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ABSTRACT

Globd methane emissions from the fossl fud industries have been poorly quantified and, in many cases,
emissions are not well-known even at the country level. Higtoricaly, methane emissions from the U.S. gas industry
have been based on sparse data, incorrect assumptions, or both. As a result, the estimate of the contribution these
emissons maketo thegloba methane inventory could beinaccurate. For thisreason the assertion that globa warming
could be reduced by replacing cod and ail fues with natural gas could not be defended. A recently completed, multi
year study conducted by the U.S. Environmenta Protection Agency’ s Office of Research and Development and the
Gas Research Indtitute had the objective of determining methane emissionsfromthe U.S. gasindustry with an accuracy
of £ 0.5% of production. The study concluded that, in the 1992 base year, methane emissons from the industry were

314 + 105 Billion standard cubic feet (Bscf) or 6.04 £ 2.01 Teragrams (Tg) (all conversionsto international units are
made at 15.56EC and 101.325 kPa).
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1.0 INTRODUCTION

The Environmenta Protection Agency [1] and the Intergovernmental Panel on Climate Change [2] have
suggested that switching from cod and oil to naturd gas fuels could serve as an interim measure to reduce the effects
of globa climate change caused by greenhouse gas emissons. Carbon dioxide is the most abundant greenhouse gas
from anthropogenic sources and, in the U.S., 98.5 % of this contribution comes from the burning of fossl fues. [3]
The fud-switching strategy was suggested becauise naturd gas emitsless carbon dioxide per unit of energy generated
and because carbon dioxide contributes more to global warming than al other greenhouse gases combined. Because
of the poor quality of methane emission estimates available however, it was not known if methane leakage and
emissons from naturd gas industry operationswere large enough to substantialy reduce or even eliminate the benefits
of the lower carbon dioxide emissons. Our purpose in conducting this study was to improve the methane emisson
edimate for the U.S. gas industry to help evaluate this strategy and to generaly improve the qudity of the globa
methane inventory for modelers and policy makers. In this paper we describe the data gathering, statisticd, and
extrapolation procedures employed to derive the emisson estimate but, while the results reflect favorably on the fud-
switching strategy, we do not discuss the separate analys's performed to support that evaluation.

2.0 BACKGROUND

Numerous estimates of methaneemiss onsfor thenaturd gasindustry areavailable. Globa emissonsestimates
from aslong ago as 25 years have been produced, primarily for the purpose of determining global
balances of atmospheric trace gases, but more recently for assessng globa climate changeissues. Estimatesof global
emissions from the natural gasindustry are summarizedin Table 1. Mogt of the commonly cited estimates range from
25 to 50 Tg/yr and assume leskage rates from 1 to 4 percent. Ehhat and Schmidt’s[6]
aswell as Hitchcock and Wechder’s[4] low estimates are exceptions but are explained by their use of an early base
year in which production was lower. Darmstadter et d. [10] aso produced alow estimate of 10 Tg/yr as aresult of
using alow assumed leakage rate of 1%. Keding [5] assumed an exceptionally high leskage rate of 6 to 10 % to
arive a an esimate of 40 to 70 Tg/yr. Those estimates at the high end of the normd range usudly result from the
addition of emissions from venting and flaring. In the work by Sheppard et d. [7], Blake [8], and Cicerone and
Oremland [13], it can be inferred from their discussons that the venting and flaring emissons are estimated for both
oil and gasfidds. The emissons are not separated by industry, however, and topics such as flaring efficiencies and
venting versus flaring practices of individua countries are not addressed.



Whileitisnot dwaysexplicitly sated intheliterature, theleskage rates assumed appear tofall into the category
known in the gasindustry as UAG (unaccounted for gas). UAG is the difference between the volume of gasthat a
utility reports as purchased and the volume sold, less any company use or interchange. It ismerely an accounting term
subject to numerous errors including gas theft, variations in temperature and pressure, billing cycle differences, and
meter inaccuracies. Used as a surrogate for gas losses, UAG should consgtently result in an overestimate of actua
emissions to the amosphere and, for this reason, should not be the basis for emission estimates.

