste, and provide hyperlinks to thosedocuments in theeferences sction!

Table A125: theEF for Liquids Unlcadingw/o plunger lifts for region MC is messed ugit is
writtenas 190,17 &fy/well, so either adigit is missingor thecommais in thewrong place.

There are noreferences listedfor thepetroleum sction. (And alot of other sedions. Maybe
thoseworks are cited at theend of Annex 3?)

Commenter: Darren Smith
Devon Energy

Comment: Dueto our position asn ealy-adopterof reducing emissions fom prodtction
processes, Devon holdsunique knavledge aboutthe processes involvedand the fysical
phenomenahat skape emissions fohydraulically fractured wells. It was this expertiseand
knowledgei and theresulting discowery that EPAs previous estimaks for metlane emissions
from theflowback of hydraulicdly fradured wells were heavily inflatedi that led Devon to tke
an adive rolein ercouraging EPA torefine the previoudy adoptedemission &ctor for
hydraulicdly fradured wells. It is this samexpertise thet leads Devon nowto commendEPA
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for the poposed changes in the2012 Draft GHG Inventory. The proposed changes to thisyearés
inventay have brought theinventory onestepcloserto an @curate and complete emissions
prdfile for the natural gas production sedor.

Comment: Devon supports thaseof the GreenhouseGas Reporting Program for this emission
factor, replacing the previous estimatéased onNatural Gas Star Bita, which was not fit forthe
purposeof establishing emission &ctors. Devon has provided numeouscomments aiticizing the
previousemission fctor for methane emissions fom theflowbadk of hydraulicdly fractured
wells. Thecrux of thecriticism wes that Nitural Gas Starrecovered volumes were used as a
proxy for emissions fom ventedwell completions. Natural Gas Str data isnot fit for emission
factor determination. This newmethod dasticdly improves acaracy of the factor, and can form
thebasis formaking adjustments to the inentory in thefuture, as industy technology continues
to reduce emissions in lhie oil and ggs se&tor. Whilethere is still roomfor improvement dueo
the GHGRPs useof the chokeflow calculation methodolay, thechange represents a sgnifi cant
improvement in &curacy.

Moreimportantly, through theadoption ofnet enission &ctors, EPA provides a framework by
which future greenhouse gas reporting rule resultscan beused to continually refine the emission
factorsfor methane fom hydraulicadly fracdured well completions. Asthe geenhousegas
reporting rule further refines itscaculation and reportingmethodobgies, andas industy
improves its tehnology and pradices to futher reduce emissions, themisson factorsfor
methanefromwell completionscan and should bedjusted acordingly. Given that ret
emissions &ctors will closdy mimic GHGRP dita, updates to theemission &ctor can beesasily
automated, so tht an acurate emissions préile can becaptured each year. Finally, creating net
emission Bctors that moe closdy match theGHGRP dita will provide thepublic confidence in
theaccuracy of this paticular data program.

This poential, and theability for thepublicto verify greenhouse gas reporting program dag,
provides transparency to the method by which thefactorsare determined. This allows policy
makers and the public tdetter understand the different emission prfiles for different equipment
configurations,and for thefederal and séte governments to makpolicy dedsions lased on
acarate chta.

Commenter: Erica Bowman
America's Natural Gas Alliance

Comment: ANGA appreciates thechanges EPAhas madean developing the 2014 Draft GHG
Inventory, which incorporates rew data souices and methodolgjies that nore accurately reflect
adual emissions. Thsechanges includethe estalishment of technology-speafic emissions
factorsfor wells with hydraulicdly fradured completions andvorkovers. We encourageEPA to
continueupgading the GHG Inventory with netemission &ctorsin place of potential emission
factorsas mae data become avail able. Wewould aso suppa furthersub-caegorization to
recognize the diferences between hydraulicdly fradured completionsand hydraulicdly
fradured workovers.
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Comment: For thepast several years, ANGA has submitedcomments on EP/s Draft GHG
Inventories. Included in thoseomments were concerns thet EPA hes overestimaed emissions
from natwal gas production adivities, particularly emissonsassocatedwith the liquids
unloadirg, and well completions andvorkovers. In the2013GHG Inventory, EPAadjusied the
methodolgiesfor estimating the frequency of well re-fraduring and emissions fom liquids
unloadirg. These changes contributed to areduction in estimaéd 2010Field Prodiction
emissions fom Natural Gas Systems of 54ercent. ANGA suppored these changes, which more
acarately accountedfor acualfield pradices.

In the D14 Draft GHG Inventory, EPA adjusts themethodolgy for competionsand workovers
with hydraulic fracturing. Theseadjustmentsestablish fourtechnology-specific emissions &ctors
for wells with hydraulicdly fracdured completionsand wakovers: (1) hydraulic fracturing
completionsand wakovers thet vent; (2)hydraulic fracturing completionsand wakovers thet
flare; (3) hydraulic fracturing completions andworkovers with Reduced Emission Corpletions
(RECs);and @) hydraulic fracturing completionsand wakovers with RECs tlat flare. These
emissions éctorsare based on dita submited to EPA unér the20 1l and 2012 Geenhouse Gas
ReportingProgram (GHGRP) Subpa W. Compred to dataused in the2013 GHG Inventory,
the GHGRP dita shavs ahigher percentage of hydraulicdly fracdured well completionsand
workovers usng RECs, ahigher percentage of hydraulicdly fradured well completionsand
workovers thet flare, and fewer emissions pr hydraulicdly fradured completion andworkover
that vented. Webdli eve that theadjusiment to theemissions &ctor for hydraulicdly fractured
well completionsand workovers thet ventis closer to representing adual emissions. The
GHGRP dita ugd by EPA suppat ANGA's long-held conention that EP/As estimatethat 9,000
thousand cubic feet (Mcf) of natural gas isreleased per uncontrolled well completion is flawed
dueto its rliance on datafrom theNatural Gas STAR pragram.

Comment: Although the rew emission Bctorsfor uncontrolled well completions Letter represent
adual industy prectices, they remain hgher than measured results fom therecent stuly by
researchers at theUniversity of Texas-Austin and supporéd by Environnental Defense Fund
(UT Austin/EDFstudy). At 41 metic tons (MT) methne per ventedwell completion, for
example, theestimatein theDraft 2014GHG Inventory is within oneorder of magnitudeof the
range found for similarly configured completions in theUT Austin/EDFStudy, which founda
range of 0.5-4 MT methane per completion event for thosewells vented dredly to atmosplere.
Much of this diference can beattributed to thechokeflow cdculation methodolagy option in
the GHGRP. Thechokeflow cdculation methodolgy was not asigned for usein multi-phase
flow applicaions,and as such can often deliver erroneousresults when compared to direct
measurement. ANGA encourages EPA toremoveoutlier datafrom theemission #ctor
cdculation and useonly measured data in theGHGRP forthe calculation of emission &ctors, not
data derived from thechokeflow equation mettodology.

Comment: As noted above, ANGA supports the usef GHGRP dita toestablish emission

factorsand stongly believes that EPA shouldontinueusingthis data souce to refine the
emission gctorsfor hydraulicdly fractured well completionsand wakovers. As industy
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technology and pratices improveto furtherreduce methane emissionsand theGHGRP
continues to updte itscalculation and reporting methodolamies, theemission &ctorsfor
hydraulicadly fracdured wells and completions should badjusted accordingly. In addition to
improvingthe acuracy of the GHG Inventory which is acommongoa of both EPAand the
natural gas industy, creating emissions &ctors that moreclosdy match theGHGRP dita will
providepublic confidence in and inceaseuniformity across EPAs data rograms.

While ANGA continues to [elieve that EFA's estiméae of thenumberof uncontrolled well
completionsand wakovers is too hgh, we understand that this numbewill deaease
significantly in future years as the 201%nd laer GHG Inventories will factor in theREC and
completion combustiondevice requirements irtluded in theOil & Gas New Soure Pollution
Standrds. This rulerequires the us®f RECs foralmost allcompletionsand wakovers after
January 1, 2015and required flowback emissions to beouted to acompletion combustion
device stating in October 2012. As aresult, the 201%55HG Inventory, which reportsestimated
emissions fom 2013, shoulddve significantly lower emissions fom theseadivities.

Comment: In resporse to EPAs request forinputon theassumptims regarding the historicuse
of RECs, wesupport theecommendations made by Devon in its comments on theexpert review
draft and publicreview draft of the 2014GHG Inventory. As EPAconsidcers other changes to the
inventay, we would syport sib-caegorization of pneumaticcontrollers to hgh blead, low
bleed, and inermittent cateories and the usef appropriate actual emission &ctorsfor each
caegory using GHGRP dita, theUT Austi/EDF stuly, and other recent and upgcomingstudies.

Comment: Given the nagnitudeof thechanges that theAgency has made ogr thepast four
yeas both inceasing and deaeasing estimated emissions fom natwal gasproduction, the
underlying data and assumptions must bigorousand well suppored. ANGA appredates the
changes EPA las madeto its methodologyor estimating emissions fom liquids unl@ding, its
estimateof thefrequency of work overs, and its methodolgy for hydraulically fractured well
completionsand wakovers. Weencourage EPA to continueupckting its methodolay and
emissions &ctors with tchnology- and region-specific emissions éctorsbased on \alid data,
assumptiongnd cdculations. Havever, given the underlying uncertainties ofthe current dasg,
ANGA does not supporthe useof theemissionsestimats pesentedin the GHG Inventory as
the lasis forany analysis orregulatary adion.

Commenter: Karin Ritter
American Petroleum Institute

Comment: Generd:

API supports thehanges madeto the2012 U.SGHG Inventory including the advances maden
updating the national emission estimation ethodology and increased useof site spedfic
industy data that is becoming avail able through theGreenhouseGas Reporting Program
(GHGRP). Wren accounting for these changes theresultingnon-combustionemissions fom
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Naturd Gas Systemsare estimaed to be 162.3 million met tonres of CO2¢gCO2- 35.2; CH4
-127.7). This epresentsa 1.07%of natural gas withdrawals for 2012.API encouragess EPA to
statethis clearly early in thediscussion on Btura Gas Systems taenhance understanding of the
data by potential usrs.

Comment: Generd:

For thisPublic Review of thedraft 2012national inventory, API is providingcomments
regarding emissionestimation for PetoleumSystems and\atural Gas Systems. Ourcomments
reiterate someof the digussions onecdculationsthat were part of theU.S. GHG Inventory
expert review phase and also point out aeas for futurecollaboration where EPA is pbnning
future improvements. Al supports further review and analysis of the GHGRP dita with the
overarching goal of enauring the quality and validity of data being used for deriving new national
emission &ctors.

In addition, results fom on-going GHG emission studiesre expeded tobe publisted thisyear,
and API is willing to cantinueits collaboration with EPA to incoporate relevant new
information in the 2012).S.GHG Inventory and beyond.

Comment: Generd:

API supports theontinued disaggegation of emission soure informationand, if applicable,
emission eductions, to povide better transparency for finetd emissions foread souce type. The
approech historialy used by EPA oflumping togetrer reduction activities for multiple
inventay saurces male it difficult to attributethesereductions to sgdfic inventory saurce
caegories. Emissioneductions ieported for AOther Prodictiono, fOther Processing, fOther
Tran s mi sandfiOtinerdi s t r i ibh Tabla AelB5are larger than thoseshown in the
Expert Review Draft and provide less tensparency about thesaurces of theseemission
reductions.

Comment: Generd:

Where apprapriate for the souice category, APl suppats thecontinued useof data reported
through theGHGRPand otherrdevan t i k50 pdbudiemto devel o0 pet @mission ctors
for spedfic sourcecaegories. APl also recommends that EPArecdculate finet  emission fators
for relevant sourcecategories onan annual basis, usinghe GHGRPdata andany relevant new
fbottomsu p studies, foread siccessiveinvenbry in order torefl ect changes in emissions due
to expanded regulatary and volungry reductions. This allows EPA to ghlight, in theU.S. GHG
Inventory, changing operating pradices due to regulatoy requirements beng phased in by the
petroleum and matural gas setor over the next few years.

Comment: Generd:
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API advises EPA t@arefully analyze and screen GHGRP eported data toidentify data outliers
and enable verification and/or correction orexclusion ofsuspet dataentries and prevent theuse
of incorrect datain thederivation of emission &ctors (EFs). As discused previoudy with EPA,
duringthe Expert Review phese, theGHGRP dita may potentialy include incompleteor
incorrect datadueto anbiguity in implemengtion of approved EPA procedures, errors in
applying the GHGRP cdculations, &ults in cita agyregation and reporting, and partia reliance
on Best Avail able Monitoring Methods(BAM M). Despitethesediscussios and detailed
anaysisprovided to EPA to hghlight theimpad of erroneous dita and outligs it ams that
EPA did not modiy their cdculations published in thBublicReview version ofthe 2012
inventay now under consideration.

Comment: Petroleum Systems Enissions:
Page 3-54 and Page 3-55. Editorid Comment:

API has notd aredundancy in thetext presentedin rows 28-32 of page 3.54 with rovs 10i 13 of
page 3.55.

Comment: Petroleum Systems Emissions:
Page 3-59. Recalculation Discussion: Accountingfor Voluntary Emission Rductions:

Under its recalculation dscussion EPA eeks comment on its upae to the Petrelm Systems
sedion to includeNatural Gas Starreduction data. EPA hes added an accounting for voluntary
emission eductions to theCH4 emissibns from Petroleum Systems, and it indates that this is
from reassgning reductionsthat were previoudy included under theNatural Gas Systems(as
referenced on mge 3-70).

API supports this dinge but noes that thereductionsattributed to thePetroleum Systems &dks
theleve of trangparency that wes previoudy provided for Natural Gas Systems. To addess this,
API remommends that Section 3.6for Petoleum §stems in theannex shauld include atablethat
is equivalent to TablesA-135and A-136 in theNatural Gas Systems.

Comment: Petroleum Systems Emissias
Page 3-59. Planed Improvements OilWell Completions and Workeers:

EPA is digussingits planned improvement to thdJ.S. GHGInventory for oil production to
allow for differentiation between completions withand withouthydraulic fracturing. EPA is
see&king comments onthetopic as part of its future improvementseffort snce comments they
recaved duing the Expert Review phaseindicate that 75-90% of all new oil wells are completed
with hydraulic fracturing. Somecommenters suggest that updtedemisgon factorscould be
developed usng data from recent studies and BPA is quotingawide range of potentialaverage
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emission &ctors thatare being considered without providing any explaretions orjustifications
for theseemission fators:

1 6.2 MgCH4 (GHGRP lased on gs well completionsand wakovers in Oil formations
for wells with andwithout contol);

1 3.1 MgCH4 (UT Austin/EDF; wells with controk);

1 9.7and 24.7 MgCH4 (Wattenberg and Eajle Ford data, wells without control)

API wants toemphasze thatexisting data from recent field studies ofrom extrapolation fom
gas wells in oil formations do not prade areliable representation of poéntial emissions fom
oil well completionsand wakovers. APl is willing to work with EPA toassess da that may be
used for future improvements of themission &ctors u®d to charaderize this emission soge.

Comment: Petroleum Systems Emissions

As an additional item for future improvement, BPA is repeating its requests fom theExpert
Review draft for data onthe Oil wells refradure rate, which EPA currently assunes to be7.5%
per year. As previoudy stated API concurs thet field datafor Oil well completions with and
without hydraulic fracturing is currently sparse. However, EPAG assumption o 7.5%
workover (or refradure) rate for al oil wells seeams higher than is expededbased on industyd s
experience

API is willing to work with EPA to @velop areasorable oil well refracture rate for potential use
in futureinventaies.

Comment: Natural Gas Systems Emissions

Page 3-69. Recalculation Discussion: Gs Wells Completionsand Workovers: Alternative
Approach to EmissiorfFactors Gitegories:

During the expert review phaseof theU.S. GHG Inventory API supporéd EPAG derivation of
new EmissionFadorsfor gas wells completionsand wakovers utilizing GHGRP dita. API has
also noted thenead for careful screening of reported data to makesure thaterroneousentries and
outliersare not ukd in thesecd culations.

Moreover, APl has recommended that EPAcollapsethe poposed four categories for groyping
gas well completionsand workovers with hydraulic fracturing into orly two caegories.
Therefore, in response ta&EPAG request for comments duringthe Public Review phaseof the
inventay, API reteratesits previouscomments and naintains thet thefuture relevance of the
four distinct ogerating pradices for which EFs werederived ought to bereconsicered. Newly
proposed changes to estimatingnd reporting emissionsfor flowbad events for hydraulicadly
fradured completionsand warkovers1land the asingin of compliarce with the Oil and Netural
Gas (NSPS)2will like ly result in few to noeventswithout reduced emissions completion
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(RECs),and thosewith RECs willgenerally includeboth ventingand flaring for short periods of
time.

As described before, API is proposingan aternate two-category approad that may be adopted
for future inventories and which wouldentail thederivation of emission &ctorsthatare
representative ofcompletionsand wakovers with hydraulic fraduring and limit significant
changes in subsguent inventaies in view of the expeded operational changes:

1 Non-REC Compétionsand Workovers (Ventedonly); and
1 REC Compttionsand Workovers (ventedand fl ared).

Table 1 Elow reintroduees amodified version ofthe EFs from sich an aternative approacd, as
provided by API during the expert review phaseof theU.S. GHGInventory. The esultsare
presentedfor both the2011 and 2012GHGRP dita (with outliers removed) and thesdwo
caegories are expededto provide agood characterization of emissions fom theseemission
sources and will enable tradking industyés transition to the usef reduced emissioncompletions
and wakovers. Based ondiscussions with EPA liecaneclear tret EPAG count of vented
completionsand wakovers without RECs ikludescompletions withzero emissions. 16 s
initial calculation approach excludedthesedata ses forthe norRREC completionsnd
workovers. This hes beenrevised in API6 s medl ahalykis shown irfTablel.For 2012, 466
non-REC venéd completions and 95 ne-REC wakovers were reported with zero emissions.

Tonnes Scf # data
CHA4/event CH4/event sets

Year Category Total CH4 # events
Emissions,
tonnes CO2e
2012 | Non-REC 1,121,164 3,037 17.58 915,596 252
Data | Compktionsand
Workovers (Vented
only)
REC Comptétions 219,364 3,051 4.21 269,854 333
and
Workovers (vented
and flared)

2011 | Non-REC 2,803,608 2,957 45.15 2,351,503 346
Data | Compktionsand
Workovers (Vented
only)

REC Compttions 430,161 4,815 4.25 221,572 319
and

Workovers (vented
and flared)
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Comment: Natural Gas Systems Emissions
Page 70. Plamed Improvements: Comption and Workover Couns:.

In its disussionabout future Planed Improvements, BPA is addressingissues that vere braight
up repeaedly in APIGs disussions with EPAAPI has provided comments before about the
inconsisency in acouningfor thetotal numker of completionsand wakovers, dueto
ambiguous &nguagein the GHG Reporting Program.

At EPAG request, API has suneyed its memlers and summazes below thefindings that point
out thedifferences between EPAand API6 sompetionsand wakover counts, whch impad the
cdculatedemission &ctors.

1 EPAassuned the numbr of completions isequal to thesum of totakcompletions
reported and completions with puposely designed separating equipment (RECs). API
assuned the RECs wre asubset othe totalcompletions gported. Thiswas confirmed
by seven (7) membercompanes.

1 EPAassuned the numbr of workovers isequal to the sum of entedworkovers, flared
workovers,and REC waokovers. APl assuned thetotal number of workovers was equal
to thesum of theventedand flared workovers, and that wakovers with purposly
designed separation equipment were asubset othis total. This vas confirmedby five (5)
memler companes.

1 Where data sts provided a count of wakoverswith REC, but naount of vented or
flared workovers and zero emissions, EPAsssigned theseas ventedworkovers with REC.
API treaed these as invdid datasets. For 2012, ths applied to 11 dataets, representing
21 wakover events. TheAPI analysis hes been revised to islude thesedata sets, as
reflected in Table 1above.

Comment: Natural Gas Systems Emissions
Page 3-71. Planed Improvement: MethaneM easurement Studgs:

EPA is equestingfeedback on how neassurementsfrom tgp-down studes can beused to update
its emissionsestimaes. As API stated before, sudies seh as Retron 2012and Miller et al. 2013
focus on inveseflux modeling which employs emissionconcentration data from aircrafts,
grourd-based or towers over aregional area or on ambient hydrocarbon speciesratios analysis.
Thesestudies have either been regional and do nofully represent natual gas prodution in the
US (e.g. Petron 2012, or do not represent curent opeations (Miller 2013and Retron 2013.
Additionally, thesestudes are afisnapshdoin timeand do not neessaily give any indicaion of
emission etes ower alonger time period such as annul. It is well know that bottons-up methods
like Allen et al. have much better accuracy over top-down nethods. Since EPAgreenhousegas
inventay, uses abottonrs-up approah in itself,espedally for quantifying CH4 emissions, it is
moreapprapriate to useotherbottons-up approaches as data souices and for inventory
verification.
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There are severa studies undway thatattempt to combine fp-downand bottoms-up methods
to better understand and reconcile the differences. Until such time,EPA should oty consicer
studies that mesureemissions diectly from the individ@al souices or ativities.

Additionally, APl wantsto reiterate that no tq-down study will be able toproduce granularlevel
informationprovided by the EPA inventay with resped to individual souces or ativities within
asedor. At best, thesetop-down nethodscan be used for gross vetiiication of theinventay
estimaes.

Comment: Comments onAppendix A, Table A-135:

EPA fes revisedthe voluntaryemisson reduction data in the &ble. Thefiother product i 0 n 0
caegory increased from 40 GgCH4 in theexpert review version to 619.3 Gn this vesion.
Thereis noexplaretion of the changein reductions otler than EPAreallocated somdromthe
natural gas systems to petroleum systems.

API contends tht this changeis a step bekward in the tansparency of the emission eduction
dataand uges EPA toelabaate on low thechange was calculated and what it includes. This
does notapply only to the onshoreproduction ssgment sige the @me ircreaseis noted in the
fliothe o reductions forthe otherindusty segmerts listed in Bble A-135.

Comment: Comnents onAppendix A, Table A-141.:

There seems to bean error in Table A-141.API6 secdculation of theproduction sdor
emissions indietes that thevalue shavn for condensate tanks in this tabl€2252Gg) is not the
net emissions. Thaet emissions foithis souce should bel64.9 GgCH4.

Comment: Comments onAppendix A, Table A-143:

EPATrevised theemissionestimatefor CO2from flares. While in the Expert Review version
9,868.6 GgCO2were reporéd (Table A-141)in this vasion wenote avalue of12,738.8Gg
(Table A-143). This appers to combindlaring from prodiction and processingoperations. APl
is requestingthat EPAexplain this rew value and statespedfi cally what industy segment it
represents, or Iveak outemissionsassocatedwith production operations parately from
processing.

Comment: Generd Editorid:

API suggests that EPAeq the smeorder for the emission soures in thetables presentedfor
ead industy sector. Th's wouldcertainly help when reviewing taldes sideby side.For example,
EPA hes moved théocation of theemissions forgas well workovers among the diferent tables.
In Table A-125, theseemissions &e presented with completiongnd well drillin g, while in Table
A 1-43, wakover emissionsare presentedseparately after tanks.
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In sumnary, APl appredates theoppatunity to provide comments duringthe public review
phaseof the 20120.S.GHG Inventory. EPA noed someerrorsand omissions tét need to be
addressedprior to finalizing the inventory while reiterating comments provided duing the
Expert Review pheseand indicaing areas for potential futureimprovemerts.

Commenter: David Isaacs
Semiconductor Industry Association

Comment: Thecurrent IPCC guidelines vere establisked in 2006 with dta colleded in 2004and
ealier. Whilethe ditaused to deviseahesemetlods represented thebest avail able dita at the
time, it no lomger represents themostacarate data avail able. The default emission &ctors
contaired in thecurrent IPCC guidelines vere based on 75emissionscharacterization data s,
which may no longerbe representative ofthe processesand equipment used throwghout the
industy.

Comment: In 2013 EPAsswed afinal rule governing the ieporting of greenhousegas emissions
for the micondwctor industy in theUnited Setes, codified at 40 CF.R. Rart 98 Subprt I. As
part of the development of this regulation, SIA membercomparnes, several praess equipment
manuadurers,and SBMATECH, contribuied to alargedata colledion effort resultingin a
subsantial amount of mw data. The participantsin this datacolledion undertook an extensive
effort to characterize the processesdeployed in aur industy. The data colleded was from
equipment pracessing different wafer sizes and multiple ®micondwctor companes and
equipment supplers. It includesevery fluorinated greenhousegas currently used in
semiconductor plasmeetch processing and chemicd vapordepositionchambercleaning. The
new data krings the todl numberof data sets to 1182.

SIA believes that theadditional data u®d in thedevelopment of Subgrt | will result in more
acarate and nore representativereporting of PFC emissions fom semtondictor fabs in the
United Satesas compaed with thecurrent IPCCguidelines ued internationally to report
emissions fom our industy. EPAevidently concurswith this conclusion throgh the adoption
of theregulation. Trerefore, in order to improve thereporting of emissionsglobaly and ensure
consistery in reporting methods SIA requests hat EPAwork to updite the current IPCC
guidelines tarefl ect this new data. Updating the IPCC guidelines will improvethe consistegy
of thedata contained in theU.S. inventoy with the iformation avail able globaly, and also
improvetheaccurecy of theglobal dat. SIA would bepleased to assist EPA in thiendeavor.

Commenter: David Lyon
Environmental Defense Fund
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Comment: Environnmental Defense Fund (EDF) previoudy submittedcomments on th®raft
Inventory of U.S. GeenhouseGas Emissionand Sinks: 1901 2012(Draft 2014 Inventory)
duringthe expert review comment peiod. As stted in our peviouscomments, werecommend
that EPA updtes thePetroleum Systems souwge category to acount formethaneemissions fom
co-producng well completions withhydraulic fracturing. EDF has prepared awhite paper on
methane emissions fom co-produang well completions tret summaizes our aalyses of severa
recent data souices including the Greenhouwse Gas Reporting Program Subpart W, Allen et al.
2013,and initial production datafrom theEagle Ford,Bakken, and Wattenberg fields. Based on
theseanalyses, we estimate thet 2012 nethaneemissions rom @-producng well completions
are between 96and 247Gg CH4, compaable to theDraft 2014 Inventory estimateof 217 Gg
CH4 emissions fom hydraulicdly-fractured gas well completionsand workovers.

Commenter: Nathan Matthews
Sierra Club

Comment: The Sierra Club files thesecommentson theFebruary 2014draft 1992012
Greenhouwse Gas Inventory. We offer the followingconcerns:

1 For gas production, although EPAproposes to evise sedor wide emissions estimaes
downward, recent science basd onatmospleric measurements indietes that astrong
upward revision isappropriate.

1 TheAUT Austin EDFO Study provides further indication that the inentoryds estimate
of gas systemsemissions is too lowEmissions fom pneunatic controllers, in
particular, are likely to be unérestimatd.

i Thedraft inventory does not include emissions fom unconentional (e.g.,
hydraulicdly fracured) petroleum wells.

1 EPAG outditedfigure for methare6 global warming potential is & lower thanrecent
estimaes.

Comment: Atmospleric Studees Indicate That Gas Systems Have Far Higher Emissions:

TheFebruary 2014 daft reduces ERFAG sstimateof total emissions fom gas poduction. Yet
several recent published studis based onregional aamospleric methane measurement indicae
thatestimaes EPA poposs to lower were aready too low.

We briefly sumnarize theseatmospleric studes here. Thefirst group of studies looled at

particular regions. Two studies ledby researchers with theNational Ocean and Atmospleric

Administration (NOAA) Earth System Research Laboratory thathave directly measured metlane

in theatmosphere in other regions have estimaigti leakrates. The firsof these studies

explains thatoy monitoing methae, propae, benzene, and other volatile organic compounds

in the air around oi l and gas fields, the aut
contributions to these pollutant levels. According to the study authdrse i r fAanal ysi s
that theemissions of the species we measure are hkaety underestimated in [1992010]
inventories, o0 perhaps by as much t@efabmutf act or
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4.8%of production. A secondannourced NOAA study suggests that lek rates inthe Uinta may
beas highas 9%.Additionally, we note that a Gllifornia study identified al17%]leak rate for oil
and ggs (presumalby primarily oil) operations in th&éos Angelesbasin.

Theseondgroup ofstudies, released in thelast four months, loks at nationwide gs produetion
emissionsand spedfi cdly criticizes the por inventory as urderestimating G1G emissions fom
gas production. In Decemberof 2013, apaper published by Scot M. Miller et al. inthe
Procealings of theNatural Acadeny of Sciences reviewed atmospleric measurements of
metrenea nd c o n c | u d eHEPA redntytdeaésEcite CH4eissions ddorsfor
fossil fuel extradion and processing by 251 30%(for 199012 01 1) , but we ynd t hat
from arossNorth Ameicainsteal indicate the ned for alarge adustment of theopposite

s i g nothé wdrds,rather than reducing the estimated leak rate from 24% to something
approadiing 1.5%, EPAshould fave increeased its estimateto at least 3%.In February, apgper
published in Sdence similarly conduded ttat thethencurrent inventay underestimated
methane emissions fom gas productiond indicating that theFebruary 2014 draft is achanggin
thewrong direction.

Sierra Club has not identified the I|ikely rea
assessments@rpoat i ng at mospheric measurements and EF
individual components, @dices, and emission fators. Assuminghe atmospleric studes to be

corred, factorscontribuingto this digrepancgy may includeunderestimaton of thenumberof

wells, a systemwide underestimationof per componenemissionfadors, drastic

underestimation ofemissions fom paticular souces (perreps preumdics or liquids unleding),

or there may be someother cause Although weare unable torecommend aparticular corredion

to theinventay fully reconcile the inventory with thesestudes, westrongly enmurageEPA to

devoteattention tothis issue.

Comment: TheAUT Austin-EDFO Study Further Indicates That Thelnventory Underestimates
Gas Systems Emissions:

The2014 daft acknowledges a study by David Allen, ofUniversity of Texas, Austin,et al. and

sponsoed by the Environmentl Defense Fund (EDF) as asource of additional infamation

regarding gas and petroleum systenemissions; the @gftgener al |y ref ers to this
AustnEDF study. 06 This study also generally indic
emissions from gs systemst-or the wellsand completions ircluded in this study, olesved

emissions were simal to average @s systenmemissions implked by the 2013 @G inventory.

However,the UTAustin EDF study found much higher utilization of redwed emission

completions than are contemplagd by theEPA inventories, resulting in drastély lower

emissions from tkt particular slice of thdifecycle. Thesereduaed completion emissions were

offset, however, by increses from other components,cuas preumatics, inexcess of those

assuned by theinventory. Thesebserved high ites ofemissions from activities o#én than
completionsshould bexpededto apply industrywide, indicaing that 2013nventory

underestimaeéd theseemissions. More enerdly, the UT AustinZ=ZDF study should bassuned to
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represent thetop end of prformers, insadr as thewells included were from largeindusty
players who opted in tdhe study and who fad notice that mesurementswould be 8ken. EPA
should look dticaly at emissionestimats that would indiate that theindusty as awhole
performs letter than thesubset of players and wells included in theUT AustinZ=DF study.

Comment: Thelnventory Likely Urderestimates Emissions frofmeumatic Devices:

As noted abovaheUT AustinZDF study indietes that the inventory significantly

underestimates emissions from pneumatic devices. Until individual pneumatic daeices

reported pursuant to Subpart W, EPA should adopt an approach such as the one recommended
by EDF in tleir separate comment on the Relyy 2014 dratft.

Comment: Petroleum Systems Estirates Must Acount forUnconventional Production:

There can beno disputng thathydraulic fracuring has changed the face of American petroleum
production and has keen employed in alarge percentage of petroleum wells foranumberof
yeas. FracFocus, thenational hydraulic fraduring chemicd registry managed by the Ground
Water Protction Courtil and InterstateOil andGas Compat Commissia, includes records
from 12,0560il wells that were hydraulicdly fradured in 2012. ¥t the2014 draft of the
inventay estimaes petroleum systememissions oty using emission &ctors for conventional
production. Asexplained in comments submittestparately by the Environmentl Defense Fund,
many of the tools EPA poposs to usdo estinate gas systems emissions caso beapplied to
petroleum systems. Alhough these toolsare imperfed, they can provide amuch maoe accurate
estimateof emissions tln the daft inventoryd sacaurate assumption thahydraulic fraduring
is not ugd in petoleum wdlls.

Comment: EPA Uses an Outcited,and Far Too Low, Estimate ofMet h a iGleb@l&Varming
Potential:

Theinventay discusss methaned global warming potential GWP) on the 10§ear timeframe,

and estimates this poéntial as 21 EPA explains hat it uses this slue pusuant to UNFCCC

reporting obligations. Id. Yet as EPArecoquizes, this \alue daes not epresent thebest a\ail able

science As an interim measure, EPA provides an annex with mary chats explainingthe impat

of usingthe 2007Intergovernmental Ranel on ClimateChange(IPCC) 1@ yea methane GWP
estimateof 25, Annex 6.1, but een thatestimatehas been superseded in the intervening seven

yearsof research. Most i mpor t anortlegtimaestataggredgad CCO s
1004ea methane GWP of 31, and an even higher estimateof 36 for methane emitted from fossil

SOuKes.

EPA must theefore take avail able seps toenmuragethis reporting obligation to beupdated to

reflect thebest a\ail able science Thesesteps intudeincludinginforming otherfedera entities
participatingin negotiation of theseagreementsof theimportance of usingrecent science. Asan
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interim measure, EPA $ould present anannex usngthe methane GWP ditafrom thelPCC AR5
report, as thedraft inventory does forthe IPCCAR4 dhta.
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Co-PRrRODUCING WELLS AS A MAJOR SOURCE OF METHANE EMISSIONS:
A REVIEW OF RECENT ANALYSES

PREPARED BY ENVIRONMENTAL DEFENSE FUND
MARCH 2014

The Environmental Protection Agency6 §i BA 0 New Source Performance Standards
(MNSPS ofgr the oil and natural gas sector require that hydraulically fractured natural gas wells
reduce their completion emissions using either reduced emission completions (RECs0 Qr
flaring.> EPA defines a figas we | of fbatural gas we | as  aamshore well drilled principally for
production of natural gasd and, depending on how this definition is interpreted, a number of
wells that co-produce oil (or other liquids) and natural gas (fto-producing wellso may not need
to control theiremissions underthe REC requirementsinthe NSPS.

Many completions of these co-producing wells, however, produce substantial pollution
that can be cost-effectively mitigated using the same clean air measures that have effectively
reduced emissions from hydraulically fractured gas wells. Extending clean air protectionsto co-
producing wells is vital given recent trends within the oil and gas industry. Over the last two
years, rising oil prices and low natural gas prices have caused new drilling activity to
increasingly shift to shale formations rich in oil and condensates. Reflecting thistrend, the U.S.
Energy Informationé @ EA €0 ost recent Annual Energy Outlook predicts that domestic oll
production will grow significantly through 2020, driven primarily by increases in tight oil
production (see Figure 1).

Figure 1. US Petroleum and Other Liquids Supply, 1970-2040 (EIA)
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! with limited exceptions, all fractured and refractured natural gas wells will be required to use RECs as of January
1,2015. 77 Fed. Reg. 49,490, 49,497 (Aug. 16, 2012).

240 C.F.R. §60.5430.



This analysis synthesizes available information on per-completion emissions factors, the
cost-effectiveness of mitigating those emissions using RECs or high-efficiency flaring, and,
where possible, the total amount of methane that would be reduced by deploying these
completion protections at co-producing wells. Table 1 synthesizes data from the following
sources:

A AFebruary, 2014 Stanford/Novim Study in the journal Science entitled iMethane
Leakage from North AmericanNaturalGasSy s t e (fi sypford/Novim Analysiso?)

A ICFInternationa | Report from March, 2014 entitled fEconomic Analysis of Methane
EmissionsReductionOpportunitiesinthe U.S.Onshore Oiland Natural Gas
Industri e §ACP Reportd)*

A A2013analysisinthe Proceedings ofthe National Academy of Sciences led by the
University of Texas entitled iMeasurements of methane emissions at natural gas
production sites in the United States;& (i U Studyo )

A EDF 6asalysis of the oil and natural gas portion of EPA 6 Greenhouse Gas Reporting
Program (FEDF Subpart W Analysisd);® and

A An analysis completed by EDF and Stratus Consulting of well completion reports in
the Bakken, Eagle Ford, and Wattenberg field (fFEDF/Stratus Analysisg.

These sources allindicate that co-producing well completions are a substantial source of
methane emissions, with total estimated emissions much larger than the figure reported in
EPA oofficialinventory of greenhouse gasemissions. EPA Ocsrrentemission factor for co-
producing wells derives from a 1996 study of conventional oil wells, and very likely
underestimates emissions from the hydraulic fracturing techniques that are prevalent today.

* A.R. Brandt et al., Methane Leaks from North American Natural Gas Systems, 343 SCIENCE 733 (Feb. 14, 2014),
available at http://www.novim.org/images/pdf/ScienceMethane.02.14.14.pdf.

“The report is available at http://www.edf.org/sites/default/files/methane cost curve report.pdf.

® David T. Allen et al., Measurements of methane emissions at natural gas production sites in the United States,
PNAS Early Edition (2013), available at www.pnas.org/cgi/doi/10.1073/pnas.1304880110.

