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ABSTRACT

METHANE EMISSIONS FROM GATHERING PIPELINE NETWORKS, DISTRIBUTION SYSTEMS,

AGRICULTURE, WASTE MANAGEMENT AND NATURAL SOURCES

Climate change has influenced United States policymakers and industegsioogls alike to
minimize greenhouse gas emissions; including methane, the second most abundantsgaemEthdihe
recent focus on quantifying methane emissions is not only motivated by its abubdamtso the high
global warming potential of the gas, which is 86 times greater thawftltarbon dioxide on a 20-year
timescale. Techniques to quantify methane emissions can be broken into thretesategmponent level,
facility level, and basin level. In this study component level measurements and pulgisfssibn
estimates were used in Monte Carlo models to estimate regional methane emissidhseiatifferent
source categories: natural gas gathering pipeline networks, natural gasitibsis systems, and non-oil
and gas sources such as: agriculture, waste management, lakes, ponds, rivers, wetigenlogioal
seepage. These estimates are designed to support a regional estimate incluatigaak sources for
comparison against top-down emission estimates from aircraft measurements in the same region

Gathering pipeline networks are a sector of the natural gas supptyfohaihich little methane
emissions data are available. In this study leak detection was performed oon®&tdis of underground
plastic pipeline and above-ground components including 56 pigging facilities and 39 bloek Qaly
one leak was located on an underground pipeline, how#vaccounted for 83% of total measured
emissions. Methane emissions estimated using a Monte-Carlo model for the 468gathenhg pipeline
in the study area were 400 [+214%/-87%] kg/h (95% CI). This estimateisictdly similar to estimates
based ormission factors from EPA’s 2015 Greenhouse Gas Reporting Program and is approximately 1%
[0.1% to 3.2%)] of the 39 Mg/h estimated in a prior aircraft measurement efuithg region. The wide
uncertainty range is due to two factors: one, the small sample size reldtieetotal gathering system in

the study area and two, the presence of only one underground pipeline leakattecizar a range of



possible emissions. The study also investigathat fraction of gathering pipelines in a basin must be
measured to understand the maximum probable impact gathering line emissions coulcdiHzasolevel
emission estimate.

Distribution systems ara sector of the natural gas supply chain that been analyzed and
measured in recent years due to the attention they received in a 1992 stuithg shat they contribute
approximately 25% of total methane emissions from the natural gas supply Thaionly distribution
company in the study region provided data and access to their system for measuremgitidigtudy.
During the field campaign, 129 of 239 metering and regulating stations were \dsite@4 of 87
documented leaks from PHMSA surveys were visited. When scaling measured emissions tbt the eig
counties in the study region, pneumatic emissions dominate, accounting feB2@-31%] kg/h (95%
Cl) or 53% [42%-64%)] of total emissions from measured sources. When including cusietaes, the
total distribution system in the 8 county study region contributes approximate® 00&B2% to 0.1%6]
of the 39 Mg/h found in a prior aircraft measurement of the study region. Whiktubis shows that the
distribution system measurements are not a major contributor of emissionshiasthisit does not imply
emissions are negligible on a national scale, since the rural regionsstudyearea had relatively little
distribution infrastructure, and other distribution systems that mapjdee or constructed with materials
that have higher leak rates, such as cast iron or unprotected steel.

A detailed emission estimate from non-oil and gas sources was performed inpluding, cattle,
swine, rice cultivation, landfills, wastewater treatment, wetlands, rivers, paddalkes, and geological
se@age. This analysis supported emission estimates of previous work suggesting that cattlargesthe |
source of biogenic methane in this region. This analysis also indicates the impoftamckerstanding
geological seepage due to the large contributionithaby hae to methane emissions from non-oil and
gas sources.

This analysis concludes that methane emissions from gathering pipeline networkstidiss
systems, agricultural practices, waste management systems and natural sourbesecarstmall, but non-
negligible, fractiorof total methane emissions for this particular region which includes largerscatal



gas production. While methane emissions from the analyzed sources are propottanallyhe study

region they are not necessarily proportionally small on a state, national or global scale.
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CHAPTER 1. INTRODUCTION

1.1 Incentive for Methane Research

From 1880 to 2012 the eatthmean global surface temperature has risen by nedyvihich has
caused global mean sea levels to rise 0.19 migfedscreased concentrations of greenhassessuchas
C0O,, CH4, N2O and HO cause this warming effect. The increased prevaleigeenhouse gases is largely
the byproduct of anthropogenic activity. Methane is a potent greenhouse gas gidbal warming
potential that is up to 86 times greater than @0a 20-year timescdl. Decreasing emissions of methane
could help maintain current global temperature and prevent dramatic climate change. Enfissitnalo
gas, of which methane is the primary componinthe single largest source of anthropogenic methane
emissionf8]. Methane emissions in the natural gas industry can be reduced by preventing and fixing
unintentional leaks, also known as fugitive emissions, and re-designing systems poderts) such as
process controllerso emit less gas or route the gas to emission control units for combustion.

Due to the cost effective nature of shale gas extraction by horizontal drilling amsailyéhacturing,
the natural gas industry has been growing for the past ten years anddgegrto grow at a similar rate for
the next 25 yearBl]. Reduced natural gas prices have allowed electricity generation from ryzsirial
surpass coal for annual electricity generation in 2016 for the first timetonhjS]. With the increased
prevalence of natural gas in the energy sector, it is important to understaral gas emissions and to
have a clear understanding of emissions from the natural gas sector. It ispig@iimto characterize
methane emissions from non-oil & gas sources to understand the total impathafie on global warming
and where opportunities for emission reduction exist.

1.2 The Natural Gas Industry

The natural gas system spans from the extraction of thermageriom beneath the earth’s crust to
combustion in end use. The different stages of the natural gas sector candpeittmlexploration and
production, gathering and processing, transmission and storage, and distributiomas dibiie industry

is displayed in Figure 1.
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Figure 1 Schematic of natural gas industry sectors. Sectors are separated by lines, gas flow is
indicated by arrows. This study is focused on gathering lines their auxiliary equipment and total
emissions from each sector along with emissions from distribution systems and their associated

components and facilities.

Exploration and productiois the process by which natural gas is found and extracted from beneath
the earth’s surface. Natural gas is extracted from the earth at well pads, often usiegrth® own internal
pressure to push the natural gas through well bores to the surface. Whboresfill up with water,
intervention is required in order to get the well to produce natural gas at the welsumegapacity once
more. Methodso remove water and debris from the well can be done as follows: injecting soap down into
the well, installing mechanical automatic plungers, artificially pressurizing the welcempressors, and
simply opening the valve up to atmosphere to allow the decrease in back press$uveaterliout of the
well bore in an increase flow of natural gas. Natural gas well padsaititted with the necessary equipment
to assist in the extraction of the natural gas and provide initial water and debris sepafatigons stored

in produced water tanks while the natural gas is sent through metgthéning pipelines. A typical well

pad set up can be seen in Figure 2.



Figure 2 Production well pad, no compressor or plunger present on the well tree to assist in gas lift
Glycol and foamer tanks present at the left of the image, vertical separator highlighted withrad
oval. Produced water tank at the right side of the image.

Once the gas has left the well it is then transported through gatheringngspeti‘suction lines.
These lines traverse a variety of landscapes through rights of way (RO¥dsements that belong to
different land owners and are leased by gas companies. The pipelines are equippestkvitahxs to
stop or reroute gas flow and pig launchers and receivers which are used twatkraand debris out of the

pipelines that can accumulate over time. A standard ROW and block valbe caen in Figure 3. The

pipelines deliver the natural gas to gathering and boosting station

| ‘ J‘
N TR W e ey g
i
= o o
i

Figure 3 Gathering pipeline right of way(ROW) and block valve.
The gathering and boosting station compress low-pressure gas from the surrgasdivgls to a
much higter pressure after additional water separation (dehydration) has occurred. iDgp@mdhe
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region, additional processing may be needed to remove excess CO2 and toxic H2gtalitestandards
for transmission companies to purchase the gas. Additional dehydration of gderimgeat sites after

compression. A typical gathering site can be seen in Figure 4

Figure 4 Typical gathering and boosting station, where red rectangle highlights dehydrator still
column, red trapezoid highlights compressor house where compressors are located. Red oval
highlights the inlet separator that removes liquid water from the gas before compression.
Once the natural gas is at an acceptable quality the transmission compargpsrtrthe gas to
customers that are potentially across ¢buntry. Transmission stations, similarly to gathering stations,

combust natural gaa order to drive the compressors that boost andtaiaipressures of the gas passing

through the station. A network of national transmission lines can be seen in Figure 5.



Legend
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Source: Energy Information Administration, Office of Oil & Gas, Natural Gas Division, Gas Transportation Information System

Figure 5 Display of natural gas pipeline network provided by US Energy Information Agency [6].
This graphic illustrates the scale of the natural gas sector and highlights the importance of
understanding potential emissions from such a large industry.

Since production rates are relatively steady over time while gas consungoiessubstantially with
seasons, weather, and other factors, storage facilities store produced gasg alltural gas to be
extracted when demand is high and injected when demand is low. Storage faoditésn utilize depleted
oil and gas wells, underground salt mines or other structures that haveamagintaminates to help
minimize additional processing when it is time to retrieve the gastiierwell and send it down the line
once more. Transmission companies sell gas directly to power plants, manufacturing coorpaihies
large operations that require large quantities of natural gas delivenaghgiressures. The remainder of

the gads sold to distribution companies that lower the pressure in the lines and distrioutensumers

such as businesses to residential houses for heating or compressed natuliabgstatiibns for vehicles



An image of a customer meter and distribution systems in the Fayetteville shale play region caimbe seen

Figure 6.

Figure 6 Distribution company display of meters and pipeline with an image of a customer meter.

This analysis ends at the customer meter and does not estimate emissions frimaspigigiin
households or industrial or commercial facilities, or from uncombusted methexteunst gas. Distribution
leaks are more odorized with the addition of mercaptan to make étr éagletect low concentrations of

natural gas in the atmosphere.

1.3 Non-Oil & Gas Sector
Methane is not exclusively emitted by the natural gas sector. Methane isealsatgd from

anthropogenic sources such as agriculture and waste management and from non-anthropogesic source
such as wetlands and geological seepage. Understanding the origin of methane eniss@t@ssguidance

for where methane mitigation may be most effective. Measurement technologie$gredtesaccomplish

a variety of task such as detection, quantification, and source attribution. Stitibegion is the process

by which the origin of the methane can be attributed. Biogenic methane, unlike theamogtrane, does

not produce ethane and the presence or absence of ethane in the atmosphere proportionally to methane can
be used to identify whether the methane originated from biogenic sources. Gealegpaaie is the only

form of natural methane emissions that has ethane present because tesrfginathe same gas reserves



as natural gas sector that is anthropogenically extracted. For this re@gargte measurement data is
required to estimate geological seepage emission rates since ethane ratiobeanitiaed for source
attribution.

Several measurement techniques are utilized to measure the methane emissions fremt diffe
emission rates and from different emission locations.

1.4 Overview of Measurement Technologies
In order to better understand methane emissions from the natural gas supply seelbgsasthers,

several different types of methane measurement techniques have been developed. The measurement
technologies utilized in this campaign range from component measurements to sub-basienmeedsur
Component measurements were made using both Bacharach and Indaco high-flow samplers. Facility level
measurements were made using downwind methods such as OTM33A, Dual Tracer Flux Redkase,
Aircraft spiral. Sub-basin measurements were performed using aircraft mass batdmiques. Each

measurement technique will be described below.

Figure 7 Bacharach high flow setup using an inherently safe enclosure placed over the leaking
device to obtain a complete capture of emitted methane. The flagrrouted and analyzedin the
operator's backpack and then recorded by the operator.
For both Bacharach and Indaco high flow measurement devices, the same method of quantification is
utilized. The high flow mechanically isolates the leaking component by wrappousa fitting barrier

around the leak. This is to ensure that all the methane that is being emitédslitrento the high flow to
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be measured while still allowing air to flow through to get an acewatission rate estimate. Before the
leak is isolated the high flow is turned on. The high flow works by pullirsgiction and measuring the
volumetric flow rate of air through the device. While it is pulling air thiguayseparate sensor measures
methane concentration. Methane emission rate is then calculated from the voldim&tand methane
concentration. For high flows devices that are not calibrated before the measusdaiet,ithe measured
concentration is then subtracted from the background concentration for realliforagioa. The difference
between measured and background concentrations is then multiplied by the volumetriceftmaokdaain
a leak ratfZ]. This can be done at two different flow rates in order to ensure proper casiotifi A field
operator using a high flow can be seen in Figure 7.

High flow measurements can be summed at a facility and combined with engineénirageasstrom
unmeasured sources to generate a Study Onsite Estimate (SOE) which can then be comparedlagainst faci
level emission measurement techniques Other Test Method 33a (OTM33a) and duaiR R&Gelease

(TRACER).

Figure 8 Other Test Method 33a (OTM33a) Transect on standard well pad equipped with well
trees, tanks separators, and sales data collecti@h

OTM33A is a measurement technigue that is still being developed and proven. The method uses

inverse Gaussian dispersion modeling to calculate leak rates based upon methane concertinatiins



The method is typically performed in this order: A vehicle outfitted with atsenmethane concentration
instrument and an anemometer will drive around a facility looking for peakstimane concentrations. If

an increased concentration is found the measurement vehicle will park downwintthdrsitein an area
where the elevated methane concentration was detected. It will then measure the pietharfor at least
twenty minutes until a Gaussian distribution of measurements has been forthedabgd sweeping the
plume back and forth over the vehicle. Based upon the approximate distance fromabagevsiodrspeed,
and concentrations an emission rate is estinf@gite@n large pads, OTM33a can isolate single sources and

attempt estimates for a particular portion of the well pad.

Leak = {downwind molar ratio} x controlled release

mmmr I ER——

CONCENIraton

controlled, known release(s)

o unknown leak {or emission)
Roscioli et al, AMTD 2014

Figure 9 Tracer transect showing that at different distances from the facility tracer and méiane
plumes may be spatially correlated or uncorrelatedUncorrelated plumes can, under the right
conditions, be utilized to determine the position within a facility where a methane emission is
originating.[10]
TRACER is a more established method of facility level measurements. The measurement technique
compares the downwind concentration of one or more tracer gasses to the downwintratancer

methane to estimate a facility level methane emission Daks. tracer utilizes two distinct tracer gas

released near methane emissions points at a known rateus oxide and acetylene in this studgs



shown in Figure 9. The measurement vehicle will then drive transects dowfmaindhe facility and
collect measurement concentrations of methane and the twogasses By comparing the downwind
concentration of the known trace gas emission rates to simultaneously-collectadredinoeof methane
the methane emission rate can be estimated.

Facility level emission estimates can then be total for an entire region and companstl su-

basin aircraft measurements.
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Figure 10 Aircraft spiral flight and transect flights with methane concentration displayed ly color,

where yellow has greater concentrations and blue has lower concentratiodsrcraft transects were

performed at three altitudes to capture all emissions passing through the transect line. Spiréights
are not directly related to transect flights and can be used to estimate facility level emisss.

Aircraft-based measurements were performed at the facility level using $igingd ind the sub-
basin level using a combination of raster and mass balance flights. The methstthiating facility level
emissions and basin level emission methods areasinthe aircraft flies around the area being analyzed,
it measures methane concentration upwind from the facility and methane cdimenttawnwind from
the facility. The method then uses wind speed and the difference in backgomaedtration to determine
the emission ratimside the encircled perimeter. For facility level flights a spiral istflanound the facility

starting low and circling upward to capture the entire plume from thetyadilie basin level mass balance
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is performed by making one transect upwind of the basin, flying a periaretend the basin, and then
flying at three different levels at the downwind end of the basin. The #weks lof varying height help
confirm complete mixing and that methane concentrations are not differemtyatgvaltitudes. Raster
flights can also be performed where a gridded pattern is flown over the dbeteicting methane
enhancements to develop a spatial understanding methane emissions. In ideal conditions a raster flight ca
be used to perform a mass balance[11].
1.5 Measurement Discrepancies

Prior to this study the most recent attempt to compare top-down measurentbntsottdm-up
measurements was performed in the Barnett Shale [@gjoA spatially resolved model was constructed
with 18 source categories. Facility emissions were estimated at the flaeiityno individual component
measurements were made. The study estimated emissions to be greater thastinthon methods,
includingthe Greenhouse Gas Inventory (GHGI) and the Greenhouse Gas Reporting Pfaig@RP(
thus showing a discrepancy in basin level emission estimates.

The discrepancy was thought to be due to fat tail emissions or “super emitters”. Ground-level
measurements were made in October while the top town aircraft measurements weareMaade. For
this reason the study cannot be viewed as contemporaneous and a direct comparison emardasur
techniques is not made and the measurements are compared to established EPA GHGI emission factors.

Another study published in 2014 used satellite imagining to find regions in tteel @wbates where
there were peaks in methane concentrft&in It was reported that the Four Corners region in the US
southwest was emitting nearly 1.8 times more methane than what the GHGREdrépottie region and
3.5 times the EDGARvV4.2 estimates. This study shows that there is a large gap bmiveesyn estimates
and bottom-up estimates. The report also indicates that satellite imaginglid method for estimating
methane emissions in a particular region.