Detalled estimates specific to the U.S. are scarce. An estimate resulting from a study by Pipeline Systems
Incorporated was reported by Tilkicioglu [16] to be 3.14 Tg or 0.8% of 1988 production. That study

TABLE 1. ESTIMATES OF GLOBAL METHANE EMISSIONS FROM THE NATURAL GAS

INDUSTRY
Source Reported Estimate Assumed Loss Rates
Base Year  (Tg/yr) (%)

Hitchcock and Wechder (1972) [4] 1968 7-21 1-3

Keding (1973) [5] 1968 40-70 6-10

Ehhdt and Schmidt (1978) [6] 1968 7-21 1-3

Sheppard et a. (1982) [7] 1975 50 2 (leskage) + 25% for
vented and flared

Blake (1984) [8] 1975 50-60 2-3 (leskage) + 30 Tg for
vented and flared

Sailer (1984) [9] 1975 19-29 2-3

Darmstadter et al. (1984) [10] 1980 10 1

Bolleet d. (1986) [11] Not given 35 3-4

Crutzen (1987) [12] Not given 33 4

Cicerone and Oremland (1988) [13] Ealy 1980s  25-50 2.5 (leakage) + 14 Tg for
vented and flared

Barns and Edmonds (1990) [14] 1986 40 0.5 production, 16.2 Tg
vented, trans. & di. is
1.5% of dry production

Fung et d. (1991) [15] 1986 40 Not specified

used existing data and agroup of “mode” facilities asabassfor extrgpolation. A smilar gpproach was adopted by
the Environmentd Protection Agency’ s Office of Air and Radiation in producing their Report to



Congress[17] which estimated industry methaneemissonsat 2.2t04.3 Tglyr in 1990. While both of these estimates
were based on defengble rationae for extrgpolation, they both suffer from the paucity of emissions data available
when they were produced.

3.0 METHODS

Within this section we will describe the categorization of emisson sources used in the study for accounting
purposes, the measurement techniques that were employed, how and where these techniques were
applied, and the methods of extrapol ating these measurementsto the larger industry population of sources. Detalls of
dl aspects of the study are described in a recently published 15-volume report [18-32] and in a series of reports
published by the Gas Research Indtitute listed in reference 19.

3.1 Source Categorization

In this study dl emissons were included from the wellhead to and including the customer meter. In each
industry segment, emissons were included only if they resulted from the production of gasfor the market. Therefore,
in the production sector for example, emissons from equipment whose principa purpose wasto produce oil for sde
were excluded from the sudy. However, if one of the byproducts was marketabl e gas, the equipment used to move
the gasto market wasincluded. Similarly, in the gas processing sector, emissions from equipment associated with the
fractionation of propane, butane, and natura gas liquids were excluded. Figure 1 shows the boundaries that were
drawn around equipment used to produce marketable gas from both gas and il wells so that the specific equipment
that was considered can be visudized. It isimportant to understand the distinctions that have been made because, in
drawing the lineswhere we have, some high emission rateitemsof equipment which, by our definitions are associated
with oil production, have been excluded. In order to ensure that al emissions from the industry were accounted for,
emissons werefirg defined by the ssgment of the industry in which the emitting equi pment was | ocated, the mode of
operation of the equipment when the emissons occurred, and the type of emisson.

3.1.1 Industry segments

The production sector includesal subsurface componentsincluding thewe | holeitsaf dongwiththeassociated
casng and tubing pipe, as well as the surface equipment including separators, heaters, heater/treaters, tanks,
dehydrators, compressors, pumps, and gathering pipeines. Equipment associated with venting, flaring, or reinjecting
natural gas from oil wellsis not consdered part of the gas indudtry.

Natural gas processng plants recover high vaue liquids from the gas stream while maintaining the essentia
content and heating vaue of the gas stream. Liquid products such as naturd gasoline, butane, propane, and in some
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cases, ethane, are removed by compression and cooling or by absorption. The back end of the gas plant, such asthe
fractionation train, is excluded from the gas industry sinceits function isto purify liquid products for the market. The
front end of the gas plant often contains dehydration facilities, wet gas compress on, and the absorption or compression
and refrigeration processes for upgrading gas for the market and, therefore, isincluded as part of the gasindustry.

The transmisson sector movesthe natural gasfrom the gas plants or directly from field production to thelocal
digtribution companies. The transmission segment consists of large diameter pipelines, compressor stations, and
metering facilities. All of the equipment contained within these facilities is congdered to be part of the gas industry.
Compressor stations usualy consst of piping manifolds, reciprocating engines or gas turbines, reciprocating or
centrifugd compressors, and generators. Dehydrators and metering equipment may or may not be present.
Transmisson companies aso have metering and pressure regulating (M& PR) stations where they exchange gas with
other transmisson companies, or wherethey deliver gastoloca distribution companiesor industrid customers. These
stations may contain hegters, small dehydrators, and odorant addition equipment.

Above- and below-ground storage facilities exist to store gas produced during off-peak periods for ddlivery
during high-demand periods. They are typically located close to consumption centers so that cross-country
transmission pipelines do not have to be sized for peak demand. Above-ground facilities store gas liquefied by
supercooling in heavily insulated tanks. Below-ground facilities compress and store vapor-phase gas in spent gas
productionfields, aquifers, or sdt caverns. Most storage stationscons st of acompressor station Smilar totransmission
compressor gations. Underground storage facilities dso have fidd wells, and usualy have dehydrators to remove
moisture absorbed by the gas while underground. All storage facilities and equipment are considered to be wholly
within the gasindudtry.