® EDF, Comments on fi D ft laventory of U.S. Greenhouse Gas Emissions and Sinks: 1990720 1 Zircluded in the
supplemental information for this analysis).


http://www.novim.org/images/pdf/ScienceMethane.02.14.14.pdf
http://www.edf.org/sites/default/files/methane_cost_curve_report.pdf
http://www.pnas.org/cgi/doi/10.1073/pnas.1304880110

TABLE 1: Summary of Co-producing Emissions, Cost-Effectiveness, and Mitigation Potential

Data Potential National REC Cost Flaring Cost Methane
Sources Emission Emissions Effectiveness Effectiveness | Mitigation
Factor (MT | Estimates*** ($/MT CHa) ($/MT CHa) Potential
CHa) (MT CHa) without with (MT CHa)
savings | savings
Stanford/ 40.2" 120,000**** 778 92 114,000
Novim
Analysis*
ICF Report 6.6** 96,000 n/a n/a 96.57 94,000
UT Study* 193.5 153.8 -132.7° 19.19 n/a
EDF Subpart 21.8 163,000 1,435 170 140,000
W Analysis
EDF/Stratus 15.7 247,000 3,578 3,314 424 235,000
Analysis

*Analysis includes potential emissions factor only. Cost-effectiveness and mitigation potential
derived using common assumptions described below.
** This EF includes both vented emissions controlled emissions so is not a true potential
emissions factor.
*** Estimates provided by the authors of each individual study.
**** This estimate only reflects emissions from three major production basins, and therefore
understatestotal national emissions.

The remainder of this white paper provides additional information on the development
of an emission factor for co-producing wells, the cost-effectiveness of mitigating these
emissions, and overall methane mitigation potentials.

Potential Emission Factor

Theabove-described analyses determine potential emissionsfactorsfor co-producing
well completions using several different methods, including direct measurement, analysis of
Subpart W data, and analysis of initial oil and gas production. All of these analyses find
potential emissions are significantly greater than the emissions factor for oil well completions
currentlyin EPA 6éasinual greenhouse gasinventory (0.0141 tons of methane per completion).
Giventhat EPAG surrentemissionsfactoris dated and was based on emissions from
completions of conventional, non-hydraulically fractured wells, the more recent studies
described below suggest that the official inventory is likely underestimating the extensive
methane emissions from co-producing well completions. Moreover, neither the current NSPS

" Weighted average ofemissionfactors forwellsin the Bakken, Eagle Ford, and Permian Basins.

$0on average, these wells would achieve net savings of $25,630 by selling gas recovered during completions,
assuming $4/Mcf.



nor the regulations of most states require control of completion emissions from co-producing
9
wells.

UT Study. The UT Study measured various large sources of methane in the production
sector, including 27 well completions in various geographic areas across the country. Six of the
measured completions were at co-producing wells that produced significant amounts of
hydrocarbon liquids,'® and, for each of these completions, researchers directly measured
potential and actual methane emissions. Actual completion emissions from these co-producing
wells ranged from 1.7 to 5.0 metric tons ( M T 0CHa, though all of the wells controlled
completion flowback emissions with either flaring or acombination of RECs and flaring. The UT
study estimated potential emissions as the total volume of gas vented, flared, and sent to sales
from initiation of flowback until the reported completion end time. The potential emissions
from these wells, which would be more indicative of uncontrolled completions, ranged from
81.9t0 414.4 MT CHa, with an average value of 193.5 MT of CHa/completion.™*

Table 1. Measured and potential emissions of co-producing wells from Allen, et al. (2013)

. o Measured Potential | Measured | Potential
Completion Emission o - o o
Event Controls Emissions Emissions | Emissions | Emissions
(scfCHa) (scfCHa) (MTCHas) | (MTCHas)
GC-1 Flaring 105,000 5,005,000 2.0 96.4
GC-2 Flaring 90,000 4,250,000 1.7 81.9
GC-3 RE(.:& 260,000 | 21,500,000 5.0 414.1
Flaring
GC-4 RE(.:& 180,000 | 13,000,000 3.5 250.4
Flaring
GC-6 Flaring 247,000 | 12,200,000 48 235.0
GC-7 Flaring 90,000 4,320,000 1.7 83.2
Average 162,000 | 10,030,000 3.1 193.5

Subpart W Analyses. EDF also evaluated completion data from 2011 and 2012 that was
reported to EPA under its greenhouse gas reporting rule for oil and gas systems (known as
A Sbpart WO.** Subpart W does not require reporting of oil well completion and workover

’ Notably, Colorado does require that co-producing wells perform reduced emission completions. Co. Oil & Gas
Conserv. Commd ([COGCCO0 RRule 805(b)(3)(A).

' David T. Allen etal., Measurements of methane emissions at natural gas production sitesin the United States,
PNAS Early Edition (2013), available at www.pnas.org/cgi/doi/10.1073/pnas.1304880110. See also EDF, Analysis of
Co-Producing Well Completions (updated Mar. 2013) (included in the supplemental information for this analysis).

" EDF, Analysis of Co-Producing Well Completions (Dec. 2013). The underlying study analyzed a total of 26 well
completions.

"2 EDF, Comments on fi D ft laventory of U.S. Greenhouse Gas Emissions and Sinks: 19901 20 1 Zircluded in the
supplemental information for this analysis).
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emissions. Nonetheless,in 2011 and 2012 there were 1,754 reports of completions and
workovers from wells in formations classified under Subpart W as foil formations.0 EDF
performed a separate analysis of DI Desktop data to assess if these completions were actually
oil wells.™ In approximately 75% of the counties from which these completion reports came,
over half of the wells with first production in 2011 & 2012 were oil wells. Using the same
approachthat EPA used to estimate emission factors for completions from the entire GHGRP
dataset, EDF has derived emission factors for this subset of wells located in oil formations
(Table 3). The average emission factor for all oil formation completion and workoversis 6.2 MT
CHa/event, or more than 400 times higher than the current oil well completion emission factor.
EDF alsodeveloped separate emission factors for each combination of emission controls
reported under Subpart W: uncontrolled (fventedo gompletions, completions controlled with a
flare, completions controlled with a REC, and completions controlled with both flares and REC.
The emission factors for the four categories range from 3.1 MT CHa/event for completions with
RECt021.8 MT CHa/eventfor vented completions.

The ICF Reportalso uses Subpart W data to develop an emission factor for hydraulically
fractured oil wells. From this data, the Report develops an emissions factor of 344,000 scf
CHa/completion or 6.6 MT CHa4/completion, which is an average value including both controlled
and uncontrolled completions.

Table 3. Oil well completion and workover emission factors developed from 2011 & 2012
GHGRP Subpart W oil formation type sub-basins using the same method as EPA for

developing the natural gas completion and workover emission factors

' Workovers Completions | Completions | Workovers govr\r/]srlﬁct)l\?:r
Category C?#mpletlttms (events) | & Workovers | EF (MT EF (MT EF (MT
 cetiis) (#events) CHalevent) | CHalevent) CHd/event)
4
Vent 320 147 467 21.8 7.6 17.3
Flare 221 66 287 3.7 2.5 3.4
REC 186 0 186 3.1 N/A 3.1
REC+Flare 17 0 17 11.7 N/A 11.7
Ambiguous 708 89 797 1.5 0.0 1.3
All events 1,452 302 1,754 6.6 4.2 6.2

Initial Production Analyses. The Stanford/Novim Analysis evaluated 2,969 well

completionsinthe Bakken, Eagle Ford, and Permian basinsfor 2011 using the Drillinginfo HPDI
Database.'* The analysis estimated potential emissions from these tight oil wells by converting

" Data obtained from DrillingInfo, DI Desktop, http://info.drillinginfo.com/products/di-desktop/.
" AR. Brandt et al., Methane Leaks from North American Natural Gas Systems, 343 SCIENCE 733 (Feb. 14, 2014),
available at http://www.novim.org/images/pdf/ScienceMethane.02.14.14.pdf. The relevant data is contained in
the supporting documentation for the study
(http://www.sciencemag.org/content/suppl/2014/02/12/343.6172.733.DC1/Brandt. SM.datafile.xIsx).
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http://www.sciencemag.org/content/suppl/2014/02/12/343.6172.733.DC1/Brandt.SM.datafile.xlsx)

peak gas production to a daily initial production rate. Itthen assumed that production during
flowback increased linearly with time for 9 days prior to initial production and all such methane
emissions were vented, or understood differently, that completion emissions correspond to 4.5
days of initial gas production.'® Using this methodology, the analysis determined potential
emissionsfactorsforthe Bakken (31.1 MT CH4/completion), Eagle Ford (90.9 MT
CHa/completion), and Permian (31.2 MT CHa/completion) Basins.

The EDF/Stratus analysis takes a similar approach, using initial production values to
understand potential completion emissions at co-producing wells. Stratus Consulting initially
performed an analysis of 100 well completions in the Bakken, assuming a 7 to 10 day
completion event with gas production increasing from zero to the initial production value in a
non-linear fashion over the course of the completion. Accordingly, Stratus assumed that total
gas production over the 7-10 day completion event would equal 3 average days of gas
production.'® As with the Stanford/Novim analysis, Stratus assumed all of this gas was vented.

EDF subsequently extended this analysis to approximately 9,500 wells in the Bakken,
Eagle Ford, and Wattenberg fields.'” Only oil wells were analyzed for the Eagle Ford and
Wattenberg fields; North Dakota does not distinguish between oil and gas wells so all Bakken
wells were assumed to be oil wells. Across all wells, the analysis found an average potential
emissions factor of 15.7 MT CHas/completions with averages of 18.0, 24.7, and 9.5 MT
CHa/completion in the Bakken, Eagle Ford, and Wattenberg respectively.

Cost Effectiveness

Other than the ICF Report, none of the above non-EDF analyses calculated the cost-
effectiveness of controlling completion emissions using RECs or high-efficiency flaring.
Accordingly, we applied consistent cost assumptions to all of the analyses above, except the ICF
Report. For RECs, we assumed 95% control efficiency and used EPA 6 c®st of performing a
reduced emission completion ($29,713)™ to calculate cost-effectiveness. Across all studies, we
calculated a REC cost-effectiveness without a credit for captured gas ranging from $154 -
$3,578/MT CH4 reduced. Using production data from approximately 9,500 wells in the Bakken,
Eagle Ford, and Wattenberg fields, we calculated a REC cost-effectiveness with credit for gas

' This methodology is set forth in Francis O Sullivan & Sergey Paltsev, Shale gas production: potential versus actual
greenhouse gas emissions, ENVTL. RES. LETTERS 7(4):044030 (Nov. 26, 2012).

'8 Memorandum from Leland Deck, Stratus Consulting, to Peter Zalzal and Vickie Patton, Environmental Defense
Fund, re: Methods Memo on VOC Cost-Effectiveness in Controlling Bakken Shale Combined Oil and Gas Wells
During Well Completion (Mar. 30, 2012) (included in the supplemental information for this analysis).

' EDF, Spreadsheets analyzing Bakken, Eagle Ford and Wattenberg wells (included in the supplemental
information for this analysis).

8 EpA, Oil and Natural Gas Sector: Standards of Performance for Crude Oil and Natural Gas Production,
Transmission, and Distribution, Background Technical Support Document for Proposed Standards (July 2011),
available at http://www.epa.gov/airguality/oilandgas/pdfs/20110728tsd.pdf.
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capture. With a credit for gas savings (based on an assumed gas price of $4.00/Mcf), we
calculated a median cost-effectiveness of $3,314/MT CH4 reduced and also calculated cost-
effectiveness for the top 25% and top 10% of wells, as shown in the table below.

Table 4. EDF / Stratus REC Cost-Effectiveness for Median and Top 25 and 10 Percent of Wells

EffecTiI\E/Ce:nC(:eosS; with Mitigation Mitigation
Percentile gas capture credit Potential | Potential (%
($IMT CHa) (MT CH4) of total)
10% $544 60,643 40.9
25% $1,266 97,430 65.7
50% $3,314 126,508 85.3

To calculate flaring cost effectiveness, we assumed 95% destruction and removal
efficiency (fDRE 0gnd multiplied this by the emission factor to get flaring emission reductions.
We then divided the EPA cost estimate of flaring completion emissions from a well ($3,523) by
the flaring emission reductions for each of the analyses.™® Across all studies (excluding the ICF
Report) we calculated a flaring cost-effectiveness ranging from $19 - $424/MT CH4 reduced.

The ICF Report includes its own cost assumptions about performing high-efficiency
flaring, which are substantially higher than those in EPA 6 dSPS. ICF assumes flaring has a 98
percent control efficiency and a capital cost of $50,000, with an additional $6,000 in fuel costs
for ignition. ICF estimates the cost-effectiveness of flaring to be $1.86/Mcf of methane
($97/MT CHgy) for completion gas. The ICF report did not examine the cost-effectiveness of
RECs for co-producing wells.

Mitigation Potential

Determining inventory-wide mitigation potential requires scaling up emissions
nationally and then applying percentage reductions associated with mitigation technologies.
The Stanford/Novim Analysis, the ICF Report, the EDF SubpartW Analysis, andthe EDF/Stratus
Analysis all provide national estimates of emissions from co-producing wells, which we describe
in greater detail below. The UT Study does not scale these specific emissions nationally and we
have not provided a separate scale up of those emissions here.

19 Id



A Stanford/Novim Analysis. The Stanford/Novim analysis found that co-producing well
completions accounted for approximately 120,000 MT CH4in 2011.%° The analysis
assumed all emissions were vented and multiplied emissions factors inthe Bakken,
Eagle Ford, and Permian Basins by the total number of completionsinthose basins.
Because the 120,000 MT CH4figure includes only emissions from these three basins, itis
not a true national figure.

A ICFReport. ICF usedits emissions factor of 344,000 scf CHa/completion (6.6 MT
CHa/completion) from Subpart W along with the most recent APl Quarterly Completions
Report showing 15,382 hydraulically fractured oil well completions for 2011. Using these
values, ICF calculated completionemissions of 5BcfCH40r96,000 MT CHa.

A EDF SubpartW Analysis. EDF applied emissions factors we calculated from Subpart W
to the 2012 Draft GHG Inventory activity data of 15,753 oil well completions.?* This
resulted in emission estimates between 49,000 MT CH4 (assuming all RECs) and 343,000
MT CHa (assuming all emissions vented), or 182,000 MT CHya ifthe use of emission
controlsamong the 15,753 oil well completions is assumed to be distributed in the same
way as the Subpart W dataset. Because some wells are already controlled, we assumed
the national proportion of uncontrolled completions was 43%, the same as the Subpart
W dataset, and applied the emission factor for vented completions. We use this 147,000
MT CHa value for purposes of determining mitigation potential.

A EDF/Stratus Analysis. The EDF/Stratus analysisdid notisolate hydraulicallyfractured
wells, butinstead derived an average emission factor applicable to all co-producing well
completions. Accordingly, EDF applied emissionsfactorswe calculated using the Stratus
methodology to EPA 62812 Draft GHG Inventory activity data of 15,753 oil well
completionsforan emissions estimate of approximately 247,000 MT CHs annually.

Translating these national emissions estimates into mitigation potential requires
applying control efficiencies. The ICF Report assumes flaring achieves 98% DRE, and accordingly
suggests mitigating completion emissions from co-producing wells could achieve 94,000 MT
CHas in annual reductions.

% A.R.Brandtetal., Supplementary Materials for Methane Leaks from North American Natural Gas Systems 30,
343 ScIENCE 733 (Feb. 14, 2014), available at
http://www.sciencemaq.org/content/suppl/2014/02/12/343.6172.733.DC1/1247045.Brandt.SM.pdf.

2! Although not all oil wells completions use hydraulic fracturing, FracFocus, the national hydraulic fracturing
chemical registry managed by the Ground Water Protection Counciland Interstate Oiland Gas Compact
Commission, includes records from 12,056 oil wells that were hydraulically fractured in 2012. Reporting to
FracFocus s voluntary in many states, which implies that the actual number of hydraulically fractured oil wells is
higher than 12,056. Accordingly, we have used the draft inventory activity data as a reasonable proxy for the total
number of hydraulically fractured oil well completions.


http://www.sciencemag.org/content/suppl/2014/02/12/343.6172.733.DC1/1247045.Brandt.SM.pdf

The Stanford/Novim analysis does not calculate mitigation potential, and so, consistent
with the two EDF analyses, we conservatively assume flaring or gas capture achieves a 95%
control efficiency. Because both the Stanford/Novim analysis and EDF/Stratus analysis assume
all emissions are vented, we apply the 95% control figure directly to total emissions estimates,
resulting in annual mitigation potentials of 114,000 MT CH4 and 228,000 MT CHj4 respectively.
Because EDF 0Sabpart W analysis assumes some wells are already controlled, we apply the
95% control effectiveness only to the subset of emissions that are vented for an annual
mitigation potential of 140,000 MT CHa.

Conclusions

Although neither EPA regulations nor the regulations of most states require control of
emissions from co-producing well completions, these emissions are a potentially significant
source of methane and other harmful pollutants. Recent studies and analysesi drawing from a
variety of data sources including field studies of well completions, Subpart W reports, and well
completion databasesi suggestthatemissions from an uncontrolled co-producing well
completion range from 15.7 MT of CHa4 to nearly 200 MT. Ata national level, these emission
factors suggest total co-producing well completion emissions between approximately 96,000 to
247,000 MT, comparable to emissions from natural gas well completions (209,000 MT CHain
the latest EPA annual inventory). Current control technologies for natural gas well completions
i including RECs where gatheringinfrastructure is available, and high-efficiency flaring in other
situationsi can be readily applied to co-producing well completions. This white paper suggests
that applying those technologies to co-producing well completions would yield emission
reductions on the order of 94,000 to 228,000 MT per year, or 2.63 to 6.38 million MT CO2-e
(using 100-year GWP of 28).
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The Mystery of the Missing Methane

Advancesin the scienti fic understanding of methane emissions highlight
the need for imp rovementsto the EPA emissionsinventory

ByChrisBush

25March 2014

1. Summary
The US Ewironmental Protection Agency EPA)recently releaseda draft of its 1990-2012 greenhouse
gas (GKb) emissimsinventory. While the BPA idn many ways atthe frontier of global best practice, the
agency reedsto take action to account for the acaimulating evidence that the GHG nvertory is
omitting a sinificant fraction of methane emisgons, the second most prevalent contributor to climate
change. Thenew drdt inventory estimatesthat emissions fellalmost two percent in 2012 comparedto
2011, andit revisesdownward previous estimatesof methane emissons for the natural gas ®ctor. For
example, 2011 emissons are dmost 10 pecentlower in the 2014 draft inventory thanthey were in the
2013 nventory. These downward revisons are being made despiteincreasng sdentific evidence that
the BPA $ould be increasing its estimate of emissions.

Just one week before the draft inventory wasreleased, the journal Séence publisheda landmark study
(Brandt et al., 2014) that concludesthat the BPA nventory is undercounting emissins by a sgnificant
margin. Thestudy bringstogether, for the first time, the full body of existingevidenceon methane
leakage. It estimatesthat there are 7-21 teragrams (Tg; 10* grams)of methane missig from the EPA
inventory and concludes that some of this methane islikely coming from the natural gas sgtem. This
guantity, 7-21 Tg, is equivalent to roughly 25¢75 percent of the total methane emissionsin the

inventory and istwo to four timesthe B ! €ud&ent estimate of methane emissons from the natural gas
sysem.

TheBEPAneedsto develop a plan tocollect and andyze realworld data to narrow the uncertainty rarges
and provide a better understanding of methane emissions, especidly from the natural gas ystem. New
technologiesfor detection and measuement of methane emissons can help the EPAachieve thisgod.
Additional resources shauld be dedicated to this objective.

e


http://www.epa.gov/climatechange/ghgemissions/usinventoryreport.html
http://www.novim.org/images/pdf/ScienceMethane.02.14.14.pdf

2. Bottom-up vs.top-down studies of methane emissions
The BPAemisson inventory relieson dbottom-upe studies of methane emissions.Bottom-up studies
involve component-level sampling on the ground, atthe source. TheBPAuses the resultsfrom these
studiesto caculate emisson factors for different activities that makeup the retural gassystem,
including production, processirg, transmisson, and distribution. Theseemisson factorst essentially,
typicallevels of emissons per unit output for different componentsof the sysemt areappliedto
natural gas praluction activitiesto calailate activity-specificemisgons, and thenare simmedto
estimate total sysem-wide emissimns. As he BPA nventory for the natural gassystem is construded,
uncontrolled emissons are first estimated using the process atove (the épotential emissimsg), then
regulatory initiativesandvoluntary information provided bycompanies ae taken into account to
produce estimated emissons.

Figure 1. Methane emisgons are nvisible to the naked eye

Methane emissionsfrom this storagetank arevisible not the naked eyebut aninfrared
lensrevealstheir existence. Photo soure: New York Times.

Oneof challengeswith bottom-up studiesis that they require the participation of landowners and
natural gascompanies. Researchersnust obtain permisson in order to enter a property anddirectly
measue emisgons, andhave not found it easyto dothis. Thereis some reason to believethat the
producersthat have voluntarily participated arethe cleanest,loweg-emitting operators. This,in
combination with the great heterogeneity in types of operations andgeology across ga-bearing basns,
meansthat it is dfficult for bottom-up studiesto collect data from a broadenough arrayof sources for
the samplingto be representative.

GTop-downé studies area second, distinct approachfor measuring methane emissions. Thesestudies
are basedn atmospheric sanpling from aircraft or tall towers. Top-down studies provide great
accuacywith respect to the quantity of total emissions (though same uncertainty is ntroducedby
wind-blown methane that might enter or exitthe study areabefore being sampled). Traditionally, the
weakressof top-down studies has ben thedifficulty of discerning the contribution of different sources
the oveall level observedlevel of methane. Many top-down studieshave not even dtemptedto
attribute the methane sampled in the atmosphere to particular ourceson the ground. However,
emergng techniquesare making progressin alowingidentification of likely sourcesfor atmosphericaly
sanpled methane.


http://www.nytimes.com/2009/10/15/business/energy-environment/15degrees.html

3. The missing methane
Brand et al.Q @aper isinnovative in two ways. Frst, they provide a framework for comparison of past
studieson methane emisgons. In afeatof graphic creativity, Brandt et al. put all of the existingstudies,
bottom-up (denoted by triangles anddashes) and top-down (denoted bycircles,squares, and
diamonds),on a sihgle chart. The resut helps iluminate how thesetwo threadsin the literaturerelate
to eachother. Bottom-up studiesmeasue faclitiesor components:the largestvalue found by any sich
study was aound 10° g of methane emitted peryear. Incontrast, even the smallestof the top-down
studies,which measurecdthe Denver-Juesbergbasn, reported over 4* 10° g of methane.

Brandt et al. alsoconduct a meta-analysisof national-scale,top-down studies of methane emissons.
The aithors develop a normalization procedure to makethe multitu de of studies mmparable. The
resut indicatesthat the most likelyrange of actual methane emissions is 25¢75 percent higher thanthe
BPA nventory indicates. This range of possble emisgonsis ilustratedin the inset panel for Brardt et
al.Q grincipal graphic, which we reproduce asHgure 2. Note thatfor all of the studiesthat are national
or continentalin scde, observations alllie between1.25and1.75t that is 125 percent and 175 percent
of the BPA hventory.

Figure 2. Normalized comparisonof top-down studies inBrandt et al.
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Fgure 3showsin red the lower and upper estimates (7- 21 Tg)of methane emissionsthat the EPAdid
not account for in their inventory, whichwe arereferringto asmissing methane. Themissing methane
is showron top of the reaults fromthe B ! atést inventory.

Figure 3. EPA methane inventory and
estimates of missing methane
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Becausef the limited allity of top-down studiesto tracemethane backto spedfic ground-level
sources, it isnot possible to determine the origin of the missing methane with great certainty. Stil,
there isreason to believe that at leastsomeof the missihg methane iscoming from the natural gas
sysem, as here are downward structural biasesin the inventory. For example, it would be reaonable
to expect that faciity operators who believe they may have aove-average emissionswould be hesitant
to join voluntary studies. This may have a lage impact on results,as hereis accumulating evidence

0 K I uper émittersé ¢ asmall number of faciities with particularly large leaksg could be amajority or a
large fracion of overallemissiors. Another downward structuralbiasis the B°AQ dioice to reducethe
emisgons estimated through the bottom-up procedure basedon industry asrtions that they have
taken voluntary actions eove and beyond those required by regulations.

The large range of uncertainty remaining aout the rate of emisgonsin the natural gas ystem isan
indicator of the complexity of the situation. Thenatural gas ystem islarge, complexand
heterogeneous, in both engineering andgeologic terms. Each matural gas-beaiing basinis unique, and
there isgreatvariation in how producersoperate. Methane emissons come not only from wells
producing natural gas, hut also fom thosemainly producing oil. Indeed, 20 percent of the nationQ gas
is éassociated gast produced at oil wells. Oilwells have different emissons characteristics fom wells
desired to exract primaiily natural gas. The ntermingling of the oil andnatural gas ystems ako
introducesthe question of how to attribute methane emissons. Some of the methane emisgons from
the petroleum sysem shauld be attributed to natural gas, ut determining the appropriate fraction is
challenging.



4. Computational extensions
The Bradt et al. paper concludesthat some of the misshg methane is ikely coming from the natural
gas ystem. It exploresthe specifc possble sourcesof methane from the natural gas sgem beyond the
BPA estimates. In he sipporting materalsfor the article, the authors develop what they calla worst-
casescenaio for emissonsfrom the natural gassystem that considersthe notion that allof the missing
methane is fom natural gas. Under sucha senario, if 7-21 Tgof extra methane wasbeing emitted
from the natural gassysem, that would imply emisson ratestwo to four timeshigher thanthe BPA
inventory estimate.

While concluding that some of the missig methane almost certainly originatesfrom the natural gas
sysem, the Brandt et al. paper alsoemphasizesthe continued lackof certainty regarding the exent that
natural gasemisgons ae underesimated. To emphasize this uncertainty, the authors consdously chose
to refrainfrom translating missng methane into emission rdaes. We dsofind it usefulto illustrate the
potential magnitude of the problem through same further computation, including implied emission
ratesfor the natural gas g/stem at different levelsof misshg methane.

Here, we develop four scenarios, translating the missng methane into an emisson rate of methane
from the natural gassysem. Theemisgon rate iscdculated by adding a portion of the misshg methane
(varying by scenario) to the methane emissionsassgned to thenatural gas ndustry intheB ! Qa
inventory, then dviding that valie by the sum of natural gas poduction plustotal methane emission in
that scenario. We alsospecify the ratio of eachscenaNJA ghehane emissons attributed to natural gas
systemsto the corresponding value from the BPA nventory. Thescenaios ae shown inTale 1.

Table 1. Bmission scenarios

Implied misshgmethane | Ratioof scenario to BPA Implied ratural gas
Scemrio from natural gassystems | natural gas ystem emissbn | sysem emisson rate
1 1.8Tg 1.25 1.75%
2 3.5Tg 15 2.1%
3. 7Tg 2 2.8%
4 14Tg 3 4.2%

We dosethese senaiosto provide the broadest range of what seemspossble in light of the work by
Brandt et al. Thepaper explicitly says that it is rot likely that the 21 Tgof methane allcomesfrom
natural gas,so that total amount is not considered. The upper bound analyzed is 14 Tgextrafrom
natural gas ystems. At the low endof the rarge of scenaios, we analyze 1.8 Tgof extramethane
coming from the natural gas sgtem. Thiswould be the cae if, for example, the natural gas gstem is
respansible for 25 percent of the lowest estimate of misshg methane. Additionally, we consider two
intermediate scenaios, under which3.5 and 7 Tgof misshg methane due to natural gassystems.



Next, we convert the methane leakaye to carbon dioxide equivalent, whichwe use to compute an
equivalercy incoal plants. Coalplants comparisons ae basedon annual emissons usig 2012 datafor a
generaor of average efficiency,capacty factor and size forthe U.S fleet (a 543-megawatt generdor
operatingat 85 pecentcapacitywith a heat rate of 10,444 Btu per kilowatt-hour, from the Enegy
Information Administration 2013).

We useGobal Waming Potential (GWP)factorsto perform the conversonto GO, equivalert. GWP
factorsrepresentthe relative contribution to global warming from GHGsother than carbon dioxide,
whicheachhave different atmosphericresidence timesand ahilitiesto trap heat. All GHGs ae defined
in relationto carbon dioxide, the most prevalent GHG,which isassgned aGWPof one for all time
periods.

Methane has arespecidly pronouncedeffect in the initial years and decadesafter it isreleased. Unlike
carbon dioxide, whichcancontinue to drive warming for hundredsor thousands of yearsafter it is
emitted, methane hasan atmosphericresidence time of approximately 12 years. However, while itis in
the a@amosphere, methane is a very potent greenhouse gas. Moreover, atmospheric chemistry
transformsmethane into carbon dioxide over time. The most recent Intergovemmental Panel on
Cimate Ghange (IPCCjeports GNP factors for methane of 34 over 100 yearsand 86 over 20 years, an
increase sicethe prior IRGC repat that refledsimproved séentific understanding.

Inthe past,whenclimate change seemed Ike a distant problem, using 100-year GWPvalues was an
accepted convention. TheEPA nventory still refersto caron dioxide equivalent without any reference
to the timeframe with the expecation that readerswill assume the numbersare on a 100-year scale.
Today, with evidenceof damagesfrom climate change acaimulating, there isincreasing attentionto
near term climate diguptions. Put differently, the value of short-term climate mitigation benefits has
beengetting more attention from policy-makers. While cabon dioxide emissons wil largely determine
the extent of globalwarmingin the bng run (Harvey et al., 2013), reducing emissions of ga®s like
methane will reduce shortrun climate damages and can be usedstrategically to reduce peak warming
(National Reseach Gouncil 2011). Methane alsocontributesto the formation of ground-level ozone, so
there are localair quality benefitsto emisson reductions.

This isae brief presents comparisons over both sharter and longer term time periods (20-yearand 100-
yearGWPs). Kgure 4 depicts the 20-year valuesin carbon dioxide equivalent (Q02¢e) and the
comparable number of average coal plantsfor eachof the leakage scenarios cetailed inTable 1.


http://www.eia.gov/electricity/annual/
http://www.eia.gov/electricity/annual/
http://www.mitpressjournals.org/doi/abs/10.1162/DAED_a_00182
http://www.nap.edu/catalog/12877.html

Figure 4. Natural gas setor methane emissions
scenariosusing20-year GWP
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The frst bar representsthe level of methane emissons from the natural gassector in the BPA nventory.
An emissgons rate of 1.4 percentimpliesemissionsequivalent to 124 coal plants using 20-year GWP. A
1.8 percentemissonsrate would imply emissicnswith a cabon dioxide equivalency equalto 31
additional coal plants beyond the basic nverntory esimate, for atotal of 155. Leakege of 4.2 percent
would imply additional emissians with a catbon dioxide equivalencyequal to 249 more coal plants, for a

total of 373.

Figure 5. Natural gas setor methane emissions
scenariosusing100-year GWP
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Fgure 5showsthat, using 100-year GNP factors, the BPA estimate of methane leakaye, 1.4 percent, has

a carbondioxide equivalency eual to 53 coal plants. A leaka&e rate of 1.8 percent would imply
additional emissonswith acarbon dioxide equivalency equal to 13 additional coal plants, for atotal of
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66. Doubling9 t !le@kage rate to 2.8 percent resultsin an alditional 53 coal plants, for atotal of 106.
A tripling of emissionsto 4.2 percent would imply additional emisgons with a carbon dioxide
equivalercy equalto 107 more coal plants, for atotal of 160.

5. Impli cations for emissions im pacts of electricity from natural gas
Proponentsof natural gashave pointed to the lower catbon dioxide pollution emitted from the
smokestacks of natural gas-fired electricity geneators. Natural gas pants have smokestack emissons
that areroughly half thoseof coal-fired power plants. Yet,methaneemissons from the natural gas
sysem sigificantly reducethis smokestack advantage. One of the reasonsit isimportant to
characterize methane emissions from the natural gassystm more acaratelyisto provide a more
accuate picture of the environmental impactsof eledricity producedwith natural gas. (It isworth
noting that electricity gereration accounted for 39 percentof natural gas consumption in 2012.
Therdore, it isonly appropriate to attri bute that same fraction of the misshg methane to electricity
generated fom natural gas.)

Basedon the new understanding of the likelyrange of methane leakage povided by Brant et al., it
seemsvery likely that subgtituti ng natural gasfor coal-combustion to produce eledricity actualy
exacerlates climate change overthe shortrun, i.e.20years, andlowers greefmouse gasemissons over
the longrun, i.e. 100 years,(Alvarez etal. 2012). Being somewhat better than coal over al00-yeartime
horizon ishardly a stficient condition to conclude that natural gascanserve asthe low-caron bridge
to acleanenergy future, asit is often callel. Ina US context, it has leen siggested that natural gas
usewill haveto peakby 2030 for the ChamaadministrationQ @imate goalto be achieved(Banksand
Tarask&013). Fom aglobal perspectve, even thosewho extoll the virtuesof natural gas tave found
that if gdobal concentrations of carbon dioxide are to remain below 450 partper million - the level that
scientistsaretargetingto limit the risksof dangerousclimae change - thenthe timeisvery shart for
natural gasto serve as auseful bridge fuel (Levi 2012).

6. Conclusion
The BPA $ould take depsto address d¢earevidence that its inventory of GHGemisgons is
undercounting methane. Inthe short run, aspart of finalizing the 2014 inventory, the agency should
make the casefor a sgnificant effort to improve theinventory of emissons from the natural gassector.
Inthe longer run, the agency sould develop a panfor integratingtop-down daa aswell asnew
technologiesthat operate at ground levelthat canassist in leak detection and measuement. The
federalgovernment should be pladng more emphasis inand devoting more resourcesto this effort.

Brandt et al.Q&ork illustrates the value of top-down measuementsto provide evidence of overall
emisgon levelsover large areas. The BPAshould movwe to collect airborne measirements irto its GHG
inventories. Byconductingmeasurement campaigns, BPAwill be able to obtain atmospheric cata that is
more comprehensive across space iad time. This willenable the agencyto identify aggegate emissons



levelswith much greater accuracyand will help to improve confidenceintervals. Qurrent confidence
intervalsare muchtoo small in light of uncertainty aout the truevalue.

Emergng technologiescanlink emissionsackto sources, enabling the BPAto conduct an effective
ground-level measuement canpaign. Infrared ameras areeffective atlocating leaks, andheir use has
beenrequired under a recently approved Cdorado regulation. Low cost stationary detectors ae ako
under development. The newest detedtors canlocéae leaksand estimate theirmagnitude from a
distance,whichreducesthe challenge of aaquiring property owner permisson that bedevils drect on-
site measuement.

The curent oil andgasboom hasbeenunleased by avave of technologicalinnovation (directional
drilling, hydraulic fractuing, andother emergng techniques, like éacidizingé). Governmentsneed to
keep mce with fager innovation on the regulatory sde. New monitoring technologies arean
opportunity for greater accuracy, and the BPA fould move quicklyto usethese technologiesto
transform government monitoring of emisgons. Better monitoring of emissonswill help the BPAsolve
the mystery of the missihg methane and provide the best objective guidanceto policymakers,
regulators,andsociety.
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EXECUTIVESUMMARY

DCSrequested that GSlextend the work effort described in our initial Report on
a Preliminary Investigation of Ground -Level Ambient Methane Levels in

Manhatt an, New York City, New York (16 December 2012 )to assess the
practicality of developing an estimate of methane emissions in Manhatt an.
Specifically the effort was to focus on providing an estimate of methane
emissions that could be used in evaluating the role of natural gas leakage in
Manhatt an with respect to fossil fuel dependence, climate impacts and other
environmental and economic concerns.

Currently the greenhouse gas equivalence of methane is widely accepted as at
least 20 times the effect of carbon dioxide over a 100 -year time frame. In

1 Consultingandresearchin environmentasciencesince1992. AssociateResearctProfessg Dept. Environmental
EngineeringandEarthSciencesWilkes University, Wilkes-Barre,PA andSeniorFellow of the WakeForest
University Centerfor Enagy, EnvironmentandSustainabilig, WinstonSalemNC. bryce.payne@wilkes.edu

2 Presidenbf GasSafey, Inc. with 30 yearsexperiencen gasleakdetectiorandmeasurementglatedregulatory
complianceandtraining. bobackley@gassafetyusa.com


http://www.gassafetyusa.com/
mailto:bryce.payne@wilkes.edu
mailto:bobackley@gassafetyusa.com

2.

other words, leakage of 1/20 ™, or 5%, of the methane moving through a natural
gas production -transport -distribution system will effectively double the
greenhouse gas impact of the use of that natural gas. That is, leakage of only
5% of natural gas from point of production to point of use would eliminate any
greenhouse gas advantage of natural gas compared to other fossil fuels. More
complex efforts by others have looked into the greenhouse gas emissions
advantages of using natural gas instead of other fossil fuels. It appears that
those more elaborate efforts are settling in at O3.2% gas loss to leakage as the
maximum leakage rate at which use of natural gas retains an advantage.
Hence, the loss of even a few percent of gas during production, transport,
distribution and utilization is critically important to management and planning
of present and future national and international energy supply and utilization
systems. Therefore, it was concluded the extended GSlwork effort should be
focused on the need to assess total methane emissions. The available data was
from Manhatt an. Among the production, transport, local distribution and
utilization systems, this work addressed the collective effect of only local gas
distribution and utilization systems, along with any other methane sources that
might be present in Manhatt an .