A study using 7710 and 4984 observed methane concentration measurements from aircraft&nd tower

respectively, constructed atmospheric transport model to estimate the spaiialitdist of methane
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emissions in the United Staf¢4]. Results from the study show that their top-down estimetes
approximately 1.5 and 1.7 times larger than emission estimates from the EPA andsfiens database
for global atmospheric research respectively. They concluded that methane emissidiossil fuels and
livestock are larger than previously predicted.

Similar to the national estimate performed with towers and aircraft measurememise localized
study conducted in the Denver-Julesburg basin used aircraft measurements to peréssrbalance to
determine total methane emissions from the reffibh This estimate was compared against an inventory
for the region. The comparison shows that top-down estimates are neards datiger than the bottom-up
estimate. The study concludes that inventories for volatile organic compounds are eddzingractual
emissions by a factor of 2 during the period when the mass balance occurred.

In contrast to the previously discussed studies, another top-down measurement carsipgign
aircraft-based measurements to perform mass balances determined that topedsurements were lower
than what earlier studies predicteg]. The study concluded that the naabaverage of fugitive methane
emissions was lower than estimates performed by previous studies. Oneegfdahe scanned in this study
was the Fayetteville shale play with very similar boundaries used in the diglpaign reported in this
study.

The analysis presented in this thesis is part of a larger study to commghpmtantially reconcile,
emissions using top-down and bottom-up methods where data was simultaneously collebtsti for
methods. The analysis presented here includes a more comprehensive analysis of methanefemissions
the Fayetteville study area than has previously been completed. Methods of analysisaiaesinot novel
and have been used in similar studies. This study was guided by previous work in some jreteh@ess
measurement protocol and statistical model construction, but is a firstkamak in the level of detail in

multiple source categories, and in the spatial resolution and temporal resolution oisgiereestimates.
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1.6 This Study and the Bottom-Up Estimate

During the fall of 2015a 4-week field campaign was conducted in the Fayetteville shale play in the
Arkoma basin in Arkansas. The campaign mission was focused on reconciling théydispamission
estimates using top-down and bottom-up methods. In order to reconcile this diferentemporaneous
measurements were performed to minimize temporal differences that could biamremassnates.
Comparisons of emissions estimates from OTM33a[8], Tracer[10], and SOE weranpédrfon well
pads[17] and Tracer[10], Spiral Flight, and SOE were performed on gathering $1afidnaddition to
contemporaneous measurements, the study team had access to the vast majority of redaedt gashe
study region to generate the most complete comparison to date for both adlityomparisonfl 7] [18]
and sub-basin comparisons between ground level estimates[19] and aircraft basin levedseftithat
Production well pads and gathering stations contribute the majority of gamssstissions, and facility-
level comparisons were focused on these sectors. The goal for comparing the diffesemtmest
techniques was to reconcile and understand different emission rate estirhateabIbasin ground level
estimates were composed of emission estimates from the natural gas@eptosed of production well
pads, gathering pipelines, gathering stations, transmission lines, distribusemsin the study area and
non-oil and gas emission sources such as agriculture, waste management, and natural sources.

1.7 This Report

The research presented in this thesis fits into the sub-basin level compariseeadiesector of the
natural gas supply chain was modeled to generate a ground level area estimateas/bimimpared against
the aircraft mass balance that was performed in the region across muatipleTte categories described
in this report include gathering pipeline networks, distribution systems, agraufiractices, waste
management and natural sources. The ground level area estimate anddfieraiss balance are compared
spatially and temporally. For this reason, locations of emission sources were giseeraite an appropriate

spatial comparison. Where GPS coordinates were not available county boundaries were useaté¢o sepa
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some non-oil and gas emission categories. This is the first study to measure gathering pipelines in order to
update emission factors that had previously been derived from measurements of distribution mains.

The analysis that was performed on natural gas methane emissions from gathmeiimg pi
networks is found in Chapter 2, measurements performed on distributions systems and| etstiistitas
are found in Chapter 3, agricultural practices, waste management systems andspatged and
associated methane emissions are found in Chapter 4 and a discussion on the comparison of emission
sources and how the contribute to the bottom-up estimate is @€hapder 5. Each category was assessed
to provide a complete ground level estimate for the comparison to the aimeadftirements. A thorough
analysis was developed to provide the most accurate possible bottom-up esftiemaigsion both in and

out of the natural gas industry.
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CHAPTER 2. GATHERING PIPELINE NETWORKS

Disclaimer: This chapter has been submitted for publication and is waiting on approval.

2.1 Introduction

U.S. dry natural gas production increased from 18 trillion cubic feet in 2005 toli®n tilbic feet in
2015[20] . Use of natural gas offers potential climate benefits compared tarcadl[21], but those
benefits depend on the emissions of methane, the primary component of natural gas andre @obentse
gas, across the entire supply chain. This study is part of a larger, 5aldedtidy designed to compare,
and possibly reconcile, estimates of methane emissions based upon on-site, deyinebsiglements;
downwind techniques estimating methane emissions for entire facilities; araftdimsed mass-balance
estimates to estimate emissions for a sub-basin study area. Measurements asedlldgeere performed
contemporaneously to minimize the uncertainty caused by temporal variability and tifedasa from
other studies or measurement periods.

Gathering pipelines refer to the pipelines that connect wells to gathering comsigsnTs or
processing plants, and connect those facilities to transmission pipelines ibutiistrsystems. Inlet
pressures of gathering systems range from 30 to 7,720 kPa [22], but the majgdthesfng pipelines
operate at the low end of that pressure range. Gathering pipeline systerasafdmsiied pipelines and
auxiliary surface components for operation of the pipelines including pig launchers aneregd¢socking
valves, and a variety of othdess common, components (e.g. “knock out bottles” used to remove liquids
from pipelines on older systems). Pig launchers/receivers are used toansmrércleaning plugs, called
“pigs”, into gathering lines to remove water and debris from the pipeline. Block valves are used to isolate
sections of pipeline or reroute the flow of natural gas. (SI-)(.1.1

Gathering pipeline network methane emissions originate from three sources:

1) Emissions from pipelines between auxiliary equipment. Pipelines are typically underground,

although some older systems utilize above-ground pipelines. Underlying causgselofepi
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emissions include corrosion, failed joints, and structural stresses caused by eattlh or the
traversal of heavy equipment. Pipelines may also be damaged by accidental contacdby outsi
parties.

2) Emissions from auxiliary equipment, such as emissions from valve packing or seals on pig
launcher doors. Auxiliary equipment is often called “above ground” equipment.

3) Episodic emission from pipeline operations. Episodic emissions are releases of gas that occur for
defined, typically short, periods. While gas may be released due to emergency situsiiogs ar
from mishaps , the two most common planned episodic emissions for gathering pigrelities
blowdown of lines for maintenance and the blowdown and purging of pig launchers eindrsec
during pigging operations.

This study measured the first two types of emissiamglerground pipelines and auxiliary equipment

— and performed an engineering estimation of planned episodic emissions.

The authors are unaware of any recently published studies of gathering pipélisieresnand as a
result, emission factors are unknown for this sector. [BA’s greenhouse gas inventory (GHGI) uses
emission factors based upon measurements of distribution mains from a 1996 GRI/EPR4tudy
approximate emissions for gathering pipelines. The majority of gathering pipalia not regulated by the
US Pipeline and Hazardous Material Administration (PHMSA) because they do not cross state boundaries
and are in rural areas that fall below population proximity rules [25]. Rastaties have characterized
emissions for gathering and processing pléza} [27] and well pad$28]-[30], but none of these studies
performed measurements on gathering pipeline infrastructure. Several recent lstwdiesvaluated
regional methane emissions using aircraft measurementf3(d;d32]; [16]), but the methods utilized did
not support attribution to specific portions of the gathering infrastre. Other ground-based measurement
campaigns did not measure gathering pipelines [&3d. [34];[35]; [36]). Recent ground-based pipeline
studies have focused on distribution pipelines between the city gate and the consumer’s meter [37], and

have shown a correlation between leak frequency and either pipeline age or nhagramary, since no
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recent study has systematically measured methane emissions from gathering pipelBid§|tbstimates
emissions using aggregate emission factors based upon distribution pipeline measurements.

This study represents the first, albeit limited in scope, attempt to charactgthering pipeline
methane emissions, and details measurements made during an 8-county study in the easteshthert
Fayetteville shale play in Arkansas, USA. (&-7.1.2) While the data is not sufficiently representative to
provide methane emission factors at the regional or national level, the study proitidesformation

about the mix of emission sources and guidance to design future gathering pipeline studies.

2.2 Methods

Measurement CampaigiNatural gas produced in the study area is “sweet and dry,” produces no
natural gas liquids, and requires minimal upgrading to achieve pipeline quality afbegas processing
facilities in the study area. Water is separated from the gas at thgadeglltilizing gravity-type separators,
and gas further dehydrated at the gathering compressor station using glycol detydirat pipelines
measured for this study were operated by two study partners. For their systems, thesglectid the
gathering compressors operates between 100 and 3389« psia). Due to the low suction pressures,
gathering pipelines between wells and gathering compressor stations typically ramgenbétand 20
inches in diameter and utilize “poly” (plastic) material. Non-study-partner lines vary in configuration, with
at least one company operating their well-compressor pipelines at 1-2.8 MPa (1&2300sing smaller
diameter steel lines. Considering the entire study area, 67% of well-compiebsoing pipelines pipeline
utilizes “poly” (plastic) material, and all measurements were made on this type of pipeline. Compressor-
transmission lines, which were not measured in this study, are constructed ahdtepkerate betwedn
and 8 MPa (850-1150 psia).

Gathering pipelines are installed in rights of way (ROW), defined by an easdloetinng the operator
to access and maintain their pipelines. A ROW segment may contain more thpetine, but all ROWs
measured in this study contain a single pipeline from a single operator. All @rcitkecing wells and the
associated pipelines in the study area were completed no earlier than 2004, ahalr8eétive wells went

on line after 200838].
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Study partners operate 98% of gathering pipeline length in the studyhasdayél of precision for
activity data is unique to this study. However, not all of these ROWSs pvactical for measurement.
Exclusion criteria included: ROWSs too steep to traverse with the measurement equipment, ROWSs covered
with un-harvested crops, ROWSs that had access restricted by the landowner, or ROWésdltcovered
with vegetation growth too dense to traverse with the available screenipgequ(S1S37.2). One partner
company cuts brush on ROWSs every two years, and during the study period, only gra haltof the
study area was sufficiently cleared for measurement.

During the measurement campaigimandom section of pipeline ROW was selected each day for
measurement from accessible ROWSs, and days were allocated to each operator inptoghginumber
of wells they operate (S337.2). After specific ROWs to be measured were determined each day, th
measurement team drove as much of the selected ROWSs as possible. Measuremedenamrel hdays
traveling an average of 8 km per day with a minimum of 4 km in a day and a maxihib km in a given
day.

A vehicle-based measurement system (VMS) was utilized to detect methane conoerdtabize
background levels to detect underground pipeline leaks. Measurement vehicles fitted with a gas
collection manifold on the front bumper of the vehicle routed to a Los Gatos Resdtegiorthble
Greenhouse Gas Analyzer, with a detection threshold of 0.01 ppm over ambient retbEnEsSI-7.2.
While detection efficacy of the vehicle measurement system (VMS) could not be asséssedtwolled
studies in gathering pipeline conditions, similar methods have been utilizedssfutigeby recent
distribution pipeline studief7]. For the single pipeline leak identified in this study (4 kg/h), tMSV
noted a maximum methane mixing ratio of 11,160 ppm, in a clearly defined peak, and mdttiage
ratios were above 10 ppm up to 37 meters away from the emission source, as seen in Figore 1A
determine if the VMS would detect smaller emission rates, a qualitatiessassnt of the VMS was
performed post campaign. The concentrations recorded by the VMS were reviewetbfis pwhen the
VMS was within 50 meters of identified emissions from auxiliary equipment. S sources were

independently screened and measured, reviewing atmospheric concentrations seen by theid®$Saprov
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independnt check of the VMS’s capabilities. Qualitatively, a review would expect to see a defined
concentration peak defined here as 3 ppm above background concentration of 1.9 men the VMS

was near auxiliary equipment emissions. An example, shown in Figure 11b, indicattes Y46 detected

an enhancement when 7 meters from a 0.087 kg/h emission source, and peaked at 36ppm when 1.2 meters
away from the emission source. Additional examples are provided $3/32- This qualitative analysis
indicates that the VMS would likely have identified pipeline methane emissions cagitlifi smaller than

the single pipeline emission detected during the study, assuming the gas arthedurface within the

ROW and/or upwind of the VMS. Therefore, it is a reasonable assumptiorthieat(@) the single emission

detected here is the only underground pipeline leak in the ROWs measuredtieirggdy or, (b) any

undetected leaks were substantially smaller than 4 kg/h.
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Figure 11 Vehicle measurement system efficacy tests. The plot shows methane mixing
concentrations for measurement days, spliced into a single timeline. The high range (right axes)
illustrates the size of the pipeline emission compared to the remainder of the measurementseTh
largest peaks do not register on the high range scale. The low range (left axes) illustrates how the

vehicle-mounted measurement technique would detect smaller pipeline leak emissions with
favorable ground and weather conditions. Map images of the circled peaks are illustrated inAL.
(underground pipeline leak) and 1.B (pig launcher facility). Methane mixing ratios in 1.A and 1.B
are scaled fromgray (low ppm) to dark red (high ppm).
While screening the ROWSs, measurement vehicles would periodically arrive aagueduipment
(block valve and/or pig launcher) and measurement staff would survey the componhnts [aser
emission detector and then use a high-flow instrument to quantify detecteshmemissions sources (Sl-

S4.1).

Taking into account the scope of the study, measurement results presented here sbeclthstitued
as sufficient to develop emission factors for gathering pipelines in general. efpwtidy measurements
provide insight into the mix of emissions, and associated mathematical models cda guigdance on the
requirements for developing nationally-applicable emission factors.

20



Study Area Estimates. Monte Carlo meth{$g were utilized to estimate total emissions for the study
area. Field measurements were utilized to model emissions, and emission -drbegnsnonly called
activity data— were developed from public data and non-public partner data (SI-S4.4). Adaviywvas
provided by two study local companies who provided data and gave access to meagimg tjatisecalled
study partners and one data partner who gave information on company equipment bupidide site
access. Activity data is summarized in Table 1. Together these three companies3§%raf the active
gas wells in the study areg8] All companies provided pipeline lengths and material type. Auxiliary
equipment counts were available from one study partner and the non-partner company, and the study team
estimated auxiliary equipment counts for the other study partners utilizing satedlgag (SI-S4.4).
Table 1 Available activity data by operators in the study area. Partners 1 and 2 provided access to

their gathering systems for measurement. The non-partner provided activity data but no access.
Combined, the three companies operate 98% of the active gas wells in the study area.

Partner 1 Partner 2 Non-Partner

Pipeline Length v v v

Pipeline Type v v v

Pig Launchers v E v

Block Valves E E v

v = Reported, E = estimated via satellite imagery
Estimated data from partners was due to lack of available information @b ¢ack of
cooperation.

Two sources of uncertainty exist for emissions from pipeline leaks becausmergipeline leak was
detected when screening a small portion (2.4%) of partners’ study area mileage. First, it is unknown if the
measured emission rate is representative of the mean emission rate of possible leaks within the study area.
(Currently, gathering system operators are not required to perform leaisuand when leaks are found
or surveys are conducted, the emission rate is not typically quantified.) Thetkf®remission rate is
modeled using a triangular distribution with a mean at the estimate found in thenéasurements (4.0
kg/h), a lower bound of 0 kg/h and an upper bound of 8 kg/h (S1-S4.37.4.1). Second, uncestaignists
in the frequency at which leaks occur within the pipeline system. This untgrieis modeled by
analyzing the probability of finding one event (the observed leak) assumiagga of possible, but
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unknown, leak counts within the study population. For this study, we are interestedpirobability of
finding one pipeline leak while surveying 96 km of pipeline randomly selectedtfimmotal population of
3948 km of pipeline operated by the study partners. The resulting probabilityudistri shown in Figure
12, has a mode matching the field campaign (96 km/leak), but has a significard sgesar resulting in
a mean probability of twice the field campaign (50 km/leak) and a wide,nastyin, 95% confidence
interval (CI) of 18 to 425 km/leak. This analysis provides an estimake afrtcertainty inherent in finding
rare events given a limited sample size. This method is describedSh$4e3 and is utilized to analyze

the coverage required in future pipeline studies to provide an upper bound on emissiomstfesimgpline

leaks.
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Figure 12 Uncertainty in Frequency of Underground Pipeline leaks. This figure displays the

probability distribution of total leak count in the study area, based upon finding 1 pipeline leak in
96 kilometers of measured pipeline. This figure shows that the mean frequency of occurrence (50
km/leak) is almost double the frequency that was found.

In addition to steady state fugitive emissions from gathering lines and auridjaipment, planned
episodic emissions from pig launchers and receivers were calculated. Emissiongaichmpig
launch/receive event which occurred during the study period was calculated based einygeovessel,
pressure before release, average ground temperature, and gas composition. Our analyssstiratica

planned episodic emissions are small relative to other pipeline emission sdineeswere 13 pigging
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operations during the three week campaign which contributed an estimated 31 kged amatttane, or
1.3 % of the 2430 kg (4.82 kg/h) of emitted methane due to the emission ratly diregsured from
pipelines and auxiliary equipment, scaled to the same period. Unplanned pipelimesoptpipeline blow
downs did not occur during the field study. Therefore, to simplify the analyssemed here, planned
episodic emissions are not included in the analysis discussion below but are reponedirs4.5.
Unplanned episodic emissions (e.g. accidental pipeline breach) were not analyzed in this study.

EPA’s greenhouse gas inventory (GHGI), and greenhouse gas reporting program (GHGRP), as well
as most recent studies updating emission factors for distribution mains, stratify pipglmaterial (steel
or plastic in this case). To match these methods, pipelines were also stratitieel $tudy area, although
all measurements in this study were made on plastic pipelines. None gfrihgsens break out emissions
from auxiliary equipment as a separate emissions source.

Finally, an empirical 95% confidence interval is utilized throughout, defined as the/ 23%%
percentiles for two-sided analyses, and 0% / 95% for when discussing pgmkesing guidelines for

future studies.

2.3 Results & Discussion
Field measurements. We first consider measurement results for the field campaign,asehich

summarized in Table 2 and in Sl data table 2. The field campaign surveyed 95 auxiliary equigatienslo
and detected 98 total leaks, of which 72% of which originated from valve packing thiunderlying
cause of each leak is unknown, field operators report that valve packing mostoofeneld prior to
operating a valve during pigging operations or to allow a blocking valve to be toyrieehd, and it is
possible the packing was not re-tightened sufficiently after the operatiosongsete, resulting in a
fugitive emission. The remainder of detected leaks were from pig launcher @8%}¥ (langes (12%),
and gauges (2%). A total of 0.83 kg/h of emissions were measured, with valvebutimigiri9%, pig
launcher doors 47%, flanges 3% and gauges 1%. There was no statistical diffeeandiéary equipment
emissions between the two partner companies (SI-S5.1). This study did not detect any failures of auxiliary

equipment releasing gas at high rates, nor did it estimate the frequency at which such failuresimay occ
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A single underground pipeline emission, measured at 4.0 kih€Mas found while screening a total

of 96 kilometers of pipeline.

Table 2 Summary of emission measurements. All auxiliary equipment on surveyed ROWSs were
screened with an RMLD to detect emission locations, and each detected location was measured
utilizing a high-flow instrument.

Locations with Locations with
. . L. . Measured Methane
Auxiliary Locations detected methane |emissions above high- ..
. 1 AR Emissions Rates (kg/h)
equipment type screened enhancements flow detection limit.
Count Fraction Count Fraction Mean 95% Cl
Pigging facilities 56 42 75% 28 50% 0.014 -52% / +65%
Block valves 39 17 44% 6 15% 0.002 -56% / +74%
Pipeline leaks 96 km 1 NA 1 NA 4.0 NA®

Notes:

Pigging facilities and blocking valves were screened utilizing an RMLD. Pipeline leaks were
screened utilizing a vehicle-mounted methane concentration instrument.

Since only one leak was detected, itis not possible to estimate a confidence interval on the leak
rate.

Estimated emissions for the study arealable 3summarizes the simulated methane emissions for
the study area, termed the Study Model Estimate (SME), which was developed usinghtbeClsiito
methods described earlier. The SME predicts total study area methane emissicithdh€H/h [-8 %6
| +214%]. Underground pipeline leaks dominate the SME, contributing 93% [83% tp d383tean
estimated methane emissions. Uncertainty in leak frequency (i.e. the numberioé pgadds per kilometer

of pipeline) dominates the ClI for the SME.
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Table 3 Simulation results for the study area. Both total emissions and the confidence intehaae
dominated by the single underground pipeline emission detected during the field campaign.

Emission Study Model Estimate Mean Fraction Range of Fractior
Component Mean (kg/h) | 95% Confidence Interval|l of Emission$ | of Emission$
Pig Launchers 15 14% / +15% 5% 2% to 14%
Block Valves 4 -14% / +15% 1% 0.4% to 4%
Pipeline Leak’ 380 -92% [ +225% 93% 83% to 98%
Study Area Total 400 -87% [ +214% 100%

Notes:

1) ClI considers both range of emissions rates measured and uncertaintgdtiviheestimates.
2) Cl considers uncertainty in the frequency of leak detectionsmuniees a triangular distribution for emissi
rate estimates.

3) Minimum and maximum source contribution to gathering pipatietwork emissions
4) Reported percentages are rounded Independently and may rtot 50086

Due to the number of auxiliary components meakand the frequency of leak detections, the CI’s
for auxiliary equipment emissions are much tighter (£15% for block valves ggth@iequipment).
Auxiliary equipment contributes on average 6% of total emissions wiglasit2%, and no more than 17%,
of total emissions (95% CI). Most of the detected emissions on auxiliary ezptipould be eliminated by
screening for emissions after maintenance operations to detect valve packingleaksetiat could be
readily fixed by tightening packing bolts or seal latches on pig launchergudoyit should be emphasized
that such control actions would eliminate only 5% of gathering pipeline emigsised upon current study
results. Further, the low emission rate of auxiliary components, coupled with aateedenber of these
components, produces emission rates for auxiliary equipment across the entisggodfstantly below
that of other infrastructure measured simultaneously during the larger studxaraple, 1% of the 261
well pads[17] and 83% of the gathering compressor statidigdmeasured in the larger study have
estimated emissions of more than 20 kg/h, the estimated mean emissions fromliatly ayathering
pipeline equipment in the basin. Given that there are 3000 well pads and 120 conge¢isss in the
study area, and assuming that no auxiliary equipment components have undetected major malfunctions,
measurements completed here indicate that auxiliary equipment emissions apprbgitilityegelative

to other gathering emission sources.

25



In contrast, the estimated 380 kg/h [-92% / +225%] estimated for pipeline keaksé negligible.
Approximately 94% of the 261 well pafls] measured in the larger study had estimated emissions smaller
than the measured pipeline leak. The measured rate, 4 kg/h, also approaches the emiggioa|mte st-
emitting gathering stations measured in the s{ady With due caution caused by the small sample size
available here, pipeline leaks are likelgt negligible, suggesting analysis and future measurement of
gathering pipelines should focus on pipeline leak detection and measurement.

The study area estimate is compared to other studies in Figure £3-8&8 for calculation methods).
The comparison utilizes activity data developed in this study and emission femtothe GHGRH40],
the 2015 GHGI41], and recent emissions data for distribution m&#7$. Since all methods utilize the
same activity data, comparisons between estimates focus only on differencessiorenaites for the mix
of pipeline equipment in the stydrea. Since GHGRP emission factors are provided without CI’s, only the
mean estimate is shown. The CI’s for GHGI emission factors were estimated from 90% CI’s listed in the
[42] report.

The GHGI and GHGRPbased estimates for the study area fall within the CI of the study estimate
and given the uncertainty around both the size and frequency of pipelinéni¢h&sstudy estimate, this
overlap is a strong indicator of statistical similarity. Therefdris, $tudy provides no evidence of issues
with the GHGI and GHGRP emission factors and supports the estimates. The comyiéhistre
distribution is included because past revisions of the GHGI have utilized distribution mairmaiecede
gathering line emission factors. In this comparison, mean emissions estimated usiraneafaissfrom
Lamb’s distribution study are 8% of the mean study estimate, and even though Cls overlap, measurements
performed here indicate that these new distribution measurements should not be totikztidhate
gathering pipeline emissions as the one measured leak would account for 13% of theisstahem
estimates which would indicate a total of 8 leaks emitting at 4kggh iexthe whole system which is out

of the 95% CI estimate for leak frequency.
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Figure 13 Comparison of the study estimate to other emission estimates. All estimateiize

emission factors from the referenced study and activity estimates developed in this study for the
study area. Pipeline estimates are classified by pipeline material type. Both the GHGI and GHGRP
are statistically similar to this study. While confidence intervals based upon emission facs from
Lamb’s distribution study overlap, the much lower mean estimates indicates that emission factors
from distribution pipelines may not be appropriate for gathering pipelines.
2.4 Pipeline Screening Guidelines for Future Studies.

The current study indicates that pipeline leaks are rare events inghia.rThe uncertainty analysis
presented above provides a conceptual model to understand how the frequency withirpapstiadipn
of these rare events contributes to uncertainty in the resulting emissionsesstidsang this conceptual
model, it is possible to pose the question: What size of field campaign would lssargde constrain
estimates of pipeline leak emissions to a desired fraction of total basin emissions?

To exercise this conceptual model, it is first necessary to define a frgqaege over which pipeline
leaksmight occur. Given that range, it is possible to explore the fraction of a basindhlat meed to be
screened and measured to produce constrain emissions from gathering pipelines tal draicsre of
total basin emissions.

While there is little-published information about gathering pipeline lesduency, leak surveys are

occasionally completed for operators and produce unpublished counts of identified lesks/éged
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systems. The authors contacted a number of organizations which had done recent leak surveys, and, while
not ideal, several agreed to provide data under the condition of confidentrality.cases, leaks were
detected, but not measured. Anecdotal information provided was:

o Aleak detection survey of 595 kilometers of an old gathering system in Rexmayndicated
approximately 0.3 kilometers per leak, of which 10% were audible.

¢ A helicopter survey (with an unknown lower detection limit) of a vargdtpipeline types
found 16,000 leaks in 225,000 kilometers sureey; 14 kilometers per leak.

e An operator managing 790 kilometers of newer, f@wssure pipeline reports “less than 5
underground leaks” in two years. Assuming all leaks remained unreported for six months, this
would translate into a leak frequency of =160 kilometers per leak.

From these qualitative data, reported leak frequencies range from 0.3 to 160 kmtle#he wiirrent
study’s data of 96 km/leak somewhat centered within the reported range. The CI estimated here (18-425
km/leak) includes the loirequency, but not the high-frequency end of the range. The pipelines with high
leak frequencies occur in regions where pipelines are older and have not beertteshasing plastic or
protected steel lines. In these regions, corrosion and damage has had more opmoadteutyresulting in
pipelines with more leaks. The majority of the pipeline analyzed in tiily stas installed in the last 10
years and for this reason, a direct comparison cannot be made.

Figure 14 shows simulation results for five leak frequencies for a stualgiariar in size to the study
area in this campaignr approximately 4000 km of gathering pipeline. The simulation assumes a
conservative (i.e. likely high) mean leak emission rate of 4kg/hr forgdlipe leaks. We also assume that
total emissions from all sources in this hypothetical basin can be estimated using Peischl’s [16]
measurement of the eastern Fayetteville shale. The bounding question is: Assuming a leak frequency, how
much of the study area gathering pipeline network must be measured to constrain any uatkerastim

pipeline leak emissions (upper 95% CI) to within 1 percent of the ragigal emissions? (SI-S6)
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Figure 14 illustrates the upper 95% CI on emissions, as a fraction of thel Rst#mate, for a range
of leak frequencies. In areas where leaks occur less frequently than 1 leak gar dO@ipeline, a field
campaign measuring 5% of the basin pipeline would constrain any under-estingatgssions from
gathering pipelines to be less than one percent of total basin emissions.réhestudy measured 2.4%
of the basin and found 1 leak in 96 km of pipeline. The uncertainty analysisiteslithat measuring
approximately twice the pipeline length (=200 km), and finding no more than two pipeline leaks, the upper
bound on emissions would be in error by no more than 1% of total study assoam For basins with
higher leak frequencies, pipeline emissions account for a larger fraction of tataloms, and relatively
more pipeline must be measured to reduce uncertainty in the total leak count. For exarapasfaiith
leak frequencies of 1 leak in 2 km, 25% of the pipeline network must be measured to constraimiyncerta

to within 1% of total basin emissions.
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Figure 14: Required survey size to achieve a 95% confidence that any underestimate of emissions
from gathering pipeline measurements is less than one percent total basin emissions. All pipeline
leaks are conservatively assumed to be 4 kg/hr, as found in the stuBgtimated emissions are
normalized by Peischl et. al.’s estimate of 39 Mg/h from the eastern Fayetteville Shale. Black region
indicates at what fraction of measured pipeline a study team will improve the estimate tftal
emissions by less than 1% of total basin emissions. The blue 100km/leak line appears to be cut off
early because a point cannot be generated for the line until 100km have been traveled.

This analysis suggests that periodic, random, screening of small fractions of gqgilpaling systems
could be utilized to (1) constrain leak frequency, and by extension total emifsion gathering pipelines,
to within a well-understood fraction of total area emissions; and (2)lgksatpipeline length must be
measured in basins where there is strong evidence of low leak counts in the region.

In conclusion gathering pipeline networks are a sector of the natural gas supply chaicHiditii
measured methane emissions data are available. For 12 days Leak detection was perf@fed on
kilometers of underground poly pipeline, 56 pigging facilities and 39 blockesalOnly one found
underground pipeline leak emitting at 4.0kg/hr accounted for 83% of total measureidresniglethane

emissions estimated using a Monte-Carlo model for 4684km of gathering pipelimesiudy area were

400 [+214%/-87%] kéh (95% CI), or approximately 1% [0.1% to 3.2%] of the 39 Mg/h found in a prio
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aircraft measurement of the study region .This estimate is statistirailgr to estimates based on emission
factors from EPA’s 2015 Greenhouse Gas Reporting program (200% [30% to 700%]) However, using
emission factors from recent distribution studies to estimate emigsiomgathering pipelines, as has been
done in the past, would significantly underestimate emissions relative tate@mission factors. The wide
uncertainty range reflects the small sample size relative to the total ggteystem in the study area. The
study investigates what fraction of gathering pipelines in a basin must be ete&suonstrain any

underestimate of pipeline leak emissions to within 1% of total basin emissions.
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CHAPTER 3. DISTRIBUTION SYSTEMS

3.1 Background on Distribution Systems

This chapter describes distribution pipelines and auxiliary fasilitiehe context of the natural gas
supply chain and their use in the study area. Distribution lines transporbgasréinsmission lines to
customer meters. Distribution pipelines exist in two distinct groups

1) The natural gas infrastructure between the Transmission Distriduaosfer Stations (TDTS) and

Regulating valves; these pipeline systems are c&lexiice mains.
2) The infrastructure between regulating valves and customer meters‘salfeites’

Distribution lines are typically constructed of plastic, steel, or cast in the basin where this study
was performed the pipeline mains and services are composed completelyodfcadliiprotected steel
and plastic.

In addition to pipelines, thregpes of facilities are also installed on study partners’ systems in the
study area: Metering & Regulating facilities (M&R) as seen in Figure 13.ST&s seen in Figure 16 and

customer meters as seen in Figure 17.

Figure 15A Metering & Regulating (M&R) Facility.
M&R facilities are usually small and designed to regulate natural gasmticatia high pressure to
lower pressures for delivery to customer metéhs.majority of “M&R” sites in the study region are only
comprised of regulators that regulate pressure; the entire distrisysitem is owned by one company, and

additional metering is generally not required.

32



Figure 16 A Transmission Distribution Transfer Station (TDTS).
TDTS also commonly called Town Border Stations (TBS)ity gates” and are much larger than
a typical M&R facility. Gas from transmission lines is regulated from ard®@ psi to between 100-500
psi. All gas is meterkeby both companies at TDTS’s. Each company has access to the others equipment
but maintenance is only performed by each company on its own piping and valves. Pijsngliig

differentiated by paint color to know what components and pipe belong to what company.

Figure 17 A Residential Customer Meter.

Customer meters are the final sales point to the consumer. These meters regptatestire down
to less than 0.25 psi [43] and meter all gas flow into the building. Most naeeadso utilized for billing.
The example displayed in Figure 17 is a residential customer meter. Commercnaustdal meters are

larger and handle more gas flow. An industrial customer meter is shown in Bggiilgese types of larger
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meters exist at natural gas power plants, metal refining and procplssitsy petroleum refining plants and

other large gas consumers.

Figure 18 An Industrial Customer Meter [44].

Distribution systems are used to deliver natural gas to customers. Distrisystems exisin
populated regions where it is profitable to operate natural gas disirilsytstems. Due to the nature of
their systems being in populated areas, there have been several studies that fbelkeak frequency and
emission rate from distribution systems.

The type of pipeline material may drive distribution system leak fregenparticularly when
pipeline material is prone to corrosion, such as cast iron or unprottettgipe. A study performed in
1992 by the Gas Research institute and the EPA found that distributions systems ddoo@4teé% of
total emissions from the natural gas supply chain, where 97% of total@mifsim the distribution system
are fugitive emissions. Fugitive emissions in the report were a result of undergrouimk paaks (54%)
pressure regulating stations (36%) and customer meters (7.5%).

With the potential for a large fraction of emissions to be a resulisbibution systems, several
studies were launched to better characterize emission rate and leak frequency.

In one study in Boston all city roads were driveaml scanned for methane enhancements[34]
During the study 3356 leaks were found with atmospheric enhancements that weretigaga®?.5 ppm.