GSlefforts for this extended report focused on three objectives: (1) find
existing estimates from industry, government or other sources, of the amount
of methane being released in Manhatt an, (2) develop such an estimate from the
ground -level methane data collected during our preliminary investigation of
methane levels in Manhatt an, and (3) compare those estimates and consider
their implications with regard to broader environmental and economic
concerns. Since this investigation was limited to Manhatt an (augmented with
comparative data from the Bronx, and other areas across New York and
Connecticut), ConEd is the relevant gas distribution company.

An examination of existing estimates, or methods for estimating, methane
emissions led to the conclusion that such estimates have little basis in actual
data. Natural gas companies are required to file yearly reports of Lost- and-
Unaccounted -for (LAUF)gas. Presumably these reports would approximate the
amount of gas leaked from the pipelines and other infrastructure of the
reporting companies. However, the meters in those gas systems are only
required to be accurate to £2%. Each such system may contain hundreds of
thousands of meters. Each meter is subject to normal wear and tear. Another
problematic issue is the reported LAUF gas volume may incorporate other gas
volumes by rule, contract, regulation, or for other administrative reasons.
Consequently, the annual reported LAUF gas volumes should not be regarded
as reliable estimates of the amounts of gas actually lost or emitted to the
atmosphere. However, since the LAUF gas volume is ultimately based mostly
on measurements using meters that are accurate to +2%, it follows that long -
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term average LAUF values should provide areasonably meaningful mean with a
+2% variability. A ten-year average LAUF for ConEd was 2.2% with a range of
0.4 to 4.3%, i.e, 2% variability. The 10-year-average -LAUFbased estimate of
annual methane emissions for the entire ConEd system was 2.2% or about 6.6
billion cubic feet per year.

The apparently most widely used method for estimating gas leakage and
methane emissions from gas pipelines appears to be from a 1996 report by the
U.S. Environmental Protection Agency and the Gas Research Institute (EPA/GRI).
Estimates generated using the EPA/GRI1996 method have such a wide
confidence interval (x65%) that their general accuracy and usefulness is
guestionable. The report recognizes the likely importance of gas leaks that are
undetectable by the standard industry leak detection practice, but the
estimation method makes no attempt to account for such undetectable leaks.
Finally, a related report of a more thorough study of cast iron pipelines in
Brazil, suggested that the EPA/GRImethod may provide estimates that are too
low by almost half. Application of the EPA/GRImethod to the pipeline statistics
for the entire ConEd system generated an estimated methane emissions rate of
1 billion cubic feet per year, which can be meaningfully compared to the 10-
year average ConEd LAUF gas estimate of 6.6 billion cubic feet per year. Since
most leakage in gas delivery systems occurs from the pipes in the system, such
a disparity between the EPA1996 -based estimate for ConEd pipeline leakage
and the 10-year average ConEd LAUF gas volume would seem to indicate
problems in one or both of those estimates.

During the research for this Report, we thoroughly reviewed the methane data
collected by GSlduring the previously reported Preliminary Investigation of
Ground @.evel Ambient Methane Levels in Manhatt an. We also reviewed the
meteorological literature and meteorological data available for Manhatt an.
Based on that information we developed a simple model (patent pending) that
could process our preliminary Manhatt an methane data and meteorological data
from local sources to generate a preliminary estimate of total methane
emissions in Manhatt an. The resulting estimate was the flow of methane to the
atmosphere from all sources in Manhatt an. Such an estimate can be used to
assess the relative importance of those emissions in terms of methane as a
greenhouse gas (GHG)and the relative impact of gas service/use in Manhatt an
in a broader climate/GHG context. Wherever reasonable in the application of
the model, input values were selected conservatively, so that any errors in the
result should be to the low side.

The resulting methane emissions estimate for Manhatt an alone was 8.6 billion
cubic feet per year, or about 2.86% of the 300 billion cubic feet of gas handled
by the entire ConEd system each year, even though Manhatt an comprises only
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about 5% of the land area and one-third of the customers in the ConEd service
territory. There are also substantial losses that occur in the natural gas system
before natural gas reaches the ConEd distribution system. It, therefore,
appears inevitable that the loss of gas in the system serving NYC via ConEd is
above the simple critical level of 5%, and well above the more elaborately
derived critical levels of 03.2%. That is, the methane leakage in the system
serving NYC through ConEd is likely already at a level where the methane
leaked has as much or more climate impact as the remaining approximately
95% of the gas that is actually usefully burned by consumers in NYC. This
necessarily raises doubts about the claimed value of natural gas as a "clean
bridge fuel. Further work should be done to verify the findings we report here
and to identify specific methane sources, as well as to improve natural gas leak
prevention and management. Furthermore, the evidence suggests that leakage
from natural gas systems has a more substantial role in climate change than
was believed that has only recently begun to be appreciated.

: === B
Panoramic image looking south from the upper deck of the 'Top of the Rock' observation deck

on Rockefeller Center. Image taken and assembled by Daniel Schwen on Dec 6th, 2004.
{GFDL Wikipedia}

INTRODUCTION

In our initial report (dated 16 December 2012) on the preliminary investigation
of ground -level ambient methane levels in Manhatt an, New York City, New York
we stated, dFurther work is needed to determine whether an approximate estimate
of the amount of methane being released to the atmosphere can be developed
from the data generated by this preliminary methane survey.6 To that end our
efforts have focused on three objectives: (1) find existing estimates of the
amount of methane being released in Manhatt an from industry, government or
other sources, (2) develop such an estimate from the ground -level methane
data collected during our preliminary investigation, and (3) to compare those
estimates and consider their implications with regard to broader environmental
and economic concerns. Since this investigation was limited to Manhatt an
(augmented with comparative data from the Bronx, and other areas across New
York and Connecticut), ConEd is the relevant gas distribution company.



Available Estimates of Methane Emissions in Manh attan

There are readily available documents that imply measurement -based estimates
of methane (natural gas) releases in Manhatt an have been developed .24
However, review of those estimates leads to the conclusion that they are all
largely based on other estimates, some periodically updated, but apparently
never actual measurements of gas emissions in the field. This is presumably
due in part to the historical lack of readily available, reliable approaches to
actually measure methane concentrations and calculate methane emissions
under field conditions.

LAUF Gas

Among the more prominent of such estimates -based -on-other -estimates
would seem to be the Lost And Unaccounted For (LAUF)gas that companies are
required to report to the New York State Department of Public Service (NYSDPS).
Actually, the reported LAUFis acalculated number that includes volumes
actually measured by meters in the gas distribution system along with various
add-ins and deductions that are matters of contract, regulation, or used for
operational accounting reasons. In addition to the arbitrariness of the add-ins
and deductions, gas meters are only required to be accurate to £2%.
Malfunctions leading to metering errors of more than 2%can be expected to
occur. lItisimportant to realize that the estimation and reporting of LAUFgas
was never intended to represent actual losses of gas from the gas distribution
system, but to facilitate annual reconciliation of costs for gas purchased to
revenues for gas sold while providing incentive to minimize actual loss of gas.®
The reliability of LAUFnumbers as estimates of actual gas losses is easily
appreciated in the following statement (with original footnotes) found in aNew

3 ConEdison Gas Long Range Plan 2010 -2030, December 2010 [accessed at http://
www.coned.com/Publiclssues/PDF/GLRP1210c.pdf ], and various ConEd annual and other
reports.

4 Inventory of U.S.Greenhouse GasEmissions and Sinks 1990 -2009, USEPAApril, 201 1.,
Annex 3 (PDF)(232 pp, 9.6 MB) - Methodological Descriptions for Additional Source or Sink
Categories. [http://www.epa.gov/climatechange/ghgemissions/usinventoryreport.html ]

5 NYSDEPARTMENTOF PUBLICSERVICESTAFFWHITE PAPERON LOST AND UNACCOUNTED FOR
(LAUF) GAS, issued January 27, 2012. [White paper accessed at http://www.google.com/
search?client=safari&rls=en& q=NYS+DEPARTMENT+OF+PUBLIC+SERVICE,+STAFF+WHITE
+PAPER+ON+LOST+AND+UNACCOUNTED+FOR+(LAUF)+GAS,+Hearing+Exhibit+No.
+76,+GRP-15&ie=UTF -8&0e=UTF-8]
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York State Department of Public Service Staff White Paper on Lost and
Unaccounted for (LAUF)Gas® (NYSEGis New York State Electric and Gas
Corporation):

dNegative Losses

Staff must address negative losses because NYSEG? has experienced consistent
negative losses for the past 3 years. Negative losses are physically impossible.
However, consistent year to year calculated negative losses are possible when the
offset®® between the set of meters reading gas in and the set of meters reading gas
out is negative and the natural variability is less than that offset. Additionally,
natural variability in the LAUF can produce negative losses in some years for LDCs
whose offset is positive.

12 Case 09-G-0669

13 Two sets of meters will never provide the same measurement. The difference between
those two measurements is defined asof f set . &

Note: LDCs are Local Distribution Companies

NYSEGLAUF gas values over those 0 p athree y e a (2008 -2010) averaged
-0.359%, while the ConEd average LAUF for the same three years was +1.249%.
NYSEGis not ConEd, but gas metering and related LAUF errors inevitably affect
the reported LAUF gas amounts of every company and probably in different and
unforeseeable ways that change from year to year. Unaccounted for gas
estimates are also reported annually to PHMSA®. When ten years (2002 -2011)
of those reported values were examined for this report, they were not the same
as those stated in the NYSDPSStaff White Paper?, presumably due to different
reporting requirements. Though consistently low, the NYSEGunaccounted for
gas reported to PHMSA, were never negative, ranging from 0.1% to 0.3% for the
eight years 2004 -2011. Though not implausible, such consistent and low
numbers are interesting given that meters used in gas systems are only
required to be accurate to +2%. For the ten years 2002 -2011, ConEd reported
annual unaccounted for gas percentages ranging from 0.4-4.3. In contrast to
the consistently low numbers of NYSEG,the ConEd numbers appear to have a
variation of very close to 2% around a mean of 2.2%. Coincidentally, 2.2% also
happens to be the mean of all unaccounted for gas percentages reported to
PHMSAfrom 2002 -2011, though among those numbers individual annual
reports ranged from -28% to +109%. Such examples serve to illustrate that
LAUF numbers provide little if any useful insight into the actual amounts of gas
lost from ¢ o mp a n gae disfribution systems at any given time, or over a given
year. Still, it is helpful to consider a bit further the implications of the average

6 PHMSA - USDepartment of Transportation Pipeline and Hazardous Materials Safety
Administration . Lost and Unaccounted for Gasreports accessed at http://
www.phmsa.dot.gov/portal/site/PHMSA/menuitem.ebdc7a8a7e39f2e55cf2031050248a0c/?
vgnextoid=a872dfal22al1d110VgnVCM1000009ed07898RCRD&vgnextchannel=3430fb64 9a2d
¢c110VgnVCM1000009ed07898RCRD&vgnextfmt=print
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unaccounted for gas percentage of 2.2%.

A Little Bit Matters

A loss of 2.2% might seem almost trivial. Each gas consumer, based on the
required accuracy of the meter that measures gas consumption, can expect that
they may be over or undercharged by as much as 2% anyway. Why, then,
should anyone concern themselves with aloss of a few percent over the
distribution system as a whole? A first answer would be a fair allocation of the
monetary cost of the lost gas. In 2011 ConEd had total gas sales and
transportation revenues of around 1.5 billion dollars, 2.2% of which amounts to
33 million dollars. That is a substantial amount of money and has to be
accounted for and fairly allocated, a process that is regulated by the NYS
Department of Public Services. Again, though, in the grand scheme of things,
the consequences for each customer are relatively minor, only 0.2% more than
the +2% of metering accuracy. So, we are still left with the question, why does
such a seemingly small amount matter?

There are two closely related reasons. One, it remains that, regardless of the
reporting of the amounts of lost and unaccounted for gas, those reported
amounts do not seem to provide a reliable indication of the actual losses of gas
that are occurring. Two, when methane, which makes up over 90% of natural
gas, escapes from the distribution system it can accumulate to pose direct risks
of injury and property damage. A less obvious but greater global concern is the
role of methane as a potent greenhouse gas. Any leakage of methane poses an
eff ectively invisible, but potentially substantial threat to human health and the
environment. These reasons provide a means of understanding why the actual
amounts, and locations, of even seemingly small gas losses matter.

Even small natural gas leaks in confined spaces are dangerous, posing
explosion and asphyxiation hazards. When a small underground gas leak finds
a pathway to an enclosed space, such as a manhole, the gas can accumulate to
explosive levels (5%15% methane). Basements and other poorly ventilated
spaces can also accumulate leaked gas to hazardous levels. Explosions related
to such accumulations of leaked gas, though not common, are recurrent
wherever natural gas is used. In addition, where even relatively small amounts
of gas are leaked into the soil for extended periods, vegetation will be
damaged, loss of urban trees being a common impact. Still, the ConEd record
of gas safety with regard to direct hazards is relatively good.

ConEd, like other gas companies, has aroutine program to detect, manage and
repair leaks. However, the objective of such leak control programs is to detect
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leaks, not measure the amount of gas lost through them. Such measurements
would be impractical, especially for the potentially very large numbers of very
small leaks that can be expected to develop in pipe systems that contain
substantial amounts of old pipe. Over 70% of the cast iron pipe in the ConEd
system is over 100 years old, and almost all was installed before 1930, i.e., is
more than 80 years old. 3

EPALeakage Estimates for Natural Gas Pipelines

In this scenario, we are left with potentially large numbers of small leaks, and
smaller numbers of larger leaks in gas pipe systems. Measurement of the gas
losses that occur through such leaks is in practical terms impossible. Most of
the small leaks will never be identified, let alone measured. How, then, does
anyone arrive at some reasonable estimate of how much gas is being lost? In
1996 the U.S. Environmental Protection Agency (EPA)released an approach for
estimating such losses.” This approach is of considerable importance because
it has become the basis for international estimates of methane/natural gas
leakage as well .8

The EPAapproach 7 is relatively simple, based on 4 types of pipe materials, cast
iron, unprotected steel, protected steel, and plastic. The estimated leak rates
for the 4 types of pipe were based on data collected in a 1992 study by the EPA
and the Gas Research Institute (GRI). The length of pipe of a given type in a
system is multiplied by an estimated leak rate for a given length of that type
pipe. For cast iron pipes, the oldest and leakiest type, the estimated leak rate is
in standard cubic feet per mile of pipe per year (scf/mile -yr). That study

looked at atotal of 21 samples of cast iron pipe. The estimated methane leak
rate for cast iron pipe was 399,867 scf/mile -yr (with a 90% confidence interval
of 227,256). This was reduced by another factor intended to account for the
amount of methane that would be biologically oxidized in soil before escaping
into the atmosphere to produce a0 Me t hnmission F a c t forreach type of
pipe. After that reduction the estimated emission factor for cast iron pipe
became 238,736 scf/mile -year (with a 90% confidence interval of 152,059).

The 90% confidence intervals and numbers of samples are mentioned in this
discussion because it is important to understand how imprecise these estimates

” EPA/GRI. Methane Emissions from the Natural Gas Industry. Volume 9: Underground
Pipelines. June 1996. http://www.epa.gov/gasstar/documents/emissions_report/
9_underground.pdf

8 |PCC. 2006 IPCC Guidelines for National Greenhouse Gas Inventories. http://www.ipcc
ngqip.iges.or.jp/public/2006gl/index.html >,
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are. The numbers seem so imprecise that their usefulness seems questionable.
The statistically strongest data set in EPA/GRI” was that for cast iron pipe. The
data indicates that there is only 90% confidence that the true mean leak rate for
cast iron pipe is somewhere in the range of 399,867+65%, that is, somewhere
between 172,000 and 626,000 scf per mile of pipe per year.® The 90%
confidence level seems low for an estimate that has implications as broad and
important as this one. Accuracy is critical in estimating emissions of the
second most important greenhouse gas, methane, when these estimates are
being used in both national and international estimates for climate change
modeling and planning of mitigation and response measures.. ¢ At least a 95%
confidence interval would seem more traditional and appropriate to the
purpose. However, back calculation from the 90% confidence levels and sample
numbers in EPA/GRI report indicate that the 95% confidence intervals would
extend below zero for unprotected steel and plastic pipes, and would approach
zero for protected steel. In fact, in the case of plastic pipe, with a high
variability (range 0.008 to 61 std.cu.ft. per leak per hour) and the lowest
number of samples (N=6), even at the liberal 90% confidence level, the lower
limit of the confidence interval was -60,000 std.cu.ft. per leak per year,
implying the impossible situation that relatively large amounts of gas could be
taken in instead of emitted by leaks in plastic gas lines. One might reasonably
set aside the issue of implied negative leak rates, and allow that leak rates
below zero cannot occur. Even from this perspective, one is left with the
predicament that the EPA/GRI’ data for plastic pipe do not distinguish at a 90%
confidence level between 260,000 scf per leak per year and no leak at all.

A Leakage Estimate from Comgas in Brazil

The EPAestimate approach is still the international norm, but more recent work
reported out of Brazil provides a different picture .1° That study by the Brazilian
natural gas distribution company Comgas used a different approach to
selecting samples, and a very conservative approach to disregard all
suspiciously or inexplicably high leak rates. The Comgas study was apparently
continuous from 2005 through at least 2009 as part of a pipe system upgrade
program. Consequently, pipe sections selected for testing were each almost

9 EPA/GRT is not clear regarding whether a one-sided or two -sided confidence interval was

used. The statement, 0 a owverall accuracy of +65% based on a 90%level of conf i denceéd
suggests a two -sided confidence interval was used, but repeatedly in footnotes to tables Oupper
bound minus the me a nmay indicate a one-sided confidence interval was used. We assumed

that all confidence intervals referred to in EPA/GRI were two -sided.

10 Carey Bylin et al. 2009. New measurement data has implications for quantifying natural gas
losses from cast iron distribution mains. Pipeline and Gas Journal. (www.pgjonline.com).
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certainly considerably larger than the minimum 20-foot sections in the EPA/GRI
1992 stud y'* and were effectively more randomly selected. Random selection
based on work scheduling without regard to prior detection of leaks combined
with measurements of longer pipeline segments means the Comgas study
would more likely measure total leakage, where the EPA/GRIapproach was
based on detection of leakage before testing. In the course of the Comgas
work in Brazil, 912 pipe sections were tested, compared to only 21 in the EPA/
GRI11992 study. The Brazilian cast iron pipe system was reported to be
otherwise comparable to the U.S.cast iron system studied by EPA/GRIin 1992.
The Brazilian cast iron pipe, however, would likely be considerably younger

than that in the ConEd system in which 70% of the cast iron pipe is over 100
years old. Instead of a methane leak rate of 399,867 scf/mile -yr the Brazilian
study found a leak rate of 750,513 scf/mile -yr. It is interesting that though the
Brazilian study may be regarded as contrasting with the EPA/GRI, in fact, it
actually is statistically compatible. We back calculated the standard deviation of
the EPA/GRI cast iron pipe results and concluded the 750,000 scf/mile -yr
appears to be within  99% confidence bound of the EPA/GRI’ study. That is, the
findings of the two studies do not seem to conflict. The Brazilian is simply a
more robust, larger study that should provide a more accurate estimate and is
statistically compatible with the EPA/GRIestimate.

Yet, even the higher Brazilian numbers may be too low because data from pipe
sections with suspiciously or inexplicably high leak rates (>1,991,444 scf per
mile per year) were excluded. The excluded data was 15.4% of the total data.
The concern behind that elimination of high leak data was that such data could
be caused by measurement procedural problems in the field or unmapped
service lines connected to the cast iron mains. It would seem likely that leaks of
this size would result in noticeable mercaptan odors and consequent leak
reports. Nevertheless, it also seems reasonable that such large leaks may
develop slowly and exist for some time before odor motivates reports of
suspected leaks, though 15.4% of pipeline test sections seems implausibly high.
The concern that such high data are due to procedural diffi culties or unmapped
services seems reasonable, but one avoided at the risk of entirely missing some
actual large leaks. For example, if the tested sections are relatively long, there
could be several moderate sized leaks that collectively cause leak rates above

11 The actual lengths of cast iron pipe sections were apparently variable and not clearly
specified in the 1996 EPA/GRF report of the results of the 1992 EPA/GRIstudy of pipe leak
rates: (on page 20 of that report) 0 T hsegment to be tested was either: 1) a service which was
isolated € at the service-to-main connection and the c u st o mmeted ¥) a short segment of
main (at least 20 feet long) containing the detectable leak which was isolated by capping both
ends, or 3) along segment of main containing multiple | e a k s é i shy kapging dff each end.
€ For cast iron pipes, a segment test approach was used since many undetected leaks are
known to exist incasti r on. 0
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the Comgas sample rejection level. Without knowing the lengths of the Comgas
test sections, it is not possible to resolve this doubt. For present purposes, it is

suffi cient to let the Comgas test results stand as reported.

Estimates of Methane Leakage for ConEd based on EPA/GRIand Comgas
Reports

Most of the oldest and leakiest pipe in many natural gas systems is cast iron.
About 30% of the mains in the ConEd pipe system are cast iron, with another
30% unprotected steel, the next leakiest type. Now, using the EPAMethane
Emission Factor extrapolation approach would seem reasonable enough, in fact,
a practical necessity given the amount of underground pipe in natural gas
distribution systems. For example, ConEd has about 1300 miles of cast iron
mains, with similar amounts of unprotected steel, all of which feed eventually
into hundreds of thousands of smaller service lines. Clearly the amount of gas
leaking from each segment of such an extensive gas pipe system cannot be
monitored continuously .*? Given the soil conditions under the streets of
Manhatt an, biological oxidation of methane is probably limited. So, if one
applies the (no soil methane oxidation) EPAMethane Leakage Factor of
(rounded) 400,000 scf/mile -yr for cast iron mains to the 1300 miles of cast
iron pipe in the ConEd system one arrives at estimated methane emissions of
520,000,000 scflyr. If one uses the Brazilian Comgas cast iron pipe leak rate
this becomes 975,000,000 scflyr, which could also be too low.

Other Leak Sources and Other Estimates

One could similarly generate estimates for the other likely sources of gas
leakage in the ConEd system in accordance with EPAestimating methods. In
fact, beginning in 2010 ConEd, along with most other large emitters of
greenhouse gases, has to file areport of estimated emissions of GHGs,
including methane, with the EPAevery year. However, during the preparation of
this report only the 2010 GHG emissions report for ConEd had been filed and
released by EPA. That 2010 ConEd report contained only volumes of natural

12 |n fact, in general any given section of pipe is checked every 1-3 years. Type 3 leaks that are
detected but do not present an explosion hazard at the time of detection, and are deemed not
likely to subsequently present such a hazard, are not repaired but put on a somewhat more
frequent inspection schedule to assure they do not increase to a hazardous level. That is, they
are left to continue leaking until they increase to an explosion hazard level or are repaired
under routine leak repair efforts. Such unrepaired Type 3 leaks effectively release methane
emissions without a control effort because they do not present an immediate or foreseeable
explosion hazard.
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gas delivered, which totaled 286,962,094,000 scf. The number of potential
sources of leaked methane, besides cast iron pipe, in the ConEd system is
large, perhaps explaining why the 2010 ConEd GHG emissions report to EPAIs
empty. For the purposes of this report, a simpler approach may serve the
immediate purpose of showing that presently reported numbers are not reliable
and approaches to actual measurement are needed.

Consider in this regard that through the EPANatural Gas STARprogram ConEd
has been credited with reducing methane emissions by 4,393,613,000 scf
cumulatively since 1993. That 18-year (or so) cumulative reduction barely
makes up for somewhere between 4 and 8 years of the estimated ongoing
leakage from cast iron pipes alone, depending on the leak rate factor used.
ConEd reported to the EPAGasSTARprogram that in its best single year, 2008,
it reduced methane emissions by 158,795,000 scf. That is, in its best year,
ConEd eliminated the equivalent of barely 30% of just one year of losses from
the cast iron pipe alone. So, given there are still 1300 miles of cast iron pipe in
the ConEd system, and there are many other potential leaks in the ConEd
system, ConEd may well be losing ground with respect to overall net methane
emissions. Further, if one considers that the total gas handled annually by
ConEd amounts to about 300,000,000,000 scfl, then the estimated cast iron
pipe leakage alone amounts to in the range of 0.17 -0.33%, and this estimate
could still be low.

When Is a Leak a Leak?
When It Is Detectable.

Another matter worth considering is the functional definition of aleak. In the
ConEd Long Range Gas Plan (2010) ! there is the following statement (including
associated original footnotes).

0 C ohkdison also performs extensive leak repairs annually and has managed to
reduce the backlog of leaks é .In 1988, the gas leak backlog was just over 15,000
leaks and year-end 2009 leaks were under 1,400. Most of the leaks in the leak
backlog are Type 323 leaks which are not hazardous. We enter each winter with less
than 100 hazardous leaks. Gas leak repairs are a major commitment of our O&M
expenses. Con Edison has the highest amount of leak reports issued annually of all
NYS utilities. Con Edison has committed to the NYSPublic Service Commission that
ConEd will maintain a leak backlog of less than 1,600 2 leaks at the end of the year.
23 A Type 3 leak is not immediately hazardous at the time of detection and can be
reasonably expected to remain that way. However, Type 3 leaks shall be reevaluated during
the next required leakage survey or annually whichever is less.

24 NYSPSCmandates a leak backlog less than 1600 leaks at the end of the y ear . 0
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The contention of ConEd regarding the total number of leaks may be
reasonable given industry leak detection practices, but not at all accurate in
terms of actual total pipe leakage. A similar statement has to be made with
respect to the previously discussed 1996 EPA/GRIreport’ providing the now
widely used methane emission factors for gas pipelines.

Cast iron gas distribution (pipe) mains have been in the ground longest among
all the predominant pipe types in the commercial natural gas system. EPA/GRF
reported that cast iron pipelines were found to be much leakier than the
pipelines of the other pipe materials. The high leakage from cast iron pipes is
due to large number of small leaks, 0 F aast iron pipes, a segment test
approach was used since many undetected leaks are known to exist in cast
iron. &PA/GRI" also reported experiments indicated 40.3% of the methane
leaked from cast iron pipes was oxidized during its rise to the soil surface, but
only 1.8-3.0% for the other pipe types. Soil methane oxidation rates measured
around cast iron pipes were much higher than for other types because the
methane leakage is spread more widely around and along cast iron pipes. For
the other pipe types, detected leaks tended to be larger but fewer in number
resulting in more concentrated methane and less oxidation in the soil.

So, when, then, is aleak aleak? When gas escapes from a pipeline is it like the
proverbial tree falling in the forest? When gas escapes from a pipeline is it a
leak, or is it not aleak until the gas company detects it? The following quote
from the EPA/GRIreport 7 explains the typical industry approach to detecting
gas leaks.

0 G adsstribution operators use leak detection procedures to locate and
classify leaks for repair. To identify a leakin a section of pipe, a portable
hydrocarbon analyzer or flame ionization detector (FID)was used to screen
immediately above the ground level while walking the pipeline. Any
excursions above the background level (typically 2-3 ppm) may indicate a
nearby | eak . 6

However, the EPA/GRI report also states that 06 ma rupdetected leaks are
known to e x i stcast iron gas mains. That is, there are undetectable leaks,
and potentially a lot of them. Again quoting the EPA/GRI report (page 20),

0 T htechnique was based on testing leaks which are detected using leak
survey procedures (i.e., detected leaks), and may exclude smaller or more

diffuse leaks that are not detected at the soil sur f ace. 6

Now, having established there are undetectable leaks, and since undetectable
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leaks are undetectable, they are not included in the leak counts of ConEd, or
any other gas company using a similar leak detection method. Similarly, since
this method was used in the EPA/GRI pipeline leakage study to select pipe
sections for leak testing, whether or not it accounts for any undetected leaks is
unclear. That report states,

0 T hlemk flow rate measurement used should have accounted for all leaks in
a pipe segment. € The segment of pipe tested was also surveyed to
determine the number of detected leaks and the corresponding

concentration of methane detected for each leak inthe segment . O

However, it is not clear whether or how this survey 0 t determine the number of
detected | eaksd6 might have included oundetectabl e

So, we are left with data in industry records and the widely used EPA/GRI" study
results that by default do not seem to address 0 un d et e deaks levere 6
though those records and that report clearly indicate substantial amounts of
such leaks do occur. At least we do know that a leak is a leak no matter how
small.

A Consideration of Undetectable Leaks
In Cast Iron Pipe

At this point one may wonder what then might an undetectable leak be like and
what difference, if any, might such leaks make? The question would seem to
resolve to how many undetectable leaks might there be that would escape
detection by the typical industry leak detection method. Leaks are usually
detected by surveying at the ground surface above a pipe with an FID
instrument set to alarm if methane (actually combustible gas) levels rise above
background levels. EPA/GRI accepted and included in their emission factors an
estimate by Southern Cross Corporation that 15% of detectable leaks are simply
missed using the standard leak survey. It would seem to make sense that those
15% might be predominantly smaller, hence, harder to detect leaks.

Actual individual leak data were not provided in the EPA/GRI’ report except for
the 6 data points for plastic pipe. The lowest leak measured, hence,
presumably detected, was 0.008 scf per leak per hour. It is not clear, however,
that this was a leak that actually allowed detection asthe next nearest leak rate,
0.700 scf per leak hour, was approaching 100 times larger. EPA/GRI reported
that this 0.008 scf per hour leak value was a potential statistical outlier.
Coincidentally, it also happens to be the smallest of 6 data points, and,
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therefore, comprises roughly the bottom 15% of the leaks, i.e., the percentage
estimated to be routinely missed in leak surveys. So, if the 0.008 scf/leak -hour
value is disregarded, among the remaining five data points, the next highest 3
fall in the range of 0.7-1.62 (average 1.15) scf/lleak -hour. Since these are the
only data immediately available, we will assume for this discussion that the
smallest leak that can be reliably detected using the industry leak detection
method will have a leak rate of 1 scf/leak -hour .'® As discussed below, it
matters little whether the actual undetectable leak is 1 scf per hour or
considerably lower.

It would seem to follow that if two 1-scf-per-hour leaks were next to each
other, then at the soil surface they would present the same methane
concentration as one 2-scf-per-hour leak. That is, they would be detectable.
So, then, at what distance of separation would they cease to be detectable? Gas
Safety, Inc. experience with gas leak detection indicates that under a paved
surface small leaks are detectable over a surrounding, roughly circular area in
the range of 20-25 feet in diameter, and about half that if the soil surface is
not paved over. Recall the test sections in the EPA/GRI" study were around 20
feet which would, therefore, imply that small (O1 scf -per-hour) leaks
separated by more than 20 feet would not likely have been detected or
measured in that study. To provide some notion of what such leaks might
mean, one could assume there ought to be arange of such small undetectable
leaks that should vary from just more than zero to just less than 1 scf per hour,
which would generate an average undetectable leak size of 0.5 scf per hour.

Because undetectable leaks are undetectable, there is at present no data that
provide direct indications how many there might be per length of pipe,
regardless of the material the pipe is made of.}* Nevertheless, a rough
indication can be extracted from the data in the EPA/GRI’ report. For ten
reporting gas distribution companies, there was an average of 1.38 leak repairs
per mile of cast iron pipe. It follows that if a repair were undertaken, then it
was because a detectable leak had been found. This is actually a conservative
approach because a repair implies a detected leak, but not all detected leaks
are repaired (within a year of detection). EPA/GRI estimated the average

13 Based on decades of experience in gas pipeline leak detection, Gas Safety, Inc, considers
such small leaks unlikely to be detectable by conventional gas leak surveys in open field,
unpaved soil surface conditions. In urban settings, i.e., where gas lines are under paved
surfaces that can cause methane to accumulate in the soil or in underground channels or
spaces, a larger proportion of such leaks might be detected. The urban/rural setting of the
EPA/GRI" sampling sites was not specified.

14 Except for the Comgas study 7 in Brazil regarding leaks from cast iron pipes, implications of
which are discussed later in this report.
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number of active detectable leaks per repair was 2.14. Converting 1.38 repairs
per mile to the distance between detected leaks (repairs) yields one detected
leak for every 0.725 miles of pipe. Applying the EPA/GRI’ estimate of 2.14
actual detectable leaks per repair reduces the distance between detectable
leaks to 0.725/2.14=0.339 miles. Since the (presumably) total leak rate for
cast iron pipe was 399,867 scf per mile per year, the total leak rate for the
average length of pipe between two adjacent detectable leaks, i.e., 0.339 mile,
would be (0.339 X 399,867) = 135,469 scf per year.

We are trying to develop some understanding of the potential importance of
undetectable leaks. The EPA/GRI cast iron leakage rate supposedly includes
both detectable and undetectable leaks. So, if we deduct the rate for detectable
leaks in cast iron pipe from the total leakage, we should have the rate for
undetectable leaks. Unfortunately, there was no reported leak rate per leak in
cast iron pipe because, as previously discussed, cast iron pipe typically has a
large number of small leaks. As an alternative, we used the leak rate of 52,748
scf per leak per year for the most similar pipe, unprotected steel. Each
detectable leak is on average 0.339 miles from the next, and each 0.339 miles
of pipe has atotal leakage of 135,469 scf per year. The undetectable leakage
should be the difference between the total leakage (135,469 scflyr) and
leakage from the detectable leak (52,748 scflyr), which is 82,721 scf per year.
This then is an estimated average leakage from undetectable leaks for the pipe
between each two detectable leaks, which occur on average every 0.339 miles.
Converting this undetectable leakage rate to leakage per mile per year yields
244,000 scf per mile per year.

This volume of leakage would be accounted for by one undetectable 0.5-scf-
per-hour leak every 95 feet along the cast iron pipeline. Perhaps, though, the
actual undetectable leak size is smaller. Even if the average undetectable leak
were smaller, say, 0.2 scf per hour, then the interval between undetectable
leaks that would account for 82,271 scf/0.339 mile per year would be 39 feet,
still farther apart than the likely 20-foot interval that might make 1-scf-per-
hour leaks detectable and well beyond the ends of the 20-foot test segments
used in the EPA/GRI study. So, it matters little whether the threshold for leak
detection is 1, 0.5 or 0.2 scf/hour, the implications of undetectable leaks
remain large, at least for cast iron pipe. With regard to the plausibility of this
estimate of leakage from undetectable leaks in cast iron pipe, one may consider
that adding this 244,000 scf per mile per year to the EPA/GRI’ estimated
400,000 scf per mile per year (presumably based on pipe sections with
detectable leaks) generates a total estimated leakage of 644,000 scf per mile
per year, still well below the 750,000 scf per mile per year total leakage actually
measured in the Comgas study in Brazil.



-17 -

Undetectable Leaks In Pipelines Made of Other Materials

This potential importance of undetectable leaks cannot be simply ruled
inapplicable to pipes made of other materials. There seems no reason to rule
out occasional minor manufacturing defects, damage during installation and
due to natural underground processes and animal and human activities after
installation. Indeed, unprotected steel is subject to corrosion problems, asis
protected steel, though to alesser degree. The question becomes, then, how
to generate an estimate of the potential importance of undetectable leaks in
steel and plastic gas lines. One approach would seem to be to again exploit the
logical association of repairs to detected leaks. It was estimated above that
leaks as large as 1 scf/hour and as close together as every 20-25 feet would
likely be undetectable using the typical industry leak detection method. Once
again referring to EPA/GRI’, the reported repair interval for unprotected steel
pipeline was 1.09 repairs per mile per year, and 0.08 for both protected steel
and plastic. These can be converted, as above, to miles between adjacent
repairs, which are 0.917 miles for unprotected steel and 12.5 miles for both
protected steel and plastic. Now, it would seem reasonable to conclude if pipe
injury/defects/etc.  were causing detectable leaks in cast iron, then
undetectable leaks in other pipe materials will ultimately be due to the same
causes. So, if leaks have the same causes in all pipe materials, then the ratio of
detectable leaks to undetectable leaks should be reasonably similar for all pipe
materials.

Applying this same-ultimate -causes-for -leaks reasoning and extrapolating the
estimated undetectable leakage rate for castiron pipelines to unprotected steel
pipelines yields an eff ective distance between detectable leaks of 0.429 miles,
and an estimated leakage from undetectable leaks of 47,543 scf per year for
each 0.429 miles of pipe, or 111,000 scf per year per mile of unprotected steel
pipeline. Extrapolating the above approach indicates flows from undetectable
leaks are likely to be <10% of those for detectable leaks in plastic and protected
steel pipes. It should be borne in mind, however, that these pipe materials
have not yet progressed far into their expected service lives, whereas cast iron
pipes still in service are old, 70% over 100 years for ConEd. It would seem that
monitoring for leaks previously regarded asundetectable would be advisable to
assure environmentally safe management of natural gas leaks in afuture where
so much more gas and presumably so many more gas lines are expected to be
in use, regardless of the pipe material.

Why Are More Accurate Measures of Natural Gas Leakage Needed?

Whether one considers the ConEd LAUF as reported to NYSDPS,or to PHMSA or
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to EPAbased on factors given in EPA/GRY, the reality is we have little reason to
believe any of these estimates provide a reliable indication of how much natural
gas is leaking from natural gas distribution systems, or of how much methane
that leakage is releasing to the atmosphere. Hopefully it is at this point

obvious to the reader that actual identification and measurement of every gas
leak, or even leakage of gas from every segment of gas pipeline in service, is an
impossible, and perhaps meaningless task. In the end there remain three
objectives:

1. Fair and reasonable allocation of unaccounted for costs in the natural gas
public service system.

2. Prevention of hazardous situations related to accumulation of leaked gas
to levels that are explosive or asphyxiating (to humans, animals or plants).