In order to ensure the thermogenic origin of the gas, carbon isotopes aagered in the methane. This
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analysis indicated that a majority of methane emissions originated frandgas sources. It was found
that neighborhoods with large amounts of cast iron pipe used for natural gdmtibst also had more
leaks than neighborhoods with little to no cast iron pipe, showing a correlatiegelnahe presence of cast
iron pipes and leak frequency wikt = 0.79. Leak counts did not differ statistically by regions of differing
income rates or poverty levels. Other pipeline materials did not have ag sfra correlation to leak
frequency R? < 0.27). These data suggests that cast iron pipes are a major contributaitiatibstleaks.

A similar study was performed in Washington DC, 5893 leaks were found whilegltisDO road
mileson city streets using a Picarro G2301 cavity ring down spectrometer [35]. Gsotapes and ethane
were analyzed to ensure that methane enhancements were similar in compositiorator#hgas in the
distribution network. It is reported that Washington DC has the highestmpage of cast iron pipeline in
the nation 35% of the distribution mains are cast iron. They suggest that this high pgecefittast iron
pipe contributes to the fact that Washington DC has an above-avéoag@nd unaccounted fogas
fraction, as well as a high number of leaks.

A multi-city study looked and leaks from distribution networks across DurN&nCincinnati,
OH, and Manhattan, NY where 132, 351, and 1050 leaks were found while scanning 595, 750, 247 road
miles[36] respectively. The study reported that distribution networks 9@efewer leaks where pipeline
replacement programs have been implemented than distribution networks that have systdradtic
pipeline replacement programs. Similar methods of scanning and source attributigrexf@mmed for this
study as the Washington DC and Boston studies.

With the understanding that thousands of leaks have been detected in the previously mentdmsed
Lamb et. al. [37] conducted a national distribution system study to develop a betteramutiegsof
emission rates from distribution leaks. (Previously mentioned studies pedamnty leak detection and
did not quantify leaks.) The study was performed on 13 local distribution compsystesis. The 13
sampled companies operate 19% of total pipeline mileage, 26% of total semvitdelivered 16% of total

delivered natural gas in the United States in 2011. Comparing emissiars facto the Lamb study with
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emission factors from the 1992 EPA/GRI study, emissiom® distribution networks are approximately
one fourth the emissions estimated in 1992.

Methods utilized in the Lamb study were also utilized in the study presented in this thesasitfior
of [37] was present during this field campaign and spent time in the fidldlwitmeasurement teams. The
study performed here, like the Lamb study, performed both leak detection and leak quantifittatiamg
for emission factors to be generated for line types and metering andtirgdtations by the single
operating company in the study area.

It should be noted that the Lamb study did not perform measurements on distidlystams in the
study region. The work presented here is the first to measure the distribyggiem servicing communities
in and around the Fayetteville shale play.

Emissions from distributions systems have the potential to be a large source arenifshe
lines are primarily composed of cast iron and if leak detection and repair is fostrget on a regular
basis. In order to ensure that the methane emission from distribution system indthersta were
accurately represented, measurements were performed on both local M&R and TDfle3 fasiwell as
guantifying reported leaks in services and mains. These measurements were #tealbtagcaled and

applied to the study region to generate a bottom-up estimate to compare to top-down emissitasesti

3.2 Measurements

A single distribution company services the study region. This company was partnéréuevetudy
team making 100% of distribution systems in the study area available é@nsgy and measurement.
While GIS information for locations of pipeline and services were not shared,atentgak lists and site
counts were shared with the study team. Pipeline emission surveys were not compietethufield
study. Reported leaks were randomly selected from a comprehensive leak list phyvitdhedpartner
company. Counties with large areas in the study area were given preferemaeti|es with little total area.
Once counties were selected, sites were randomly measured to near completioof MER«ofacilities
were measured in Faulkner, Van Buren, Conway, and Cleburne County. A desaifécilities measured

in each county can be seen in Table 6. The campaign ended while measuring sités aolnhy resulting
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in 44% completion of M&R sites. No measurements were made in Independence nor Jackson Qounty. A
sites were well maintained with easy access to the study team and could beechgaany orde There

were no physical limitations or hazards that could prevent the study teambé&ing able to measure a
facility.

The only restrictions that existed in performing a survey were at TDTSastésy are split into two
sides, Transmission and Distribution. At the onset of the field campaign, litovekear that the study team
had legal permission to measure the transmission side of the TDTS’s. During the study, the local
transmission company provided permission to measure the transmission side of §1d-dbthis reason,
not all TDTS have measurements on both sides of the station.

Facility types were divided into Transmission/Distribution Transfer Statibb3 $), metering and
regulating (M&R) facilities and Customer Meters. The same method for scregrdmgeasurement applies
to all facility types. Differences between facilities consistgé¢ and size. TDTS have more components
than M&R which in turn can have more components than customer meters. In addition to the difference in
size, inlet pressures for each facility type also varies. TDTS have theshigressureasgas enters from
transmission pipelines at around 1000psi and is regulated to approximately 300 nestleefpas leaves
the TDTS in distribution maing&\t M&R stations the pressure is further regulated to appropriate pressures
for delivery to customer meters. The facilities are categorized by prassilne following increments:
greater than 300 psi, between 100 and 300 psi, between 40 and 100psi and less thamd@rEsisdre
aggregation matches that used in the Lamb study, however, it should be noted théities facasured
in the region had recorded inlet pressures less than 40 psi. Customeupsateam pressures are not
reported and were not categorized by pressure in this analysis.

During the field campaign, customer meters were only measured if they had leaksefeomeasured
during the campaign, three measurements were made at the lower detectiohthimitigh flow, (1.728
g ch4/h) and one had a leak of 93.54 g/h. Only customer meters with reported leakseagsueeth
Therefore, no data on the leak frequency of customer meters was availabte.the small study size and
small number of participating distribution systems, emission factors cannot be developed by this study.
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The partner company had a list of underground pipeline leaks that was useblaodimeasure the
emissions from the reported leaks. Sites were chosen at random. The leak flistnaalyy composed of
class B and class C leaks with only one Class A leak. Leaks areiethasifig the Pipeline and Hazardous
Material Safety Administration’s (PHMSA) classification system. Class A leaks are repaired immediately
as they pose a safety hazard, while class B and C leaks do not have tairee iepnediately. Emission
rates from class A leaks are not necessarily larger than class B or £AGIas be defined by proximity

to human activity and associated risk. For this reason, no Class A leaks weresthdagng the campaign.

3.3 Measurement Platforms & Number of Locations Sampled
Distribution line leaks and auxiliary facilities were measured utiliziegtl Consultants RMLD to
detect leak locations and an INDACO High-Flow analyzer to measure emissioBpatators inspected
each component at a facility with the RMLD and if a methane concentration above 20appiatected,
the component would be measured using the fhighi-with either a plastic enclosure or cone to isolate the
leak. Enclosure selection was dependent upon the shape of the component. Pneumatic conteollers wer
measured whenever present at a facility using the high-flow. MeasurementsalBeimgvith a high-flow

and plastic bag attachment can be seen in Figure 19.

Figure 19 Operator performing a high-flow measurement of a leak emission at TDTS.
Measurements performed on underground pipeline leaks were found by using the lealikst bypp
the partner company. In most cases, leaks had been marked by flags or tape by theqrapmey.

However, if the tape or flag had been removed dead vegetation often indicated whealk Weesllocated.
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If leak location was not apparent or if the leak appeared to disperse thah the enclosure, multiple
measurements would be taken using the high flow and plastic enclosure in a gridded patiee 20
shows the underground leak plastic enclosure being used to capture methaneewtdthéme diffusion
through the soil is depicted in Figure 21. In instances where the leak is larger than the ercip#loted
box pattern will be set up to capture all diffused methane. However, itdsbeuhoted that not all
underground leaks required the large leak enclosure and the leak could be samaledsimitar to other

components as seen in Figure 22.

//
A
\ )

:

Figure 20 underground pipeline leak measrement enclosure. Placed over dead grass to capture
leak diffusing through grass and along pipe that is connected to the above-ground pipe shown in the
picture. Chain is used to provide a loose seal over the enclosure.
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Figure 21 Depiction of underground pipeline leak. Methane can escape from a joint or crack and
diffuse up through the soil to the surface. Methane emission can be assisted by natural faults or
cracks in the dirt or nearby pathways that are formed by the presence of rocks or pipe that give the

flow a more defined path to follow.[37]

Figure 22 Exposed underground pipeline leak being measured using the INDACO high flow and
plastic bag enclosure.

During the field campaign counties with the most area in the study area were tthobaracterize
the emissions from distribution pipelines and auxiliary facilities. Thdysarea is defined by the orange

box in Figure 23, and represents, the box flown by the aircraft when making mass-baasueements

40



of the study area. No GIS data for distribution pipelines is available. Gé8irates were not taken by

the study team during this campaign.

Figure 23 Study area Definition and approximate locations of Distribution systems.

During the field campaign, 34 reported leaks were measured. They were raiséteoted from a
leak list with 107 reported leaks. Upon selectionlefik, the study partner operators would guide the study
team to the underground pipeline leak. Leaks were then measured using a specific endinged te
measure underground leaks in combination with an INDACO High-Flow as seen in Figure 2guaed
22.

Once the study team arriveat the facility all valves, gauges, flange, doors, hatches, joints and
connectors were screened with a Heath Consultants RMLD. If upon screening a conceffitnagitiaice
above background was detected a measurement would be attempted with the INDAGviHiie
High-flow would be outfitted with either a plastic bag or cone shape eragpemnding on the shape of the
leaking object.

The same process applied to M&R facilities. All M&R facilities arpublic areas and did not require
additional permission from other companies to measure the facilities. Random sampling of Mi&Esfac

wasnot required for the same reason that TDTS’s did not receive random sampling.
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The screening method is standard for the industry, and the measurement systems hailezdean
similar field campaigns. With experienced operators, it is a reliable metiietsct and measure emissions
on a facility. No form of facility level measurements were used in thipamm and total facilities are
estimated by summing all known leaks found and quantified at a facility.

In the eight-county study region, therasa large number of facilities that could be measured, as seen
in Table 4. Due to the extensive distribution measurement campaign performed on custtengthey
were not randomly screened and measured to quantify emissions. This waselapgerach used in the
Lamb study to quantify emissions from customer meters. This assumption is destgbeatér detail in
3.4.

Table 4 Total operations in the eight-county study region. Services are counted and not measured
by miles. All Commercial and Residential meters have a service line attached to them.

Pipelines

Material IMains (miles) Services (n)
Protected Steel |599 16,440
Plastic 1,553 42.645
Cast Iron 0 0
Unprotected Stegkl 0

Metering and Regulating

Facility Type Facilities (n)
Metering and Regulating Stations (M&R TDTS)|239

Commercial Meters 8,631

Residential Meters 50,352

Using the techniques described above, Table 5 shows the number and type of facilities surde

if necessary, measured, during the campaign. Reported leaks are broken down by service and main.
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Table 5 Sites visited during the campaign.

Source Source Description Number Screene
Transmission/Distribution Transfer Stations (TDTS)

TDTS Both sides of the facility 23

TDTS Transmission side only 2

TDTS Distribution side only 4

Distribution

M&R Metering and regulating facilitie$100

Reported leaks Company documented leaks|34

Onsite direct measurements were performed on 50% of all metering and regulating #n&.69%
of all transmission-distribution transfer stations (TDTS), as seen in Table 6.

Table 6 Facilities visited in each county and emission rate totals by county for screened and
measured sites.

Screened and Measured Sites
M & R Sites TDTS Pneumatics
.. Total . Transmission|  Total Total Total Coun

County Total | Visited (¢ CH./h) Total | Visited side visited | (2 CHy/h) Total (e CHuh) | (g CHs /h)ty
'WHITE 29 13 72.0 [§) 2 0 3.7 0 0.0 75.8
FAULKNER 37 30 15.5 11 9 9 54.5 5 981.7 1051.7
IVANBUREN 27 27 49 1 1 0 1.7 0 0.0 6.7
CONWAY 10 10 1.7 8 7 0 0.0 0 555 57.2
IPOPE 15 15 53 5 4 4 156.2 2] 480.3 641.7
CLEBURNE 5 5 0.0 6 6 6 381.9 1 133.9 515.8]
INDEPENDENCE 47 O[NA 3 0 OINA INA |[NA NA
JACKSON 27 O[NA 2 0 OINA INA  |[NA NA
TOTAL 197 100 990.5 42 29 598.0 8 1651.3 2348.8]

In addition to the screened and measured sites, a list of screened and measucaa lealseen in
Table 7. Some counties did not have reported leaks. It can be seen that the majmiggiohe are from

pneumatics.
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Table 7 Reported leaks visited in each county and emission rate totals by county for screened and
measured sites. Reported leaks are assumed to be representative of the entire basin.

Screened and Measured Reported Pipeline Leaks
Services Mains
County Known . . Visited |Measured| Known . . Visited Total Emissions
Leaks Visited (%) (@/h) Leaks Visited (%) Total (g/h) (2 CH,/h)
\WHITE 17 10 59% 168.5 23 11 48% 191.2 359.7
FAULKNER 11 5 45% 98.8) 3 2 67% 1.7 100.5
IVANBUREN 0 0 0.0) 0 0 0.0 0.0)
CONWAY 0 0 0.0) 0 0 0.0 0.0)
IPOPE 9 5 56% 75.8) 4 1 25% 26.7 102.5
CLEBURNE 0 0 0.0f 1 0 0.0 0.0)
INDEPENDENCE 6 0 NA] 5 0 NA] NA]
JACKSON 1 0 NA] 5 0 NA] NA|
TOTALS 44 20 45% 3431 41 14 34%) 219.6 562.7

In addition to emission source, emission rate, and location; inlet pressures fexitity are also
reported for M&R and TDTS facilities. No measured emission rate apmd#oh upper measurement
limit of the high-flow. All detected leaks were quantified. Of ti&& Ineasurements performed 105 were
zero and 31 were at the lower detection limit (1.73 g CH4/hr). Measurememtsalserperformed on
reported leaks which were categorized as either mains or services. Leaks were randomly seletted from t
leak list to be measured. Class A leaks were not measured in this campaigA |Etdssare repaired as
quickly as possible because of their potential safety hazards, but thegt aecessarily larger than class
B or C leaks. There was only one Class A leak in the leak list. Of tresaBd imeasured on the leaks list
seven were zero 19 were at the lower detection limit (1.73 g CH4/hr).

All measurements were performed with the measurement devices listed in Tablm&agurement
equipment was calibrated each morning before measurements were performed.

Table 8 Measurement Equipment Used in field campaign for the distribution sector.

Manufacturer Instrument |Model Number |Use Serial Number
Heath Consultants RMLD-Is | RMLD-is  [Ynderground pipelinelegg ;e g
delineation/detection
Heath Consultants DP-IR DP-IR Underground leak 91013-40001
delineation
BT-GCl-211 el
INDACO High-Flow Iunierg/m“”? pipetine
TSL- 8340 eaks W/ enclosure
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3.4 The Model and Methods
The model was constructed for estimating emissions from the distributiwarken the entire study
area. The model utilized Monte Carlo methods[39] and follows the schematic plan in Zgurae

remainder of this chapter will discuss how each block was determined and estimated.

Partner Facility List
GTI EF's for
ME&R/TDTS, —
( /TDTS/ Customer Meters . i
Customer meter) Fraction of Facilities
in Flight Boundary
MeasurIEdI Facility Total Distribution
Emissions _“_. Estimated Facility | Network Estimate
Emissions in Flight Boundary

| Total Distribution

|| "I Network Estimate |

Measured Leak
Emissions

Estimated Leak
Emissions

Partner Leak List —

Figure 24 Model visualization for distribution system emission estimate. All informatin on the left
boxes were supplied by the partnecompany or measured in the field campaign. GTT EF’s
represent the only external source of information in the estimate.

A study area estimate was generated using the information collected in theeshiglions estimates
for M&R and TDTS facilities utilized only emissions data collected in gtudy. Estimates from a Gas
Technology Institute study[45] were used to provide a range of potentiali@misstors for both
residential and commercial customer meters. The measurements taken at the kstiendinit of the
high flow were not estimated but were taken as the reported value whichasvéralketection limit. The
Lamb study did help guide the model of this study, the same method to separate facilities bgsislee pr
was used as well as distinguishing facilities by M&R TDTS, main, seavideeustomer meters. Where the
Lamb study is focused on annual emissions from distribution lines this study is foausédo-day period
of combined total emission rate to compare against aircraft measurements, bettaasmotial leaks are

not considered, and the leak list provided by the partner company is assumed to be complete and

representative of all leaks that exist in the system during the mass balance flights.
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The model developed a study area estimate by breaking facilities down into measured and non-
measured leaks and facilities. The facilities and leaks that had measurements perfdireedused the
measured values to simulate the emissions. Facilities and leaks that did noarhassociated
measurements had an emission rate randomly assigned to the facility in Mont&Q@el{89] pulling
emission rates from distributions of emission rate measurements for the sgmesetjaategory operating
at a similar pressure. Unmeasured TDTS sites would randomly assign thecere@neumatics to a
facility based upon the fraction of observed TDTS sites that had atiesnif a facility was assigned to
have pneumatics then an emission rate would be randomly selected from the range lef grogssions
that were measured on pneumatic equipment. TDTS sites were simulated for botissiansside and
distribution sides independently, to account for emissions when only théuistt side or the
transmission side was measured. For each side, random measurements were pulled fratiowkistd
emissions for that side of the TDTS.

Customer meters represent a different part of the distribution systemeteahot measured in this
study. In 2009 a large measurement campaign performed by the Gas Technology [4Stituteveyed
836 commercial meters and 2400 residential meters. Emission factors were estdbliseeden
commercial and six residential companies for each company’s meters and can be seen in Table 9 and Table
10. This range of potential emission factors for each company provided the range of eratssidorr
distribution systems similar to those in the study region. Emission rates drawthisadistribution were
multiplied by number of customer meters and residential meters in the stady al#ain and approximate

emissiorrates for each county
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Table 9 GTI Residential meter emission factor estimates provided from six differentdid surveys.
Reorder from largest emission factor to smallest emission factor.

Total

No.

: No. Fugitive | No. Vented Total Methane . . Residential Meter

Field . Natural o Residential D

Survey Leaks Emissions Gas Emissions Meters Emission Factor

Identified Identified (ft3fyear) (Ib CH4/year) Surveyed (Ib CH4/meter-yr)

TestD | 27 0 72,927 2853 420 6.79

TestA |5 1 34,073 1,344 288 4.67

TestF | 2 4 9,203 371 362 1.02

TestC |1 0 2,637 104 201 0.52

TestB | 4 2 5,950 235 637 0.37

TestE | 3 2 2,398 94 492 0.19

Total 42 9 127188 5001 2400 2.08

Table 10 GTI Commercial meter emission factor estimates provided from seven different compan
surveys. Reorder from largest emission factor to smallest emission factor.

NO'. . No. iy Total Methane e . Commercial Meter
Fugitive Vented Natural o Commercial S

Company Tt Emissions Emission Factor
Leaks Emissions | Gas (Ib CH4lyear) Meters (Ib CH4/meter- yr)
Found Found (ft3/year) y Surveyed y

D 11 1 162,519 6,413 91 70.47

G 6 28 265,700 10,485 440 23.83

B 1 3 12,658 499 65 7.68

F 1 5 9,626 388 64 6.15

A 5 0 2,397 94.61 36 2.63

C 1 0 995 39.3 77 0.51

E 0 1 448 19 63 0.30

Total 25 38 454,343 17,938 836 21.46

As seenin Figure 23 and Figure 25 not all distribution systems are in thé#igidary of the aircraft.

For this reason, emissions from the study area had to be scaled accordingly to ntateremissions

from the distribution system that would be seen by the aircraft. The distrilsystem operator provided

a map of facility locations and the fraction of sites in the area waipliad by total emissions to determine

approximate emissions within the flight boundary on a county level. To estimate the affrdistitbution

system in each county, the total number of pixels in each county associated whiht@hstisystems was

counted along with the number of pixels inside the flight boundary for each countyafiths total pixels
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to pixels in the flight boundary was used to approximate the fracfitotad emissions that would have

been seen by the aircraft. The Monte Carlo model was iterated 100,000 times to produce results.

Figure 25 Monochrome graphic used to determine content within flight boundary in and out of
each county.

3.5 Results & Discussion
Simulation results indicate that the majority of emissions from all TDTS, Migd®, and line leaks in
the eight-county area are a result of pneumatic releases, which account fond&#eafissions. Reported
leak emissions are second largest, accounting for 27% of all emissiorS flifive emissions, excluding
pneumatic emissions, account for 14% of all emissions and M&R fugitive emissions tafceccafb of
emissions. County level emissions and uncertainties can be seen in Figure 26. Estiesionin the figure

have not been scaled to reflect the proportion of the total what was inside the flight boundary.
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Figure 26 TDTS, M&R and line leak emissions sources by county, with uncertainty. Uncertainty is
dominated by pneumatic emissions. White county has large uncertainty because it has more
unmeasured reported leaks than any other county, Jackson, and Independence County also have
large uncertainties because they had no measurements performed. Emissions shown in the figure
have not been scaled to reflect the proportion of the total what was inside the flight boundary, and

meters are not included in this analysis.

Adding emissions from residential and customer meters cause emission estineiange on a
county level, as seen in Figure 27. It can be seen that uncertainty for tidaloes also changes
significantly. This is due to the large variability in customer meter emissionsdina reported in the GTI
study. Emissions for residential meters range from 0.19 Ib CH4/meter/year to 6 H8/theler/year and
emissions from commercial meters range from 0.30 Ib CH4/meter/year to 70CH4meter/year. It
should be noted that while there are nearly 7 times as many residential méhene ase commercial

meters, the total emission rates are similar due to the large emissims fstociated with commercial

meters.
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Figure 27 Emissions from all Distribution source categories in the eight-county region.
When including customer meters it can be seen that emissions are dominated lbggbrg.da order
to get an understanding of how emissions from the basin could change depending on what ectsison f
from the GTI study are used Figure 28 shows how the average emission factoruar@ttegnty decrease

when the largest emission factor for both residential and commercial meters are excluded.
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Figure 28 Total emissions from the distribution system Includes all potential emissi sources. The
gold distribution includes all reported customer meter emission estimates as seen in Table 9 and
Table 10. Blue distribution excludes the largest reported customer meter emission estimafieis
both residential and customer meters. Green distribution excludes the largest two, pink excludes

three largest, black excludes four largest and purple excludes five largest residential and
commercial customer meter estimates. Box and whisker plots show mean, one standard deviation
and two standard deviations for each distribution.

In order to preserve the worst case scenario of emissions and to include any ramsgsomh sources

from customer meters all reported emission rates were used in the analysis. Figiispl&s total
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emissions for the eight-county area, while Figure 29 shows the fraction of estieraissions in each

county which are inside the aircraft light boundary.
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Figure 29 Scaled county level emissions by fraction of facilities in flight boundary.
When comparing the measurements performed in this study with emission ratesmfthadamb
study it can be seen that emissions from reported leaks are statistinibly to the Lamb study. In contrast
emissions from TDTS’s and M&R’s are significantly lower than in the Lamb study (Table 1).

Table 11 Study comparison with Lamb study shows the statistical similarity betaen reported leaks
and statistical difference between facility emissions.

EF Lamb . # of Average Total
(kg/h) EF This Study (ke/h) sites Emissions(kg/h)
Source Category Mean Mean Low High Lamb This Study

TDTS 0.35 0.08 0.06 0.11 42 14.76 3.53
M&R 0.24 0.00 0.00 0.00 197 46.33 0.28
Main 0.05 0.02 0.01 0.03 41 2.06 0.70
Service 0.01 0.02 0.01 0.03 45 0.35 0.72
Commercial Meter 0.0011 7728 9 9
Residential Meter 0.0001 50822 5.48 5.48
Total Emission Estimate 77.57 19.29
Total Emission Estimate Scaled by area 28.8 7.2
Measured source Emission Estimate Scalled by Area 63.50 2.1

These data indicate that the local distribution operator has lower metimésgons than the national
average. It can also be seen that by scaling by proportional area in and out obieacthe total estimated
emissions that the aircraft would see is significantly reduced from 19.29 tkgih2 (kg/h). Finally,
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attention needs to be drawn to the size of proportional emissions from custeiees which were not
measured in this study. While including them in the study would have redhectahé available to measure
other sources it could have provided a superior estimate of emission from the openatestidies could
randomly measure customer meters develop emission factors comparable to the GTIhésudguld
reduce uncertainty in this emission category and improve the understanding of actsairesrirom the

distribution network being measured.
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CHAPTER 4. NON-OIL & GAS EMISSION SOURCES

4.1 Non-Oil & Gas Emissions Sector

Methane emissions occur from a variety of sources and to properly attribute themsrisshe natural
gas sector an understanding of where potential emissions can occur is imperasiveclibh analyes
methane emission sources that are not directly related to the natural ggschapplincluding biogenic
and natural thermogenic sources.

Thesecad largest source of methane generation in the U.S. is from enteric fermentation §Ejgure
Enteric fermentation is a process that occurs in ruminant animals, or animatsultiite stomachs that
use bacteria located in the rumen (fore-stomach) to digest materialthagastric animals cannot, usually
grass or hay. The bacteria ferments the rough plant matter and allows fordigéstion. In this process
methane is emitted. [46] In the US, enteric fermentation emissions are dominated by cattle.

Other sources of methane emissions such as manure management, wetlands, ponds, lakes, rivers,
landfills, wastewater treatment and rice fields, all occur due to anaeigbgtidn. Anaerobic digestion is
the process by which bacteria break down organic matter into met®@neand other trace gasses[47]
The reaction occurs in environments that do not contain dissolved oxygen, usuddgwvater or
underground. Anaerobic digestion can take place over a wide range of temperaturesoamaldted by a
wide range of bacteria species, causing variation in the production of methanénér@anie source
material. Methane production through anaerobic digestion is lower at ambientaamgsethan at higher

temperatures. [48] An image of a wetland preserve area found near the studysreg@mri in Figure 30.

Figure 30 Wetland near study area in Arkansas. A typical example of a source where anaerobic
methane emissions could occur.
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The non-oil & gas methane emissions analysis developed for this study consistafatagories of
sources: (a) naturally-occurring thermogenic methane emissi@ishermogenic gas that is not released
from oil and gas industry operations; (b) biogenic methane from anthropogenic activities, tdodejaic
methane from naturally-occurring processes.

One naturally-occurring source of thermogenic methane emissions is geological seepage
Geological seepage is natural gas from gas-bearing formations that pemsgs ¢feological features such
as cracks, fissures, or even permeable soil and made its way to the surface. Thermetbanie can be
identified by the presence of carbon isotopes that differ from carbon isotopentpne biogenic
methane[49] or the presence of ethane in conjunction with the methane. Gédegage has been
reported to be a large emission category on the global scale and was also analgtexdhtine potential
emissions from the region.

Anthropogenic methane is released from sources other than oil and gas operations. Teratiadysi
studywas guided by the Greenhouse Gasetvry’s (GHGI)[50] methods to understand the other major
sources of anthropogenic methane emissions. Figure 31 illustrates the large dmptier emission
categories on total methane emissions and emphasizes the importance of estigthtimg mmissions

from all potential sources, both anthropogenic and natural.

Natural Gas Systems
® Enteric Fermentation
« Landfills
m Petroleum Systems
m Coal Mining
® Manure Management
m \Wastewater Treatment
m Rice Cultivation
m Stationary Combustion
m Abandoned Underground Coal Ming

124

S

Figure 31 Non-Oil & Gas emissions from anthropogenic sources in the study region
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The GHGI does not include emissions estimates from naturally-occurring agentces, such
as wetlands, rivers, ponds, and lakes, but these emissions are included in this anab&isnEfrom
natural sources were guided by available activity data asmfetland, river, pond, and lake, locations and
areas were provided by U.S. Fish & Wildlife service[51]. A report on emissions from natuds{h2)
shows that wetlands dominate in total natural source emissions, followed by lakewe@and areas
provided by [51] were known locations that had the potential to generate methainght anaerobic
digestion. Once the largest natural emission source as reported by [52] weategistither categories of
potential methane emissions were reviewed.

Finally, all other unknown sources of methane generation were examined using GHGRP
FLIGHT[53] to see if other unknown facilities in the region could be emittiethane. A coal-fired power
plant was foundn the northeast region of the basin. Numbers provided by FLIGHT were used to estimate
emissions from the source and were not estimated in this analysis.

Combined anthropogenic methane emissions from non-oil and gas sources are larger th@arsemiss
from oil and gas sources on a national level as seen in Figure 31. The GHGI saxtpties/e information
on each source category of anthropogenic methane emissions and was used as therétaesiuic
agriculture, landfills, waste water, and stationary combustion. Similarly to better andersethane
emissions from natural gas systems and other anthropogenic sources there has been a pughnd unders
methane emissions from all possible sources. The influence of wetland methas®rerhas been
documented for over 25 years[54], but there has been a recent push iruhéttetanding methane
emissions from sources that aren’t as well characterized, including, rivers, ponds, reservoirs, and geological
seepage.

Rivers have historically been viewed as having minimal potential for methane production and
emission due to the aerated environment that prevents anaerobic digestion. Hthweesdras been an
increased understanding of the pervasiveness of methane within rivers and stred@rissnandestimated

that rivers emit 26.8 Tg CH4 annually which is 15-40% of wetland emissions.[55]
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Ponds similally to rivers, have not been estimated in many previous greenhouse gas inventories,
driven in part by the lack of information on the quantity and size of the smalé pBecent improvements
in satellite imaging along with measurement campaigns of small ponds has proeitkrdestimates of
pond count and area. Methane diffusion rates in small pondshlegn reported to contribute 40.6% of
diffusive CH4 emissions from freshwater lakes and ponds even though they onlyseBr§9 of total
area of lakes and ponds globally. This higher flux rate from smaller pondntheagsthe contribution
of small ponds to the global methane inventory more than previously anticigatedepresent and
important inland water source of methane [56].
Reservoirshave been measured in recent history but detailed correlations between methsioagm
and reservoir nutrient content, average temperature, and latitude have not been maelatidimehip
between methane emissions and chlorophyll-a in the water has the strongest corrétatRmn=n0.5.
This correlation predicts methane emissions better than latitude or teunpelais reported that global
methane emissions from reservoirs can be as large as 52.5 Tg per year predithsa studies that ignore
methane emissions from bubbling or ebullition are likely to underpredict total methane emissions.
Geological seepagas mentioned earlier, releases thermogenically produced methane, unlike other
biogenic natural sources that generate methane through anaerobic digestion. Geekyacge of methane
occurs in 75% of all petroliferous basins and is enhanced by the presencesadrduitactures in rocks.
Geological seepage is the process by which methane will follow faults up through the earth’s crust towards
the surface. In some instances, the cracks connect subsurface reseedlystdithe surface resulting in
macroseeps that are easily detectable. If the cracks or fissures don’t continue to the surface but stop in
upper soil layers, methane can still disperse through the soil resultingrio+seeps. Micro-seeps have
been largely unreported and are now starting to receive more attention due to the global impact they could
present. Recent estimates put global microseepage at greater than 10 Tg/y&hg53¢currence of
geological seepage in the study region was corroborated by water qualigs stadormed in 2012[58]

Measurements were performed on drinking water wells where dissolved CH4 wasrf@ihdut of 51
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wells. Thermogenic methane was only found in single well showing that geologicajségpassible in
the basin but it is not widespread affecting all water wells in the basin.

Beyond the gas operations analyzed in the larger study, there are no other petroleum operations in the
study area and there are three abandoned or partially filled hand duminealin the study region as
reported by [59] Due to the small quantity they are not estimated in this analysis.

The analysis presented here covered a similar region as the non-oil arsfigateenade for the
Peischl et. al. study [16], but there are differences in both analysis metho@saltsl Peischl estimated
enteric fermentation using similar methods as this study, but used a meageasetission factor for all
cattle types, while this study used average emission factors for each ygatlm tthe study region
primarily beef cattle and calves, and dairy cattle. The Peischl study also usedesspirovided by NREL
for emissions from manure management. This service provides potential emissiaessand not actual
emission estimates, the analysis presented in this work is estimated using efiaissisireported by the
GHGI and uncertainties for emission factors from IPCC. This study also includes an emtisiate der
other agricultural operations such as rice cultivation, and waste managemeudtupas the time of year
for the Peischl study, emissions from rice cultivation and wetlands should alsbe®véncluded in the
study, since it occurred during the wet season. Scaling county level reported@mnintalwas done in a
similar fashion using the percent of the county in the flight boundary to dpm@texa similar ratio of
livestock being present in the flight boundary. The study model is describedaihidlghe following
section.

4.2 Data Model and Methods

Disclaimer: This section has been submitted for publication and iswaiting on approval.

Non-oil and gas CHemissions were estimated from (i) anthropogenic sources such as enteric
fermentation, landfills, coal mining, manure management, wastewater treatoeeatiltivation, stationary
combustion and abandoned underground coal mines as guided by [41], (ii) natural sources etlehdss w

and geological seepage (using [51] and [57]), and (iii) other methane souteestindy area such as large

57



landfills or power plants [53] that are not accounted for in (i) and (iila\dbsolute CkHemissions were

reported for (iii), emissions for (i) and (ii) were estimated ugiggl, where E&uceare source-specific

emission factors, ARurceare the associated activity data, anaddfyis the spatial fraction of the county
in the study area.

Equation 1
Total Emissions = z EFsource * ADsource * FAcounty

Activity Data represent the count of potential emission sources (livestock, statcamalbyistion, and
wastewater) or aerial extent for potential area sources (geologaggee wetlands, landfills, and rice
fields). All study activity data and literature sources are shown iteTEh All activity data, with the
exception of wetlands, ponds, lakes, and rivers, are multiplied by the surface eiea trithe county
within the study area. Wetland activity data locations based on [51] are shown in FigDrdy3&etlands
within the red box were included, which represents the approximate flight patiy tluei mass balance.
Only permanently flooded wetland types were used in the analysis. Temporarily sodadigdlooded
wetland types were not included in the activity data because the masselftdris occurred during the
dry season. The description of seasonally, temporarily and permanently flooded wettanid grovided

in [51]. Agricultural activity data is available at the county level [60].
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Table 12 Study area activity data reported by county. NA signifies that the actual number is not
disclosed to avoid revedhg an individual’s personal operation and assets. For this analysis NA is
assumed to be zero if supplemental information could not be found. The* denotes information was
provided by the 2007 Census data. Category source references can be found bellow. White text
denotes values were provided on a county level basis. Black text represents data found with
geospatial coordinates and is assumed to be representative of actual locations. Red text belonging to
geological seepage resents values with the largest uncertainty as no geologieapstudies have
been performed and there is no information on fault line, cracks or fissures that could facilitate in
the emission from geological seepage.