3. Mitigation of the expected climate affecting impacts of methane
emissions to the atmosphere.

At present there are, as already discussed, procedures in place that achieve the
first two of these objectives to a reasonably satisfactory level. The third,
however, is not effectively addressed at all by those approaches, and apparently
inadequately by currently used estimation methods based on EPA/GRI.

RESULTS
An Estimate Based on Ground -Level Ambient Methane Levels

We developed a method (patent pending) to generate a preliminary estimate of
total methane emissions in Manhatt an from the data collected by GSlduring the
previously reported Preliminary Investigation of Ground @.evel Ambient Methane
Levels in Manhatt an. The method appears to be broadly applicable to other
trace gases, sites and situations. In the present case of Manhatt an, such
emissions estimates can be used to assess the relative importance of those
emissions in terms of methane as a greenhouse gas (GHG)and the relative
impact of gas service/use in Manhatt an in a broader climate/GHG context.
More precisely, the estimate that can be generated from the GSIManhatt an
preliminary ground -level methane data is the rate of flow of methane from
Manhatt an to the atmosphere beyond.

The approach used is relatively simple. Only four pieces of information are
needed to calculate a flow rate, in this case for methane from Manhatt an into
the atmosphere. What are the boundaries of the source area for the flow; in
this case what are the effective boundaries for air flow to/from Manhatt an?
What is the concentration of methane in the air when the air enters the source
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area, i.e., Manhatt an? What is the methane concentration when the air exits
Manhatt an? How fast is the air entering/exiting Manhatt an?

The GSlpreliminary Manhatt an methane data provide a large set of (over
700,000) measurements of the concentration of methane at various points
around the island, and other areas in the vicinity and region, at various times
over a period of five days. The challenge is to sort that data into subsets such
that the methane concentration data can be associated with air moving into
Manhatt an, picking up methane in Manhatt an, and then departing, and how to
estimate how much air was moving during the relevant sampling times.
Fortuitously, during certain parts of the GSIManhatt an preliminary methane
survey winds and survey pathways occurred in such patterns that evaluation of
the methane concentration in air entering and leaving Manhatt an is practical. In
order to enable use of that methane data, it was necessary to gather
information and data from meteorological literature and monitoring and
reporting programs. The times and conditions of one relevant data subset from
the GSIManhatt an methane survey were as follows.

The 29 November 2012 Methane Survey Data

From roughly 4 PMto 5 PMon the afternoon of 29 November 2012 a survey run
was made along the west, south, and eastern sides of Lower Manhatt an near
the shorelines. At that time the wind was consistent, from roughly the
southwest (compass bearing 240 degrees) at 8 miles per hour. These wind
conditions and that survey path provided data for distinct upwind and
downwind areas along the near-shoreline areas around Lower Manhatt an. The
upwind data provided methane concentration of air arriving on the island, while
downwind data provided methane concentration of air departing the island on
the same wind direction path. The City College of New York has a robust
weather monitoring program. By accessing the NYCMetNet website an
estimated height for the mixing layer of the atmosphere over Manhatt an for the
same time period was obtained .1®> The length of the travel paths in the upwind

15 The mixing layer is the lowermost layer of air in the atmosphere where air flows over and is
influenced by the land or water surface below (see image on page 22). Above the mixing layer,
winds tend to have a smoother, laminar flow, but within the mixing layer winds tend to have
turbulent flows that cause most gases or aerosols released near the land or water surface to
disperse rapidly laterally and vertically throughout the air to the upward limit of turbulent flow.
The height of the mixing layer changes over time, but is consistent for time periods longer than
necessary for the purposes of the current data interpretation effort. Height of the mixing layer
and other meteorological data are accessible through the NYCMetNet, provided by the Optical
Remote Sensing Laboratory of The City College of New York (ORSL),http://
nycmetnet.ccny.cuny.edu
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and downwind portions of that survey run were estimated using Google Earth.
These data were as follows:

Methane Concentrations in Ground -Level Air
Upwind 1.92 ppm £0.003ppm (99.9999% Confidence Interval)
Downwind 2.165 ppm #0.021ppm (99.9999% Confidence Interval)

Wind speed (speed of air entering/exiting  Manhatt an) 8 mph (11.7 feet per
second)

Wind direction (from) WSW(compass bearing 240 degrees)

Manhatt an wind cross-sectional length: 7 miles (36960 feet)

Mixing layer height: 2600 ft. 4

These data can be applied in the following sequence of calculations:

To get the volume of air entering/leaving Manhatt an per second:
Wind speed Xwind cross -sectional length of Manhatt an X mixing layer height =
11.7 ft/sec X 36960 ft X 2600feet = 1.1 billion cubic feet per second

To get the amount of methane added while the air passed over Manhatt an, take
the difference between the upwind and downwind methane concentrations and
apply it to the amount of air leaving Manhatt an per second:

(Downwind methane concentration & Upwind concentration) X Volume of air
leaving Manhatt an per second =

(2.16 ppm 61.92 ppm) X 1,100,000,000 cu.ft./sec. = 270 cubic feet per
second

To get cubic feet per second of methane added by Manhatt an to cubic feet of
methane added per year:

Cubic feet per second added by Manhatt an X 60 seconds per minute X 60
minutes per hour X 24 hours per day X 365 days per year =

270 cu.ft/sec X 60 sec/min X 60 min/hr X 24 hr/day X 365 days/ yr =
8,600,000,000 or 8.6 billion cubic feet per year.

This estimated annual methane flow rate from Manhatt an is approximate. Each
of the measured data values used could be a source of error. The methane data
for a given time frame is highly reliable, 99.9999% confidence intervals = <1%
(0.021 ppm). However, methane concentrations in the air vary with location,
time, wind, temperature, barometric pressure, humidity/precipitation, and the
complex collective interactions of all these and possibly other factors. To
examine the likely accuracy of the 29 November methane data used in the
above Manhatt an flux estimate other data subsets from the full data set were
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examined. Each of these data subsets was collected at different times, covered
different locations on and off Manhatt an island, and occurred under different
weather conditions. Nevertheless each data set is still relatively large, the
smallest containing over 2000 methane data points. The following subsets
were identified and examined:

Manhatt an mean methane levels relative to reference area
for given date

Date (2012) 11-27 11-29 11-30 12-09
Wind (from) NE WSW NE NNE
Mean Methane Concentration (ppm)
Means over
all 4 dates
Manhatt an 2.079 2.165 2.345 2.261 2.213
Reference
Area 1.866 1.92 2.008 2.002 1.949
Increase
while over
Manhatt an
Island 0.213 0.245 0.337 0.259 0.264

99.9999% Confidence interval for all Manhatt an and Reference Area
Mean Methane Concentrations was O 1 %relative (0.002 to .022 ppm)

On 27 November data were collected on Manhatt an island that generated a
mean methane level of 2.079 ppm, while the average methane level traveling to
NYC was 1.866 ppm. The wind that day was out of the NE (compass bearing 50
degrees) at an average speed of 5.8 mph. On this day the wind was blowing
from the area travelled to arrive in Manhatt an. Hence, deducting the average
methane level before arrival in Manhatt an, 1.866 ppm, from that measured in
Manhatt an, 2.079 ppm, indicates the increase due to methane sources on
Manhatt an island, 0.213 ppm. This compares reasonably well with the 0.245
ppm increase due to methane sources on Manhatt an island on 29 November.

Similar data subsets were available in the 30 November and 09 December data
sets, each day with different wind conditions and, consequently, different
upwind areas used as sources of reference methane levels. On 30 November
the indicated methane concentration increase due to methane sources on
Manhatt an island was 0.337 ppm. On 09 December the increase was 0.259
ppm. The table above summarizes the indicated increases in methane
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concentration due to sources on Manhatt an island.

Given that these data subsets were for different survey paths on Manhatt an,
different reference zones off the island, and on different days, times of day and
weather conditions, all effectively random, unplanned occurrences within the
body of general methane survey data, the consistency of the indicated increase
in methane concentration over Manhatt an is actually impressive. In fact, the
99% confidence interval for the mean of the four days mean methane levels was
+0.068 ppm, or +25%. Recall that the EPA/GRI’ 90% confidence interval for
cast iron pipelines was £65%. For the purposes of evaluating the likely
accuracy of the estimate of methane emissions on Manhatt an Island, we will use
+25% as the likely accuracy of the data for increases in methane concentration
in the air while passing over Manhatt an Island. For data quality and field
observational reasons, and to maintain a conservative approach, the 29
November data was regarded as most reliable and was used in the above
calculation of annual methane flux to the atmosphere from Manhatt an.

Weather data were obtained from online sources based on National Weather
Service data or CCNY observations .*> Wind speed is likely accurate to within 0.1
mph or 0.15 feet per second. Winds were moderate averaging 5.5 to 6.8 mph
on the 4 survey days in the table above. The actual winds during the survey
times in the table above tended to be above the average wind speed for the
day. Since the data for 29 November was to be used in the calculation of the
Manhatt an methane flux rate, the wind speed for 4PM to 5PM on that day was
estimated to be 8 mph and was the wind speed used. Potential error should

not have been greater than 10% for the wind speed used in the calculation.

Wind direction was used for two purposes. One was identification of
appropriate upwind methane reference areas and selection of an appropriate
reference data subset within the full set of methane data. The other was to
determine the length of the extent of Manhatt an Island perpendicular to the
direction of the wind. This length was used because the actual volume of air
flowing over Manhatt an should be related to the direction of the wind with
respect to the greater N-Slength and shorter E-W width of the island. If wind
were blowing along the N-Slength of the island, then, near the land surface,
the band of air blowing onto and off the island would be about 2.5 miles wide.
If the wind were blowing across the N-Slength of the island, then the band of
air would be closer 10 miles wide. So, at the land surface less air would be
flowing onto and off the island for roughly N-Swinds than for roughly E-W. It
might seem this would cause some diffi culty in that days with N or Swinds
would seem to have less air flowing over the island than days with Eor W winds
of the same speed. However, the height of the mixing layer increases with time
over land compared to over water. So, this effect is probably in part
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compensated by related changes in the mixing layer height. In fact, on only
one (09 December) of the four days did the wind run directly along the length
of the island, and on that day the mixing layer height did increase substantially
to a height of approximately 7200 feet.

The width of the band of air blowing over the island was the length of the
projection of the profile of Manhatt an onto a line perpendicular to the wind
direction, which we call the cross-wind length. On three of the four days the
winds were nearly opposite in direction, from either the southwest or the
northeast, so the cross-wind lengths of Manhatt an were very similar except on
9 December when there was a compensating increase in mixing layer height.
The cross-wind length of the island for any given wind direction can be
relatively easily estimated to within a few percent using Google Earth.

A nighttime image showing the mixing layer over Berlin, Germany. Aerosol particles dispersed
in the mixing layer cause light from below to be diffracted/reflected revealing the mixing layer
as brighter and distinct from the clear (dark), uncontaminated air in the overlying layers of the

atmosphere. Ralf Steikert http://userpage.fu-erlin.de/~kyba/images/night_boundary layer.html

Another potential error source that might affect the calculation was the
thickness or height of the mixing layer (see image above). Equipment capable
of measuring the height of the top of the mixing layer is not common, but such
equipment is in place in Manhatt an.*® Initially, the data was obtained in a
graphic format and a 5%error was assumed due to graph reading inaccuracies.
The graphs were read conservatively to assure the height of the mixing layer
was not overestimated. The mixing layer occasionally has a somewhat diffuse
upper boundary. This occurred at 4PM-5PM on 29 November. Only the mixing
height that appeared to have the same or stronger composition (backscatter) as
near the land surface was used. This predisposes the height of the mixing layer
to underestimation as well as the resulting estimate of the actual methane flux,


http://userpage.fu-erlin.de/~kyba/images/night_boundary_layer.html
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but, again, a conservative approach was preferred .16

Another potential source of error is the thoroughness of upward mixing of
methane in the mixing layer at the time measurements were taken in the
downwind sampling area, i.e., where air was leaving the island. Less than
thorough mixing vertically throughout the mixing layer would seem likely if
certain conditions were present. The land surface was relatively smooth, with
few tall obstructions. The gas of concern was relatively dense and diffused
slowly in the air. Winds were weak or inconsistent. The conditions during the
relevant periods of the preliminary Manhatt an methane survey were the
opposite of these. Methane is lighter than air and diffuses rapidly through it,
with atendency to move upward. Winds were appreciable and consistent. With
over 90 buildings more than 600 feet tall among many others of considerable
height (see the image of the view from the 0 T oogb the R o ¢ ktdhe beginning

of this report) the land surface of Manhatt an is nearly the opposite of smooth.
Further, the graphic representations of the ceilometer data for the relevant time
periods indicated diffuse layers of air between the mixing layer and the
overlying free atmosphere. Those diffuse layers were not included in the height
of the mixing layer used in our calculations. At the time of this report, there
did not appear to be reason to assume less than thorough vertical mixing of
methane in the mixing layer. We anticipate opportunities to collect data that
more directly address this possible source of error soon, and to revise our
Manhatt an methane emissions estimate in the near future.

Counter to a potential overestimate of methane emissions due to incomplete
vertical mixing of methane in the mixing layer over Manhatt an, there is also an
unaccounted for potential loss of methane through the upper boundary of the
mixing layer. Methane is only about half as dense as air, and is, therefore,
strongly disposed to migrate upward in the atmosphere regardless of other
conditions. It is, therefore, likely that at any given time a portion of the
methane in the mixing layer is moving through the top of the mixing layer and
on up into the atmosphere. Such 0 e x ¢ e wexrtical eni x i waguld not be
accounted for in our calculations and would cause our emissions estimate to be
low. We had no data on the thoroughness of vertical mixing of methane before
the air in the mixing layer departs the island on the downwind side. We also
have no data on what proportion of methane escapes out through the top of the
mixing layer, but it seems unreasonable to expect that vertical methane loss

16 |n the final stages of preparation of this report, the results of the application of two different
mixing layer algorithms to the raw ceilometer data were provided courtesy of Mark Arend and
Yonghau Wu of the City College of New York Optical Remote Sensing Lab and made available
through the NOAA CRESTNYCMetNet (http://nycmetnet.ccny.cuny.edu/ ). The average of the
twelve results (6 time intervals X 2 algorithms) for 4PM-5PM 29 November time period was
0.815 kilometers, just 0.015 kilometers over our graphic estimate of 0.8 kilometers.


http://nycmetnet.ccny.cuny.edu/)
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would be zero. It also seems likely that either incomplete or excessive mixing
may be dominant in different areas within the downwind sampling area.
Ultimately we assumed both processes were in effect, the effects of both
countering each other in the overall data set. That is, we assumed that on
average the vertical mixing was neither incomplete nor excessive. Again, we
anticipate opportunities to collect data that will help us address this possible
source of error, and hope to release those findings, and update our emissions
estimate at the earliest practical date.

The potential error due to inadequate or excessive vertical excessive mixing in
the mixing layer could not be estimated. At the time of preparation of this
report, we had found only two publications on comparable measurement -based
methane emissions from another large metropolitan area.’'® Both were for
Krakow, Poland. The first of these, Kuc et al. (2003), estimated methane
emissions were around 760 million cubic feet per year (2.15 X 107 m3 yr' 1)
over the period 1996 -1997. The later, Zimnoch et al. (2010), reported around
220 million cubic feet per year (6.2 X 10 m3 yr' 1) over the period 2005 -2009,
an apparent 3.5-fold decrease from the 1996 -1997 estimate. In the
intervening years the gas service operator in Krakow had undertaken a
substantial gas infrastructure improvement program, presumably substantially
reducing gas leakage. The population of Krakow is about 800,00 0'°, while
Manhatt an is very close to twice that, at 1.6 millio n?®. The per capita gas
consumption in Poland is around 16,000 cubic feet per year?! and for New York
is around 200,000 cubic feet per year??. Adjusting the 1996 -1997 Krakow
emissions for the higher population of Manhatt an and New York per capita gas
consumption rate, one obtains an emissions level of 19 billion cubic feet per
year. The 2005 -2009 Krakow emissions adjusted to Manhatt an population and
NY consumption rates becomes 5.5 billion cubic feet per year. We concluded

17 T. Kuc et al. 2003. Anthropogenic emissions of COz and CHa in an urban environment.
Appl. Energ. 75(3-4), 193 -203.

18 M. Zimnoch et al. 2010. Assessing surface fluxes of COz and CHa in urban environment: a
reconnaissance study in Krakow, Southern Poland. Tellus (2010), 62B, 573 8580.

19 http://www.krakow  -info.com/people.htm
20 http://www.nyc.gov/html/dcp/html/census/popcur.shtml

21 http://www.indexmundi.com/map/?t=0&v=137000&r=eu&l=en (in cubic
meters per year per capita, converted to cubic feet per year per capita)

22 http://www.usnews.com/news/slideshows/the -10 -states -that -use-the - least -
energy -per-capita/11 (in BTU per capita in 2008, converted to cubic feet per
capita per year)
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our estimate of 8.6 billion cubic feet per year for Manhatt an is reasonable in
light of the estimates of Kuc (2003) and Zimnoch (2010) for Krakow.

In summary, among the measured data that were potential sources of error the
99% confidence interval of 25% relative for the methane concentration increase
over Manhatt an was the largest likely error. Each of the other potential sources
of error were considered subject to errors of <10% relative. Further, when
interpretation of data was required, those interpretations were conservative. It
would seem reasonable at this point to hold that the estimated annual methane
flux for Manhatt an may contain an error of as much as £25%.

Comparisons of the Estimated Emissions from Manhatt an

An EPA/GRI'-Factors -Based Estimate

Applying the EPA/GRI factors for pipe lengths and materials in the entire
ConEd system?, we arrived at an estimate of 915 million cubic feet as total gas
leakage from the entire ConEd system of gas mains and service connection
lines (services). Allowing an additional arbitrary 85,000,000 cubic feet for
potential leakage from other ConEd gas infrastructure, we arrived at an
estimated total methane leakage of around 1 billion cubic feet per year. Also,
because soil conditions under Manhatt an probably do not support optimal
conditions for methane oxidation, we used the EPA/GRI" methane leakage
factors instead of the methane emission factors. Use of the methane emission
factors would have generated an even lower estimate of natural gas losses/
methane emissions.

An Average Long-Term LAUF Estimate

The ConEd ten-year average of LAUF gas (reported to PHMSA)was 2.2%. Even
though the LAUF does not represent actual measured gas losses from the
ConEd system, its preparation does involve metered gas flows albeit through
many meters. Consequently, the LAUF might provide some indication of gas
losses if inherent variability can be overcome, which can be accomplished by
taking a long -term average. It should be kept in mind that 2.2% was the
average ConEd LAUF over 10 years. As the average of 10 years this value is
more reliable than the annual LAUF estimates used to calculate the average, but
this greater reliability comes with costs. The average provides a more reliable
estimate for leakage over times greater than one year, but may not be reliable
for an individual year, say, a year impacted by a major storm. Also, leak
detection and repair efforts are continuous. Use of aten-year reporting period
in order to have a reliable leakage rate would be useless with respect to annual
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or more frequent efforts to identify and control leakage. For present purposes

of estimating total leakage, however, the 10-year average is the best value we

can extract from the reported ConEd LAUF estimates. At 2.2% the ConEd LAUF
for the entire ConEd gas system that handles about 300 billion scf/yr ! would be
6.6 billion cubic feet of lost gas, or around 6.1 billion cubic feet of methane.

The GSIEstimate Based on Preliminary Ground -Level Methane Survey Data

The actual measured levels of methane in Manhatt an and adjacent areas were
used to develop an estimate of the likely rate of methane emissions from the
natural gas system in Manhatt an. The estimate did not include any ConEd gas
distribution or service beyond the shorelines of Manhatt an Island. The estimate
used conservative criteria in selection of which data from outside
(meteorological) sources would be used to generate the estimate. The resulting
estimate of total emissions of methane (functionally losses of natural gas) was

8.6 billion cubic feet per year (49.2 billion cubic feet of natural gas).

This estimate is 1/3 larger than the 10-year average LAUF losses and nearly 10
times greater than the methane leakage estimates using the EPA/GRI factors
applied to the entire ConEd system of mains and services. Given that the
primary function of reported values for LAUF gas is accounting reconciliation
and equitable cost allocation, the error of 33% over the long term might be
acceptable. However, given that the 33% higher estimate was based on
methane -in-air measurements only in Manhatt an, which accounts for only
about one-third of the customers and 5% of the land area in the ConEd gas
service territory, the question of how much more gas may be leaking in the
remainder of the ConEd gas system service area stands unaddressed. Similarly,
we leave for others to discuss the implications of the difference between our
estimated methane emission rate for Manhatt an and the reported LAUF gas
from the entire ConEd system.

The difference between the annual Manhatt an methane emission rate developed
from GSImethane survey data and that generated by application of the EPA/
GRI” pipelines leakage factors is more striking. If one were to assume that the
EPA/GRI data did account for distribution and service gas lines leakage within
the accuracy given in that report (90% confidence interval was +65% relative),
then one would would expect that the entire ConEd system might have an
emission rate up to 65% greater than the above mentioned estimate of 1 billion
cubic feet per year based on the EPA/GRI factors. That is, at the extreme
upper limit proposed by EPA/GRI’, the methane emissions for the entire ConEd
system should be something around 1.65 billion cubic feet per year. Even if
one uses this upper limit of an EPA/GRI’-based estimate, our estimate based on
actual methane measurements in Manhatt an alone is still almost 6 times
greater.
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Again, a Little Bit Matters

Returning to the issue of how much methane leakage is of practical concern,
we need to put some perspective on the 8.6 billion cubic feet per year of
methane emissions that we derived from our preliminary methane data for
Manhatt an. To do that we will need to make some assumptions. Our first
assumption is pipeline natural gas is 93% methane (EPA/GRI’). Our second is
that natural gas pipelines are the only sources of methane emissions on
Manhatt an. Our third assumption is there are no natural gas leaks from the
ConEd system outside of Manhatt an. This third assumption is obviously not
true, but allows us to put 8.6 billion cubic feet into some perspective, while
assuring that our conclusion is certainly conservative. Again, for clarification,
Manhatt an comprises about only 5% of the land area and accounts for only
about 1/3 of the customers in the ConEd service territory.

Our measurements do not distinguish between methane sources. There could
be methane sources in Manhatt an other than the ConEd natural gas system.
Given no data on this question at present, and based on GSlexperience with
methane surveys over fairly broad areas of the Northeast, our opinion is that it
is unlikely methane from other sources would approach 10% of the emissions
level indicated by our methane survey data in Manhatt an. So, for purposes of

this discussion the effects of the first two assumptions counter each other, plus

a4 10% due to 93% methane content of pipeline natural gas, and minus & 10%
due to other potential methane sources in Manhatt an.

Putting a number on the perspective for the estimated 8.6 billion cubic feet per
year methane emissions from Manhatt an now requires only comparison of that
volume of gas to that handled by the ConEd system as a whole, i.e., a 300
billion cubic feet per year. Soour estimated annual methane emissions for
Manhatt an amount to only (100 X 8.6 billion / 300 billion =) 2.86%. Once
again, why does this matter?

As mentioned back in the discussion of LAUF gas, this gas loss is actually 0.66%
greater than the long -term average ConEd LAUF of 2.2%. With respect to
hazards of explosive concentrations of methane in susceptible locations, this
amount is probably not particularly important or informative. Though it seems
reasonable to conclude such risks could increase proportionately with gas
leakage (methane emissions), that would seem to matter little as the ConEd leak
detection and management program has been running relatively effectively for
decades with no real knowledge of what actual methane emissions have been.
With respect to cost reconciliation and fair allocation, using the annual ConEd
gas sales and services revenue of 1.5 billion dollar s, 0.66% is 9.9 million

dollars, consideration of which we will leave for ConEd, its customers, and
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NYSDPS. With respect to the impacts of methane as a greenhouse gas,
however, there is more to be said.

Methane is a potent greenhouse gas. A widely accepted minimum relative
greenhouse gas strength of methane is 21 times greater than that of carbon
dioxide over a 100 -year time frame .2> There have been complex and ongoing
discussions about what the greenhouse equivalence of methane actually is,
which the reader may want to consult .?* Those discussions generally are
resulting in incremental increases in the accepted value for methane
greenhouse gas equivalence, but for this presentation we will use the simpler
approach of using the lowest widely used greenhouse equivalence for methane.
For convenience, we will further lower this by rounding it to 20 times greater
than that of carbon dioxide. So, if methane is approximately 20 times stronger
than carbon dioxide as a greenhouse gas, and if the natural gas upon reaching
its destination is entirely burned to carbon dioxide (and water), then how
important are gas (methane) leaks from the natural gas production and delivery
system that delivered it?

We can restate that methane as a greenhouse gas is 20 times stronger than
carbon dioxide by stating that it only takes 1/20 or 5% as much methane to
cause as much atmospheric warming as a given quantity of carbon dioxide. If
the natural gas arrives at its intended destination and is burned, it will form
carbon dioxide (and water), so its original form (as methane) does not matter
since it is now carbon dioxide. However, if only 5% of natural gas escapes as it
moves from within the earth through the production, transport and delivery
systems, that 5% will have as much GHG impact as the other 95% burned as
fuel.

FINDINGS

The findings suggest the role of leakage from natural gas systems has a more
substantial role in climate change than has been appreciated. 2* Apparently
present provisions in state utility regulations allow gas companies to charge
their customers for up to 2% (varies by state) of their handled gas volume as
lost and unaccounted for gas (discussed earlier in this report). Depending on

23 http://epa.gov/climatechange/ghgemissions/gases/ch4.html, or, http://www.ipcc.ch/
publications_and_data/ar4/wgl/en/ch2s2 -10-2.html , among others.

24 Alvarez, R.A., Pacala, S. W. Winebrake, J.J.,Chameides, W.L. & Hamburg, S.P. Greater focus
needed on methane leakage from natural gas infrastructure. Proc. Natl Acad. Sci. USA109,
6435 86440 (2012).
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the state, presumably such allowances apply to each sector of the gas system
separately, i.e., production (gas wells), transportation (long distance pipelines),
and distribution (gas utilities). In the end the methane emissions that affect the
greenhouse gas impact of natural gas as fuel are the total methane emissions
along the whole path the gas travels through the entire production -transport -
distribution network. The infrastructure in each sector in that network can and
does leak natural gas.

A 2.86% leakage of all the natural gas handled by ConEd in Manhatt an alone
leaves only 2.14% for the rest of the ConEd system, and the production and
transport system feeding it, to leak collectively before total losses exceed the
5%level at which the greenhouse gas cost of using natural gas is effectively at
least doubled. Sofar GSlefforts to gather data on volumes of gas lost by
leakage or other processes in the natural gas system have indicated all such
data are based on methods that are not founded in well-documented data on
actual leaks, let alone actual measurements of leaks or field emissions. Some
actual field data have recently been reported for production and early stage
transport of shale gas. In the Denver-Julesberg Fossil Fuel Formation, largely in
Weld County in northeast Colorado, emissions of methane were estimated at
2.3%to 7.7% of production .?°> Preliminary results from the Uinta Basin in Utah
discussed at recent meetings of the American Geophysical Union indicated
methane leakage in the field reached 9% of total production .?6 Even if the
Marcellus shale gas fields planned to serve New York City release methane
emissions at the lowest rate indicated by field data from northeast Colorado,
and if that were added to just the GSlestimated methane emission for
Manhatt an alone, that would already put the total methane emission leak rate
for Marcellus Shale gas delivered through the ConEd system at 5.16%. This
leakage rate, which does not account for leakage from gas transmission lines to
ConEd or from the rest of the ConEd system outside Manhatt an, is already in
excess of our simple calculation for the total leakage rate (5%)at which the
leaked gas has as much potential climate impact asthe burned gas. In fact,
this leakage is well in excess of the total leakage rate of 3.2% at which other
authors using more elaborate approaches have concluded that natural gas
ceases to have a0 ¢ | ¢ alireadvantage over coal for power production. *2

25 Gabriel Petron et al. Hydrocarbon Emissions Characterization in the Colorado Front Range &
A Pilot Study. National Oceanic and Atmospheric Administration, Earth System Research
Laboratory, Boulder, Colorado, USA. (Nature 482, 13906140; 2012)

26 http://www.nature.com/news/methane -leaks -erode -green -credentials -of-natural -
gas-1.12123#/re f-link-4
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Caveats and Cautions Regarding the GSIPreliminary Estimate of the Manhatt an
Methane Emissions Rate

The GSImethod (patent pending) used to estimate the Manhatt an methane
emissions rate from preliminary mobile methane survey data does not provide
an estimate that is relative to natural background levels for natural areas in the
region. It is diffi cult to imagine that there might even be an area anywhere in
the vicinity of New York City where natural background methane emissions
rates might be evaluated. The GSlapproach was instead based on an alternate
approach that could be evaluated because Manhatt an is an island making
physical boundaries of the Manhatt an land surface emissions area relatively
easy to define. Further, because of observations during the methane survey
and analyses of the survey data, it became apparent that air arriving on the
upwind and departing the downwind sides of the island at any given time
necessarily provide a functional methane baseline and impacted air
concentration level for the island. Hence, it is not necessary to know the
natural methane baseline for the area or region, or even the surrounding

waters, in order to calculate an emission rate for the island. Also, this approach
eliminates any need to understand or attempt to correct off-island incoming air
methane concentrations for methane sources within the geographical methane
reference area since the only needed data is methane concentration in the
incoming air.

The height of the mixing layer is important to the accuracy of the GSlapproach
to estimating area methane emissions based on ground level methane
concentrations.  Fortunately mixing height data is measured in Manhatt an.
However, the measurement used was collected at a single location not in the
area where the departing air methane concentration data were collected.
Nevertheless due to the mixing layer measurement location being relatively
upwind from the air departure area it is more likely the mixing layer height
used was too low rather than too high. Also, the measurement used was
chosen to exclude diffuse zones at the upper edge of the mixing layer. Actual
above ground and airborne measurements would be useful to assess variations
of concentration of methane throughout the mixing layer.

There are potential and actual sources of methane in Manhatt an other than the
ConEd natural gas system. The GSlapproach to estimating methane emissions
cannot distinguish the contributions of various potential sources of methane to
the overall methane emissions rate. One clearly distinguishable localized
release of possible 0 s e wgearsmas observed in the GSIManhatt an methane
survey data collected at the outlet of a storm drain on the east side of the
island. The elevated methane level was apparent, but not particularly high.
How many other methane elevations might have been due to sewer gas or other
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potential, non-ConEd, methane sources, e.g., old fill areas, is not known.
However, based on GSlexperience in other urban and rural areas, the effects of
using conservative allowances and assumptions wherever reasonable likely
exceed the influence of landfill, sewer or other biologically generated methane
in the GSIManhatt an preliminary methane emissions estimate. The relative
importance of biogenic methane sources in Manhatt an probably could be
assessed using methane isotopic composition analysis. It is also worthwhile to
note that just because gas is being released from a sewer or storm drain does
not necessarily confirm that the gas is actually generated in the sewage or
storm water and residues. Sewers and storm drains can also receive and
transport gas leaked from gas pipes.

There is also potential for losses due to pirated or illegal gas taps, and post -
metering losses at the consumer level. Again, such losses cannot be
distinguished within the GSIManhatt an methane emissions estimate, but seem
likely to be small in comparison to leakage from ConEd gas infrastructure and
operations.

RECOMMENDATIONS

The estimated Manhatt an methane emission rate presented in this report
indicates the need for actual measurements of methane flux for urban,
petroleum and gas field areas, etc. instead of estimates based on
extrapolations of typically very limited and generally indirect data.

In Manhatt an, additional ground level methane survey work seems needed to
support more effective and rapid detection and identification of gas leaks, to
determine areas where gas pipe is in need of general replacement or lining
rather than stop -gap repairs. Additional ground level work is needed that is
specifically designed to develop and refine the approach developed and
presented in this report for rapid actual -measurement -based estimation of
methane emissions. Additional supplementary work is needed to explore and
refine the level of knowledge regarding the height of the mixing layer and
methane distribution within it for Manhatt an and other urban and non-urban
settings.

The findings from this data analysis effort indicate there is need to re-evaluate:
A Methane emissions estimates and assumptions being used as the basis for
global climate modeling and projections regarding the path and speed of
climate change

A Plans and projections regarding short -term high -impact opportunities  to
reduce greenhouse gas emissions by focusing initially on methane emissions
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associated with fossil fuel development, production, and utilization

A Regulation of the fossil fuel industry

A The actual economic and environmental costs of fossil fuel compared to
alternative energy technologies over all time frames.

Our findings, based on actual measurements, necessarily raise doubts about
the claimed value of natural gas asa o c | ebaidge f u eanddcall for further
work to verify the reported findings and to begin to identify specific methane
sources and improve natural gas leak prevention and management.
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Natural gas is the largest source of anthropogenic emissions of methane (CHa4) in the United States. To
assess pipeline emissions across a major city, we mapped CHas leaks across all 785 road miles in the city of

Boston using a cavity-ring-down mobile CH4 analyzer. We identified 3356 CH4 Ieaégswith concentrations
exceeding up to 15 fimes the global background level. Separately, we measured

CHa isotopic signa-

tures from a subset of these leaks. The d*3CHa signatures (mean ¥4 -42.8& = 1.3& s.e.; n ¥4 32) strongly

E2nsi9Sotopes

Infrastructure
Methane
Natural gas

Urban

indicate a fossil fuel source rather than a biogenic source for most of the leaks; natural gas sampled
across the city had average d**CHa values of -36.8& (+0.7& s.e., n ¥ 10), whereas CHa collected from

landfill sites, wetlands, and sewer systems had d13CH4 signatures w20& lighter (m % -57.8&, +1.6& s.e.,
n ¥ 8). Repairing leaky natural gas distribution systems will reduce greenhouse gas emissions, increase
consumer health and safety, and save money.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Methane (CHj) is a greenhouse gas more potent molecule for
molecule than carbon dioxide (Shindell et al., 2012). In the United
States, leaks of CHs from natural gas extraction and pipeline
transmission are the largest human-derived source of emissions
(EPA, 2012). However, CHg is not just a potent greenhouse gas; it
also influences air quality and consumer health. CH4 reacts with
NOy to catalyze ozone formationin urban areas (Westet al., 2006).
Incidents involving transmission and distribution pipelines for
natural gas in the U. S. cause an average of 17 fatalities, 68 injuries,
and $133 M in property damage each year (PHMSA, 2012). A natural
gas pipeline explosion in San Bruno, CA, for instance, killed eight
people and destroyed 38 homes in 2010. Detecting and reducing
pipeline leaks of CH4 and other hydrocarbons in natural gas are
critical for reducing greenhouse gas emissions, improving air
quality and consumer safety, and saving consumers money (West
et al., 2006; Han and Weng, 2011; Shindell et al., 2012; Alvarez
etal., 2012).

To assess CH4 emissions in a major urban metropolis, we map-

ped CH4 emissions over the entire 785 centerline miles of Bostond s

* Corresponding author.
E-mail address: nathan@bu.edu (N.G. Phillips).

0269-7491/% e see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.envpol.2012.11.003

streets. To evaluate the likely source of the street-level CH4 emis-
sions, we also measured the d*3CeCHj, carbon isotope composition,

which can differentiate between biogenic (e.g., landfill, wetland,
sewer)andthermogenic (e.g., naturalgas) sources (Schoell, 1980).

2. Materials and methods

We conducted 31 mobile surveys during the period 18 August, 2011el October,
2011, covering all 785 road miles within Bostoné ity limits. We measured CHa
concentration ([CH4], ppm) using a mobile Picarro G2301 Cavity Ring-Down Spec-
trometer equipped with an A0491 Mobile Plume Mapping Kit (Picarro, Inc, Santa
Clara, CA). This instrument was factory-calibrated on 15 August 2011, immediately
prior to use in this study, and follow-up tests of the analyzer were made during 11e
21 August, 2012, comparing analyzer output to a National Oceanic and Atmospheric
Administration (NOAA) primary standard tank. In both pre- and post-checks, the
analyzer output was found to be within 2.7 parts per billion of known [CH4] in
standard tanks, three orders of magnitude below typical atmospheric concentra-
tions. Spectrometer and mobile GPS data were recorded every 1.1 s. To correct for
a short time lag between instantaneous GPS location and a delay in [CHa]
measurement due to inlet tube length (w3 m), we used an auxiliary pump to
increase tubing flow throughput to within 5 cm of the analyzer inlet; we also
adjusted the time stamp on the [CH4] readings based on a 1-s delay observed
between analyzer response to a standard CHa source that we injected into the
instrument while driving, and the apparent GPS location. We also checked the GPS-
based locations of leaks with dozens of street-level sampling to confirm specific leak

locations and the estimated sampling delay. Air was sampled through a 3.0 um
Zefluor filter and Teflon tubing placed w30 cm above road surfaces.

For our mobile survey data, we defined a fi | e asla @inique, spatially contiguous
group of [CH4] observations, all values of which exceed a concentration threshold of
2.50 ppm. This was used as a threshold because it corresponded to the 90th

(2012), http://dx.doi.org/10.1016/j.envpol.2012.11.003
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percentile of the distribution of data from all road miles driven, and, relative to

global background, is w37% above 2011 mean mixing ratios observed at Mauna Loa
(NOAA, 2012).