Categories
34276 = 37.436 30,168 36,053 4,458 29.870 18.736 41,951 232,948
0 1130* 886 0 790* 401 2,262
1,722 6.889 0 2,711 4,871 489 806 17.489

390 63 3 75 156 1 NA 687

140 12512 4 9,380 3103* 408 22,673

0 5 38 55 15 | 463

23 21 3 17 63 17 79

371
0.70 ; 5 .65 0.36 A 0.74 0.49 0.54

In Study Area®

Notes: Published estimates of geologicsGelepage do not yet exist in the study area. Globally, more than
75% of all petroliferous basins on the global level contain macro-seepaler(iaibseepage also present;
[57]). We calculated total non-oil and gas £#tnissions in the study area for two cases: geologic seepage
(i) is not present, and (ii) is present in the entire study area consideemmublished global geologic
seepage flux distribution described below.

References for Table 12 as follow: A) 2012 Census data [60]; B) U.S.&Ffkidlife Service:
Wetland and Wildlife Wetland Mapper [51] ; C) GHGRP FLIGHT [53]tD$. Census Bureau QuickFacts

[61] E) Arkansas Department of Health [62]; F) Estimated Areas Using Google Earth [63]

59



Emergent

& VP EE I e
35.65 | ST (| m— Forested and Shrubs
s e ot | m— Ponds
(7 e o m— | alies
O ) 1 . ; a0
o o ol A oW _ 'f s RIVETS
= 3545 | R o T R A  ATLSAAE B e -[ = '
= y LR YN S o S
- : e
35.25 [ T et
\i:..f. 5
Eb
35.05 , : _ 1
929 925 G921 917 913

Longitude
Figure 32 Activity data for wetlands, rivers, ponds and lakes provided by the U.S. Fish and Wildlife
service [51]. Wetland types are provided with codes that describe if wetlands are seasonally,
temporarily or permanently flooded. Only permanently flooded wetlands were used in this analysis
as the field campaign took place during the dry season and mass balance flights occurred during
dry sunny days without temporary flooding. Only permanently flooded areas are shown in the
figure.

Figure 33 provides a summary of the total area by wetland type in each countyidtménvFigure
32 appears to show greater prevalence of ponds than is representative of the acWédilerdaere is a

large quantity of small ponds their overall total area is not substantial as seen in Figure 33.
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Figure 33 Comparison of wetland area types in the 8 county study region Wetld size has been
adjusted to aircraft flight boundary showing total areas of what the aircraft would see.

Emission Factorsrepresent estimated (see details below) or reportece@ii$sions per area, count,
or population. We assume triangular distributions based on the reported mean values andceonfide

intervals listed in Table 13.
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Table 13 Emission Factors and Confidence Intervals Used in Analysis.

Emission Categories EF 95% CI Source

0%/ +0% GHGRP

Notes P = Published Value
E= Estimated for this analysis

Estimated values were calculated as follows:

Geological Seepage:

Geologic seep CHemission estimates in the study area are based on reported global geologic seep
flux measurements [57], which are categorized into three seep intensity (ewes 1 = 210 mg
CH4/m?/day, level 2 = 14.5 mg Ci#in?/day, and level 3 = 1.4 mg Gkh*day). We assume only level 3
flux rates in our study are for two reasons. First, level 1 and level 2 flux rates are most gpfomuhin
regions with macro-seeps [57], and macro-seeps are not reported in the study area.oSkcadd of
water wells in the study area include thermogenig [5B] compared to 5% in the Denver-Jules basin,[64]
which has reported CHluxes for both levels 2 and 3 [57]. Based on reported level 3 flux statistics [57], a
triangular emission distribution was generated with a peak of 1.4 mir@thay, a minimum of 0 mg
CHy/m?/day, and a maximum of 5 mg GHhv/day.

Wetlands: GlobalCHs emission estimates were found in Methane and Nitrous Oxide Emissions from

Natural Sources [52]. Emission factors from the most recent global estidqteuplished if52] were
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used in this analysis. Descriptions of wetlands in the study area provided by [Mé@ndsed to apply
the appropriate emission factors published in [54]. An average emission flux wsitineege foforested
wetlandsis provided in [54]. Using the reported emissions flux rates a triangulabdtgiri was generated
for this analysis. The reported emission flux is based off a seasonal average. This seasonal emission factor
was applied to the study area during the field campaign which was during theasion sthe seasonal
variation is accounted for in the activity data and not in the emission fRat@rgent wetlandsand bogs
also have a reported average emission factor along with a provided range, these valaésowrssed to
create a triangular distribution for potential emissions from emergent wetlangsidEntange values are
provided in [54]. It should be noted that the reported mean is different than the mean enctsiarséa

in the analysis due to the nature of the triangular distribution not adguegiresenting the true distribution

of measurements.

Table 14 Calculated emission factors for mid-latitude wetlands based on Bartlett al. Modified to

a seasonal emission factor on a per hour basis instead of a seasonal emission factor on a daily basis.

Due to the shape of the triangular distribution, the median emission values is not the mean bét
distribution. This allows for a high biased conservative estimate of emissions from wetlands.

Source and Units Minimum Reported Mg¢an Maxin|
Bartlett Emergent EF (kg CH4/km"2/p)  4.25 6.7 10.
Bartlett Forested EF (kg CH4/km”"2/h) 1.7 3.75 6.1

Pondsin the study region were estimated using estimates for small ponds found.itn[SG&ir
analysis, they measured 50 ponds less than 0.001 km”2, 20 ponds between 0.001 km”2 and 0.01km”2 and
239 ponds greater than 0.01km”2. The emission factors published in the repart fiamege of pond sizes
were then applied to ponds that matched the selection criteria and can be seen irb. Tahéesize of
ponds in the study areaasprovided by [51] and allowed the appropriate emission factor to be applied to

each pond size.
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Table 15 Ponds in Study area and applied Emission Factors based on pond size.

Flux Rate [reported |Fraction in study area that . o
. i #of Ponds | Selection Criteria
(mg/m2/h) | values | meetsselection critera
1.5|mean 31% 9533|<.001 km~2
0.3|std
0.43|mean 65% 20318|0.001-0.01 kmA2
0.11|std
0.2[mean 4% 12411>0.01 km”2
0.0(std

Lakes and Reservoiran the study region were estimated using emission factors from [65]. A range
of possible emission factors is provided ranging from 1kg/km”2/h to 4.7 k@/kmvithout a reported
mean for hydroelectric reservoirs. In order to better determine a probabilisticchéaophyll-a was used
to create an estimate. In the report, it is found that methane emissions from lakes duaxelation to
chlorophyll-a with R? = 0.5 and a correlation to dissolved inorganic phosphorus WRith= 0.18.
Chlorophyll-a content is reported in [66] for 1999, 1994, and 1989 for upper, middle, and lower Btations
the Greer’s Ferry, the largest lake in the study region. Averaging reported values of chlorophyll-a content
spread across the lake results is an average chlorophyll-a concentrati@u@f #tis can be compared
against average chlorophyll-a content found in lakes reported in [66] with a minimuenofdl.2ug/l and
average of 12.4x/1 and a maximum of 137&y/l. Because the average chlorophydlentent for Greer’s
Ferry isatthe low end of the range a triangular distribution is generated to best accommodate this finding.
To provide a more accurate mean emission estimate comparable triangles wevbarseithe range for
chlorophylla was used to generate a similar triangular distribution for methane flux’s to more accurately
predict mean methane emissions from the reservoir. In this analysiantiee of potential emissions is

preserved while increasing the accuracy of the mean emission rate. This can be seen in Figure 34.
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Average Value of Chlorophyllfa for Estimated Highest Probability Emission
Greers Ferry Provided by ADEQ Rate with similar triangles
(2 ne/L) (1.05 kg/km/h)

Triangular Probabalistic
Distribtion for Chlorophyll-a
flux estimate

Triangular Probablistic Distribtion
for Emission flux estimate

Range for Chlorophyll-a Provided by Uniform Distribtion Provided by Deemer
Deemer (1-4.7 kg/km/h)
(0.2-137.5 pg/L)

Figure 34 Probabilistic lake emission rate generation process. A probabilistic triangular
distribution was generated to represent Greer’s ferry emission in the range of possible chlorophyll-
a concentrations. This triangular distribution was used to generate a similar triangle for emission
rates. This provides a mean emission estimate for generating reservoirs that are not reported.
Greer’s Ferry is reportedly one of the cleanest lakes in the country, for this reason, it should be
expected that it would have lower emissions than lakes with large amounts of chloroploylezer, there

have been reports of large amounts of ebullition that occur in the lake. For this reason, the maximum level

of recorded emissions is still included in the distribution shown in &i84r Documented ebullition[67]

can be seen in Figure 35.

N 3 -~ 2
‘- ‘-'n.'y.“:;t.u X

Figure 35 Documented Ebullitionin Greer’s Ferry Reservoir.
Rivers in the study region were estimated using methods described in [55]. Ae&sion factor

was created by taking total reported annual emissions and the total areasobetvezen 25° and 54°
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latitude and dividing annual emissions by total area to produce units of«i@#2/h. Since the standard
deviation is given, it was utilized to create a normal distribution to estimate emissios.facto

Wastewater Sewer We assume reported U.S. average centralized sewer system emissian factor
(based on waste management systems and diets) on a per capita basis, but @scartaimbt reported
[41]. The resulting emissions are dominated by emissions from septic tanks. bdtharsa, 54% of the
inhabitants use septic systems and 91% of methane emissions come from septic tanks [68].

Table 16 Reported Emissions from septic systems and sewer systems in the United States with
calculated emission factors.

Total Eco2eq | kg CH4/year |% U.S. pop|Total U.S. Population| EF (g CH4/day/person)
SEPTIC | 5,900,000,000 [ 236,000,000 19% 60,427,486 10.7
CENTRAL | 3,100,000,000 | 124,000,000 81% 262,572,514 1.3

County Landfill : The size of the only landfill in the study area is below the GHGRP ragorti
threshold. We bootstrapped emission factors on a per area basis from five Gef@@Rhg landfills
located just outside of the study area as shown in Table 17.

Table 17Reported methane generation from landfills by GHGRP FLIGHT with estimated
emissions factors of landfills found by dividing reported methane generation by reported area.
Landfills with gas collection would emit more methane than those without. The reported generah
does not include methane capture.

GHGRP FLIGHT

Reported Emission

Reported Surface

Emission Factor

Methane Capture

Generation (kg/h) Area (kmA2) (kg ch4/KmA2) Efficiency
Two Pine ' 1761 0.6 3186 60%
Little Rock City Y 281 0.2 1402 33%
Saline Landfill 697 0.2 2996 NA
Conway County " 138 0.3 518 NA
Modelfill ¥ 828 0.5 1763 60%
Notes : Y : Landfill has gas collection

N: Landfill does not have gas collection

Rice Fields Themajority of CH, emissions from rice occur during the growing season while the crop
is submerged [69], which took place before the mass balance flights theriiiejd campaign [70]. Because
only 2% of CH emissions from rice cultivation occur after the growing season [71nwgplied the

reported emission factors by 0.02.
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4.3 Results

Total CH: emission rate estimates for each source category are summarized in Figure B6, whic
includes total emission rates and fluxes from each county (see inset of Figure 3@uniiiative
distribution functions of all emission categories are shown in Figure 37 withgieal seeps included
(purple) and excluded (brown). Geologic seeps represent almost one-thiad nbtehatural gas industry
CH, emissions in the study area (with a substantial contribution to total aintgrt In this paper, we
estimate total natural gas industry £¢inissions as aircraft mass balance; €@rission estimates minus
total non-natural gas GHestimates (including geologic seepage). While geologic seeps co-emdanGH
ethane, other non-natural gas f£&thission sources do not emit ethane. We report here also non-natural gas
CH, estimates excluding geologic seepage as a reference for our companion paperNMadiet al.),
which uses measured atmospheric etHaHgfatios as an alternative approach to distinguish natural gas

industry CH emissions from non-natural gas sources.
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Figure 36 Total CH, emission estimates by source category and by county. Not all counties have the
same amount of area present in the study area, a flux estimate (i.e., on a per area basis) is also
provided. The stacked bar color-code in the inset is consistent with the colors in the main graph.
When comparing the results of this study against previous work from the Peischl saulypé& seen
that the estimate proposed in this study encompassessilfitefrom the Peischl study. CDF’s are used in

the comparison to show that the Peischl study did not incorporate uncertaivgly emission estimate and

they are lower than the mean emission prediction found in this estimate.
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Figure 37 Emission cumulative distribution function for all CHs sources excluding geologic seepage
(i.e, ethane is not co-emitted) and including geologic seepage (i.e., ethane is co-emitted). Dashed
lines represent the median of the distribution and upper and lower 95% CI. Peischl studystimates
emissions from enteric fermentation and manure management only for biogenic sources that exist
in the flight boundary for this study.

Figure 38 shows CHemission rates and flux rates spatially resolved at the county-level assuming an
even distribution across the surface area of each county. County-levdiighbst available resolution for
the majority of inventory data described in this section. In particular, activity dateolecédr agriculture
are not provided by state or federal agencies. Cleburne and White County dominate intetaisSidns
(Figure 38, upper panel) due to large cattle populations and wetland areas (see Fasiveed@s county
size present in the flight boundary. The flux rates (Figure 38, lower padiglate a relatively even GH
emission distribution across most of the study area, yet with higher ratesidotva East. However,
considering the CHemission magnitudes of non-natural gas source$ (ZH/hr) compared to total

estimated study area sources (23-39 /@ these spatial differences are minor when interpreting the

spatial patterns of all emission sources in [Figure 4 in main article].
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Figure 38 Spatially resolved methane emission rates and fluxes on a county basis. Télox
represents the approximate flight boundary performed during the field campaign. Latitude and
Longitude was estimated from shape file and not provided by GIS.

When comparing the non-oil and gas emissions performed in this analysis with fi6b# seen that
this analysis is more extensive with more emission categories and can @aeidge for uncertainty.
However, while the analysis is more extensive, the additional source categoriesngngediogich

seepage contribute an additional 44% to total emissions, illustrating thatoemisse dominated by

livestock, and in particular, cattle.
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CHAPTER 5. CONCLUSIONS

5.1 Study Comparison and Contribution to Bottaip-Estimate

For the 8 county study region, distribution networks emit approximately ZIHkgh on average. In
comparison, the largest dairy, with 1200 head (as reported by ADEQ in 2007), generatéd.kg/Ar
[+50%] based on emission factors used in this study.

Surrounding the study region there are two landfills that generate 147 and 6F8lKkgrespectively,
as seen in Table 17. Other landfills have reported methane captures sytglteafarencies as high as
60%. If 60% of methane was captured from Saline landfill, 418 kg/h wouldgtered, on an average
annual basis, which is comparable with estimates from gathering pipeline netwwar&s.dita indicate the
importance of understanding the full range of potential emission seubotis biogenic and anthropogenic.

In the 1996 EPA/GRI study, emission factors from distribution mains wereedtitiz estimate
methane emissions from gathering pipeline networks. This study finds tissi@nrates from gathering
lines are similar to those from the 1996 study. In contrast, recently measuission factors from
distribution mains (e.g. Lamb study) are one-twelfth (8%) of the study estifiteise data indicate that
emission rates from distribution lines have fallen significantly since 1986statements can be made
regarding gathering lines, as these were not measured in 1996.

This study also finds that national emission factors from the Lamb study acxiamdely twice as
large as measurements taken during this study. These data indicate that efnigsidistribution mains
in this region are statistically smaller than those from the national study.

Methane emissions from the sources characterized in this thesis (gatheringegjpdistribution
systems, agriculture, waste management and natural sources) can be seen in Figleee38ugmented
with estimates for bottorap emissions estimates for O&G operations in the study region during the flight
period [19]. The agriculture category is composed of all emissions from cattkedj swine, and rice
fields. The natural sources category is composed of emissions from emergent wetlands \fetksids,

ponds, lakes, and rivers. The waste management category is composed of emissions frortewastewa
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landfills. All bottom-up emission estimates are assumed to be occurrinip With flight boundary as
depicted in Figur@3. Together, the sources estimated in this work account for ~19% of the total bottom-

up estimate of emissions from the study area. The remaining 81% of emissions aB&fBooperations
in the study area, including production, gathering, transmission and a limited amexptostion and
well maintenance operations. It is also important to note that the estimate ob@&&ions are time-

resolved and represent emissions estimates when aircraft mass balance flights were completed.

This Analysis contributes ~ 19% 8%
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Figure 39 Comparison of emissions from: gathering pipelines, distribution systems, agriculture,
waste management and natural sources to the total bottom-up study estimate. Distribution sgst
does not appear visually in the pie chart due to small fractional contribution. Black Section
represented by other sources in the bottonp estimate not covered in this analysis but included to
emphasize the contribution of this analysis.
For the categories analyzed here, agriculture represents the largest emisstanhabwas analyzed.
Distribution systems are significantly lower than all other emission categbriesmparing to previous
basin level emission estimates all modeled sources generate approximately 3J8660r(k§% of total

basin emissions as estimated by Peischl, et. al. Th6]95% confidence interval indicates that that methane

emissions from all sources analyzed are less than 5168 kg/h as seen inEifjiseanalysis provides
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insight into the sizes and ranges of unmeasured methane sources in the study regionesthabheve
not been measured in the past. All estimates are utilized in a larger model thetssoemissions from all
sources including gathering stations, production well pads, and transmission lines. Téis padlyrmed
here represents a comprehensive analysis of non-O&G emission sources for the study aoetheand

author’s knowledge, no substantial source of emissions was omitted from the estimate.
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Figure 40 PDF of all simulated emissions.
Comparison and reconciliation of estimates at the basin or facility-level are béyoscbpe of this

thesis and are not included herein. These analyses are included in [19].

5.2 Future Work

Spatial resolution of non-O&G emissions would be greatly enhanced if gealaptordinates for
emission categories were available. While lakes, ponds, wetlands, landfills and wastieeatatent plants
do have coordinates the largest emission sources in the region do not. Cattle ranches acal geejmage
contribute the largest amount of methane and their locations are unknown. Confinesl Reeding
Operations(CAFOS) have been used in other studies to determine where large-sealardaip assist in
the spatial resolution[12], in Arkansas, the majority of cattle ojperstire open ranching and do not require
confined animal permits. There are only 37 CAFO permits with estimated livestock counts in the 8 county
region, this includes eight dairy locations, one chicken layer house, 27 hog houses and ldatckésl.
With only eight known dairy operations this does not assist in assigning geograptétiains to beef

cattle that graze in fields. If ranchers were required to track how oatig they had on a particular range
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at a given time, or if ground images were taken by the aircraft during rapsnts, increased spatial
resolution for emissions from cattle would be possible to produce a more actumgigrison of bottom-
up estimates to aircraft estimates. In addition, if ranchers recorded theofyjielsls that cattle graze,
emission factor uncertainty could also be reduced, since enteric fermentation is deyeowl&md quality
of the cattle.

In addition to animal emissiolocations, geological seepage locations are completely unknown. In
order to better understand geological emissions, maps of fault lines couwldeteto guide future
measurement campaigns to generate a spatial distribution of emissions. To gesddiat dfiinformation
an extensive campaign that would require detailed geological surveys and emission measurement teams to
guantify emissions throughout the study area mapping emissions in a gridtexh fa hese types of
studies are usually performed in regions where macro-seeps exist, however with itheakfotus on
methane emissions across all emission sectors, a campaign focused in this region cotddnibedper
assist in reconciliation with less uncertainty. In addition, since geologic seisaglow process, estimates
made in the next 1-2 years could be back-annotated into this analysis, impaoguitacyex post facto.

In addition to decreased methane emission uncertainty in the non-oil and gasts=etds,dtill room
for improvement in emission estimates from the O&G industry. Uncertaigigthering pipeline emissions
could be reduced by surveying more pipeline as described in 2.4, with measurementsdioqigelihe
leaks rather than on auxiliary equipment emissions, to better charactergeetof pipeline leaks found
in this campaign.

Finally, uncertainty for the smallest category of total emissions, distiibsyistems, could be reduced
by measuring customer meters and providing GPS coordinates for all facilitiessitutly area. However,
it is important to note that decreasing uncertainty in this categorydvigely have little impact on the
total uncertainty due to the small total emission rate from distribution systems.

While basin level measurements allow for rapid quantification of emissionsdrtotal region it
cannot give insight into the source of emissions within the natural gasrindtestility- and device-level
measurements provide additional value by measuring components and facilities to gpestdific leak
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locations. However, scaling these measurements to the basin level req@nssvexanalysis, performed
here and in [19], to produce accurate basin-level estimates. Detailed measurements also heidedéntify
candidates for emission mitigation efforts. For example, some sectors, such asidistriithis basin,
contribute very little methane emissions. Emissions mitigation should be focuse@oaretts in order to
have a substantive impact on emissions for this region.

A complete techno-economic assessment of methane mitigation could assgstiitglfuture methane
mitigation programs. This analysis provides the base framework to begirEtheshowing that some
natural gas companies could focus on methane mitigation in other sectors tlthelvourdate as much
methane as they are currently estimated to be emitting. A more detailed anatftisasfe capture systems
and leak detection and repair programs needs to be made before any definitiveé@ucan be made on
cost effectiveness for methane mitigation across an array of industrissolitd be done to make the
largest impact on methane emissions in hopes of reducing greenjassss and slowing the global

warming process.
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CHAPTER 7. APPENDICES

Disclaimer: This appendix has been submitted asan S for CHAPTER 2 and is waiting for approval.

7.1 Gathering Line Paper Sl

7.1.1 Description of Gathering Lines and Auxiliary Equipment

This chapter describes gathering lines and auxiliary equipment in the contexhatfuhal gas supply

chain, their use, and variation between basins. Gathering lines transpoohg#sef natural gas production

pads to transmission or distribution systems. Gathering lines exist in two distinct greaipsgure 41

1) The natural gas infrastructure between the exit meter at the produetlgrads and the entrance

valve or piping at the gathering station(s).

2) The infrastructure between gathering stations and downstream processing {péargnission or

distribution system.

Gathering lines are typically constructed of plastic and/or steel. In the atedythe lines between

the well pads and gathering stations are predominantly plastic, and those betthesing stations and

downstream sales points are steel.
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Figure 41 Schematic of natural gas industry sectors. Sectors are separated by lines, gas flow is
indicated by arrows. This study is focused on gathering lines their auxiliary equipment and total
emissions from the sector, some gathering lines transport natural gas to processing plants as
depicted in the return loop around gathering stations.

In additionto pipelines, two types of auxiliary equipment are also installed on study partners’ systems

in the study area pig launchers or receivers and block valves. Pig launchers and pig receigers &
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are nearly identical components but installed in different orientatiofeutah or receive the pig. For

simplicity, both types are called pig launchers in this study.

Figure 42 A typical pig launcher/receiver from the study area. Door or hatch to the pig launcher
can be seen on the left side of the image.

Operators pig lines when flow rates decrease or pressures change e threifi nearby connected
facilities. A “pig” is a cleaning plug pushed through the pipeline by the gas flow in the pipeline. To insert
a pig, or to remove a pig and any debris cleaned from the line, operators messdepe the pig launcher,
releasing gas to the atmosphere. At times the pig doesn’t travel the intended route, and operators may have
to open and check several launchers and receivers to locate the pig. Sincessianssygstems handle
market-quality gas and very high pressures, operators purge pigging equipment extemgpirelent air
contamination. In contrast, gathering gas has not been upgraded, and operators rdigaieleskto
purge pigging equipment.

Block valves are used to stop the flow of gas in a pipeline or change the diddtmn. Figure 44
shows a block valve. In general, block valves are simpler than pig launchérfewér gauges, flanges,

and valves, reducing potential sources of fugitive emissions.

80



Both block valves and pig launchers have multiple flanges, gauges, and valves that have the potential
to be sources of fugitive methane emissions. Pig launchers also have doors/hatenesutet to insert
the pig. Emissions can be found at any of these interfaces, and multiple lgake netected at a given

auxiliary equipment location.
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Pig Load
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Normal Operation Chamber Vent
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e B I e T R e eay|
Pressurize Pig & Pig Launch Return to Normal
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Figure 43 Pigging procedure: Schematics describe the gas flows during normal operation, loading
and launching a cleaning pig. Gas releases occur to vent the launcher/receiver chamber and are
largely determined by the pipeline pressure and the size of the pigging equipment. Light blue
indicates open valve with gas flowing through it, red indicates closed valve that is preventing gas
flow.
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Figure 44 Example is a small block valve typical of those found in gas gathering systems. (Photo not
from study area).

7.1.2 Study Area Definition and Pipeline Selection

During the field campaign, different sections of gathering line were ragyddrken to characterize
the emissions from gathering lines. The study area is defined by the orange boxdémbigad represents
the path flown by measurement aircraft when making mass-balance measurementsudfythesat on
October 1, 2015. Figure 45 shows that production wells are more densely populated in the weefern ha
the Fayetteville shale play which suggests that there is more gathering pipé¢fiaeniestern half of the
study area. Prior to the field campaign one partner company had only mowednRaNvestern half of
the basin at the time of the study. For that reason, the field campaign wasypesidtted to the western
half of the study area for that partner. Qualitatively, the pipelinegreéistern and the western halves of
the study area are configured similarly, and there is no evidence that emissionerbebald be
statistically different. Gathering pipelines measured in the field campaignaaked in white. All pipelines

measured were combined into a single timeline traced to create Figure 1 of the main paper.
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Figure 45 Sections of gathering pipeline surveyed during the field campaign. Measurements were

biased toward the western half of the study area because one partner had mowed only ROWSs in

that area. Grey marks are driven ROWSs. Purple dots are individual well pads, the orange line is the
flight boundary for October 15 mass balance. Image from Google Earth™.,

Location N-S (m)

! { ’ L
25 3 35 4 45 5 55 6 6.5 7
Location E-W (m)

‘ + Company1 + Company2 Company 3 x  Other <20 Well Pads‘

Figure 46 Gathering system equipment including well locations and representative gathering
pipelinesfrom MapSearch™ data and partner GIS data. Pipelines have been colored randomly to
maintain the privacy of partner and non-partner companies. Not all wells are connected to
gathering pipelines due to incomplete gathering pipeline information.

7.1.3 Measuring ROWs

Determining which ROW to scan was guided by both experimental guidelines and phydi#bns.

Experimental guidelines were implemented to achieve an adequate characterization ofnth&heasi
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pipeline was randomly sampled across the study area and includes ROWSs thatthveeabtowns and
rural. However, random sampling was conditioned by the accessibility of @WsRincluding the
following physical limitations:

¢ Grade of ROW was too steep to traverse safely and effectively
e ROW was covered with un-harvested crops

e Access restricted by landowner

e Vegetation covering the ROW was too dense to traverse

e Access to the ROW was had water or mud that made it impossible to traverse safely

Figure 47& Figure 48 illustrate the range of vegetation on typical ROWSs in the study area. In
consultation with study partners, the study team selected sections ofd&ritA¥Erse each morning to best
implement the study plan while accommodating local conditions. To maximize ROW traveessdyare
selected with 2-3 segments of traversable ROW each day. Operators would proeide foptdrivable

ROWSs and measurement contractor randomly selected which ROWSs to traverse to reduce sampling bias.

Figure 47 ROW with a steep slope, but mowed and relatively accessible.
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Figure 48 ROW with dense vegetation. The photo illustrates the challenges that exist when
attempting to traverse overgrown ROWSs. Rocks, ditches, fallen trees and other obstacles exist but

are not apparent in the photo.

7.2 Measurement Equipment Used in Study
All measurements were performed by Gutteridge Haskins and Davey (GHD) usisgremeent
devices owned by GHD and calibrated by GHD employees. The complete list of equipovardby
GHD can be found in Table 18.

Table 18 List of instrumentation used throughout the measurement campaign

Manufacturer Instrument Model Number Use Serial Number
Heath Consultants RMLD-IS RMLD-IS Underground pipeline leak 8101311001
delineation/detection
Heath Consultants DP-IR DP-IR Underground Leak Delineation 91013-40001
0302-014091
High Flow Gas Concentrations 9935-011256
Bascom-Turner Gas Sentry CGI-211 Aboveground / Underground leak 9614-007683
measurements 9614-006789
9532-5118
High Flow Gas Flow Rate 96030356
TSL VelociCheck 8340 Aboveground / Underground leak 95040139
measurements 96030360
. BT-GClI-211 o
INDACO High-Flow Underground pipeline leaks w/ enclosure -
TSL- 8340
Ultra-Portable . Lo .
Gathering pipeline leak screening
Los Gatos Instruments GHG Analyzer 915-0011 . K -
(mobile ambient measurements)
CH4/C02/H20
Geneq Inc. GPS Sx Blue Ambient Monitor Position -
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GHD’s vehicle measurement system (VMS) was designed to detect methane enhancements low to the
ground using bumper-mounted air intakes with four inlets (see Figure 49jodialets were joined

together and routed to the Los Gatos analyzer.

Figure 49 Front Bumper of GHD's Measurement Rig. Mounted with 4 intake hoses that are flexible
and designed to ride low to the ground.

The analyzer was paired with the Geneq GPS to track location, as shown e4EgEQguipment was

calibrated on a regular basis.

7.2.1 VMS Efficacy

The validation for the VMS was performed by confirming that the observed coatg@mbf methane
in proximity to known leaks was elevated an observable amount above background methanetonsen
Figure 53 Shows GIS images overlaid with plots of methane enhancements, defined asationcent
observed after subtracting background methane concentration of 1.9 ppnWaGeh the study team
identified an elevated methane concentration, the team sought to idensibyitbe, often driving the VMS
near the source. Figure 50 shows the concentrations detected near the single undergroundadigdlie |
kg/h), while Figuré&1through Figure 53 illustrate elevated concentrations near the much smadi€ipemi
typical of auxiliary equipment. Note that measured concentrations do not correspuily dir release
rates, but each facility shows clearly elevated concentrations detectable by$hshdwing that the VMS
was capable of identifying concentrations corresponding to far smallertieakseen in the detected

pipeline leak.
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Figure 50 Methane concentration near the underground pipeline leak
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Figure 51 VMS data near a pig launcher emitting 88 ¢¢HJ4/hr.
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Figure 53 VMS data near a pig launcher emitting 38 ¢HJ4/h.

All gathering pipeline is buried in the study area. This requires the removal dheiaireates small
voids through which methane can migrate away from the emission source. During ber&loop,
trenches are typically filled with soil of consistent origin. This wees rocks, creating a more uniform
overfill, which minimizes methane migration. For this reason, it is likelytttrtmethane emissions from

buried pipelines would likely surface somewhere inside the ROW.
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During the campaign, wind direction was not monitored which would assist iioposj the VMS
downwind of the trench centerline whenever possible. However, winds weratligitaund level during
the field campaign, reducing dilution or movement of the surface methane plume. Thetigeiaksts
discussed above indicate that the VMS can detect methane enhancements ovsraivagtfeom a source
of 170 g/h for the local wind conditions at that day which were not recdngélde measurement team.
Considering the trench width, VMS intake width (2 meters), detection sensitidifg@kv width (typically
20 meters), the VMS driving the centerline of the ROW effectively covered apmtety 95% of the
ROW, where leaking natural gas would likely reach the surface. From thimtjualanalysis, we conclude
that it is highly likely, but not conclusive, that all underground pipeliakden excess of 200 g/h were

identified by the screening method.

7.3 Measurement Techniques

When the auxiliary equipment was encountered on the ROW, the study team screened trenequipm
using an RMLD® to locate and isolate emissions from joints or valves. After detegmihich component
exhibited a methane emission the measurement contractor would use the high-flowensto measure
the emission. High-flow measurements were performed using either a bag enctusaire to capture all
emissions. Operators also collected background methane concentration, methane concgotrafi
through the instrument, and total mass flow through the instrument. These measurarentiized to
calculate the methane emission rate from the emission source.

The underground emission was first isolated utilizing the RMLD and the methane analyzernThe tea
then placed an enclosure (commonly called a flux chamber) over the emission sourcen(énbajeoiund)
and measured the emission rate utilizing the high-flow instrument. Afearsurement, the operator

immediately initiated efforts to repair the leak.
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Monte Carlo methods were utilized to estimate study area emissions from rgatpgrelines,

following the schematic plan in Figure 54, which will be discussed, block-by-block, in tlaénden of

this chapter.

7.4 Model Methods
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Figure 54 Model Visualization: How to create a gathering pipeline estimate
Field measurements and component counts were used to populate total emission estimattadgr
region. Mean emission factors can be multiplied by complete activity counts tegetnmethane emissions
from the study area. Monte Carlo simulation was utilized to propagate bothilitsreid uncertainty

through calculations, and uncertainty was determined empirically from the resututiisirs.

7.4.1 Gathering Pipeline Emissions

Total emissions from gathering pipelines depend on three variabléstahiength of pipe, emission
rate (stratified by material) and leak frequency (not stratified by raBtefhis section will discuss how
line length was estimated, how leak frequency was approximated and how emissonaamngtermined.

7.4.2 Pipeline Activity Count

Pipeline lengths and material type were provided by partner and non-partner cenmpéméebasin.
The line data that was provided accounts for pipeline attached to 98%efmotducing wells in the study

area. Since these three companies all operate gathering systems, and smaller companiggpear rio
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operate gathering systems, it is likely that the pipeline reported by ¢dbegsnies represents a similar
percentage of gathering line in the basin. Therefore, in our analysis, we assueeottiedl pipeline length
represent all pipelines in the study area. The authors know of no prior studytivbgrecise lengths of

98% of the study area gathering pipeline systems were known.