Independently of mobile street sampling of CH4, we measured d*®CHg from
asubset of the leaks with a Picarro G2112i Cavity Ring-Down Spectrometer (Crosson,
2008). This instrument is calibrated monthly using isotopic standards from
Isometric Instruments (Victoria, BC, Canada). The instrument was checked at least

once daily to ensure analyzer output was within 1& of a tank of CHa with dBCHa
measured by a private lab (Isotech Labs, IL). Samples were collected in 1-L Tedlar

sampling bags with valve and septa fittings, manufactured by Environmental Supply
Company (Durham, NC). A Gas Sentry CGO-321 handheld gas detector (Bascom-
Turner, MA) was used to identify the area of highest ambient [CH4] at each site
sampled for d*®CHa. Sampling bags were pre-evacuated and filled at the area of
highest ambient concentration at the sampling site using a hand pump. d*®CHa was
analyzed using a Picarro G2112i with a sample hold time typically of a few days and
always less than two weeks.

At a subset of sampling sites (n % 12), we collected duplicate samples in glass
vials to assess potential leaking or fractionation by the Tedlar sampling bags. We also

sent duplicate samples from a different subset of sampling sites (n % 5) to a private
lab (Isotech Labs, IL) for independent d*CHa analysis. These analyses suggest no

significant fractionation or bias either from the sampling bags or the Picarro G2112i
analyzer. Most samples were analyzed at less than the maximum hold time of two
weeks, at which bag diffusion could account for a 1.2& drift in our measurements of
d®CHa.

We compared d*3CHa of these locations with samples taken from area landfills,
wetlands, and the Deer Island Water Treatment Facility. Sampling equipment and

procedures, as well as laboratory analyses, for landfill and wetland sites were similar
tothose for d*3CHa sampling locations described above. Samples were collected from
three capped, inactive landfills (there are currently no active landfills in the Boston

area). At one former landfill site, samples were collected at approximately three-
month intervals between September, 2011 and April, 2012. The d®BcH, signature

of the landfill was consistent over this period (+3.4& s.e.). At all wetland sampling
sites, a plastic chamber (10 cm x 25 cm x 5 cm) connected to a sampling tube was
placed over the surface of exposed moist sediment or shallow (>5 cm) water.
Sediment below the chamber was disturbed gently before drawing air samples from
the headspace within the chamber. The sample from the Deer Island Treatment
Facility was drawn from the headspace of a sample bottle of anaerobic sludge,

collected onsite by Deer Island staff for daily monitoring of the f a c i &naetopid
sludge digesters.

3. Results and discussion

We identified 3356 CHg4 leaks (Figs. 1 and 2) exceeding 2.50 parts
per million. Surface concentrations corresponding to these leaks
ranged up to 28.6 ppm, 1l4-times above a surface background
concentration of 2.07 ppm (the statistical mode of the entire
concentration distribution). Across the city, 435 and 97 indepen-
dent leaks exceeded 5 and 10 ppm, respectively.

Based on their d*®CH4 signatures, the CHs leaks strongly
resembled thermogenic rather than biogenic sources (Fig. 3).
Samples of natural gas from the gateway pipelines to Boston and
from other consumer outlets in the city were statistically indis-
tinguishable, with an average d*3CH, signature of -36.8& (+0.7&
s.e., n ¥ 10; & vs. Vienna Pee Dee Belemnite). In contrast, CHa
collected from landfill sites, wetlands, and sewer systems reflected
a greater fractionation from microbial activity and d*3CH, signa-
tures w20& lighter. Biogenic values ranged from -53.1&
t0 -64.5& (M ¥4 -57.8&, £1.6& s.e., n ¥4 8) for samples collected in
four wetlands, three capped landfills, and the primary sewage
facility for the city, Deer Island Sewage Treatment Plant, which had
the heaviest sample observed for non-natural-gas sources
(-53.1&). Our results for biogenic CH4 carbon isotope signatures
are consistent with other studies of the d*CH, signature of CHa
from landfills (Bergamaschi et al., 1998; Borjesson et al., 2001) and
wetlands (Hornibrook et al., 2000).

Peaks of [CH4] detected in the road surveys strongly reflected
the signature of natural gas rather than biogenic sources (Table 1).
The average d*3CHy value for peaks was -42.8& + 1.3& (n ¥4 32),
reflecting a dominant signal from natural gas, likely altered in some
cases by minor fractionation of natural gas traveling through soils
and by mixing with background air (d*3CHg ¥4 -47&; Dlugokencky
et al., 2011). A minority of samples had d**CH4 more negative than

Fig. 1. Upper Panel: Methane leaks (3356 yellow spikes > 2.5 ppm) mapped on
Bostond &85 road miles (red) surveyed in this study. Lower Panel: Leaks around
Beacon Hill and the Massachusetts State House. Sample values of methane concen-

trations (ppm) are shown for each panel. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

that of background air, reflecting apparent influence of biogenic
CHg4. All 32 samples emitted a distinct odor of the mercaptan
additive associated with natural gas, including those with a larger
apparent biogenic influence on d CHa.

Boston, MA
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Fig. 2. Leak prevalence is associated with old cast iron pipes across ten Boston
neighborhoods. (The combined line is the regression across all ten neighborhoods
(P < 0.001); the green regression line [r2 Y4 0.34; P ¥ 0.08], which eliminates the
influence of the leverage point [Dorchester neighborhood], has a slope and intercept
indistinguishable (P > 0.10) from the combined regression.). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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3C ( aB)

Fig. 3. d*®CHa of [CHa4] peaks detected in road surveys (n ¥ 32). Red lines represent
means of thermogenic (-36.8&, £0.7& s.e., n ¥ 10) and biogenic (-57.8&, *1.6& s.e.,
n ¥ 8) sources, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Leaks across Boston (Fig. 1), were associated primarily with cast
iron mains that were sometimes over a century old (Fig. 2). Across
ten Boston neighborhoods, leak frequency was linearly related to
number of miles of cast iron mains (r2 ¥,0.79, P <0.001; Fig. 2), but
only marginally to miles of non-cast-iron piping (r2 Y¥.0.27,P¥%0.12,
data not shown). Leak counts did not differ statistically by neigh-
borhood or by socio-economic indicators for the neighborhoods

Table 1
Locations and isotopic values from discrete street leak samples.
Latitude Longitude d*3cHa4(&PDB)
42.3654 -71.0612 -53.959
42.3439 -71.2628 -47.898
42.3493 -71.2265 -57.590
42.3583 -71.1749 -40.818
42.3411 -71.2440 -37.323
42.3543 -71.2441 -38.241
42.3559 -71.1898 -39.412
42.3513 -71.2092 -41.978
42.3515 -71.2081 -39.531
42.3614 -71.2314 -41.796
42.3426 -71.1012 -44.100
42.3443 -71.0949 -41.848
42.3328 -71.0761 -37.516
42.3360 -71.0738 -46.414
42.3441 -71.0673 -45.490
42.3303 -71.0569 -37.476
42.3409 -71.0542 -40.029
42.3524 -71.0445 -43.127
42.3799 -71.0272 -48.182
42.3722 -71.0361 -57.693
42.3785 -71.0681 -48.429
42.3730 -71.0632 -37.471
42.3593 -71.0629 -42.689
42.3584 -71.0644 -52.033
42.3546 -71.1271 -47.241
42.2943 -71.1891 -52.028
42.2793 -71.1514 -37.648
42.2887 -71.1428 -32.467
42.3285 -71.0792 -28.251
42.3215 -71.0692 -36.214
42.3269 -71.0796 -30.662
42.3553 -71.0573 -43.836
Mean -42.793
Standard error 1.259

obtained from the 2010 US Census (P > 0.1 for number of housing
units and ethnicity) or the 2000 US Census (P > 0.1 for median
income and poverty rate).

Reducing CH4 leaks will promote safety and help save money.
Although our study was not intended to assess explosion risks, we
observed six locations where gas concentrations in manholes
exceeded an explosion threshold of 4% [CH4] at 20 °C (concentra-
tions measured using a Gas Sentry CGO-321 handheld gas detector;
Bascom-Turner, MA). Moreover, because CHg4, ethane (C2Hg), and
propane (CsHg) interact with NOy to catalyze ozone formation,
reducing these hydrocarbon concentrations should help reduce
urban ozone concentrations and respiratory and cardiopulmonary
disease (Westetal.,2006; Shindelletal.,2012). CHais also a potent
greenhouse gas, with an estimated 20-year global warming
potential 72 times greaterthan CO2 (Alvarez etal., 2012; Townsend-
Small et al., 2012). Replacing failing natural gas mains will reduce
greenhouse gas emissions, thereby providing an additional benefit
to the fewer mercury, SO2 and particulate emissions that natural-

gas burning emits compared to coal (Shindell et al., 2012). Finally,
leaks contribute to $3.1 B of lost and unaccounted natural gas

annually in the United States (EIA, 2012; 20052010 average).

Our ongoing and future research evaluates how surface [CHj]
values correspond to individual, and city-wide, urban leak rates and
greenhouse-gas emissions. Two approaches to this question are
useful: fi bttom-upd ¢ h a nmbasurements taken on represen-
tative samples of individual leaks, and ftop-downo atmospheric
mass-balance estimates of the collective urban leak rate that
exploit the known isotopic signature of natural gas versus that of
biogenic sources and other fossil fuel sources. The instrumentation
used in this study is well-suited for both approaches.

We propose that a coordinated campaign to map urban pipeline
leaks around the world would benefit diverse stakeholders,
including companies, municipalities, and consumers. Repairing the
leaks will bring economic, environmental, and health benefitsto all.
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[11 Methane(CHy), carbondioxide (CGO,), carbonmonoxide(CO), andC,i Cs alkanes
weremeasuredhroughoutthe Los Angeles(L.A.) basinin May andJune2010.We use
thesedatato showthatthe emissionratiosof CH,/CO andCH,/CO, in the L.A. basin
arelargerthanexpectedrom populationapportionedottomup stateinventories,
consistent with previouslgublished work. We use experimentadgtermined €&,/CO
andCH,/CQO, emission ratiogn combination with annual State of Califor@® and CQ
inventoriesto derivea yearly emissionrateof CH, to theL.A. basin.We furtherusethe
airbornemeasurement® directly derive CHemission rates from dairy operations in
Chino,andfrom thetwo largestlandylls in the L.A. basin,andshowthesesourcesare
accuratelyepresenteth the CaliforniaAir Resource8oardgreenhousgasinventoryfor
CH,. Wethenuse measurements Gfi Cs alkanego quantify therelativecontribution of
otherCH, sourcesn theL.A. basin,with resultsdiffering from those ofpreviousstudies.
Theatmospheridataareconsistentvith the majority of CH, emissionsn theregion
comingfrom fugitive lossedrom naturalgasin pipelinesandurban distributiorsystems
and/orgeologicseepsaswell aslandylls anddairies.Thelocal oil andgasindustryalso

providesa signiycantsourceof CH, in thearea.The additionof CH, emissiondrom
naturalgaspipelinesand urbardistributionsystemsand/orgeologicseeps antrom the
local oil andgasindustryis sufycientto accounfor thedifferencesbetweerthetop-down
andbottomup CH, inventoriesidentiyedin previouslypublishedwork.

Citation: Peischl,J.,etal. (2013),Quantifyingsourcef methaneusinglight alkanesn the Los Angelesbasin,
California,J. GeophysRes . Atmos, 118, 4974 4990,doi:10.1002/jgrd.50413.

1. Introduction

[2] In California, methane (CH4) emissiors are regulated
by Assemby Bill 32, erected into law as the California
Globd Warming Solutiors Act of 2006 requiring the
stae® greenhous gas (GHG) emissions in the yea 2020
not to excead 1990 emission levels. To this end, the Cdifornia
Air Resources Board (CARB) was tasked with compiling and
verifying an inventory of GHG emissons for the state. Two
publishal works [Wunch et a., 2009 Hsu et al., 2010]
hawe corcluded tha atmospleric emissiors of CH4 in the
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the Sout Coag Air Bash (SoCAB; Figure 1a), which are
summarize in Table 1. Wunch etal. [2009 useal a Fourier
transfom infrared spectomete at the Jet Propulsion
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Figure 1. (a) Map of California. The dashe box shows the insa for Figurelb; the solid box shows
the extent of the mgp boundaries for Figures 1ci 1e (b) Map of southen California showirg the
location of downtown L.A. (blue dot), the Los Angeles County bounday (green) the South Coast
Air Bash boundaty (red), and the extert of the mapboundarésfor Figures 1ci 1e (black box). (¢) Map
of theL.A. region showirg known sources of CHs inthe L.A. basin The white triangle shows the loca
tion of the Mount Wilson Observatoy (MWO), where groundbased measurerants were macke by Hsu
et al. [2010] ard in this study. The light blue star shows the location of the J& Propulsia Laboratory,
whereWunch et al. [2009 madetheir measurementsT he CaliforniaResearb at theNexusof Air Quality
and Climate Change (CalNex) Pasadera ground ste was located on he Cdifornia I nstitute of Technology
(Caltedh) campus located at the orange-ylled circle. Landylls (white circle§ and CH4 point sources
(ylled bluecircles negligibly small) are sized by emissonsinthe 2008 CARB greenhous gasinventory.
Dairies (ylled yellow circles) are sized by the estimated emissions from the number of cows from Salas
et al. [2009 multiplied by the 2009 CARB GHG inventoly annwal CH,4 emissia per cow from enteric
fermentation(d) Same map of the Los Angelesregion asin Figure 1¢, with pight tracksfrom 16 daytime
pights of the NOAA P-3 (thin blad lines). CHs measuremenrd from the daytime boundary laye are
color-coddd atop thes tracks according to the legerd to the right. (€) Locatiors of whole air samples
in the L.A. basn are coloral by ethare mixing ratio and sized by propare mixing ratio as indicaed in
thelegendto theright. JPL, J& Propulsion Laboratory.
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Tablel. Summaryof PastStudiesinvestigatingCH4 Emissionsin the L.A. Basin

Percentagef California  CcH, Bottom-up CH,
Geograhic Populaton in Emisson Emissioninventory
Study Time of Study Area Geographi@rea (Gglyr) InventoryReferenced (Galyr)
Wunchetal. [2009] August2007to June2008 SoCAB 43% 400+ 100 CARB CO 2007 260°
600+ 100 (CARB CO;,
2006+ EDGAR CO,
2005)2
Hsuetal. [2010] April 2007to May 2008 L.A. County 27% 200+ 10 CARB CO 2007 140
Z SoCAB
Wennbergetal. [2012]  April 2007to May 2008 SoCAB 43% 380°+ 100 CARB CO 2007 -
June2008 SoCAB 43% 470+ 100 CARB CO 2008 -
May 2010 to June2010 SoCAB 43% 440+ 100 CARB CO 2010 -

AWennberg etl. [2012] recalcuéted the datareportedby Hsu et al. [2010] to estimatea CH, emissionfrom the entire SOCAB.

PWunchetal. [2009] apportionedhe statewideCARB GHG inventoryfor

CHarelative to CO and to CO,. The observe column
enharemernt ratios, multiplied by CARB inventoly values
of CO for 2008 and an averag of 2006 CARB GHG
inventory ard 2005 Emissia Databag for Globd Atmogpheric
Researd (EDGAR) for CO,, were usel to derive a lower
[imit to CH4emissiors of 400+ 100 Gg CH4/yr (basel on
CO) or 600 + 100 Gg CHualyr (based on CO,) for the
SoCAB. One reasa for the discrepany in their top-down
analysswasthat their observed CO/CO, enhancemetratio
of 11+ 2ppb CO/ppm CO, was greater than the 8.6 ppb
CO/ppn CO; calculatel from the inventories Wunch et a.
[2009 contrastd the top-down assessmesito a bottomup
estimae of 260 Gg CHa4/yr using the statewice 2006 CARB
GHG inventoy apportionel by population after removal
of agriaulturd and foresty emissionsand concluded that
140 340 Gg CH.4/yr were not accounted for in the CARB
CHg4 inventory for the SOCAB.

[4] Hsu et d. [201Q took a similar top-down appioach
and usal observed atmosphed enhan@mernt ratios of
CH, to CO from in situ whole air sanples taken at Mount
Wilson (34.22N, 118.®66°W, 1770 m above sea level),
scalal by the projectad CARB CO inventory for 2008, to
derive CH4 emissiors of 200+ 10 Gg CH4/yr for just the
Los Angeles (L.A.) County (Figure 1b) portion of the
SoCAB (L.A. Couny Z SoCAB). They usel methods
prescribe by the Intergovernment& Pané on Climate
Change (IPCQ) to creat the CARB GHG inventoy and
reached a bottom-up estimate of 140 Gg CH./yr, or 60Gg
less than their top-down calcuktion for the L.A. County
portion of the SOCAB. Hsu et al. [2010] usel higher spatial
resolutim emissios dat from CARB to construct
their bottomup inventory and therefore did not have to
rely on population apportionnent method used by Wunch
et a. [2009].

[5] The difference between the top-down CH, emissias
repored by Wunch et al. [2009] and by Hsu et a. [2010]
(400 Gg ard 200 Gg, respectively, both basel on the CARB
CO inventory) are in part due to the different geayraphic
areasfor which they calcubte CHsemissions and in part
due to differences in observel CH4/CO erhancements
betwea the® two studies 0.66+ 0.12mol/md for Wunch
et al. [2009 [Wennbeg et d., 2012] and 0.52 + 0.02 mol/mol
for Hsu et a. [2010]. Both works suggested that fugitive
losses of natural gas (NG) could be the soure of the CH,
missirg from the bottom-up inventories.

CHy,, lessagriculture,and forestryemissions, byopulation.

[] Morerecently Townsend-Small etal. [2012] ardlyzed
stabk CH. isotope ratios in atmosphed sampestaken at
Mount Wilson and elsewhee in the westen L.A. basin
ard showel they were consiste with isotope ratios in
naturd gas sources Wennbeg et a. [2012] usa the
different atmosphert ethane/CHs enhamemert ratios
observel from reseach aircraft during the Arctic Research
of the Composition of the Troposphee from Aircraft and
Satellites (ARCTAS) yeld project in 2008 and the California
Researd at the Nexus of Air Quality and Climate Change
(CalNex yeld projed [Ryersa, 2013 in 2010 to estimate
an upper limit of 400 Gg CH4/yr from natural gas leakage
in the SOCAB. Further, their top-down analyss resultal in
acalcubted totd emisson of 440 Gg CH./yr inthe SOCAB.
Wennlerg et al. [2017 also recalculated the data used by
Hsu et al. [2010] to derive CH4 emissias for the entire
SoCAB ard calculaed a SoCAB CH4 emissia from 2008
using data from ARCTAS. The resuls are summarize in
Tablel.

[7] Here we use ambiert measurerants in the SOCAB
taken in May and Jure 2010 aboard the National Oceanic
and Atmospherc Administration (NOAA) P-3 research
aircraft during the CalNex yeld study to derive CHy
emissiors from the SOCAB using method different from
Wennlerg et al. [2012] We further examire CHs emissions
fromlandyllsanddairy farmsinthe SOCAB identiyedinthe
bottomup CH4inventories reportel by Hsu et al. [2010]
and Wennbeg et al. [2012] We then expand on these
previous studies by examinirg light alkare emissons from
Los Angeles area data sets In addition to CH4 and ethare,
we examire propanen- and i-butare, and n- and i-pentane
measuremestto derive emissiors of each of these light
alkanes in the SOCAB, and use themin a system of linear
equatons to furthe quantify the soure apportionmert of
CHainthe L.A. basin.

2. Measurements

[¢] We use trace gas measuremestfrom a subseé of
platformsand sitesfrom the CdNexyeld study. The NOAA
P-3resarch aircraft pew all or parisof 16 daytime pightsin
and around the L.A. basin. Two independent measurements of
CH, and CO, were made aboard the aircraft by wavelength-
scanned cavity ring-down spectroscopy (WS-CRDS; Picarro
1301 m) [Peischl et al., 2012] and by quantum cascack laser
direa absorptin spectroscy (QCLS) [Kort etal., 2011].
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Imprecisin of the 1Hz Picaro CH4 measurement is +1.4
ppbv (all uncertainties heren are 1-s), ard inaccuray is
estimaed at +1.2 ppbv. Imprecisin of the 1 Hz QCLS
CH, measuremenis £1 ppbv, and inaccuracy is estimated
at £15 ppbv. Imprecisian of the 1 Hz Picario CO, measure
mert is x0.14ppmy, and inaccurag is estimate at
+0.12 ppnv. Imprecision of the 1 Hz QCLS CO; measure
mert is £0.05ppmv, and inaccuray is estinated at
+0.10 ppnv. All CHs and CO, measurements are reported
as dry air mole fractions. For this work, CH4 and CO; data
from the Picario instrument are used ard QCLS CH, data
from May 8 are used when the Picarro instrumen was not
opelating. The 1Hz CO data usd in this analysis were
measurd by vacuum ultraviolet puoresence spectrosapy
[Holloway et al., 2000]. Imprecision of the 1Hz CO data
is £1 ppbv; inaccuracy is estimatel at +5%. C; to Cs
alkanes and their structurd isomers, were measurd in
whole air sample [Colman et a., 2001], periodically ylled

sample taken between 1000 and 1700 PST, between 200
and 800 m aboveground andbelov 1400mabowe sealevd,
to ersure daytime sampling was within the well-mixed
bounday layer, which averaged 1000 + 300 m above
ground levd for the daytime L.A. pights [Neuman et al.,
2012] Groundbasd measurements at Pasadem were
retainal between 1000 and 1700PST to ensure sanpling
of a well-mixed daytime bounday layer. For MWO
measuremeniafterroon samples whichtypically occurred
between 1400 and 1500 PST, were retainal to capture
upslope transportation from the L.A. bash [Hsu et a.,
2010} Linear ytsto the data presented below are orthogonall
distance regressios [Boggs et al, 1989 weightal by
instrumen imprecisicn (weighted orthogond distance
regresson (ODR)). The tota uncertainty in the ytted slope
is calculated by quadratire addition of the yt uncetainty
ard the measuremeruncertainties.

[13] For pux determinations, crosswind transects were

during pight. Imprecisian of thes alkare measurements pown downwind of known point sources. Enhancements of

is £5%; inacaracies are estimatel at £10% Wind
measuremestwere derivad from various sensos aboard
the NOAA P-3; the uncertainty of the 1Hz wind speedis

estimaed to be £1 m/s. Sensos aboard the NOAA P-3 also

measurd relative humidity, ambient temperature, and
potentid temperatue with an estimatel 1Hz uncertainty
of £0.5°C, £0.5°C, and +0.5K, respectively.

[9] At the CalNex Pasaéna grourd site, locatel on
the California Institute of Tecmology (Caltech) campus,
measuremest of C;i Cs alkanes were made by a gas
chromatogrph-mass spectromete on 5 min integrated
samples taken every haff hou [Gilman et al., 2010].
Imprecisin of thee measuremets are +8% for ethane
and 6% for propare; inacuracy is estimaed at £15%
for each. Data from the grourd site were taken between
15 May and 15 June 201Q CHswas not measured at the
Pasaeénagrourd site.

[10] Additionally, whole-air pak samples were taken
twicedaily at the Mount Wilson Observatory (MWO) for most
days during May and June 2010 and analyzed for a variety of
trace gasspecies, including CHa, COz, CO, and hydrocarbons
[Dlugokencky et al., 2011; Conway et al., 2011; Novelli and
Masarie, 2010]. Imprecision of the CHs measurement is
+1 ppb; imprecision of the CO, measurement is +0.1 ppm;
imprecision of the CO measurement is +1 ppbv, and inaccu-
recy of the CO measurement is etimated to be+5%.

[11] We alo analyz alkare data from whole air sanples
taken in the L.A. basin prior to 2010 Ethare and propane
were measurd in whole air sample taken on four pights
in L.A. aboad an instrumented Nationd Aeroreutics and
Spae Administration (NASA) DC-8 reseach aircraft
during ARCTAS in June 2008 [Simpsm et al., 2010].
Ethare ard propane were also measurd on one pight in
L.A. abcard the NOAA P-3 during the Intercontinetal
Trangort and Chemicd Transformatio (ITCT) study in
May 2002 [Schaufper et al., 1999].

3. Methods

[12] ToensrresamplirgfromtheL.A. basin, weconsider
aircraft datacollected between 33.6 and 34.3°N latitudeand
1185and 116.8°W longituce (Figure 1d, dased box) inthe
following analysis Aircraft data were furthe limited to

CH, above badkground levels were integrated along the pight
track, and a pux was calcul ated using the following equation:

Z Z; Z y
ndzbdz = XmOyPdy

YA -y
wherev cos(@) is the component of the average wind vel ocity
normd to the pight track n is the numbker densty of the
atmosplere, zo is the grourd level, z; is the edimated
bounday layer height, and X, isthe meaured mixingratio
enharemen abow the local background along the pight
tradk [White et a., 1976 Traing et a., 1995 Ryerson
et al., 1998 Nowak et al., 2012] Bounday layer heights
are estimatel from verticd proyles of relaive humidity,
ambiert tenperature, and potential temperatue mack prior
to and after the crosswind transets. We assumne the plume
is vertically homogeneous within the mixed layer at the
point of measurement and the wind velocity is constant
between emisson and measurement. We estimate the uncer-
tainty in these assumptions, combined with the uncertainties
of the wind speed, wind direction, temperature, and integrated
atmospheric enhancementsto be £50% for the plumes studied
here[Nowak etal., 2012]. Weighted averages of the puxesare
calculated following Taylor [1997]. When calculaingthe CH4
pux from dairies, CH4 varability immedidely upwind of
the dairies is sufyciently large to complicak interpolation
from the downwind loca backgroundTo acount for this,
we take the weighted ODR slope of CH4/CO immediately
upwind, multiply this ratio by the measured CO downwind
of the dairies, and integrate the plume CH4 enhanement
calcubted from CO (CO x [CH4/CO]ypwind), Similar to the
integrations performedby Nowak etal. [2012]. This assumes
the dairies emit a negligibl e anount of CO.

[14] As with previously published works [Wunch et al.,
2009; Hsu et d., 2010; Wennberg et al., 2012], we estimate
total CH4 emissios in the SOCAB by multiplying enhancement
ratiosof CH4 to CO ard CO; by inventoly estimats of CO
ard CO; for that region:

( \
(CH4\ MW,
MW

flux ¥4 n codab

@

ECH4 ]/4

X Ex

2

ODR slope

whereEcha is the emissionof CHa, X is either CO or CO,
MW is the molecular weight, and Ex is the inventory

4977



PEISCHLET AL.: SOURCESOF METHANE IN L.A.

Table2. InventoriesUsedin CurrentAnalysis

Emission Inventory Year Geographi@&rea
180Tg CO.lyr CARB GHG* 2009 SoCAB®
979Gg COlyr CARB® 2010 SoCAB
301Gg CHulyr CARB GHG* 2009 SoCAB®

#2009 CARB CO, and CH, emissionghttp://www.arb.ca.gw/cc/inven
tory/data/déa.htm).

Pprojected 2010 CARB CO emissions (http://www.arb.cagov/app/
emsinv/fcenssumcat208.php).

‘statewide@nventory apportioed by SOCAB populatn.

emissionvalueof either CO or CO,. Although not neaessarily
emitted from the sane soures, we assune emissiors of
CHa4, CO, and CO; are well-mixed by the time they are
sampled from the NOAA P-3.

[15] We use the following lateg available inventories for
ouwr analyss below: the 2010 CARB emissiors inventory
for CO projectal from the baseyear 2008 inventory
(http://www.arb.ca.gov/app/emsinv/fcemssumeat2009.php)
and the 2009 CARB GHG inventory (http://www.arb.cagov/
cc/inventory/data/data.htm). Both invertories were accessed
in November 2012,

[16] CARB projects the total 2010 annually averaged CO
emissiorsinthe SOCAB at 979 Gg CO/yr (Table 2). Weuse
the amually averagd CARB inventoy tha excludes
biomass burning CO emissimsbecaise no known biomass
burning evens were observe in the L.A. basn during
CaNex. This estimae is 4% less than the summertime
CO inventoy without biomass burning emissims, and
appoximately 6% less than the annualy avereged CO
inventory including biomas burning emissiors usal by
Wennlerg et al. [2012]. To estimaé 2010 CH4 emissims
in the SOCAB using the 2009 CARB GHG inventoy, we
follow the methal used by Wunch et al. [2009 and take
the total statewice emission of 1525 Gg CHalyr, less
agriculturd ard forestry CH4 emissons of 898 Gg CHa/yr, then
apportiontheremainde by population In 2010, the SOCAB
comprisa 43% of California populatian (http://www.arb.
ca.gov/app/emsinv/trends'ems_trends.php). However, unlike
Wundah et al. [2009] we include SoOCAB dairy emissias
of 31.6Gg CHalyr, which are calculatel in section 4.3
below Therefoe, we attribute a total of 301Gg CHa/yr to
the SOCAB basel on the 2009 CARB GHG inventory
(Table 2).

[171 Accading to CARB& mobile soure emission
inventory for the Los Angeles County portion of the SoCAB
(http://www.arb.ca.gov/jpub/webapp//EM FAC2011WebApp/
emsSelectionPage 1.jsp), mobile source CO, emissons
remained essentially unchanged between 2009 and 2010
(39.94 versus 39.95Tg CO,/yr). Additionally, the statewide
CARB GHG inventory for CO,, with out-of-state electricity
generation emissions removed, decreased by lessthan 2% be-
tween 2008 and 2009. Therefore, we assume errors due to
sampling year are negligible in examining the CO, emission
inventoriesin the SOCAB from 2009 to 2010. To edimate
2010 CO; emissons in the SOoCAB using the 2000 CARB
GHG inventory we take the tota statewic emissio of
4657 Tg CO./yr, subtrad out-of-state electricity generation
of 47.9Tg COylyr, ard then apportion the remander by
population We therefore attribute 180 Tg CO./yr to the
SoCAB using the 2009 CARB GHG inventory (Table 2).

We do not compate to the Vulcan CO; inventory [Gurney
et al., 2009 becaug at presentit is only available for the
20Q2 reportirg year.

4. ResultsandDiscussion

4.1. Total DerivedEmissionof CH4in L.A.
and Comparisonto Inventories

[18] In this section, we use P-3 measuremerg of CHy,
CO, ard CO; to calculat enhanemert ratiosrepresetative
of the integraed emissiams from the L.A. basin We then
use tabulaed CO and CO; emissiors taken from the
CARB inventories to derive totd CHs emissiors basel on
enharemert ratios observel in CalNex and compae to
earlier estimaes of total CH4 emissionsin L.A.

[19] Figure 1c shows known statiorary source of CHa in
the L.A. areg which indude landylls, dairies wastewater
treatmen facilities, and oil yelds, as well as the location of
measuremetnsites used in this study Dairy sources are
sized by estimated CH4 emissions from enteric fermentation,
as explaired in section 4.3. Landylls are sized by CH4
emissios from the 2008 CARB GHG inventory
(L. Hunsaker, persona communication, 2011). Point sources
are sizedby 200 CARB individud facility CH4 emissions
(https://ghgreport.arb.cagov/eats/carb/indegfm) but do
not stard out in the mgp due to their low CH4 emissions
relaive to the landylls and dairies Figure 1d shows the
locations of daytime boundarylayer CH4 data from the
P-3, colored by observe mixing ratio, that were retaired
for the analyss as described previously The largest
concentratiors of CHs were typically encounterel along
the mountains at the north edge of the L.A. basin likely
drivenby transport of air within the basin, astypica daytime
windsin the L.A. bash were from the wed and southwest
during May and June 2010 [Washenfelder et a., 2011].
CaNex CH,4 dataare plotted against observed COin Figure 2a.
Weighted ODR yts to these data resultel in derived en-
hancemen ratios of 0.74 £ 0.04 and 0.68 + 0.03 ppbv
CH4/ppbv CO fromthe NOAA P-3ard MWO, respectivey.
We note tha the same CH./CO enhamemert ratio of
0.74+£0.03 wasreporedby Wennbemg et al. [2012 using
the CalNex P-3 data with different selection criteria We
include box and whisker plots in Figure 2ato show that the
weighted ODR yt to the data is insengitive to the relatively
few data points of higher CHa4. The ratio calculated from
the CARB inventoy (Table 2) is 0.54 ppb CH4/ppb CO
and isdisplaya for comparison.

[20] CalNex CH,4 dataare plotted againg observel CO; in
Figure 2b. The slope from a weighted ODR of P-3 data is
6.70+0.01ppb CH4/ppm CO, and of MWO data is
6.60+0.04ppb CH4/ppm CO,. The ratio of the CARB
inventories from Table 2 is 4.64 ppb CH4/ppm CO; and is
displayel for comparison In this case becaus CH4 and
CO; are measured with high precision and accuracy, the
largest uncertainties in interpreting the slope as aemissions
raio are likely deternmined by the extent of mixing of
emissiors from different source within the Los Angeles
air shed Similarly, Figure 2c shows a correlation plot of
CO against CO.. The slope from a weighted ODR of P-3
data is 9.4+0.5ppb CO/ppm CO, and of MWO data is
104+ 0.5ppb CO/ppm CO,. Theratio of the CARB inven
toriesfrom Table 2 is 8.5ppb CO/ppn CO, ard is plotted
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Figure 2. Scatterplots of CH4, CO,, and CO from all 1 s datapoints along pight track highlightedin
Figure 1. Dotsarefrom the NOAA P-3, while red circlesarefrom NOAA GMD pasksampledakenat
the Mount Wilson Observatoryduring CalNex. Weighted ODRs (solid lines) result in dopes of
(a) 0.74+0.04 and 0.68+ 0.04ppb CH4/ppb CO; (b) 6.70+ 0.01 and 6.60+ 0.04ppb CH4/ppm CO;

and(c)9.4+0.5and10.4+0.5ppbCO/ppmCO; fromtheNOAA P-3 andMountWilsonObservatoy,
respectiely. TheblackdottedlinesrepresentolarratiosoftheCARBinventoriedistedin Table2: CHa:
CO=0.54,CH4:CO,=4.64x 103 andC0O:00,=8.5x 10°, wherethebackgroundraluesusedarethe
sameasthosedeterminedfromtheyttedslopes.Also, plottedin Figure2aareboxes(25thi 75thpercertiles),
whiskers(10thi 90th perceniles), and themedian (hori zontalline) for distributions of CH, datacal cu-
lated for 50ppbv widebinsfromtheNOAA P-3COdata.

for comparisonWe estimae a+7.5% uncertainty in ead of
the CARB CO ard CO; inventories, which is sufyciert to
explan the differene between the CO/CO, enhanement
ratio measurd fromtheNOAA P-3 and the ratio calculaed
from the CARB inventories Quantitative agreement be
tween emissia ratios derived from P-3 and MWO data
(Figures 2ai 2¢) is likely due to the fact that the transport
within the basin was drivenby theland-seabreeze, meaning
typicd daytime winds in the Pasadea area near Mount
Wilson were from the southwes [Washenfelde et al.,
2011] This transport and the highes values of CH,4 and
CO; in the P-3 data that are not sea at MW O (Figures 2a
and 2b), also suwygess tha MWO preferentialy sampes
the westen partt of the L.A. basin [Hsu et al., 2010]. We
therefore use enhacemen ratios determined  from
the NOAA P-3 data to derive CH4 emisgons from the
entire basin.

[21] We note tha the ratio of the lates CARB CO and
CO; inventories (Table 2) are in betteg agremert with
ambien enhancemenratios in the CalNex data than was
thecage for Wundh etal. [2009] Thisislikely dueto either

improved CARB invertories, the present useof a basin-wide
data setto determire basinwide emissio ratios or both.
[22] With the slopes and inventory values quantiyed, we
next derive a CH4 emission using equation (2). Using the
CH4/CO dope derived from the weighted ODR yt to the
2010 NOAA P-3 data and the projected 2010 CARB
annualy averagd CO emissim inventol in equatian (2) yields
an estimatel SOCAB emisson of 410 £ 40 Gg CHoalyr.
The staed uncertinty is the quadrature propayation of
the measuremenuncertainty errors on the slope of the
ODR yt to P-3 data and an estimated uncertairty in the
CARB CO inventory We note our derived emissio of
410+ 40 Gg CH./yr is similar to that derived from the P-3
data by Wennbeg et a. [2012], which was 440+ 100 Gg
CH./yr usingdifferent selection criteria. It is further consistent
with the emission delived by Wunch et a. [2009] of
400+ 100 Gg CHa/yr, which assuned a CARB CO inven
tory uncertainty of 15% We also determine CH4 emissions
using estimats of CO, emissiors in the SoCAB. P-3
measuremestof the CH/CO, entancemant ratio obsened
during CalNex and SoCAB CO, emissiors inferred from
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Figure 3.(a) The mapfrom Figureslcto 1e showsthein-
setfor Figure3bin red. (b) Five downwind transectsized,
and colored by 8, mixing ratio, showing enhancemenits
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Winds were from the southwestexcepton 14 May, when
theywerefrom thewestandsouthwest(c) Example of inte-
grafon of the CH. plumefrom the 19 May pight. Theylled
pink areais integratedabove the surroundingbackgound
(grayline). The upwind transecton this day passeddown
wind of two power plant (Electric Generaing Unit (EGU))
plumes.

the 2009 CARB GHG inventoy resut in a derived CH4
emission rate of 440 + 30 Gg CHu/yr, with the stated
uncertaintis determired by quadrature propagation of the
measuremenuncertainty, errors on the slope of the ODR
yt to P-3 datg and an estmated uncetainty in the CARB
CO; inventoly. This value based on the CO; inventory; is
consisteh with tha derived using P-3 measurements and

the CO inventory, further supportirg both our assessment Landyll

of uncetainties in the CARB CO and CO; inventories,
ard our assumpon of samplirg well-mixed emissons in
the SOCAB, since any outlying CH4 data do not affect the
overall emissio estimatssigniycantly.