7.4.3 Modeling Emission Rate from Underground Pipeline Leaks

Pipeline emissions factors were based directly upon the single measured pipeline emission in table Sl
X2. In order to approximate uncertainty associated with the emission rate, a &nmasigtribution was
utilized. Previous studies measuring similar line types in distribugtmorks have found multiple pipeline
leaks, but all of them are smaller than the pipeline leak found in this campadign this observation, we
hypothesize that many leaks may be significantly lower than the leak measwedrteset the lower
bound of the triangular distribution to 0 kg/h. To maintain the same nadae as measured here, the upper
bound was then set to 8.0kg/h, which also allows for legdatentially from higher pressure linesvhich

are up to twice the emission rate of the observed leak. The triangular distribution isrstrogure 55.
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Figure 55 Triangular distribution for emission rate from underground pipeline leaks. Data shown
is the result of simulating with 100,000 iterations.

7.4.4 Modeling the Frequency of Underground Pipeline Leaks

We now consider the probable density, or frequency, of pipeline leaks whicaxisayn the study

area, based upon the field study result which discovered one pipeline leakneasdaring 96 kilometers
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of gathering pipeline randomly sampled from 3948 kilometers of pipeline opésattddy partners. The
probability of findingk events when drawing samples from a total population Bfthat containg total

events, is represented by a hypergeometric distribution:

K\ (N—K K, (N = K)!
P(K) = (k)(n—k kKK -K)! n=K)!(N—-K)—(n—k)!
o v
" (N —n)!
Where

e P(K) is the probability of findingc = 1 events if the study partner’s pipelines contained K total
events.
e N = 3948 km is the pipeline length operated by the study partners.

e n =96 kmis the amount of pipeline measured during the field campaign.

By assuming a range f@f — the unknown number of leaks within the study population (in this case,
the study partner’s gathering pipelines that could be randomly sampled)- it is possible to calculate the
probability of the result seen in the field study for all possible true leak populations. $bume pipeline
is measured in steps of one kilometer (this assumption converts a continuous problandistiete
approximation), and calculate the probability for= 1 ... 550 leaks in the study partner’s pipelines, we
arrive at the probability distribution shown in Figure 56. Note that thig/sisak similar to that of the

Wilson score interval with a known, finite population size.
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Figure 56 Probability distribution for the frequency of underground pipeline leaks

Results of this analysis indicate a mean of 50 km/leak with a 95% confidencalirde 18-425
km/leak, or a leak frequency of 0.02 leaks/km [+178%/-88%]. The mode of thewtisn matches the
frequency observed in the field campaign (96 km/leak), but the mean frequency of &&kkimdicates
that assuming true leak populations of 1-550 leaks are equally probable, the mearcyrés@X that
observed in the field campaign. This distribution was utilized in the Monte €iaulation to estimate
total underground pipeline leaks within the study area. The same probabilistic nvathato utilized to

estimate the fraction of a basin’s pipeline system to measure.

7.4.5 Auxiliary Equipment Counts and Emission Rates

Available data for the auxiliary equipment counts is summarized in Table 1 of the main paper. Wher
missing, Monte Carlo methods were utilized estimate facility counts. Auxéigmjpment was estimated
by using satellite imagery to identify pig launchers or block valves atmmgomly selected sections of
ROW, as shown in FigueB. Scanning was performed for 9 pipeline sections including 3 belonging to the
partner who reported component counts. Sections varied in length from 32 to[48]knCounts from the

9 sections were bootstrapped to create a probability distribution of for cdiaigilary equipment for
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partners and non-partners. The resulting distribution is provided in the accompanyirapletain the
worksheet “Sheet2 Activity Datd The density of pig launchers and block valves were essentially (R? >
0.89) uniformly distributed, with block valves ranging from 0.06 to 0.38 locagen&ilometer of pipeline,

and pig launchers from 0.15 to 0.64 locations per kilometer of pipeline. (Fg@ure
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Figure 57: Cumulative distribution functions for block valves and pig launcher locations
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Figure 58 Satellite image surveys to determine auxiliary equipment counts. Top image displays 6
sections of viewed pipeline, bottom left shows zoomed in image of section 6 and the bottom right
shows what pig launchers and block valves look like in satellite imaging.

Emission rates for the auxiliary equipment were randomly drawn exclusivefydata measured in
the field campaign. All emissions from each auxiliary equipment locatidreifigld study were summed

to create a distribution of emissiolglocation type. Data is in “Gathering Pipeline Emission Data.xIsx”.

7.4.6 Planned Episodic Emissions

No pipelines were blown down (or ruptured) during the study period. Therefore, plansediepi
emissions in this study are only composed of pig launching and receiving. Durinddivafigaign, there
were 13 pigging operations. Dimensions of vessels and pressures were providedhdyycoanpanies.

Calculating the total mass of methane released was performed using the following method.
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B} b}

PxV

G =K
CHA T

Where
e V =volume of pig launcher/receiver
o B, =Barrel length
o Bp= Barrel Diameter
o b, = Bypass length
o bp= Bypass Diameter
e (G = mass of methane in the pig launcher or receiver when pressurized, in grams
o P = Pressure provided by partner before Purge
o r = Gas constant, 8.3148* PA*K*mol*
o T = Temperature of gas at release

o Kcus Conversion from moles to mas§:,, = 16.04 g/mol for methane.
Emissions from pig launch & recovery are small relative to other emissiones, as indicated by the
calculations in Table 19, and observing that the single pipeline leak of 96 kg/day deanfonagnitude

higher than the total emissions from pigging operations on any given day.

Figure 59 Venting of Pig Launcher Chamber
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Table 19 Dates and Sizes of Pig Launcher Emissions

] ) Mass Released Total Mass
ocation Pate (kg CH4) Realsed (kg CH,)
Pig Facility 1 1.6
Pig Facility 2 10/6/2015 2.1 9.3
Pig Facility 3 3.2
Pig Facility 4 2.3
Pig Facility 5 2.6
Pig Facility 6 | 10/7/2015 3.9 9.1
Pig Facility 7 2.6
P!g Facflfty 8 10/13/2015 L1 2.0
Pig Facility 9 0.9
Pig Facility 10 2.5
P!g Fac!'!ty 11 10/14/2015 2.9 10.5
Pig Facility 12 2.2
Pig Facility 13 2.8

7.5 Results & Study Comparisons
The study area model utilized only measurements and activity data fréisldleampaign. The model
was compared against emission estimates for the same study area based upon emissions factors from other
sources/studies combined with activity estimates developed for this model. Tdecefmparisons with
other methods compare emission rate estimates scaled to the study area withoungodififenrent
methods of estimating activity that may have been used in other studies. Bkded include emissions
for pipeline leaks and auxiliary equipment, alwdhot include planned episodic emission since these were

not incorporated into the emission factors from other sources.

7.5.1 Field Campaign Measurements for Auxiliary Equipment
Cumulative distribution functions (CDF) of pig launchers and block valves are shown in 6gure
and complete data is included the SI data table “Gathering Pipeline Emission Data.xixLower

Detection Limit (LDL) of high-flow is shown in plots.
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Empirical CDF for Pig Launchers
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Figure 60 CDF's for Pig Launcher & Block Valve Emissions

Zero’s in the CDF's represent measurements of rates below the minimum detection limit (MDL) of the
high-flow instrument. There are some non-zero measurements below the MDL because tearstuhst
ableto reduce the MDL by reducing the flow rate of the high-flow instrument under some conditions. The
methane sensor has an MDL of 0.05% concentration by mass, and slowing air throwggbpsés methane
concentration, allowing methane quantification at lower leak rates. The stumyrtade the decision to
restrict airflow on a case-by-case basis, based upon prior experience. Qoatityl after the field
campaign determined if the restricted airflow measurements could be utilitzaeAf measured emission
values for Pig Launchers, Blocks valves, and the single line pipeline emissioa saen in S| Data Table
X2.

Using a both a two-sided Kolmogorov-Smirnov test and a student-t tesstsimer statistical difference
between emissions from the two partner companies. Measurements from both companies waesl combi

and also utilized to estimate emissions from non-partner auxiliary equipment.
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7.5.2 Study Results

The study model estimate (SME) of emissions from the study area was developeady Wlixite
Carlo methods with 100,000 iterations. Both activity and emission models were vainepsdich iteration.
Results for the SME and comparable results using emission factors from three other sourcesadedl illus
in Figure 61 A comparison of CDF’s can be made to view the nature of the emission profile distributions.

It can be seen that the GHGI emission estimate has a large tail to elacgseraximum possible emission
while the low end of the distribution is small due to the nature of the logahatistribution that the
estimate is generated from. It can also be seen that the study model estim@tdGnand GHGRP
estimate all cross each other in the figure suggesting that the emisgioatestare statistically similar.
The Lamb emission estimate does not cross any of the other estimates sugggstsigmission estimates

are from a different population of emission sources.
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CH4 Emissions (kg/h)
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== GHGI: Lognormal Emissions Assumption & Study Activity Estimate
O GHGI : 171 (kg/h) +204% / -58%

= Study Model Estimate
O SME: 401 (kg/h) +213% / -88%

== GHGRP: Emission Factor & Study Activity Estimate

= = GHGRP Study: 190 (kg/h)

Lamb:Emission Distribution Assumption & Study Activity Estimate

O Lamb Study: 40 (kg/h) +142% / -68%

Figure 61 Study area emission estimates. The Study Model Estimate (SME) is compared against
estimates based upon study activity estimates and emission factors from the greenhouse gas
inventory (GHGI), greenhouse gas reporting program (GHGRP), and emission factors from the
recent Lamb et. al. study of distribution mains. Circles indicate the empirical 95% confidence
intervals for all studies where variability could be estimated from available data.
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7.5.3 Study Comparison

This study was compared against emission estimates based on emission factors anfhatirgity
provided by the Greenhouse Gas Inventory (GHGI), Greenhouse Gas Reporting Rfaig@RP), and
Lamb distribution study. This section discusses how emission factors and associatedialistrbere

calculated from each of the studies.

7.5.4 GHGI Estimates
The 2015 GHGI sinks and sources report, released in 2016 [41], uses emiskion tfeat were

measured and calculated in a 1992 field campaign and reported in 1996 [24]. The GRI/EPArsttated
emission factor and activity factor estimates for gathering pipelinelfferent pipeline types based upon
measurements performed on distribution network pipelines. Figure 62 was pullety dn@o the

GRI/EPA reporf24] and provides emission factors, activity factors 8@fd CI’s for different line types.

TABLE 9-4. SUMMARY OF METHANE EMISSIONS ESTIMATE FROM
UNDERGROUND PRODUCTION PIPELINES:

. 90%

i won Confidence

MO T ¢ 5 7 ok i i+ i Methane «: Interval of

Average Emission© Average Activity "Emissions 7 Emissions
i Factor, _ Factor, ' Estimate, - Estimate?
Pipe Material (scfleak-yr) (eqaivalent leaks) (Bscf) ; : :

Protected Steel 17,102 53,657 0.9 1.2
Unprotected Steel 43,705 114,655 5.0 7.0
Plastic 84,237 6,467 0.6 1.2
Cast Iron 201,418° 856¢ 0.2 0.1
Total 6.6 7.2

Figure 62 1992 Emission Values and 90% CI for GHGI data series
The report indicated that the emission distributions were log-normal, but dgrowtle standard
deviation, and original data could not be acquired. The model values were esbgnas=liming a log-
normal distribution, and estimating parameters of the distribution using Neldet-Mptimization
(MatLab™) determine the standard deviation that would produce a similar 90% CI. Figure 63 provides an

example of the reconstructed lognormal distribution for plastic pipeline emissions.
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Figure 63 Estimated lognormal distribution of emission rates from plastic pipelines fronthe 1996
EPA/GRI study [24]. Simulation results illustrate the resulting probability distribution utilizing a
mean of 0.6 Bscf and matching a stated 90% CI of 1.2 Bscf.

7.5.5 GHGRP Estimates
The Greenhouse Gas Reporting Program provided Emission factors for pipelines onila pasis

as seen in Figure 64. The GHGRP does npplg CI’s, standard deviations or supporting data to put

uncertainty bounds on their estimates.

Population Emission Faclors—Gathering Pipelines by Material Type7

PRI B o i o A A e R B S R P 0.47

Unprotected Steal ... 16.59
Plastic/iComposite ... 250
BB IPOM o ee e e e em S e 22 et e e A2 s 2 em e e 2760

1 For multi-phase llow thal includes gas, use the gas senvice amissions factors.

2 Emission Factor is in units of “scihourfdevice.”

2 Emission Faclor is In units of “scihourpump.”

‘ l-_gg;a:arbon liquids greater than or equal 1o 20°AP| are considerad “light crude.”

5“Others” calegory includes instruments, loading arms, pressure refiel valves, stuffing boxes, comprassor seals, dump lever arms, and vents.
& Hydrocarbon hquids ess than 20°APi are considered “heavy cruda "

7 Emission factors are in units of “scifhour/mile of pipeline.”

Figure 64 GHGRP Table 1wa: Emission Factors for Gathering Pipeline

7.5.6 Lamb study Estimates
The Lamb study provided national estimates for emission factors from distrilpipieine mains,

95% confidence intervals from bootstrap and identifies the best distributions to ehagabie data. These
values were used to generate similar distributions with the same mean an@59pel. Emission factors
per mile of pipe were estimated by dividing the total national emissionadbrppeline type by national
pipeline lengths for each line type. See Lamb study Sl table S4.6 for U.S. pipelineensieadable S3.4
for emission distribution types and Lamb study table 4 for overall emission amydot us natural gas

distribution systems.
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Emission data was downloaded from Lamb Sl to populate potential emissions fraifuialdpipeline
leaks. Leak frequency was held constant in the comparison and was found by using L&nhlsestitnate
for equivalent leaks and dividing by Lamb's estimate for total distribution mainn@getigths.

Total line lengths were found by determining the total number leaks per pamnthénen randomly
selecting that many emission sources from the distribution. The valuesheer summed which created
the study area estimate for the Lamb study.

The distribution data is included in this study because past revisions of theeaBHHGHGRP utilized
emission factors from distribution mains when measurements of gathering pipedireesot available.
While gathering and distribution pipelines are constructed of similar matehal are operated differently
due to differences in gas quality, safety regulations, and proximity to humaagmpur his study suggests
that, due to the, or other, differences, emission measurements from distribution reamw argood
surrogate for emissions in gathering pipelines.

7.5.7 Statistical Similarity

The GHGI and Lamb study distributions were found to be statistically diffen@mtthe SME using
a two-sided Kolmogorov-Smirnov Test with= 0.05. The SME and the GHGRP-based estimate were
compared by determining if GHGRP value was contained by the CI of the SME.

7.6 Estimating Required Size of Gathering Pipeline Measurement Campaigns

The uncertainty in the SME is largely driven by the unknown frequency of undedypipeline leaks.
We estimate this uncertainty following the method of Section 7.4.4, above, for a rangsiblepesk
frequencies in a study area of similar size to this study area.

The method utilized for Figure 5 in the paper is as follows:

1. Select a leak frequency for the study area. While unknown before the field campaigge &f

estimates should be possible.

2. Assume a fraction of the basin surveyed to detect leaks.
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3. Using (1) and (2), calculate the upper confidence interval using thedet Section 7.4.4, and
shown in Figure 56. For this analysis, we are interested in only the upper confidence bound, to
focus on the probability of underestimating emissions from pipeline lééksherefore, utilize a
0/95% confidence interval, which provides a 95% confidence that the real emigsianless than
or equal to the estimated emission rate.
4. Repeat (1)-(3) for the full range of leak frequencies and survey fractions.
The result is a curve for each assumed leak frequency which estima®@s%ihepper bound on
estimated emissions for any given field campaign, as shown in Figure 65. Asdddlictite figure, a larger
portion of basins (study areas) with low leak frequencies must be surveyestitcg the sameslative

upper confidence bound as basins with high leak frequencies.
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n
o
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=)
o
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Required Basin Survey Size (%)
Figure 65 Relationship between survey size and upper confidence bound in a basin similar in size to
the study area. Estimates consider only the impact of leak frequency within the basin. The fraction
of the basin which must be surveyed increases as leaks become less frequanging from ~1% of
the basin for 1 km/leak to 65% of the basin for 160 km/leak.
However, a more relevant metric to design a leak measurement campaign is &i [@pkline
emissions uncertainty relative to total emissions in the basin. To do thysisnae assume that total
emissions in the study area will be similar to Peischl’s [16] measurement of the eastern Fayetteville shale,

and ask the question: How much of the basin need we measure before we can bound therpipgiames

to be within estimated with an err&t% of total basin emissions? The 1% bound was chosen as it represents
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a low fraction of total basin emissions. It was arbitrarily chosentladnalysis could be done with a

different cut off percentage.

This analysis is completed by the following algorithm for each leak rate

1)

2)

3)

Compute the upper bound on pipeline emissidhs,for the basin using the number of leaks
computed from the curves in Figure 65 and assuming a conservative (i.e. likely higgipemite

of 4 kg/h per leak. Note thdf, is a function of the measured fraction of the bagjri,e. U; =
Ui(f).

Compute the “assumed real” total pipeline emissions, R;, for the basin by multiplying the assumed
emission rate (4 kg/h) by the assumed total number of leaks in the basii4(0.km)/
(100 km/leak) = 40 leaks)

Determining the fraction of the basin which must be measure%ferl < 0.01. This area is

shaded black in Figure 5 of the main paper.
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