[23] The derived 2010 top-down SoCAB CH,4 emission
of 410 and 440 Gg CHa/yr repated here usng the CARB
CO or CO; inventories respectively, are in quantitative
agreement in contrast to tha reported for 2008 [Wunch
et al., 2009]. The 2010 estimates are a factor of 1.35 to
1.45 greaer than the modiyed population-apportioned
200 CARB GHG inventoy value of 301 Gg CHalyr
(Table2). A concurren inverse modeling study by Brioude

et al. [2012] has found no statisticd differencebetweenthe
totd SOCAB CO emissiorsreportal by CARB for 2010 and
a top-down approab that estimated CO emissiors in the
SoCAB region using the sane CO measuremestusel in
this paper For this reason ard for consisteny with
publishel works [Wunch et al., 2009, Hsu et al., 2010;
Wennlerg et a., 2012], we use 410+ 40 Gg CHalyr from
the top-down CH,4 assessmerbased on 2010 P-3 measured
CH4/CO enhancemenratios and the CARB CO inventory
for the remainde of our analysis.

4.2. MethaneEmissians FromL.A. BasinLandylls

[24] Landylls are the largest nonfossi fud CH, emission
sour@ in the bottomup inventoriescompiled by Hsu et al.
[2010] and by Wennbeg et al. [2012], but these two studies
disageeon the magnitude of this source Hsu etal. [2010]
estimaed anrual emissiors from landylls totaled 90 Gg
CHa/yr from the Los Angeles County portion of the South
Coag Air Basin. Wennberg et a. [2012] reported landyll
emissiors of just 86 Gg CH./yr for the entire South Coast
Air Basin However, tha numbe istoo low dueto an error
in their gridded landyll emissioms inventory (P. Wennberg,
personh communcation, 2012) and is discarded in the
following analysis.

[25] In the CARB GHG inventory, CH4 emissiors are
calculata for individual landylls using methods presaibed
by the IPCC and summael over al landylls to esimae a
staewide total. Annud CH,4 emissia values for individual
landyll s were obtained directly from CARB (L. Hunsaker,
persona communication, 2011) to facilitate direct comparison
to the P-3 data from CalNex. We use the P-3 data to calculate
emissiors from two of the largest CHg-emitting landyllsin
the statewide GHG inventory, both of which are locatedin
the SOCAB.

[26] The yrst landyll reaults we examine are from the
Olinda Alpha landyll (33.984°N, 117.841°W) in Brea,
Orang County California The NOAA P-3 pew yve
daytime boundarylayer transets on yve different days
downwind of this landyll (Figure 3), and a CH4 emission
pux was determined for each transet using equation
(1). The resuls are summaried in Table 3. For the three
transcts when both the WS-CRDS and QCLS CH,
instruments were sanpling ambien air, pux determinations
using thes indepemlent CHs measirements agrea within

Table3. Landyll EmissionFluxesDeterminedAboardthe NOAA
P-3in 2010FromDownwind Plume Transects

Transect Flux Flux 2008CARB GHG
Date (10® moleculess) (Gglyr)  Inventow? (Gglyr)

Olinda 8 May 1.13 9.5 11.0
Alpha 14 May 1.45 12.2

16 May 1.74 14.6

19 May 1.61 135

20Jung 2.90 24.3

Average 1.49+0.35 12.5+2.9
Puente 8 May 4.29 36.0 38.8
Hills 19 May 3.62 30.4

20June 448 37.6

Averag?® 4.06£1.18 34.0£9.9

“data from CARB (LHunsaker, personal comnigation,June 2011).
Pweightedaverage assuminga 50% uncertaintyin the individua pux
determinatns[Taylor, 1997].
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3%. In the® casesthe pux was averaged ard reporedin

Table 3. Three nearty CH4 point source are identiyed in

the 2009 CARB GHG inventory. an oil and gas yeld power
plant, which burns naturd gas for fuel; the landyll power

plant at Olinda Alpha, which burns landyll gas for fuel;

ard generd statonary combustiom from the landyll

opeltions Inventory data suggestha thes three soures
together emit between 0.0004 and 0.0015 Gg CHualyr,

negligible amaunts relative to CH, emitted directly from

the landyll. On 19 May, the NOAA P-3 sanpled plumes
from the nearby oil ard gas power plarnt and the landyll&
power plant both of which bum naturd gas as fuel

(Figure 3c). A large spike in CO,, some CH4, and perhaps
a smal amoun of CO were encounterd in the landyll

power plant plume However downwind of the landyll in

the large plume of CH,, the CO, enhamemert does not
stard out signiycantly abowe the background variability.

Therefore our analyss of P-3 data supports the conclusion
from the inventory tha landyll CHs emissios dominate
the obserned plume enhtancemeaits downwind of Olinda
Alpha landyll. Usng NOAA P-3 CH, datafromall yve fran-

sects, we directly calculate a weighted average CH4 emission
bux via equation (1) of (1.49 + 0.35) x 10?° molecules/s,
equd to 125 + 2.9 Gg CHJlyr assumilg a constant
emissionwherethe weightsarethe 50% uncersinty of each
determinationFor comparisn, the CARB GHG inventory
emission estimae from the Olinda Alpha landyll is

11.0Gg/yr for 2008, showirg agreemert within the errors
of thedired estimae using P-3 airborne data.

[27] The second landyll resuts we examine in deph are
from the Pueng Hills landyll (34.020°N, 118.006°W) in
City of Industry, Los Angeles County, California. Of all
Cdlifornia landylls, Puene Hills is the larges emitter of
CH4in the 2008 CARB GHG inventory. Neaby sour@s
of CH4in the 2008 CARB GHG inventoly include the
Puene Hills powea plant (0.00045 Gg CHa/yr) ard the
Sava@g Hills Canym landyll (1.1 Gg CHalyr), both of
which are smal relative to the CARB GHG inventory of
39 Gg CH4/yr emissim rate for Puené Hills. The NOAA
P-3 conducted tree daytime boundary layer plume transeds
from which we defermine an averag@ emissio pux of
(4.06+1.18x10” molecules/s, which extrapolates to
340 = 9.9 Gg CHdyr assumilg a constah emission
(Table 3). Similar to the yndings for Olinda Alpha, the
CARB GHG inventoly of 39 Gg CH4/yr for the Puene Hills
landyll is in agreemen within the errors of the direct
estimae using P-3 airborre data.

[2¢] Quantitative agreenent betwea CH4 pux estimaes
from the NOAA P-3 and the 2008 CARB GHG inventory
for these two examples suppors the use of that inventory
to quartify total CH4 emissiors from landylls in the South
Coas Air Basin According to the 2008 CARB GHG inventory,
CH,4 emissiors from landyll s totded 117 Gg CHa/yr in the
L.A. County portion of the SOCAB, 30% highe than the
90 Gg CHd/yr for the sanme geographt areausingthe CARB
GHG inventoly in 2008 repored by Hsu et al. [2010],
which we attribute to different versiors of the CARB
GHG inventory.

[29] The 2008 CARB GHG inventoty further predics an
emissio from landylls of 164Gg CHJ/yr for the entire
SoCAB. On the bask of the agreenent with the CARB
inventory describel above for the emissio ratesfrom the

two landylls quantiyed directly by the CalNex P-3 data
(50 Gg CHalyr, or 30% of the inventoy totd for the
SoCAB), we assume the remaining CARB landyll CH,
emissig estimaesareaccurate.

4.3. MethaneEmissians FromL.A. BasinDairies

[30] Salas et al. [200§ publishal dairy locations in
Cdliforniafor the yea 2005 with anestimae of dairy cow
populatiln for each. The locations are plotted as ylled
yellow circlesin Figure 1c, and sized by the expected CH4
emissia from enteric fermentatio according to the 2009
CARB GHG inventoly (144kg CHa4 per cow per year).
According to Sahbs et al. [2008], all dairies in San
Bernardiro and Riverside counties were also located in the
SoCAB, and 87% of the dairy cowsin the SOCAB in 2005
were locatedin the Chino area (thelarge grouping of dairies
inFigure 1c). The Chino-areadairy opestions which at one
time were distributed across the RiversideSan Bernardino
couny line in satellitt images now appear to be located
mainly in Sen Bernardiro County as the Riverside dairies
have been converted to residential neighborhoods (e.g., see
Google Earth higorical imagery since 2000). This dedining
numker of dairiesis conyrmed by the United StatesDepart
mert of Agriculture (USDA) (http://www.nassusda.gov/
Statstics_by_S$ate/CalifornidPublicatiors’County _Etimates/
201005lvscefpdf), whichrepotsadeaea®in dairy cowsin
San Bernardim and Riverside Counties from 200,00 head
in 2005 to 137,90 head in 2010. In addition to dairy cows,
dairies also stodk immatue heifers Further there are beef
opeimtionsinthe SOCAB, but thes are negligible compaed
to the San Bernadino and Riverside dairy populations.
AccordingtotheUSDA, therewere atotd of 431,000 cattle
in San Bernardno and Riverside counties in 2005, and
295,M0 cattle in 2010. For both years, dairy cowsrepresented
approximately 46.5% of the cattle population in the SOCAB.
From thes dairy ard cattle populations we construd a
bottomup emissims inventory for the SoCAB using the
same emissionfactors asthe CARB GHG inventory.

[31] We begn with CH4 emissions from enteric fermenta-
tion. We assign to each of the 137,90 dairy cows in the
SoCAB an emissia facta of 144kg CH4/yr. We assume
the remaining 157,500 head are dairy replacements and
assig ead an emissio factor of 57.7 kg CHalyr, or the
averag emissio factor for Oi 1 and 1i 2yea old dairy
replacemergin the CARB GHG inventoly. We calculate
a totd of 289 Gg CH4yr emitted solely from enteric
fermentaiton in the SoCAB.

[32] In addition to enterc fermentationmanue management
prectices hawe a substantid effed on CH4 emissions from
livestok operations In the L.A. basin dairies typically
prectice solid storage (http://www.agmdgov/rules/doc/
r1127/pr1127_taklrpt_20@0101.plf and http://www.arb.
ca.gov/planning/sip/sj_report/addtl_resouces.pdf),  which
emits relatively low levels of CH. (17 kg/yr per cow)
accordng to the 2000 CARB GHG inventory. The tradeoff
for this practice isthat it emits larger amounts of NH3 than
other types of manure managemen(http://www.em.gov/
ttn/chief/ap42/ch09/daft/draftanimalfeed.pdf). Therefore,
if we attribute dry manure managmert emissias to the
SoCAB dairy cow population and the dry lot emissia rate
of 2.1 kg CH4lyr for the remainirg heifers we get an
additiond 2.7Gg CHdyr from dairy operatim manure

4981


http://www.nass.usda.gov/Statistics_by_State/California/Publications/County_Estimates/201005lvscef.pdf
http://www.nass.usda.gov/Statistics_by_State/California/Publications/County_Estimates/201005lvscef.pdf
http://www.nass.usda.gov/Statistics_by_State/California/Publications/County_Estimates/201005lvscef.pdf
http://www.aqmd.gov/rules/doc/
http://www.aqmd.gov/rules/doc/
http://www.epa.gov/ttn/chief/ap42/ch09/draft/draftanimalfeed.pdf
http://www.epa.gov/ttn/chief/ap42/ch09/draft/draftanimalfeed.pdf

PEISCHLET AL.: SOURCESOF METHANE IN L.A

10
longitude, “W o
118.25 117.75 117.25
84 lIEm—t—
[e)
2 °
g 6- >
o)
g 4 (2 >
= 1 e
“CI_.S Og@% o] ° ° o o
) Cige 0o &
— [o]
% o o5l o
0 T T T T
1900 2000 2100
CH,, ppbv

Figure 4. Scatter plot of ethaneversus CH; from the

NOAA P-3 datain the L.A. basin.Datapointsare colored
by longitudeto show the different distributions of ethane
to CH4 in the easternred) andwesern (green) partsof the

basin.The blue line represats the slope of 1.65+0.25 %

usedby Wennberget al. [2012] to represet the estimated
ethane/CEl, ratio of pipelinequality dry natural gas from

the SouthernCalifornia GasCompany& pipelines.

manaemert inthe SOCAB. Thisresulsinatotd of 31.6 Gg
CHu/yr from enteric fermentatio and manure managment
for the SOCAB dairy operationsThisis the emissia from
agriculure and foresty that we add badk into the
populationapportionel CARB CHs inventoly above
(Tablke 2).

[33] Our estimae of 31.6 Gg CHa/yr, basel on inventory
datg is less than half of the 76 Gg CHJ/yr edimated by
Wennlerg et al. [2012] We attribute this difference in
bottomup inventories to the different assumptions of
manure management practices. Wennberg et a. [2012] scaled
total Cdifornia CHa4 emissiors by livestock populaton,
which a so assunesthe manure managemat practicesfrom
the San Joaguin Valley appl to the L.A. basin For
exanple, the anaeobic lagoons more commonly usel in
the San Joaquin Valley emit 325kg CH4 per cow per year
accordingto the2009 CARB GHG inventory signiycantly
higher than 17 kg CH4 per cow per year from dry manure
manaemernt practicestypicd of the L.A. basin.

[34] Nowak et al. [2012) usal P-3 data from CalNex to
derive emissims of ammona (NHs) from dairy farms in
the Chino area From NOAA P-3 measuremeniswe
determine a CH4 pux fromthe Chino-areadairies for the same
three downwind transects anadyzed by Nowak et al. [2012].
Using the Chino to SoCAB population apportionment by
Salas et al. [2008], we expect these same Chino-area dairies
to emit approximately 28 Gg CHa/yr. CH4 puxes determined
from equation (1) range from 24+ 12 to 88+ 44 Gg CHalyr,
and the average of the three transects is 49+ 25Gg CHalyr.
This value derived from airbome pux determination lies
betwee the 28 Gg CH4/yr calculated from the inventory
assumig dry manue managmernt practices descrbed
above ard the estimaé by Wenrberg et al. [2012] of
76 Gg CH.lyr (less livestodk emissims from the SoCAB
that are not in the Chino areg assumig mainly wet
manaemert practices We attribute the differences to

actud precticesin theregion, which are likely a mixture of
the two manue managemenapproachesSatellite images
of the area show wha appear to be severh anarobic
lagoors near Chino, California. Our pux deternination is
therefore consisten with our bottomup CH4 emission
inventory, with room for a mixture of manue managment
prectices including sone anarobic lagoons in the
L.A. basin.

4.4. SpatialDistribution of MethaneSources

[35] TownsendSmal et al. [2012 concludel that the CH,4
emissiors in the L.A. region had a stabk isotope ratio
similar to that of fossl-fuel CH4. Thisconclusionwasbasd
on measuements made at the Mount Wilson Observatory.
A backtrgectory [White et al,, 2006 http://www.esrl.
noaagov/psd/prgrams2010/kal nex/trgj/] from MWO for
5 Augug 20009, the speciyc day that TownsendSmal et al.
[2012] usd to determine the exces CH. stabk isotopic
ratio, shows the prevailing winds to MWO were from the
southwestor from downtown L.A. and the coast weg of
downtown L.A. The trgjectory tool also shows winds from
the easten bash on the previouws day, which was excluded
by TownsendSnall et al. [2012] due to lower correktion
betwee the excess CH4 ard d**C. We corclude tha the
MWO data interpretel by Townsed-Smal et a. [2012]
were dominatel by emissiors from the westen bash only
and were not inpuenced by emissiors from eithe the largest
landylls (Puente Hills and Olinda Alpha), or from the dairies
in the eastem part of the L.A. basin This spatially biased
samplirg is consisten with their conclusia that landylls
do not contribute signiycantly to the total atmosyheric
CH, burdenin L.A.

[36] Evidencefortheheterogeneousspataldistribution of
CH., saurces in the SoOCAB can be seen in the NOAA P-3
data Figure 4 shows that the correlation of ethane with
CH4 is dependat on the sampe location in the L.A. basin.
Also, shownin Figure4isthe slopeusal by Wennbeg et al.
[2012] to represert the ethare/CH, ratio (16.5 £ 2.5 ppt
ethane/po CH.) in pipeline-quality dry naturd gas from
the Southern California Gas Compary (SoCalGas), the
major provider of naturd gasto the SOCAB, for 201Q The
chemica data in Figure 4 reped the known soure types
shown on the map in Figure 1c: the large CH4 sources in
the easten L.A. bash, primarily landylls and dairies are
not signiycart sources of ethare relative to CHa.

[371 Wecanreconcikethe conclusionsof TownsendSnll
et a. [201F and Wennlerg et al. [2012) with the CARB
GHG inventory by noting that fossl fuel CHs emissions
predominakt in the westen basin and that landyll and
livestodk CH4 emissiors predominag in the easten basin.
However, in contras to the yndings of Wenrberg et al.
[2012], we ynd that naturd gas leaks from the SoCalGas
ard in-home pipelines are not the only possibe soure of
fossil fuel CH4 to the westen basin as describe below.

4.5. Light Alkane Emissios From Local Natural
Gas Production

[38] Los Angeles was one of only three out of 28 cities
charactrized by propare and ethare levek within 10% of
one ancther in the atmosphere [Baker etal., 2008], consistent
with an enhaned propane soure@ tem in L.A. Figure 5
shows correlatiors of propane versus ethane in whole-air
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Figure 5. Correlationplot of propaneversusethanefrom
four Los Angelesdatasets.Also, plotted are composition
ratiosof local wells(gray lines) and loca segos(salmon lines)
repored by Jeffrey et al. [1991], the composition ratio of
pipeline-quality dry natulal gas (bladk dashed line), the
propane/ethanemissim ratio from a San Frartisco Bay-area
tunne study reportal by Kirchstetter et a. [1996], and the
avera@ composition ratio of liqueyed petroleum gas
(LPG) or propare (green line).

samplefromvariousaircraf projecsinthe LosAngelesre-
gion (ITCT 2002, ARCTAS 2008 and CalNex 2010) as
well as measuremers from the CalNex Pasaana ground
site in 201Q Also, plotted are lines representig the
composition ratios of other possible sources of ethare and
propanein Los Angeles.

[39] The L.A. bash is honme to oil and gas operations
(Figure 1c); the compositon ratios depictirg possible
emissiors from locd naturd gas (gray lines) and local
geologt seeps (salman lines) in Figure 5 arethose repored
by Jeffrey et a. [1991]. The lower propane conteri relative
to ethare seen in the seeps (e.g., the La Brea tar pits)
comparedto the local natural gasis attributed to near-surface
microorganisrs forming shorte chain alkanes from longer
chan alkaresduring the time the natura gas migrates
toward the surface [Jeffrey et al., 1991]. The averege
propane/ettane ratio for processel gas in SoCalGas
pipelines [Wennbeg et a., 2017 is plotted as a dasled
black line. Pipelinequality dry naturd gas has a low
propane/ettane ratio becaus the natumal gas has been
proaessed (i.e., the highe alkanes have been removed from
the naturd gag before distribution. The SoCalGa ratio
is represatative of natura gas piped in from out of state
(eg., from Texas Wyoming, and Canala); approximately
90% of naturd gas usel in California is imported (http://
www.socalgas.com/regulatg/documents/cgr/20L CGR.
pdf). Theon-roademissions are taken froma San Frandsco
Bay-area tunnd study by Kirchstette et a. [1996], who
repored a vehicula emissia ratio of 0.13mal propane/

mol ethane roughly similar to those by Frase et al.

[1998] (0.27 mal propare/mol ethang and by Lough et al.

[2005] (0.06i 0.18 mal propare/mol ethare). Vehicleengine
exhaus typically contairs small, decreasig amouns of

CH., ethane ard propare due to incompkte comnbustion,
as gasolire and diesé fuel do not contan signiycant
amountsof theselight alkanesTheon-road emissions local
geologt seeps, ard the pipeline-quality dry naturd gas
from SoCdGascontain three to yve times more ethare than
propane and therefoe cannat alone explan the ambient
ratios measurd in the L.A. basin The propane ard ethane
composition of unprocessed natuial gas from locd wells,
on the othe hand closely matche the SOCAB ambient
measuremestfrom three aircrat campaignsthe CalNex
grond site measrements, and the Baker et al. study
[2008]. Prgpane and ethare were also typicaly enhaned
at the sane time, with the exception of one sampé with

elevated propare nea the Long Beach area (Figure 1e).

[40] The datain Figure 5 suggest that local oil and gas
wells contribute signiycantly to the atmosphex propane
burden in the SOCAB. However Wennberg et a. [2012]
invoked alarge source of propare from fugitive lossesfrom
the liqueyed petroleum gas (LPG) industry (i.e., propane
tanks), in addition to leaks from the pipeline-quality dry
naturd gasdistribution systemintheL.A. basin. Thiswould
be consistent with pag works that have found signiycant
fugitive losses of propane in other cities, such as Mexico City
[Blake and Rowland, 1995]. We therefore extend our analysis
to incorporate ethane, propane, and C4 (n- and i-butané and
Cs (n- and i-pentane)isomesto better attribute and quantify
the saurces of light alkanes and CH4 to the SOCAB atmosphere.
Light alkanes are plotted in Figure 6, with lines depicting
the composition of naturd gas in SoCalGa pipelines
[Wennbeg et al., 2012] and of onroad emissios [Kirchsteter
etal., 1996]. We neglect chemical processig of thes long
lived alkanes (t O3 days at OH = 1 x 10° molecules/cr) as
we ynd no detectabd differene between daytime and
nighttime enhancement ratios reative to CO, similar to the
yndings of Borbon et al. [2013] for n-butane and CO at the
CaNex Pasadea grourd site. Atmospherc enhanement
ratios of propane n-butane, and i-butare (Figures 6bi 6d)
relative to ethane are consstent with emissiors having
the composition of locd naturd gas [Jeffrey et a., 1991].
On-road emissiors do not appea to contribue signiycantly
tothe CH,, ethare,ard propareinthe L.A. aimosphere and
pipeline-quality dry naturd gas and/or locd geologic seeps
do not appear to contribute signiycantly to the propare and
n-butarerelativeto ethareintheL.A. atmosphere Baseal on
these observationswe conclude tha the local naturd gas
industry contributes a signycart fraction to the total
atmospleric C,i C,4 alkare abundarees, including propane,
in the L.A. basin. We infer CHs emisdons from the
local naturd gasindusty are non-negligible as well, as
discussd below.

4.6. SourceAttribution

[41] Here we quantify totd emissiors of C;i Cs alkanesin
the L.A. basin by multiplying their observel enharement
ratiosto CO by the CARB SoCAB emissia inventory for
CO. Figure 7shows Cyi Cs alkaresplotted versis CO with
their respectie ODR yts. The slopesfrom thee ytsare used
in equaton (2) along with the projected 2010 CARB CO
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Figure6. Plotsof CHs andCsi Cs alkanedrom the NOAA P-3 CalNexdataset,selectedor the SoCAB
(black circles). Nighttime and high-altitude data are included. Also, included for referenceare the
emissionratiosof mobile sourcedrom Kirchstetteretal. [1996] (blueline), compositionratiosmeasured
by Jeffreyet al. [1991] for local naturalgas(gray lines) andlocal geologicseeps(salmonlines), and
composition ratiosfrom pipeline-quality dry naturalgas(NG) deliveredby SoCaGas(dashedlackline).
Theseratios were plotted frordaytime background levels.

inventory to calculae annwal alkane emissiors in the
SoCAB. We assune the slopes represeha dired emission
with no chemicd aging These emissions are listed in
the rightmog columm of Table 4. Also, listed in Table 4
are the estimatel contributons from mobile source in the
SoCAB, using CiiCs to CO emission ratios from
Kirchstette et al. [1996] (modiyed as disaussed below)
ard CO emissiors from the mobile saurces category in the
projectel 2010 CARB CO invenbry, equd to 925 Gg COlyr,
in equation (2).

[42] Wennberget al. [2012] attributedthe inventory CHa
shortfall[Wunchetal., 20®; Hsuetal., 2010]by ascribing
muchof the CHs andethaneenhancements® fugitive losses
of processeaipelinequality dry naturalgas.They further
suggesthe majority of atmospherigropane is dueto LPG
industry/popane tank fugitive losses.Here, we consider
otherpossibleexplanationof the sourcesof CH, andlight
alkanesin the L.A. basinfor the following two reasons.
First,thesourceattributionby Wenrbergetal. [2012] leaves
little room for CH4 emissionsfrom landylls, wastewater
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uncertanty, andR? aregivenin eachpanel.

treatmentplants,anddairiesin the L.A. basin.This solution
seemsunlikely basedon direct emissionspux estimates
using the P-3 data downwind of landylls and dairies in

the SOoCAB, as describedabowe. Sewond, the attribution
by Wennberget al. [2012] would leavea shortfall in both
n- and i-butane emissionsthat cannot be explained by

gasoline evaporation or emissions from mobile sources. We

use a multivariate approab based on alinear combination
of the CH4 and light alkane compositions from known

source in orde to attribute and quantify totd CHa and
Cii Cs alkare emissiors in the South Coast Air Basin.

[43] We include sewen different saurce types (sectors)
with distinct and known CH,4 and C,i' Cs ad kane compositions
(Figure 8) in the following analysis: (1) Leaks of processed
dry naturd gas from pipelines and/a emissims from
local geologt seeps (this apprach canna distinguish
betwee pipeline-quality dry natural gas and local seeps);
(2) CHs-dominatal emissiais, such as from landylls,

wastewate treatment plants and dairies (3) Leaks of
unprocessed locd naturd gas (4) Leaks of liqueyed
petroleum gasfrom propare tanks (5) On-roadcombuston
emissiors from mobile sources(6) Emissiors of CH4 and
Cii Cs alkanes in the SoCAB from other saurce sectors;
and (7) Evaporative emissiors from gasoline. Thes are
descibed briepy beow.

[44] 1. The Souh Coast Air Basin contairs 14.8 million
people and SoCalGa delivers approximately 11 Tg/yr of
naturd gas to the Los Angeles area Additionally, the
Earth& naturd degassirg isaknown soure of CH,, ethane,
and propaneto the atmosyere [Etiope et a., 2008 Etiope
ard Ciccioli, 2009] ard the L.A. bash contairs abundant
geologt hydrocarbon reseves [Jeffrey et al., 1991]. We
growp fugitive losse from processel pipeline-quality dry
natura gas with the emissias from loca geologt seeps
becaus the Cii C4 emissiors from thes source are not
sufyciently differert to be treatal separately in our linear
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Table4. DerivedEmissionsn the SouthCoastAir Basin(In Gg/yr) for 2010From EachSourceSectorUsedin Linear Analysis

PipelineQuality Estimated
Dry CH,-Dominant Local Evaporated ~ Mobile CARB  SummedSource SoCAB
NG/Local Seeps(Landylls, Dairies,Etc.) NG LPG/Prgane Gasolne Soures Other Totals Totd?
CH,4 192+ 54 182+54 32+7 - - 49+1.3 1.2+0.3 411+77 411°+37
Ethane 59+1.7 - 45+1.0 0.05+0.02 0.0+£0.0 0.6x0.1 0.3+0.1 11.4+1.9 114°+1.6
Propane 1.5+04 - 9.9+2.0 6.6+2.9 0.006£0.001 0.1+0.0 1.6+0.4 19.8+3.6 19.8+2.7
n-Butane 0.3+0.1 - 5.9+1.2 0.02+0.01 0.5+0.1 0.3+0.1 1.4+04 8.5+1.3 8.3+1.2
i-Butane 0.3x0.1 - 2.2+0.5 0.13+0.06 0.08+0.02 0.04+0.01 1.8+0.5 4.6+0.6 5.1+0.7
n-Pentane 0.07+0.02 - 2.2+0.5 - 2.6+x0.4 1.0£0.1 0.3+0.1 6.6+0.6 6.5+£0.9
i-Pentane  0.11+ 0.03 - 24+ 05 0.003+0.0017.6+1.0 3.9+0.5 0.03+0.0114.1+1.2 14.1+1.8

dincludes measuneent, ODRyt, andinventoryuncertaity.

"Wennbergetal . [2012]estimateemissionso theSoCABof 440+ 100Gg CH./yr and12.9+0.9Ggethane/yr.

comhnationandysis (illustrated by the similarity in slopes
of the dashed bladk and salma-coloredlinesin Figure 6).
Both pipeline-quality dry naturd gas and local seep
emissiors contan similar amouwnts of CH, and ethane
relative to one another and haweless Csi Cs alkanesrelative
to ethare than local, unprocessa natural gas For pipeline-
quality dry naturd gas mog Cs. alkanes are renmoved
during the processirg stage which is typically dore close
to the saurce, which for ~90% of the natural gas usel in
Cdliforniaisin Canad, Wyoming, and/or Texas For local
seepsmog Cs. alkanes are either preferentially adsorbed
in shallov sedinents comparel to CH4or biodegraded
by microbesin the Earth& crust during the seepagof local
naturd gas to the surfae [Jeffrey et a., 1991]. We use
SoCalGas sampes of pipeline-quaity naturd gas from
2010 [Wennbegq et al., 2017 to representhis source and
estmate the uncertairty of the compostion at 15%.

[45] 2. CHs-dominart emission sources which for this
analyss include landylls, wastewatetreatmen plants and
livestok, emit CH4 but no signiycart amouns of Cii Cs
alkanes Thisisrepresentedin our analyss as aunit vector
contahing only CHa.

[46] 3. From 2007 to 2009 theoil ard gasindustry in the
L.A. bash producel roughly 12i 13billion cubic feet of
naturd gas per year, mostly asscciated gas from oil wells
(http://www.conservatiorca.gov/dog/pubs_stats/annual_
reports/Pages/anmal_repats.aspx) We use an averag of
the sanples reported by Jeffrey et al. [1991] weighted by
2009 gross natura gas production per yeld and estimate
the uncertainy of this compositon at 25%.

[47] 4. Two types of LPG are sold in the Los Angeles
area: One is amog completely composéd of propane;
the othe has traces of n- and i-butare (http://www.arb.
cagov/research/appast/98338_1.pdf). We use the ratios
reported by Blake and Rowland [1995] from direct
analyss of LPG in Los Angdes which is consistent
with an avera@ of the two types of LPG sold in L.A.,
and estimae the uncertainty of the composition at 10%.

[48] 5. On-road combustion emissions are modiyed from

the work of Kirchstetter et al. [1996] by multiplying emission
ratios of akaresto CO by the 925Gg CO/yr from on-road
source in the projected 2010 CARB CO inventory. The
C4l Cs emissons represetunburred fud and are typically
proportional to the fuel conposition; the C1i Cz emissions
typically represehincomplete combustion products To
account for differing fuel compositiors since the time of
the Kirchstetter et a. [199%] study, the i- and n-butane
emissiors calculatel for mobile sourcs in the SOoCAB

(Table 4) have been scaled to the i-pentane emissions based
ontheir relaive abundancein gasoline[Gentner etal., 2012].

[49] 6.Thereareadditionad sourcesof lightalkanesinthe
SoCAB. We use the 2010 CARB speciaté inventory for
tota organic gases (http://arb.ca.goviei/speciae/interopt10.
htm) and projected 2010 tota organic gas emissions (http:/
www.arb.cagov/app/ems nv/fcemssumcat2009.php) for the
SoCAB to estimae emissions of light alkanes not speciyed
in other source sectors. Theseinclude emissionsfrom aerosol
spray cans and other consumer products, coatings and
solvents, adhesives and sealants, and yberglass and plastics
manufacturing. For example, propane, n-, and i-butane are
commonly used as propellants in aerosol spray cans, having
replaced CFCsin the United States in the 1970s (e.g., CARB
egtimates 0.6 Ggof agrosol antiperspirant vapors were emitted
to the SoCAB in 2010, of which 0.14Gg, 0.03Gg, and
0.15 Gg were propane n-, and i-butane, respectively).
These emissiors are summel and listed in the ACARB
Otherdcolumin Table4. Emissiorsfrom natural gasleaks,
petroleum reyning, petroleum marketing (gas stations),
landylls and composting, and mobile sour@s are not
included in thew totals becaug they are accaunted for
elsevhere in othe sour@ sectors We estimate a 25%
uncetainty in the iCARB Otheaoinventory.

[s50] 7. Emissiors ratios from evaporated gasolire were
calculat@ from 10 ga®line sanples from yve Pasaena
gas statiors in thesumme of 2010 weighted by estimated
sals of 80% regula ard 202 premiun [Gentng & 4.,
2012] Uncertaintisarethos reporta by Gentne et d. [2012].

[51] First,we startwith estimatedannualCii Cs emissions
in the SoCAB (rightmostcolumnof Table 4), thensubtract
modyed onroad emissiongKirchstetteret al., 1996] and
projectedemissionsof Cii Cs alkanesfrom other sources
(source sector 6, above). Next, we place the remaining
sourcesectorcharacteristicénto a matrix andsolvefor the
fraction each sourcecontributesto the remaining alkane
obsenations for the L.A. basin basedon each soure®
relative aburdancesof various light alkanes.The matrix
has yve columnsrepresentingthe yve remaining source
sectors,and sevenrows containing Cii Cs alkanes.We
solve the following equation [e.g., see section 4.2 of
Kim etal., 2011]

Ai;jXj Ya by (3)
whereA;; is amatrix of the Cii Cs alkanecompositionj, for
the sourcesectorsj, deyned abow; x; is the fraction each
sourcecontributesto the total observedemissions;and by
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Figure8. (a) Resllts from a linearleastsquaresolutionto a combinationof six soures andseventrace
gasspeciesin the SOCAB. The thick black line represats the edimatedtotal annualemissionto the
SoCAB for sevenhydrocarbons(CH4 and Cyi Cs). The coloredbarsrepregnt the fraction of the total
contributedby eachof the six sourcesectorausedin the linearanalysis.CH4 emissionsarewritten above
thebar. (b) Pie chartdor the samedata inFigure 8ashowing theelative contribuibnsfrom eachsource
for eachof severalkanesgcoloredasin Figure8a.Thewhite regionin thei-butanepie chartrepregntsthe
11%shortfallbetweerour sourceattributionandour estimatedemissiorto the SOCAB, thoughit is within
theuncertaintie®f thesetwo values Thetotalemissiorof thealkaneto the SoCAB is givento theright of

eachpie chart.

is the total obsevedemission of alkare i minus the contribu-
tionsfrom the mohile and fothedsoure sectos (Table 4).
The columrs of the matrix A are proportiona to the yrst
yve columrs of Table 4. We solve for the linea least
squares solution that minimizes (Ax — b). Uncertainties in
the derived x; are estimatel by a sensitiviy study, where
we run the solution 1,000,000 times by randomly varying
Ai; ard b; according to their estimatel uncertainties then

use the dandard deviation of the 1,000,000 x; determinations
to estimate the uncertainty in the source attribution fraction.
The soure attribution fractions and their uncertainties are
multiplied by the total esimated SOCAB emission for each
alkane and then are summal with the uncertaintés added
in quadratue.CHs ard C,i Cs alkare emissiorstotals their
uncertaintiesand the contibutiorns from eat soure type
are given in Table 4. The soure attribution solution solves
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the obseved SoCAB alkare emission to within each
alkane® emissia uncertainty.

[52] Our modeled soure attribution differs from the
alkane soure distribution in the L.A. basin as se forth by
Wennlerg et al. [2012] From atotal calculatel source of
410 = 40 Gg CHadlyr in the SOCAB, we determine that
47% comes from lealks of processed pipeline-quality dry
naturd gas and/or from local geologt seeps 44% of the
CH, comes from the sum of landyll, wastewatetreatment,
and dairy emissons 8% from the leaks of unpracessed
natura gas from production in the westen L.A. bash; and
1% from mobile soures. The attribution is presented
graphicaly in Figure 8. Figure 8a displays the total SOCAB
emissiors as a bladk horizontal line in ead pane| with
contributiors from the different sour@ sectos given below
the line by the ylled bars Figure 8b shows the proportion
that ead source sector contribues to the derived total
emissiors of eat alkane.

[53] Our analyss attributes CHs emissios of
192 + 54 Gg CHa4lyr to leaks of pipeline-quality dry processed
naturd gasand/a leaks from locd geologic sesps but does
not distinguis further betweenthese two differert sources.
Thisvalueisnearly afactar of 5 greate than the population
apportionel 2009 CARB GHG emissionsinventory estimate
of 40 Gg CH.4/yr lostfromnatural gas pipelinesin the SOCAB.
Our egtimate of 192 Gg CH4/yr is less than the maximum
emissio of 400+ 150 Gg CHJ/yr edimated by Wennlerg
et a. [2012] Our estimae would represent approximately
2% of the naturd gas deliveredto customesin the SOCAB
and including storage arnd ddiveries to customers
outsde the SoCAB, 1% of the gas powing into the basin
[Wennberg et a., 2012] Thes perentages would
decreaslinearly with any CH4 emissiors attributed to local
geologt seeps Farrell et d. [2013] estimate up to 55Gg
CHa/yr are emitted from the La Brea Tar Pits in western
L.A. County aloneg if accuratethiswould imply pipeline
leaks of only 0.7% of the gas powing into the basin, or a
factor of at leag two lower than the 2% proposeal by
Wennlerg etal. [2012].

[54] Our analyss attributes 182+ 54 Gg CH./yr in the
SoCAB to emissiors from landylls, wasewate treatment,
and dairies SOCAB landylls account for 164 Gg CHa/yr
in the 2008 CARB GHG inventory; a value supported by
our analyss in sectim 4.2. In section 4.3, we estimated
in a bottomup inventoly tha SoCAB dairies emitted
31.6 Gg CH4/yr. Wennberg et al. [2012] estmated an
emission of 20 Gg CH4/yr from wastewater treatment. These
independent estimates sum to 216 Gg CHJyr and are
consisteh with our source apportionmeh using NOAA
P-3 data.

[55] CH4 emissioms of 31.9+ 6.5 Gg CH./yr are ascrited
to leaks of local, unprocessagnatural gas and would repre-
sen 17% of the local production in 2009, the lateg year
for which data are available (http://www.consevation.ca.
gov/dog/pubs_ statshanual_reports/Pages/anual_reportsasyx).
This number assumes a CH, composition of 72.5% by volume
for naturd gas producel in the South Coag Air Bash,
whichiscalculatel asanaverage from the samplesrepored
by Jeffrey etal. [199] weighted by 2009 production Our
derived value of 17%, although a surprisingly high amount
of locd prodiction, is consisent with a nascehbottomup
estimae unde way at CARB. A new bottomup inventory

survey conducted by CARB for the calenda yea 2007
but not yet incorporate into the ofycial GHG inventog,
indicates that 109 Gg CHalyr, since revisal to 955 Gg CHafyr
(S. Detwiler, personh communication, October 2012),
were emitted throughout Californiaby theoil and gasindus
try via combustion, venting ard fugitive losses (Table 3-1,
http7/Amww.arb.ca.gokedail -gagynalreport.pdf. This updaed
value is afactor of 2.5 larger than the current CARB GHG
inventory tabulation of 38 Gg CHu4/yr from oil and gas
extraction for 2007 in California CHs-specyc emissions
for the Souh Coast Air Quality Managemern District in
the new CARB suwvey repot shov 24.6 Gg CHalyr were
emitted in the SOCAB (S. Detwiler, personh communica-
tion, October 2012). Accordirg to the survey, emissiorsin
the SOCAB acmountedfor 26% of the revisal statewick total
oil and gas operations CHs emissian in 2007, despite
acoourting for only 4.4% of statewide natural gas production
in the basn that year (http://www.conservation.ca.gov/
dog/pubsstats/anual_reprts/Pages/annal_reportsaspx).
Thus, the survey responsessuggest a CH, leak rate of 12%
of local productbninthe L.A. basin Thus our estimae of
CH4 emissonsfromlocd natumal gasfor 2010 base on P-3
daia from CalNex is within a facta of 1.5 of the CARB
bottomup inventory currently in development based on
the 2007 survey. According to the survey, other oil and
gasproducing regiorsin Californiashowv smalle CH4 loss
rates than tha from the SoCAB. For instane, staewide
losses of CH4represent approximately 2.1% of statwide
production, and CH4 losses from the SanJoaquin Air Quality
District represen approximatey 1.4% of production
(from Qil and Gas Districts four and yve). This indicates
that losses from natural gas production are proportionally
large in the L.A. basin than elsewhee in the State
of California.

[56] A propane emissio of 6.6+2.9Gglyr from LPG/
propane tanks would represen appioximately 1% of sales
(http://www.agmd.gov/ceqal/documents/2012/agmd/yna EA/
PAR1177/1177FEA.pdf), which is less than the ~4%
calculatel by Wennbeqg et al. [2012], and close to the
0.6% estimate from thedoaumert cited.

[57] Finally, our aralysis suggest a relution to the
discrepancies noted above between previous top-down
assessmestand the bottomup inventory calculatios for
CH4in the SOCAB [e.g., Wunch et al., 2009; Hsu et dl.,
2010 TownsendSmall et al., 2012 Wennbeg et a.,
2012] We concludethe mog probable sourcefor the excess
atmospheric CHa islikely due to acombination of primarily
leaks, not accurately representein the currert CARB GHG
inventory, from naturd gaspipelines and urban distribution
systens and/a from local geologic seeps and secondarily
leaks of unprocessed naturd gas from local oil and gas
production centered in the westen L.A. basin. Thisynding
is based on the characteristt enhanemert ratios of CHa
and the various Cyi Cs alkanes consistenty observel in
the L.A. atmosplere, and isfurther supportel by the spatial
information provided by P-3 samples during CalNex.
Finally, the updated values for local oil and gas industry
emissiors in the recent GHG survey commissianed by
CARB, when incomorated fully into the ofycial CARB
GHG record, will likely help to reduce this long-standing
discrepang betwee top-down assessmestard bottom
up inventories.
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5. Conclusions

[58] We useaircraft measurementsf CH4, CO, and CO;
during the CalNex yeld campaignto show that emissions
of CHs to the L.A. basinare greaterthancanbe explained
by ofycial state bottomup inventories apportiored by
popuktion, consistat with publishedwork. The ratio of
the CARB CO and COzinventoriesis in betteragreemat
with our measurement®f CO/CQ0D; in the Los Angeles
atmosplere than was the casefor the analysisby Wunch
et al. [2009], which we attributeeitherto improved CARB
inventories, thepresat use ofa basinwide dataset to
determinebasinwide emissiornratios,or both.

[59] From crosswird plume transea downwind of the two
largest landylls in the basn, we determine CH4 puxes that are
consistehwith the 2008 CARB GHG inventoly values which
total 164 Gg CH4/yr emitted from all landyllsin the Souh Coast
Air Basn. CH, emissiin puxes were al determine for
Chino-areadairiesin the easten L.A. basin Flux estimatesfrom
the® dairies ranged from 24 + 12 to 87 £ 44 Gg CHalyr, and
the avera@ pux is consistehwith a revisel bottonrup inventory
originally compiled by Sala et al. [200§ ard with previous
inventoly estimate [Wennbeg et d., 2012].

[60] Finally, we presetatop-down assessent of C,i Cs
alkane sources in the L.A. basin and then apportion CHa
and the Cii Cs alkanes to speciyc source sedors in the
region Using this sour@ apportionnent approach we
edimate that 32+ 7 Gg of CH4/yr, or 8% of the totd CHa4
enharemern observel inthe SoCAB during CalNex, came
fromthelocal oil and gasindustry This number represents
appioximately 17% of the natral gas produced in the
region within afacta of 1.5 of thatcalculated fromarecent
survey tha will be usal to updae the CARB bottom-up
inventory. We estimate 182+ 54 Gg CH.J/yr are emitted
by landylls, dairies and wagewate treatment which is
consisteh with bottomup inventories and 192+ 54 Gg
CH4/yr areemitted of processd pipeline-quality dry natural
gas and/or from geologt seeps in the region We further
conclucethat leaksof processd pipeline-quality dry natural
gasand/a loca geologic seepsand unprocessgnatural gas
fromlocal oil and gas production are the most likely major
contributos to the previously noted discrgpancy between
CH. observatios and State of California inventory values
for the Souh Coag¢ Air Basin Our yndings sugges that
basinwide mobile studiestargetirg CH4 and Cui Cs alkane
emissiors from naturd gas pipelines and urbandistribution
systems geologt seeps ard loca oil and gas industry
production sites would be usefu to further distinguish the
source of CHsinthe L.A. basin.
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NOTE: Figures follow text.

There have been numerous reports of methane emissions related to shale gas
development in the vicinity of Wyalusing, Bradford County, Pennsylvania. In the
interest of furthering the understanding of those fugitive methane events
Damascus Citizens for Sustainability engaged Gas Safety, Inc. to survey

ambient air methane levels in the vicinity of Wyalusing, PA. The survey covered
parts of 9 townships on both sides of the Susquehanna River (Figure 1 0

L Consulting and research in environmental science since 1992. Associate
Research Professor, Dept. Environmental Engineering and Earth Sciences,
Wilkes University, Wilkes-Barre, PA and Senior Fellow of the Wake Forest
University Center for Energy, Environment, and Sustainability, Winston-
Salem, NC. bryce.payne@wilkes.edu

2 president of Gas Safety, Inc. with 30 years experience in gas leak
detection and measurement, related regulatory compliance, and training.
bobackley@gassafetyusa.com


http://www.gassafetyusa.com/
mailto:bryce.payne@wilkes.edu

following text) from Towanda on the northwest to Wyalusing on the central
eastern side. Survey coverage was restricted to readily identifiable public
roadways. Consequently, the survey was most intense from the Susquehanna
River west to Pennsylvania Route 187.

Though the survey results do not prove a relationship between ambient air
methane contamination and groundwater contamination, it is clearly
suggestive. Further, it also suggests shale gas well operations in that area still
did not have control of the gas that has been developed there. In fact, as will
be discussed, survey data indicates there may be gas control problems in about
10% of the survey area resulting in elevated methane levels in most of the area.

In addition, detection of any level of methane above normal background for an
area indicates only two possible conditions: diffuse, non-point emissions are
occurring over some portion of the area, or, one or more point sources are
active within the area.

Conditions during the Survey

The survey effort involved two separate survey field work efforts, one on 31
January and the other 3-4 June 2013. Weather conditions at the time of the
January survey were not ideal. Winds were from the west at speeds consistently
near 20 miles per hour (29 feet per second). Under these conditions methane
emissions from any source disperse rapidly. Consequently, elevated methane
levels due to such emissions are more difficult to detect than under more
favorable wind conditions. Functionally this means that, during aroad survey,
detection of elevated methane levels requires the sources be larger or more
intense and in closer proximity to the survey vehicle path than under more
favorable wind conditions. However, such wind conditions do cause methane
emissions to be swept along the ground surface farther and faster.
Consequently, methane emissions appear as a general elevation of methane
levels over a wider area, instead of localized markedly elevated peaks.

During the 3-4 June field work weather conditions were more favorable. The
wind was from the north -northwest at an average speed of 5 miles per hour
(around 8 feet per second). Under these conditions methane emissions would
be expected to be detectable as low concentration plumes extending for an
appreciable distance to the south -southeast of the source. Mixing layer
structure and height was not estimated during the survey, but conditions
should have favored typical lower atmospheric mixing patterns in which most
methane emissions diff use rapidly upward.

Results of the January Survey



As anticipated due to the wind conditions the methane levels were moderately
elevated widely over the survey area. Typical methane level observed during
the survey was low. The average methane level was 1.86 ppm, with a minimum
of 1.79 ppm, 90% were below 1.91 ppm, and 99% below 2.08 ppm.3 Under
such high wind conditions, the layer of the atmosphere that normally forms
next to the land surfac e is swept away by air that would normally move at
altitudes of a few hundred to a few thousand feet above. Under gentler wind
conditions gases released into the air tend to accumulate in plumes as they
dissipate into the turbulent but lower -wind -speed layer of air next to the land
surface. Under sustained high wind conditions the air from the higher layer
sweeps down and across the land surface rapidly sweeping any released gases
across the land surface and up into the atmosphere.

Figure 2 shows an oblique westward view of the survey area in which the data
was processed to remove values lower than 2.2 ppm and vertically exaggerate
those over 2.2 ppm by a factor of 1000. In effect, this approach visually
defines methane levels above 2.2 ppm as elevated methane levels (EMLs). This
graphical rendering shows around 18 locations with elevations above 2.2 ppm.
There also appear to be many locations with EMLs near 2.2 ppm. This,
however, is an artifact of the low resolution of this image and the high
resolution of the survey data set. When this image is examined at higher
resolution most of the apparent near-2.2-ppm EMLs disappear.

To allow examination of smaller EMLs another image of data was prepared with
the methane data processed to remove values below 1.9 ppm and vertically
exaggerate values >1.9 ppm by a factor of 100. The lower 1.9-ppm cutoff and
vertical exaggeration preserved EMLsthat were not apparent upon high
resolution examination of Figure 2, as illustrated by Figures 3 and 4. The

>1.9 -ppm image is not shown as it is visually nearly flat at the resolution that
can be rendered on a single page of this report. In the >1.9 -ppm image 57
EMLs were indentified as sufficiently clear to merit further examination (see
Appendix B for a listing of those EMLs by location). Of those 57 EMLs, 43 were
in proximity to and nearly -downwind of gas pipelines, gas well pads, farms,
industrial facilities with apparent waste water treatment ponds or lagoons.

3 During survey runs the vehicle has to make stops. The CRDSmethane
instrument collects data continuously. Consequently, geographically
disproportionate amounts of data accumulate whenever the vehicle stops.
Geographically disproportionate data accumulations are removed from the data
set before statistical analysis. Images are generated using the full raw data
sets.

4 Planetary boundary layer or mixing layer. See Manhatt an extended report for
more detailed discussion.NEED LINK HERE



Further identification of the methane sources causing the other 14 EMLswas
beyond the scope of the survey work.

Despite the strong wind conditions a relatively large methane plume was
detected. The plume was detected over an area running from Wysox 2.5 miles
southward along the river and up to 3.6 miles to the east. The plume was not
present on a later pass through the same area. The extent and consistency of
this plume over such alarge area under such windy conditions, and its
relatively sudden disappearance suggest a sizeable release of methane upwind
of the plume area that ended sometime during the survey. Identification of a
likely source was beyond the scope of the survey work. It is noteworthy that
this plume was again present during the June survey. The plume may have
been related to a number of gas wells generally north of Wysox.

Conclusions from 31 January Survey

The strong wind conditions during the methane survey caused rapid mixing and
lateral dispersal of methane from any sources in or near the survey area. Under
such conditions detection of elevated methane levels is limited to those
resulting from larger emissions or those from sources in close proximity to the
roadway. The rapid mixing and lateral dispersal causes methane levels in the
area to appear more uniformly elevated than would be the case under less
windy conditions. This was indicated by the slightly elevated mean (1.86 ppm)
and narrow range of methane levels (1.79-1.91 ppm) that accounted for the
90% of the data (further discussed in comparison to the June data follows
below). All the other 10% of the data indicating methane levels above 1.91 ppm
occurred at less than 60 locations. Among those locations, 43 were in the
vicinity of candidate potential methane sources, in most cases gas pipelines or
gas well pads. At 14 locations with elevated methane levels candidate potential
methane sources were not readily apparent.

Results of the 3-4 June Survey

As expected under the more favorable wind conditions on 3-4 June, methane
plumes were detectable over much larger areas than during the extreme wind
conditions of the 31 January survey. Elevated methane levels occurred over
much of the survey area. Additionally the methane instrument (cavity ring
down spectromete r°) was run during travel from the survey area and during a
brief observational trip to the Leroy Township area. Those two legs of the

5 http://www.picarro.com/technology/cavity ring_down_spectroscopy
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survey trip provided methane measurements in geographically and geologically
adjacent areas that can be reasonably regarded as comparable areas with
limited or no shale gas well activity. That area is referred to as the Reference
Area in the remainder of this report. It includes data from valleys, along a river,
and two town/city areas. Hence, the Reference Area can be reasonably
considered to have all likely natural and human -caused methane sources
typical for the geographical/geological area, but with minimal large -scale
agricultural, industrial or shale gas sources. Also, of some interest is
recognition that the methane survey work included parts of two areas under
Pennsylvania Department of Environmental Protection Consent Orders. An
image displaying the results of the June survey is provided in Figure 5.

It should be borne in mind that the survey work was limited to publicly
accessible roads. The survey, therefore, measures the impacts of methane
emissions sources at considerable distances from those sources.
Consequently, seemingly minor changes, in the tenths or hundredths of a part
per million, in ambient air methane levels are of considerable importance in
locating methane emissions sources and assessing their broader area impacts.

The June survey average methane level was 1.83 ppm, with a minimum of 1.75
ppm, 90% were below 1.88 ppm, and 99% below 2.05 ppm.3 Given the
difference in wind conditions, these levels were quite similar to those seen in
the January survey. For comparison, in the Reference Area the average methane
level was 1.78 ppm, with a minimum of 1.76 ppm, 90% were below 1.79 ppm,
and 99% below 1.81 ppm.2 Since much of the survey area is affected by the
same type and frequency of methane sources that occur in the Reference Area,
one would expect that much of the survey area data would be similar. This
was, in fact, found to be the case. It can be seen in Figure 6 that in the
Reference Area 97% of the methane levels were below 1.8 ppm, while in the
survey area in June, 37% were, but in the survey area in January less than 1%
were below 1.8 ppm. These results suggest that methane emissions in about
37% of the survey area are effectively similar to the Reference Area. The strong
winds during the January compared to the June survey were probably the cause
of the apparent reduction in total area with readings below 1.8 ppm (37% of the
area in June compared to <1% in January), Emissions that on 3-4 June were
rising into the air more normally, whereas on 31 January emissions were being
rapidly mixed and swept over the land surface by the strong winds.

Looking at another methane value of interest, the maximum methane level
measured in the Reference Area was 1.88 ppm. In the survey area on 3-4 June
10% of the measurements exceeded the Reference Area maximum, and on 31
January 16%. Consequently, it is reasonable to conclude that at least 10% of the
survey area is impacted by methane sources that do not occur in the Reference
Area. As previously mentioned, these are agricultural and industrial sources.
Field observations and examination of satellite imagery allowed determination



that some of the methane sources causing the elevated methane were
agricultural or industrial, other than shale gas development. The plumes of the
ag/industrial sources appeared less extensive than the plumes of the sources
associated with shale gas development. Most of the shale gas methane
emissions sources appeared likely to be well pads and pipelines.

With regard to the relationship between ambient air methane surveys and
locations of methane sources potentially impacting an area, it is interesting to
consider the survey covered parts of the areas under two PaDEPConsent
Orders. Those two Orders were between the PaDEPand Chesapeake
Appalachia, LLC, dated 16 May 201 18 The two Orders were designated for
impact areas referred to by PaDEPas Paradise Road and Sugar Run. It should
be borne in mind that at the time of the survey, the Consent Order impact areas
were not specifically known to GSland were not specifically targeted. The
general outline of the survey area was selected by DCSbased on reports in the
media and from residents. The specific area was determined by the operational
conditions GSlencountered in the field. Consequently, the survey covered the
Consent Orders impact areas only coincidentally.  Still the survey did include
about 2/3 of the Paradise Road and %2 of the Sugar Run Consent Order impact
areas. It can be readily observed in Figure 5 that elevated methane levels were
concentrated within the Paradise Road impact area compared to the remainder
of the survey. There were elevated methane levels in other parts of the survey
area but the concentration in the central part of the Paradise Road impact area
is distinct. Thoug h this does not prov e a relation ship betwee n ambien t air
methane contamination and groundwater contamination, it is clearly s ugge stive.
Further, it also sugge sts shale gas well operations in that area still did not have
control of the gas that has been developed there. In fact, as already mentioned,
the survey data indicates there may be gas control problems in about 10% of
the survey area resulting in elevated methane levels over 60-90%of the area.

In addition, detection of any level of methane above normal background for an
area indicates only two possible conditions: diff use, non-point emi ssions are
occurrin g over some portio n of the area, or, one or more point sources are
active within the area. Non-point sources are difficult to assess, precisely
because they are diffuse. As mentioned previously, at the end of the survey
work reported here a cursory evaluation run was made to the area of a
previously documented shale gas well impact in Leroy Township. NEED LINK
HEREThat site is of interest in this discussion because on the land surface
methane emissions occur as a non-point source, with gas emerging from many
points over a area of uncertain extent. During the earlier evaluation of that site

6 This PA DEP Consent Order available HERE: https://www.dropbox.com/s/3r34e3ggh88qxbo/
161%20Consent%20Agreem%20Susquehana%?20River.pdf
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nearly pure natural gas was encountered within inches of the soil surface, but
on the nearest road, about 100 yards away, and downwind at the time, only a
few ppm of methane were detected. Despite gas well remediation measures,
the 4 June run along the same roads confirmed methane levels remain in the
range of a few ppm, suggesting the methane migration problem still exists. A
cursory water sample test also indicated water in the area still has very high
methane levels. Methane contamination was prevalent in the area during the
prior evaluation. The Leroy Township situation is troubling with regard to
health and safety, and discouraging with regard to the capability of industry to
effectively correct gas well problems when they occur.

Point sources of methane present a slightly different set of concerns. A
substantial amount of methane is necessary to raise methane levels even
slightly over an extensive area, as measured from our survey over public roads.
If that amount of methane is being emitted at one or afew point sources, then
the concentration of methane in the vicinity of those sources will likely be
hazardous with respect to explosion or asphyxiation. Consequently, the
methane levels measured during the survey indicate there likely are point
sources associated with some shale gas wells in the area that do give rise to
hazardous conditions. Those point sources need not necessarily be at the gas
well itself, as the gas may find underground pathways to emerge in water wells,
homes or other structures, as occurred in Leroy Township, and the Paradise
Road and Sugar Run impact areas.

Conclusions

Methane from any source rapidly diffuses and rises in the air. Consequently,
detection of possible methane sources from any distance away requires
extremely sensitive measurement capabilities. The GSlsurvey approach takes
advantage of extremely sensitive measurement instrumentation to detect small
increases in ambient air methane levels as an indication of probable methane
emissions sources in a given area. Based on the data collected using that
equipment, we conclude that the Towanda -Wyalusing area is probably
substantially impacted by methane emissions from shale gas wells both within
and beyond the survey area, depending on wind conditions. The coincidence of
two DEPmethane migration impact areas, Paradise Road and Sugar Road, and
the most marked ambient air methane levels suggests there are still gas control
problems associated with the shale gas wells there, as well as in another
documented impact area in Leroy Township also cursorily measured following
the main survey. A rapid water test in the Leroy area confirmed the water in
that area is still contaminated with methane. These survey results suggest
methane contamination continues and measures taken by gas well operators
with regard to methane migration problems that have occurred in these three
areas have likely been only partially effective.



Figure 1. Overhead image of roads traveled during the survey of ambient air
methane levels in the vicinity of Wyalusing, PAon 31 January 2013 (Google
Earth).
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Figure 2. View from east of 31 January 2013 survey of ambient air methane
levels in the vicinity of Wyalusing, PA. Data was processed to remove methane

data values below 2.2 ppm and multiply remainder by 1000 to enhance visibility.
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Figure 3. An elevated methane level as rendered by processing of the
Wyalusing 31 January 2013 methane survey data to remove values <2.2ppm
and multiply remainder by 1000. Compare to same elevated methane location
in Figure 4.
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Figure 4. An elevated methane level as rendered by processing of the
Wyalusing 31 January 2013 methane survey data to remove values <1.9ppm
and multiply remainder by 100. Compare to same elevated methane location
Figure 3.
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Figure 5. The 3-4 June 2013 Towanda-Wyalusing Ambient Air Methane Survey.
Relative methane levels indicated in red (highest peak in image = 3.9 ppm)
Blue and orange markers indicate the Paradise Road and Sugar Run methane migration Za—
impact areas (4-mile radius) desigated in 16 May 2011 PaDEP Consent Order. Q
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Figure 6. Ambient Air Methane Surveys
Towanda-Wyalusing Area, PAJanuary and
June 2013
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Gas Safety Incorporated
16 Brook Lane
Southboroug h, Massadusetts 01772
774-922-4626
www .gassafetyusa.com

Report to the dean Air Council
on
8 June 2012 Field Inspection and Methane Sampling Survey
of
Parts of Leroy, Granville and Franklin Townships
Bradford County, Pennsylvania

NOTE: Specificlocation identification information is avoidedin this report pendingapproval
of involved or potentially involved parties.

SUMMARY

Aportablel A O A O métadeAdasurementsystemwas usedto survey methanelevelsin
northeastern Leroy Township, Bradford County,Pennsylvaniaand adjacentparts of Granville
and Franklin Townshipson 8 June2012. The methanesystemreports methanelevelsin air to
the nearestpart per billion (ppb) every o Zseconds.During the survey over 7,600 methane
measurementswere made. The survey dataindicated one or more substantial methane
emissionswere occurring in anareanear andto the west of H Rockwell Roadand Route414
giving rise to aground level plume that expandedto cover at least4.2 squarekilometers over a
period of 3.5 hours. Thesizeand rate of expansionof the plume suggestedarge amounts of
methanewere being emitted to the atmosphere. Heavily methane contaminatedresidential
water wells occurred in and around the samearea,and documentation indicated heavy
contamination hasexistedfor at leastseveralmonths. Bubbling gasin TowandaCreeksuggest
fugitive gasfrom shalegaswells may be travelling through faults and fractures, which also
carry local ground water, hence,impact local water wells. Collectivelythe dataand
observationssuggestnatural gashaspervadedan extensivesubsurfaceareabeyondthe area
where elevatedgroundZ 1 Ant@thdnewas found during this survey effort. If that is correct,
then more surfaceemissionsare likely and should be expected. Theissuesand concerns
presentedin this report require more thorough investigation for confirmation and
guantification.


http://www.gassafetyusa.com/

BACKGROUND

A number of dramatic fugitive methaneemissionswere reported to havebegunin Leroy
Township on 19 May 2012. Reportssuggesteda substantive lossof control of natural gas
flows from one or more of the shalegaswells in the Township may haveoccurred. In the
interest of verifying and developingindependentdocumentation of the reportedly large
increasesin natural gasemissions,the CleanAir Council(O # ! Bhdaulelphia,PA) contracted
GasSafetyInc.j O' Southboro,MA)todoal T A ZsAmplingand areavisit to ascertainthe
locations of observedor suspectednatural gasemissions. Theintention wasfor GSlto usea
customized,portable Cavity2 E 1 C Z $gectrbmetry(CRDS)nethanemeasurement
instrument to investigate and documentthe occurrence(or not) of the reported emissions.

A major concernwasto perform the assessmentissoonaspossibleto better ascertainthe
possibleinitial intensity and extent of the event;that is, this would preferably be ashort notice,
rapid responseeffort. Otherconcernswere GSlinstrument availability and efficient use of
field time with the instrument. In order to assureal 1 A ZeffdktWould be asproductive as
practical, GSland CACcontactedvarious parties in pursuit of information regarding specific
locations of reported pointZ O 1 @&sAndissions. Like the surveytrip itself, suchrequestsfor
information hadto be short notice, rapid responseefforts. In the interest of opennessand
sharing of information GSlproposedto provide through CAGits findingsto cooperating
parties. GSlcontactedthe EmergencyManagementAgencyof Bradford County,which
preliminarily offeredto shareits own recordsregardingthe initial reports of the suddenonset
gasemissionsevent. CACand GSlalso contactedvarious private parties with similar data
sharing offers and rapid responserequestsfor information and property acces. Within 24
hours of suchrequests,and despiteinitially positive responsesonly 3 private parties agreedto
provide information or accesdo suspectedemissionsor impactedareason private property.
Ultimately no specificidentification of or authorization for accesdo the actual point locations
of ongoing natural gasemissionswas obtained in time for the survey. Hence work was limited
to surveying methanelevels on public roadways and verifying methanein well water in three
residencesand collecting anecdotalreports on three others.

Weather conditions were mild andfavorable. Barometric pressurewas steady. Winds were
from thewestZ 1 T O O ilcredsih@steadily throughout the day from nearly calmto afew
miles per hour by the end of the survey work.

The group involved in the methanesampling survey (listed just below) met at the junction of
Routes414 and 514 in the northwest corner of Franklin Township at approximately 09:15 AM
on 8 June2012.

CarolynKnapp, Bradford Countyresident
DanNatt, Bradford Countyresident
Matt Walker, CleanAir Council
RonKanter,videographer,CleanAir Council
Dr. Brian Redmond,PG Wilkes University,
Dept.of Environmental Engineeringand Earth Sciences
Bob Ackley,GasSafety,Inc.
Dr. Bryce F.PayneJr,, GasSafety,Inc.



METHANBN RESIDENTIAWATERWELLS

Atotal of four residences(referred to ashousel,E I O O Awete digiied, all servedbyi 1 Z OE O A
wells with aninterview at house5 regarding houses5 and 6. Houselwasvacant. It was

reported that the residents had vacateddue to the inconvenienceof and health concerns

related to elevatedlevels of methane and contamination in well water. The housecould not be
entered,and dueto lack of power, no well water could be sampled. Concentrationsof methane

in the air on the property were normal (normal backgroundambientair methanep 8 x U Z p 8 WL

ppm).

House2waslocated on afarm nearagaswell pad (Morse 3H and 5H wells). Most of the area
had elevatedambient air methanelevels (max. 2.5 ppm) that appearedpossibly associated
with animal manure accumulationson the farm. However,in areaswhere there was
substantial manure, the presumedlikely source of the methane,ambient methanelevelswere
rarely abovebackgroundand never exceeded.2 ppm. Upslopefrom the farm building area
ambient air methanelevelswere normal. At 200 meters eastof the gaswell pad methane
levelswere normal. Down slope,toward TowandaCreekmethanelevelswere elevated,with
three locations showing >100 ppm in the ambient air just abovethe surfaceof the creek bank.
In theseinstancesthe methanecould have beenbiogenicor fugitive thermogenic,but sampling
conditions did not permit collection of samplesfor isotope analysis.

The water at the kitchen tap in house3and house4was supersaturatedwith methane. Upon
flowing from the faucetthe water appearedO | E Idietibdhe large amount of fine methane
bubblespresent. Thefine bubblescoalescedover a period of severalsecondscausinga
pronounced effervescence.High levels of methanein the gasevolved from the tap water were
confirmed with the CRDSnstrument. No attempt was madeto verify initial methane
concentration in the tap water, but reports of analysesof samplespreviously collectedby
PaDEPRor contractors indicated that the well water in thesehomeshad beenconfirmed to
contain methanelevelsfrom 50 to 100 milligrams per liter, much greater than saturation
under atmospheric pressure (about 28 milligrams per liter). Ongoingsupersaturation of well
water canonly occurif there is substantial water O E A Ardéséurein the well and the methane
is under sufficient pressureto reachaquifers under suchpressure. It should alsobe noted that
suchmethanelevelsare sufficient to poseasphyxiation hazardsif usedfor showering or other
high water usesin closequarters, symptoms of which the residents of theseproperties
reported.

An additional inquiry was madeat another residence(designatedhouse5). ThiswasanoZ
notice contactinitially to requestinformation on ownership of the adjacentproperty. The
occupantat house5reported the well water at that housewas similarly heavily contaminated,
aswell asthe well of acloserelative who lived in another nearby house (house6).

The wellheadsat houses3Z fpadbeenequippedwith passiveor wind turbine vents,reportedly
by either PaDERor gascompanycontractors. Suchvents are not designedto prevent or treat
contamination of water in wells with conditions and methaneexposuresof the type that can



prevent pressuredriven flow of methaneinto the homesthrough possibleunderground

pathways. Thoughclearly better than the risk of not venting, the application of only passive

vents leavethe residents under continuing risk of exposuresto asphyxiatingconcentrations of o
water, and the potential for serious eruptive releasesof methaneup through the water well. In

addition, suchlevelsof methanecontamination necessarilyimply the possibility of indirect

effectson water quality due to induced biological and chemicalchangesin the ground water

andthe mineral medium through which it flows. Sucheffectsmight take months or yearsto

becomefully apparent,and presentaseriousconcernwith regardtol 1 1 C Zdégka@ation of

aquifersin areaswhere evenlessintensive methanecontamination occurs.

In summary, of 6 housesvisited or about which information wasobtained,5 had well water
that was supersaturatedwith methane. All 5 of those in which methane contamination was
observedor reported lie north of TowandaCreek. Four of the five contaminatedresidences
were occupiedat the time of this inquiry, and at all 4, passivevents had beeninstalled with the
foreseeablelack of effecton methanecontamination of the water. Theintensity of the methane
contamination seemsto require more definitive treatment measuresaswell asefforts to
identify the sourceor sourcesof the contamination and actionsto preventl T T CzZ OA O
degradationof aquifers.

SURVEYOFTHEAREAFORMETHANEIN THEAIR
Cavity2 ET C Z $dectrbmetryandBaseline’ O O1 A KlethareRdta

The CRDSnstrument is extremely sensitive,runs continuously, andis robust. Consequently
the unit quickly generateslarge volumesof highly reliable methanemeasurementson a
continuous basis. Duringthe | T A zZaheAdurvey reported here, the instrument generated
7,697 methanemeasurements.In combination with similar quantities of datafrom prior
surveysin the easternMarcellus Shaleregion, GSlhasdetermined that areliable (99.99%
confidencelevel) upper bound for backgroundmethanelevelsin ground level air is 1.95 parts
per million (ppm). GSlalsohasidentified thousandsof gasleaksin commercial pipelinesin a
variety of settingsand basedon that experiencehasconcludedthat CRDSneasuredlevels of
methanein excessof 2.05 ppm reliably indicate a natural gasleakin the surrounding area.
Basedon thesefindings, GSlinterprets methanelevelsabovel.95ppm aspresumptive, and
above2.05ppm ashighly probable methanecontamination. Thereis potential for some
biogenicsourcesto generateenoughmethaneto causesuchreadings,but suchpotential
biogenic sourcesare usually readily identifiable, and limited in both extent and intensity in
comparisonto fugitive natural gasfrom wells or infrastructure. Whenmore definitive
evidenceis needed,gassamplesare collectedand analyzedfor isotopic composition for
comparisonto similar datafor suspectedsourcesof contaminating gas.

Theareasin Leroy, Granville,and Franklin Townships surveyedandreported here had
backgroundlevelsand variations typical for the region, the lowest methanereading being
1.674 ppm (nominal accuracyof the CRDSs 0.001 ppm). Someareasof elevatedmethanein



the air occurred nearareason farmswith I T T C Za@iaDnhanure loads. No elevated
methanelevelswere found for carcasshandling, and other agricultural areasthat might be
conventionally consideredsuspectfor biogenicmethaneproduction. Interestingly no elevated
methanelevelswere measuredat the nearestaccesq200 meters) to the natural gaswell pad
(Morse 3H and 5H wells) within the areacoveredby this survey. This would seema
reasonablefinding giventhe well is new, with limited and new infrastructure, andthere was
no wind during samplingin that area. With no wind andthe low density of methane (half that
of air), any gasleakscomprised primarily of methanewould likely rise directly upward and go
undetectedwithout adequatelycloseaccesgo the vicinity of the leak.

Elevatedmethanelevels,however, were detectedassoonasthe instrument was activated at
the junction of Routes414 and 514. All of the initial 157 readingswere above1.95ppm, 152
were above2.00 ppm. Suchsustainedlevelsabovel.95indicate afugitive methanesource
upwind. Aninitial drive andwalk survey alongand near Route514 covering approximately 2
kilometers to the north and backindicated no methaneabovereasonablebackgroundlevels.
Theinitially observedelevatedreadingsat the junction of Routes414 and 514 had diminished
when the instrument was returned to the location just over one hour later.

Adriving surveyweston Rt414 (0.6 kilometers), south on CrossRoad(0.5 kilometers), and
west on SouthSideRoad (2.2 kilometers) againrevealedno elevatedmethanelevels,asdid a
walking survey upslopefrom SouthSideRoad,downwind from the Morse gaswell pad.

Upondescendingto the banksof TowandaCreek,methanelevelsrose abovebaselinein the
vicinity of the creekbanks. Randomsamplingat three locations showed maximum methane
levelsimmediately abovethe soil surfaceof 133,391, and 713 ppm. At the time of the
observationsthere was no basisfor inferring whether the methanewasmore likely biogenicor
fugitive thermogenicgas. Methanelevelswere slightly elevatedover most of the surveyed
areaalongthe creek.
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The next legof the survey involved areturn easton SouthSideRoad,then north acrossthe
bridge, andwest alongRt414 (2.2 kilometers) and north on H RockwellRoad(1 kilometer)
(below red methanespike in imageabove). Methanelevelswere normal (indicated by green
methanelevel markers in imageabove)until reachingH Rockwell Road,where slightly
elevatedlevelswere againencountered(averageof 32 readings=2.068,range=1.967 to
2.184ppm) northbound along the first approximately 500 meters of that road. About an hour
later, on the return trip south on H Rockwell Roadand easton Rt 414 the methanelevels(red
methanelevel markers in imageabove) had risen subgantially and the affectedareaexpanded
south and east. Methanelevelsbeganto rise relatively suddenly about 500meters north of Rt
414 from 2.01 ppm to amaximum of 21.979 ppm, then settled into arangeof 10 to 14 ppm.
The areaof elevatedmethanelevelshad expandedto the south and eastasindicated by
measurementsalong Rt 414 showing levelsdescendingfrom 4.620 ppm at H Rockwell Roadto
2.049 ppm approximately 1 kilometer to the east. Another survey passwas madethrough the
areaapproximately 1 hour 50 minutes later driving eastboundon Rt414 ( methane
level markers in imageabove). The elevatedmethanelevelswere then found to have
expandedto cover anareafrom Rockwell RoadeastalongRt414 for 2.8 kilometersthen north
alongRt514 (2.8 kilometers) at an overall averageconcentration of 3.8 ppm. The data clearly
indicated that one or more methaneemissionswere presentand releasingsubstantial
amountsof methaneinto the atmosphereprobably within 500 metersto the north of Rt414,
near andto the west of Rockwell Roadalongwith other possibleemissionsoccurring or
developingwithin the areaenclosedby RockwellRoadand Rts414 and 514. The measured



plume coveredan areaof approximately 4.2 squarekilometers, however, methanedata and
wind direction indicate the plume probably extended considerablyfarther to the south and
east. Time wasinsufficient to measurethe full extent of the plume to the south and east.

Gaswasreported to havebeenbubbling up in TowandaCreekbeneaththe CrossRoadbridge.
The bridge was visited to view the gasbubbling, if present. Uponarrival the bubbling proved
to berelatively easilyobserved. Batchesof bubbleswere rising to the surfaceat consistent
time intervals and locations, fairly regularly spacedalongaline running roughly AA OO Z
northeast for the entire distancevisible from the bridge, about 100 meters west to a somewhat
shorter distanceeast. Thedirectional orientation of the line of bubblesand regular spacing
betweenbubbling points suggestedassociationwith alocalfault or related subsurface
structure. Thetotal volume of bubblesper batchwas very roughly estimatedto be at least300
cubic centimeters. Overthe visible length of the bubble line the bubbling was nearly always
occurring at one or more of the locations. Hence the observedbubbling areawas estimatedto
havebeenreleasingat least300 cubic centimeters per second,or 18 liters per minute, or 38
cubicfeetper hour.

The volume and spatial distribution of the bubbling locations make other potential
explanations,e.g.abiogenic methanesourcein the creek bottom, seemimplausible. Whenthe
direction of the bubbling line under the bridge wasextendedtothex AOOZ 01T @OEx AOOh
intersectedthe areawhere methanehad beenmeasuredin the creekbank soils earlier in the

day, suggestingthe possibility that methaneemissionsmay have beenoccurring alongafault

line, but due to lack of accessand time there was no opportunity to evaluatethis possibility.

It isimportant and usefulto note that the gasreleasedin the creekunder the bridge could not
be confirmed to be methanewith the CRDSnstrument due to wind conditions and no accesgo
the bubbling points in the creekdue to the high elevation of the deck of the bridge. Further,
there is the possibility that the gasin the bubblesis comprised of other gasesbesidesmethane.
This could presumably be due the air normally presentin local faults and fractures being
displacedby methaneintruding under pressure. If this were the case then the methane
content of the gasin the bubbleswould initially contain little or no thermogenic methane,with
relatively suddenincreasein methaneconcentration onceintruding methaneeffectively
purgesthe fracture

The dataavailablefrom 3 survey A O E Opagsdshver this areaspanneda period of 3.5 hours.
Assumingthe measuredconcentration is consistentfrom the ground surfaceto 2 meters
above,the volume of ground level air in the plume areais 4.2 squarekilometers X2m =
4,200,000squaremeters x 2m = 8,400,000cubic meters. A methaneconcentration increaseof
1.8 ppm would require 15.2 cubic meters of methane. Giventhe 3.5 hours over which this
accumulationoccurred, the implied emissionrate is 4.3 cubic meters, or 150 cubicfeet per
hour. This, however,is amajor underestimation of the likely volume of gasbeing releasedin
the identified plume. Methaneisal 1 x Z A Ads@doudhalf the density of air.
Consequentlymethanewill tend to rise in the air relatively rapidly andthe lowest methane
concentrationsin the vicinity of a surfacemethaneemissionwill be expectedto occur at
ground level. It follows, therefore, that an estimate of the likely methaneemissionrate in the
identified plume areathat includesthe vertical extent of the plume would be orders of



magnitude greater than the aboveestimate (150 cubic feet per hour) basedon ground level
methaneonly. Application of air contaminant diffusion modelsappropriate to estimating the
AOI1 1 zrethiheamiSsionrate was beyondthe scopeof this effort. The most definitive and
reliable approachwould be direct investigation of methaneemissionsthrough water and soil
surfacesusing the CRDSnstrument and appropriate related equipment. However, this
approachrequires direct accesdo the properties on which the methaneemissionsare
occurring, which could not be obtained for this effort. Further, emissionsthrough soil surfaces
typically areinvisible and may occurfor prolonged periods with no recognition until
vegetationis damagedor killed by asphyxiation of the roots. Hence,many property owners
may be heavily impacted but be unaware,and, therefore, reluctant to participant in methane
emissionsurvey efforts.

In summary,the methanesurvey datacollectedon 8 June2012 in parts of Leroy, Granville,and
Franklin Townships,Bradford County,Pennsylvaniaindicated one or more substantial
methaneemissionswere occurring in anareacenteredroughly on the intersection of H
Rockwell Roadand Route414. A ground level plume was detectedthat increasedin area
substantially over a period of 3.5 hours, which, when expandedto accountfor aboveground
level methane,suggestdarge amounts of methanewere being emitted to the atmosphere.
Heavily methanecontaminatedresidential water wells occurred in and around the samearea,
and documentationindicated heavycontamination had existedfor at leastseveralmonths.
Bubbling gasin TowandaCreeksuggestedfugitive gasfrom shalegaswells might be travelling
through faults and fractures, which alsocarry local ground water, hence,impact local water
wells. Collectivelythe data and observationssuggestnatural gashaspervadedan extensive
subsurfaceareabeyondthe areawhere elevatedC OT O1 ArZethd&néwhéfound during this
survey effort. If that is correct, then more surfaceemissionsshould be expected. Theissues
and concernspresentedin this report require more thorough investigation for confirmation
and quantification.
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Methaneleakserodegreen
credentialsof natural gas

Losse®fupto9%showneedor broader dataonUSgasindu s t enwir@sental impact.

BY JEFFTOLLEFSON

ingly high methane emissons from an

oil and gasfield, underscoring quegions
about the environmental benefits of the boom
in natural-gas production that istrangorming
theUSenegy sysem.

The researchers, who hold joint appoint-
ments with the National Oceanic and
Atmospteric Administration (NOAA) and
the University of Coloradoin Boulder, first
sparked concem in February 2012 with a
study* suggesting that up to 4% of themethane
producedet afield near Denver was escaping
into the amosphere. If methane d a potent
greenhousegasd isleakngfromfieldsacoss
the country at similar rates, it could beoffset-
ting much of theclimatebenéit of theongoing
shift from coal - to gasfired plantsfor electric-
ity genetion.

Industry off icials and some scientists con-
testedtheclaim, but at an American Geophysi-
cal Union (AGU) meeting in San Francisco,
California, last month, the research team
reported new Colorado data that support the
earlierwork, aswell aspreli minary resultsfrom
afield study in the Uinta Basinof Utah sug-
gesting even higher rates of methaneleskage
d aneye-popping 9% of thetotal production.
Thatfigureisnearly doublethecumulativeloss
rates edimated from industry datad which
arealready higher in Utahthan in Colorado.

fWewereexpedingtoseshighmethanelev-
els but | dond think anybody realy compre-
hendedthe true magnitude of what we would
seep says Colm Sweeney, wholed theagial
component of the study as head of the aircraft
programmea NOAAGEarth SystemResearch
LaboratoryinBoulder.

Whetherthe high leskageratesclaimed in
Coloradoand Utah aretypical acossthe US
natural-gas industry remans undear. The
NOAA data represent a fsmall srepshoto of
a much larger picture that the broader sci-
entific community is now assembling, says
StevenHamburg, chief scientist at the Envi-
ronmental Defense Fund (EDF) in Boston,
Massachusetts.

The NOAA researchers collected their
datain February as fart of a broaderanaly-
sisof air pollution in the Uinta Basin,using
ground-based equipment and an aircraft to

Scientists are once again reporting alarm-
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Natural-gas wells such as this one in Colorado are
increasingly important to the US energy supply.

make detailed measurements of various pol-
lutants, including methane concentrations.
The researchers usedatmospheric modelling
to calculate thelevel of methaneemissions
required to reach those concentrations, and
then comparedthat with industry data on gas
production to obtain the percentage escap-
ing into the atmosphere through venting
andle&s.

Theresultsbuild onthoseof theearlier Col-
oradb study* in the Denveri Julesburg Basin,
ledby NOAA scientist Gabrielle Pétron (see
Nature482,139 140 2012) That study relied
on pollution measuements taken in 2008
on the ground and from a nearby tower, and
estimatedaledage rate that was about twice
ashigh asofficial figuressuggeded. But the
team®methodology for cdculatingleakaged
based on chemical analysis of the pollutants
0 remainsindispue. Michadl Levi,anenegy
analyst a the Coundl on Foreign Relationsin
New York, published a peer-reviewed com-
ment? questioning thefindings and presenting
an altemative interpretation of the data that
would align overall leakage rates with previ-
ousedimates.

© 2013 Macmillan Publishers Limited. All rights reserved

Pétron and her colleagues have adefence of
the Colorado study in press®, and at the AGU
meeting shedisaussed anewstudy of theDen-
veri Julesburg Basn conducted with scientists
at Picarro, agas-analyser manufacturer based
in Santa Clara, Cdlifornia. That study relies
on carbon isotopesto differentiate between
industrial emissions and methane from cows
and feedots, and the prdiminary resultsline
up withtheir earlier findings.

A great ded rides on getting the number
right. A study* publishedin April by scientists
at the EDF and Princeton University in New
Jersey suggests that shifting to natural gas
from cod-firedgeneratorshasimmediatecli-
matic benefitsaslong asthe cumulativeleak-
ageratefrom natural-gas production isbelow
3.2%;the benefits accumul ate over time and
areevenlargerif the gasplantsreplaceolder
cod plants. By comparison, the authors note
that thelatest estimatesfrom the US Environ-
mental Protection Agency (EPA) sugged that
2.4%o0f total naturalgas production waslost
toleakagein 2009.

To seeif that numberholds up, the NOAA
scientistsarealsotaking partinacomprenen-
siveassessment of USnaturalgasemissions,

conductedby theUniversity of Texasat Austin
and the EDF, with variousindustry partners.
Theinitiative wil | analyse emissions from
the production, gathering, processing, long-
distance transmission and locd distribution
of naturalgas,and will gather dataontheuse
of natural gas in the trangortation sedor. In
addtion to scouring through industry data,
the scientists are collecting field measue-
ments at facilities aadoss the country. The
researdhersexpect to submit thefirst of these
studiesfor publi cation by February, and say
that theotherswill becompletewithin ayear.

InApril, theEPA issued standardsintended
to reduceair pollution from hydraulic-frac-
turing operationsd now standard within the
oil andgasindustry 8 and advocates say that
morecanbedone, at thestateand nationd lev-
€els, to reduce methane emissions fiTheeare
clearly opportunitiesto reduceleskaged says
Hamhurg.

1. Pétron, G. et al. J. Geophys. Res. 117, D04304 (2012).
2. Levi, M. A. J. Geophys. Res. 117, D21203 (2012).

3. Pétron, G. etal. J. Geophys. Res. (in the press).

4. Alvarez,R.A. Pacala, S. W. Winebrake, J. J.,

Chameides, W. L. & Hamburg, S. P. Proc. Natl Acad.
Sci. USA 109, 6435i 6440 (2012).

L DAVID ZALUBOWSKI/AP
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Natural-gas operations in areas such as Wy o mi s1Jgréah Field could release far more methane into the atmosphere than previously thought.

CLIMATECHANGE

Alr samplingrevealshigh
emissionsfrom gasfield

Methaneleaksduring production may offsetcli matebenefitsof natural gas.

BY JEFFTOLLEFSON

hen US government scientists
began sampling the air from a
tower north of Denver, Colorado,

they expectedurban smog & but not strong
whiffs of what |ooked like natural gas.They
eventually linked the mysterious pollu-
tion to a nearby natural-gasfield, and their

invedigation has now producedthefirst hard
evidene that the cleanest-burning fossil fuel
might not be much better than coal whenit
comesto climatechange.

Ledby researchersat the National Oceanic
and Atmospleric Administration (NOAA)
and the University of Colorado, Boulder, the
study egimates that natural-gas producersin
anareaknown astheDenver-Julesburg Basn

arelosing about 4% of their gasto the atmos-
phere 8 notincluding additional losses in
the pipeline and distribution system. This is
more than double the official inventory, but
roughly in line with estimatesmadein 2011
that have been challenged by industry. And
because methane is some 25times more effi-
cient than carbon dioxide at trapping heat in
theatmasphere, releasesof that magnitude »

9 FEBRUARY 2012 | VOL 482 | NATURE | 139
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A LOSING BATTLE

Estimates of methane losses from gas felds near Denver, Colorado, based on air
sampling differ considerably from calculations based on industry activity.
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» could effedively offsetthe environmental
edgethat naturalgasissaid to enjoy over other
fossil fuds.

filf we want natural gasto be the cleanest
fossil fuel source, methane emissions have to
bereduced0 says Gabrielle Pétron, an atmos-
pheicscientistat NOAA and at theUniversty
of Coloradb in Boulder, and first author onthe
study, currently in press at the Journal of Geo-
physical Research. Emissionswill vary deperd-
ing on the ste, but Pétron seesno reason to
think that this particular basin is unique.
fil think we seriously needto look at natural-
gasoperationson thenational scaled

The reailts come as a natural-gas boom
hitsthe United States, driven by atechnology
known as hydraulic fracturing, or grackingd
that can crack open hard shdeformations and
release the natural gastrapped inside. Envi-
ronmentali sts are worried about effeds such
aswater pollution, but the US government is
enthusiadic about fracking. In his State of the
Union addresslag week, USPresdent Barack
Obamatoutednatural gas asthe keyto boost-
ing domedic enegy production.

LACK OF DATA
Natural gas emits about half as much
carbon dioxide as coal per unit of energy
when burned, but separate teamsat Corndl
University in Ithaca, New York, and at the
USEnvironmental Protection Agerncy (EPA)
conduded lastyear that methane emissions
from shale gas are much larger than pre-
viously thought. The industry and some
academics branded those findings as exag-
gerated, but the debete has been marked by
ascarcity of hard data.

filt& great to getsome actualnumbersfrom
the fieldo says Robert Howarth, a Cornell
researcher whose team raisedconcerns about
methane emissionsfrom shale-gasdrilling in
apair of papers, onepublished in April last
year and anotherlag month (R. W. Howarth
et al. Clim.ChangeLett. 106,679 690;2011;
R. W. Howarth et al. Clim. Change in the
press). ildn not looking for vindication here,
but [the NOAA] numbersarecomingin very

closeto ours, maybealittle higherp he says.

Natural gasmight still have an advantage
over coal whenburned to create eledricity,
becausegas-fired power plantstendto benewer
and far more eff icient than older facilities that
provide the bulk of the country®& coal-fired
generation. But only 30% of USgasisusedto
produceel edricity, Howarthsays, withmuch of
thered being used for heating, for which there
isnosuch advantege.

ON THE SCENT
Thefirst clues appearedin 2007, when NOAA
researchers noticed occasional plumes
of pollutants including methare, butane
and propare in air samples taken from a
300-metre-high atmospheric monitoring
tower north of Denver. The NOAA researdh-
ersworked out the generaldiredion that the
pollution was coming from by monitoring
winds, and in 2008,
the team took advan-

. fA big part of it
tageof newequipment isjust raw gas
and drove around the thatisleaking
regon, sampling the fromthe
ar in red time. Their .

infrastructure .

readings led them to
the Denver-Julesourg
Basn, where more than 20,0 oil and gas
wells have been drilled during the pastfour
decades.

Mostof thewellsin thebasn are drilled
into dight sandd formations that require the
samefracking technology being usedin shale
formations. This processinvolvesinjecting a
slurry of water, chemicasand sandinto wells
at highpressauretofracturetherock and create
veins that can carry trapped gasto thewell.
Afterwards, companies heedto pump out the
frackingfluids,releasngbubblesof dissolved
gasaswell asburpsof early gasproduction.
Companiestypically vent these eally gases
into the atmospheaefor up to amonth or more

until thewell hitsitsfull

O NATURE.COM stride, at which point itis
Should fracking hookedup to apipeline.
stop? The team analysed

gonaurecomiadoxr  the ratios of various
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pollutants in the air samples and then tied
that chemtal fingerprint back to emissons
from gasstorage tanks built to hold liquid
petroleum gases before shipment. In doing
so, they were able to work out thelocal emis-
sionsthat would be necessary to explain the
concentrations that they were seeing in the
atmosphere (see & losing battled .)Some of
the emissions come from the storagetanks,
says Pétron, fibut abig part of it is just raw
gas that is le&ing from the infrastructured
Therrangeof 2.3/ 7.7%loss, withabest guess
of 4%, is slightly higher thanCornd & esti-
mate of 2.2 3.8% for shale-gas drilling and
production. It isalso higher than cdculations
by the EPA, which revised its methodol ogy
lag year and roughly doubled the official US
inventory of emissions from the naturalgas
indugry over the past decace. Howarth says
the EPA methodology trandatestoa2.8% loss.

The Cornel group had estimated that 1.9%

of the gas produced over the lifetime of atypical
shale-gaswell escgpesthrough fracking and well
completion alone. NOAAS study doesid differ
entiste between gas from fracking and le&ks
from any other point in the production process,
but Pétron says that fracking clearly contributes
tosomeof thegashe team measured.

Capturing and storing gases that are being
ventedduring thefracking processisfeasibk,
but industry says that these meaaures are too
costly to adopt. An EPA rulethat isdueout as
early asApril would promotesuch changesby
regulatingemissionsfromthegasfields.

Officials with America® Natural Gas
Alliance, based in Washington DC, say that
the study is difficult to evaluate based on
apreliminary review, butin a statement to
Naturethey addthat fthefindingsraiseques-
tionsand warrant acloserexamination by the
scientific communityd Environmental groups
are pushing the EPA to strengthenpollution
controls in the pendingrule, but indudry is

ushingto relax many of the requirements.
any companiesare already improving their
practicesand reducing emissionsthroughout
thecountry, either voluntarily or by regua-
tion,thealliancesays.

Not all studies support the higher methane
numbers. Sergey Paltsev, assistant director
for economic research at the Massachusetts
Institute of Techndogy Energy Initiative in
Cambridge, and his colleagues are gather-
ing information about industry practicesfor
astudy on shale-gasemissons. He says that
theirfiguresarelikely to comein well below
even the lower EPA edimate. He calls the
NOAA resultsfsurprisingdand questionshow
representativethesiteis.

Pétron says that more studies are needed
using industry inventories and measurements
of atamospheicconcentrations fiewil | never
get thesamenumbersdshesays, fibutif wecan
get close empugh that our ranges overlap in a
meaningful way, thenwe can say we unde-
standtheprocesso
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This study quantitatively estimates the spatial distribution of
anthropogenic methane sources in the United States by combining
comprehensive atmospheric methane observations, extensive
spatial datasets, and a high-resolution atmospheric transport
model. Results show that current inventories from the US Envi-
ronmental Protection Agency (EPA) and the Emissions Database
for Global Atmospheric Research underestimate methane emis-
sions nationally by a factor of 1.5 and 1.7, respectively. Our
study indicates that emissions due to ruminants and manure are
up to twice the magnitude of existing inventories. In addition, the
discrepancy in methane source estimates is particularly pro-
nounced in the south-central United States, where we ynd total

emissions are 2.7 times greater than in most inventories and
account for 24 + 3% of national emissions. The spatial patterns

of our emission puxes and observed methanei propane correla-

tions indicate that fossil fuel extraction and reyning are major
contributors (45 + 13%) in the south-central United States. This
result suggests that regional methane emissions due to fossil fuel
extraction and processing could be 4.9 + 2.6 times larger than in
EDGAR, the most comprehensive global methane inventory. These
resultscastdoubtonthe USEPAJ recentdecisiontodownscaleits
estimate of national naturalgas emissions by 25i 30%. Overall, we
conclude that methane emissions associated with both the animal
husbandry and fossil fuel industries have larger greenhouse gas
impacts than indicated by existing inventories.

climate change policy | geostatistical inverse modeling

M ethane(CH,) is the secondmostimportantanthropogenic
greenhousegas, with approximatelyone third the total
radiativeforcing of carbondioxide (1). CH,4 also enhanceshe
formation of surface ozone in populaed areas, and thus
higher globd concentrations of CHs may signiycantly in-
crea® ground-level ozone in the Northem Hemisphere (2).
Furthermore methare affects the ability of the atmosphere to
oxidize other pollutans and plays a role in wate formaton
within the stratosphee (3).

Atmosphericconcentration®f CH4 [ 1,800partsperbillion

Eppb&"are currentIX much higher than preindustrial levels
680i 715ppb)(1,4). Theglobalatmospheriburdenstartedo

riserapidly in the 18thcenturyandpausedn the1990s Methane
levels beganto increaseagain more recently, potentially from
a combinationof increasedanthropogenicand/ortropical wet-
land emissiong5i 7). Debatecontinues however,over the cau
sesbehindtheserecenttrends(7, 8).

Anthropogenicemissionsaccountfor 50i 65% of thegloball
CHsbudgeot 3951 427teragramsf carborperyear(TgC-y)y

(5261 569 Tg CH.) (7, 9). The US EnvironmentalProtection
Agency (EPA) estimateghe principal anthropogenisourcesn
the United Statesto be (in order of importance)(i) livestock
(entericfermentationand manuremanagement)ji) naturalgas

www.pnas.org/cgi/doi/10.1073/pnas.1314392110

productionand distribution, (iii) landylls, and (iv) coal mining
(10). EPA assesselumanassociatecemissionsin the United
Statedn 2008at22.1TgC, roughly5% of globalemissiong10).
The amountof anthropogenidCHs emissionsin the US and
attributions by sector and region are controversial (Fig. 1).
Bottomup inventoriesfrom US EPA and the EmissionsData
basefor Global AtmosphericResearchEDGAR) give totals
rangingfrom 19.6 t030 TgC-y- * (10, 11). ThemostrecentEPA
and EDGAR inventoriesreportlower US anthropogeniemis
siors compared with previous versons (decreased by 10% and
35%, respetively) (10, 12); this chang primarily repect lower,
revisal emissiors estimate from naturd gas ard cod production
Fig. S1. However, recert analysis of CH4 daja from aircrat edi-
mates a higha budge of 324 + 45 TgC:y  for 2004 (13). Fur-
thernore, atmosgheric observatios indicae higha emissiors in
naturd gas production area (141 16); a seady 20-y increase in the
numbe of US wells ard newly-adopted horizontd drilling techni
ques may havefurther increasd emissiorsin theseregiors (17, 18).
These disparities among bottomup and top-down studies
suggestmuch greateruncertaintyin emissionsthan typically
reported.For example,EPA cites an uncertaintyof only £13%
for the for United States(10). Independentissessmentsf bot-
tom-up inventoriesgive error rangesof 50i 100% (19, 20), and

Signiycance

Successful regulation of greenhouse gas emissions requires
knowledge of current methane emission sources. Existing state
regulations in California and Massachusetts require  15%
greenhouse gas emissions reductions from current levels by
2020. However, government estimates for total US methane
emissions may be biased by 50%, and estimates of individual
source sectors are even more uncertain. This study uses at-
mospheric methane observations to reduce this level of un-
certainty. We ynd greenhouse gas emissions from agriculture
and fossil fuel extraction and processing (i.e., oil and/or natural
gas) are likely a factor of two or greater than cited in existing
studies. Effective national and state greenhouse gas reduction
strategies may be difycult to develop without appropriate
estimates of methane emissions from these source sectors.
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Fig. 1. US anthropogenic methane budgets from this study, from previous
top-down estimates, and from existing emissions inventories. The south-
central United States includes Texas, Oklahoma, and Kansas. US EPA esti-
mates only national, not regional, emissions budgets. Furthermore, national
budget estimates from EDGAR, EPA, and Kort et al. (13) include Alaska and
Hawaii whereas this study does not.

valuesfrom Kort et al. are 47 + 20% higher than EPA (13).
Assessment®f CH4 sourcesto inform policy (e.g., regulating
emissionr managingenergyresources) requirmore accurate,
veriyed estimatedor the United States.

This study estimates antlropogent CH4 emissions over the
United States for 2007 and 2008 using comprehensig CHa
obsevations at the surface on telecommuications towers,
and from aircraft, combined with an atmospheric transport
model and a geodatistical inverse modeling (GIM) framework.
We use auxiliary spetial daa (e.g., on population density and
economic activity) and leverage concurrent messurements of
akanesto help attribute emissons to speciyc economic sectors.
The work provides spetially resolved CH4 emissons estmates
and assocdiated uncertainties, as well as informaton by saurce
sector, both previoudy unavailable.

Model and Observation Framework

We use the Stochasgtic Time-Inverted Lagrangian Transport model
(STILT) to caculate the trangport of CH4 from emission points at
the ground to measurement locations in the atmosphere (21).
STILT follows an ensemble of particles backward in time, starting
from each obsewvation site, using wind yelds and turbulence
modeled by the Weather Research and Forecasting (WRF) model
(22). STILT derivesan inpuence function (ffootprint,0 units: ppb
CHjy per unit emisson pux) linking upwind emissions to each
measurement. Inputs of CH4 from surface sources along the en-
semble of back-tragjectories are averaged to compute the CH,
concentration for comparison with each observation.

We useobseavations for 2007 and 2008 from diverse locations
and measuement platforms. The principal obsevations derive
fromdaily pasksampleson tdl towers (4,984 total dbsevations)
and vertica proyles from aircraft (7,710 observations). Tower-
based obsavations are collected aspart of the National Oceanic
and Atmospheic (NOAA)/Departmen of Eneagy (DOE)
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cooperativeair sampling network, and aircraftbaseddata are
obtainedfrom regular NOAA pights (23), regular DOE pights
(24), and from the Stratosphere-Troposphere Anayses of Re-
giona Transport 2008 (STARTOS) aircraft campaign (25); all data
are publicly available from NOAA and DOE. Theseobservations
are displayedin Fig. 2 and discussed further in the SI Text (eg.,
Fig. S2). We use a GIM framework (26, 27) to anayze the foot-
prints for each of the 12,6 observations, and these footprints
vary by site and with wind conditions. In aggregate, the footprints
provide spatially resolved coverage of most of the continental
United States, except the southeast coastal region (Fig. S3).

The GIM framework, using footprints and concentration
measurement®ptimizesCH, sourcesseparatelyfor eachmonth
of 2007 and 2008 on a 1° x 1° latitudei longitude grid for the
United StatesThe contributionsof puxesfrom naturalwetlands
are modeledyrst and subtractedfrom the observedCH4 (2.0
TgC-y *for thecontinentalUnited States)thesepuxesaremuch
smaller than anthropogenicsourcesin the United Statesand
thus would be difycult to independentlyconstrainfrom atmo
sphericdata(SI Text).

The GIM frameworkrepresentshe pux distributionfor each
month using a deterministic spatial model plus a stochastic
spatially correlatedresidual, both estimatedfrom the atmo
sphericobservationsThe deterministiccomponentis given by
a weightedlinear combinationof spatialactivity datafrom the
EDGAR 4.2 inventory; thesedatasetsnclude any economicor
demographicdata that may predict the distribution of CH4
emissionge.g.,gasproduction,humanandruminantpopulation
densities,etc.). Both the selectionof the activity datasetgo be
retainedin the model and the associatedweights (emission
factors) are optimized to best match observedCHs concen
trations.Initially, sevenactivity datasetsareincludedfrom ED-
GAR 4.2, (i) population,(ii) electricity productionfrom power
plants,(iii) ruminantpopulationcount,(iv) oil and conventional
gasproduction,(v) oil reynery production,(vi) rice production,
and (vii) coal production.

We sele¢ the minimum numbe of datased with the greatest
predictve abiity using the Bayesian Informatian Criterion (BIC)
(Sl Text) (28). BIC numericaly scores all combiations of available
datasetbase on how well they improve goodnes of yt ard applies
a penaly tha increaes with the numbe of datasets retained.

The stochastc componern represerg sources that do not
yt the spatial patternsof the activity data(Fig. S4). GIM uses

497 obs.

Aircraft (7710 obs.)
@ Tower (4984 obs.) Moy
T T
1130

Fig. 2. CHa concentration measurements from 2007 and 2008 and the number
of observations associated with each measurement type. Blue text lists the num-
ber of observations associated with each stationary tower measurement site.

Miller et al.


http://www.pnas.org/cgi/doi/10.1073/pnas.1314392110

a covariancefunction to describethe spatialand temporalcor-
relation of the stochasticcomponentand optimizesits spatial
and temporaldistribution simultaneouslywith the optimization
of the activity datasetsn the deterministiccomponen{SI Text,
Fig. S5 (261 28). Becauseof the stochasticcomponentthe ynal
emissionsestimatecan have a different spatial and temporal
distributionfrom any combinationof the activity data.

If the observationnetwork is sensitiveto a broad array of
different sourcesectorsand/orif the spatial activity mapsare
effectiveat explainingthosesourcesmanyactivity datasetswill
be included in the deterministic model. If the deterministic
model explains the observationswell, the magnitudeof CHa
emissionsn the stochasticcomponenwill be small, the assign
mentto specyc sectorswill be unambiguousand uncertainties
in theemissionsestimatesvill besmall. Thisresultis notthecase
here asdiscussethelow(seeResults).

A number of previous studies used top-down methodsto
constrain anthropogenicCH4 sourcesfrom global (29 33) to
regiond (13i 15, 34i 38) scales over North America. Mostregional
studiesadoptedoneof threeapproachesusea simplebox model
to estimatean overall CH4 budget(14), estimatea budgetusing
the relative ratios of different gases(15, 37i 39), or estimate
scalingfactorsfor inventoriesby regionor sourcetype (13, 34i
36). The yrst two methals do not usualy give explicit in-
formation about geayraphic distribution The lag approach
providesinformation aboutthe geographiaistribution of sour
ces,but resultshinge on the spatialaccuracyof the underlying
regionalor sectoralemissionsnventories(40).

Here, we are able to provide more insight into the spatial
distribution of emissionsjike the scalingfactor methodabove,
we leveragespatial information about sourcesectorsfrom an
existinginventory,butin additionwe estimatehedistributionof
emissionswhere the inventory is deycient. We further bolster
attribution of regionalemissiondrom the energyindustry using
the observedcorrelation of CH4 and propane,a gas not pro-
ducedby biogenic processes like livestoakdlandylls.

Results

Spatial Distribution of CH, Emissions. Fig. 3 displaystheresultof
the2-y meanof themonthly CH,4 inversionsanddifferencedrom
the EDGAR 4.2 inventory. We ynd emissionsfor the United
Statesthatarea factor of 1.7 largerthanthe EDGAR inventory.
The optimizedemissionsestimatedy this studybring themodel
closerin line with the observationgFig. 4, Figs. S6 and S7).
Posterior emissiongt the CH4 observations[R? = 0:64, root
mean square error (RMSE) = 31 ppb] mucdh better than EDGAR

v4.2 (R?=0:23, RMSE = 49 pph). Evidently, the spatial distri-
bution of EDGAR sourcesis incongstent with emissions patterns
implied by the CH4 measurements and associated footprints.

Severaldiagnosticmeasuregrecludethe possibility of major
systematicerrors in WRFi STILT. First, excellent agreement
betweenthe modeland measuredrertical proyles from aircraft
implieslittle biasin modeledvertical air mixing (e.g.,boundary
layer heights)(Fig. 4). Secondthe monthly posterioremissions
estimatedy theinversionlack statisticallysigniycantseasonality
(Fig. S8). This resultimplies that seasonallyvarying weather
patternsdo not producedetectablebiasesin WRFi STILT. Sl
Text discussegossiblemodel errorsand biasesin greaterdetail.

CHj observatios are sparse over parts of the southen and
central Eag Coast and in the Paciyc Northwest. Emissions
estimate for thes regiors therefore rely more strongly on the
determnistic componen of the pux model, with weights
constraind primarily by obsevations elsewhere Therefore,
emissiors in thee areas induding from coa mining, are
poorly constraned (S| Text).

Contribution of Different Source Sectors. Only two spatialactivity

datasetsfrom EDGAR 4.2 are selectedthrough the BIC as
meaningful predictors of CH, observationsover the United

States:populationdensitiesof humansand of ruminants(Table
S1). Somesectorsare eliminatedby the BIC becauseemissions
aresituatedfar from observatiorsites(e.g.,coalmining in West
Virginia or Pennsylvania)makingavailableCH, datainsensitive
to thesepredictors.Other sectorsmay strongly affect observed
concentrationsbut are not selected,indicating that the spatial
datasetsrom EDGAR arepoor predictorsfor the distribution of

observedconcentrationge.g.,oil andnaturalgasextractionand

oil reyning). Sourcesrom thesesectorsappeaiin the stochastic
componendf the GIM (SI Text).

The results imply that existing inventories underestimate emis-
sions from two key sectors: ruminants and fossil fuel extraction
and/or processing, discussed in the remainder of this sedion.

We usethe optimizedruminantactivity dataseto estimatethe
magnitudeof emissionswith spatial patternssimilar to animal
husbandryand manure.Our correspondindJS budgetof 12.7 +
5.0 TgCy ! is nearlytwice thatof EDGAR and EPA (6.7 and
7.0,respectively) Thetotal posterioremissionsestimateoverthe
northernplains, a region with high ruminantdensity but little
fossil fuel extraction, further supportsthe ruminant estimate
(Nebraska,lowa, Wisconsin, Minnesotaand South Dakota).

Our total budgetfor this regionof 3.4+ 0.7 compareswith 1.5
TgCy ~ in EDGAR. Ruminantsand agriculture may also be

A This study (2007-2008 average)
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Fig. 3. The 2-y averaged CH4 emissions estimated in this study (A) compared against the commonly used EDGAR 4.2 inventory (B and C). Emissions estimated
in this study are greater than in EDGAR 4.2, especially near Texas and California.
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Fig. 4. A modeli measurement comparison at several regular NOAA/DOE aircraft monitoring sites (averaged over 20077 2008). Plots include the measure-
ments; the modeled boundary condition; the summed boundary condition and wetland contribution (from the Kaplan model); and the summed boundary,

wetland, and anthropogenic contributions (from EDGAR v4.2 and the posterior emissions estimate).

partially responsiblefor high emissionsover California (41).
EDGAR activity datasetsare poor over California (42), but
severafecentstudieg(34, 361 38,41) haveprovideddetailedtop-
down emissiors estmates for the state using datesets from state
agencis.

Existing invertories also greatly underegimate CH,4 sources
from the sauth-central United States (Fig. 3). We ynd the total
CHa saurce from Texas, Oklahoma,and Kansasto be 8.1+ 0.96
TgC-y 1, afactorof 2.7 higherthan theEDGAR inventory. These
three statesalone congtitute 24 + 3% of the total US anthro-
pogenic CH4 budgetor 3.7% of net US greenhousegas emissons
[in CO; equivalents (10)].

Texas ard Oklahoma were amorg the top yve naturd gas pro-
ducirg states in the countty in 2007 (18), ard aircraft observatios of
alkane indicate tha the naturad gas ard/or oil industries play a sig-
niycant role in region& CH, emissions Concentrations of propane
(CsHg), atracer of fossi hydrocarbors (43), are strongly corelated
with CH4 a NOAA/DOE aircrat monitoring locatiors over Texas
ard Oklahoma (R? = 0:72) (Fig. 5). Correlations are muc weake at
other locatons in North America (R? = 0:11 to 0.64).

We canobtainan approximateCHa budgetfor fossitfuel ex-
tractionin theregionby subtractingthe optimizedcontributions

associatedvith ruminantsand populationfrom the total emis
sions The resdud (Fig. S4C) represerd source tha have
spatid patterrs not correlaed with either human or ruminant

density in EDGAR. Our budget sums to 3.7 = 2.0 TgC-y 1,

a factor of 4.9 + 2.6 large than oil and gas emissiors in ED-
GAR V4.2 (0.75 TgC-y ) and afactor of 6.7 + 3.6 greaterthan
EDGAR saurces from solid wase facilities (0.55 TgC-y ), the
two mgor saurces that may not be aacounted for in the de
terministic componert. The population component likely cegp-
turesaportion of the sdid waste saurcessothis residual methane
budget more likely represents natural gas and oil emissions than
landylls. SI Text disaussesin detail theuncetrtaintiesin this sector-
based emissonsedimate. Wecurrently do not have the detailed,
accurate, andspetially resolvedactivity data (fossil fuel extraction
and processing, ruminarts, sdid waste) that would provide more
accurate sectorial attribution.

Katzensteinet al. (2003) (14) were the yrst to report large
regionalemissionsof CH4 from Texas,Oklahoma,and Kansas;
they cover an earlier time period (199 2002) than this study.
Theyuseda box modeland261 neargroundCH4 measurements
takenover 6d to estimate a total Texa®klahomé KansasCH4
budget(from all sectors)of 3.8+ 0.75TgC-y . We revisetheir
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Fig. 5. Correlations between propane and CHa at NOAA/DOE aircraft observation sites in Oklahoma (A) and Texas (B) over 2007 2012. Correlations are higher in
these locations than at any other North American sites, indicating large contributions of fossil fuel extraction and processing to CHa emitted in this region.
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estimateupwardby a factor of two basedon the inversemodel
andmanymoremeasurementsom differentplatformsovertwo
full yearsof data.S| Text further compareghe CH, estimatein
Katzensteiret al. andin this study.

Discussion and Summary

This study combines comprehensie atmospheic data diverse
dataset from the EDGAR inventory, and an inverse modeling
framewok to derive spatialy resolvel CH4 emissiors and
information on key saurce sectors. We edimate a mean amual
US anthropogeric CH4 budget for 2007 and 2008 of 33.4 + 1.4

TgC-y Yor 7i8%of thetotal global CH, saurce.This edimate
is a factor of 1.5 and 1.7 larger than EPA and EDGAR v4.2,

respectively. CH4 emisdonsfrom Texas, Oklahoma, and Kansas
aloneaccount for 24% of US methaneemissons, or 3.7% of the
total US greenhouse gas budget.

The resuls indicak tha drilling, processingard reyning acivi-
ties over the south-centrd United States hawve emissiors as muc as
49 + 2 6 times large than EDGAR, ard livestod operatios across
the US hawe emissiors gpproximatey twice tha of recen in-
ventaies. The US EPA recently decreased its CHs emission factors
for fossl fud extracion and processiig by 25i 30% (for 1990i 2011)
(10), but we ynd that CH, dak from across North America instead
indicake the neal for a larger adjustmen of the opposte sign.
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