The digribution segment receives high pressure gas from transmission pipelines, reduces the pressure, and
delivers the gasto residentia, commercid, and industria consumers. This segment of the industry includes pipelines
for mainsand services, M& PR dations, and customer meters. All of these components are part of the gas indudtry.

3.1.2 Operating modes

After associating each piece of equipment with an industry segment, it was necessary to determine the modes
in which this equipment may operate. It is necessary to identify al possble operating modes for each type of
equipment becausethe cause of emissionsisdirectly related to the operating mode a thetime. Modes identified were:
1) start-up, 2) norma operation, 3) maintenance, 4) upsets, and 5) mishaps.

Start-up operations, such as purging a newly congructed plant or pipdine, can involve purging naturd gas
directly to the atmosphere. Emissionsassociated with norma operation include emissionsfrom process vents, fugitive
emissions from packed or sealed surfaces or underground pipelinelesks, and emissionsfrom gas-operated pneumatic

devices. Maintenance operationsinvolve blowing down equipment such as compressors, pipelines, or vesselsbefore



maintenance begins. Process upsets usudly involve releasing gas to the atmosphere or to a combustion device, such
as aflare, asthe result of overpressure or emergency shutdown conditions. Mishapsinclude accidental occurrences

that result in emissions, such as third-party damage to pipelines commonly known as dig-ins.

3.1.3 Emission types

Emissons from each piece of equipment in the natural gas industry can be classified as one of three generd
emisson types. 1) fugitive emissons, 2) vented emissons, and 3) combugtion emissons. Fugitive emissions are
unintentional leaks emitted from sealed surfaces, such as packings and gaskets, or lesks from underground pipelines
resulting from corrosion or faulty connections. Vented emissons are releases to the atmosphere by design or
operational practice. Examples of vented emissons include: emissions from continuous process vents, such as
dehydrator reboiler vents, maintenance practices, such as blowdowns, and smdl individua sources, such as gas-
operated pneumatic device vents. Combustion emissions are exhaust emissons from combustion sources such as
compressor engines, burners, and flares.

The main purpose for categorizing emissions in this fashion was to determine whether they were steedy or
unsteady over time and, as a result, whether they could be measured or must be calculated. For emissons that are
continuous or relatively steady over long periods of time, asingle series of measurementswas sufficient to alow annud
emissonsto be caculated. Since sampling asingle source for ayear or more to determine annua emissions was not
feasble, emissions from sources that are discontinuous or unsteady were calculated using available information, such

as volumes of vessdls, cross-sectiona areas and flow rates of pipes, duration of events, and frequency of events.

3.2 Measurement Techniques for Steady Emissions

Steady emissons result from unintentiond |eaks from seal ed surfaces such as pipe connectors, valve packing,
flange gaskets at surface facilities, and components and small holesin underground pipelines. The three methods we
used in this study to measure steady emissions--component measurements, tracer gas, and leak datistics- are
described below.

3.2.1 Component measurement methods

One method for determining fugitive emissions from above-ground facilities is to determine emissons from
basic components such as vaves, flanges, sedls, and other connectors and then sum these for a given facility to
determine total emissons. Asa part of this program a number of studies were conducted to update emission factors
for pipe fittings and other components used in oil and gas production [33-38]. Nearly 200,000 components were

screened a 33 facilities throughout the country. The gpproach was to measure emissons from a large number of



randomly selected components and to determine the average emission rate or emission factor for each type of
component. |f acomponent was leaking, the average emission rate was measured using one of two test methods.

The firgt gpproach is based on the EPA Reference Method 21. [39] The EPA protocol involves screening
components using a portableinstrument to detect tota hydrocarbon (THC) lesks. The corresponding screening value
for a component, which is a concentration measurement, is then converted to an emisson rate by using acorrelation
equation developed from data collected using an enclosure measurement method. The enclosure method alows the
actual leakage rate to be measured as the product of the flow rate of inert gas through the enclosure and the THC
concentration.  The correlation equation is developed by correlating the screening or concentration data with the
emission rate data measured using the enclosure method. The correlation equation can then be gpplied to the same
component type in Smilar service within the gas indudtry to estimate emissons using only screening data. The EPA
protocol was used to quantify emissionsfrom equipment lesksin onshore production (except for facilitiesinthe Atlantic
and Gresat Lakes regions), offshore production, and gas processing.

The second gpproach used to quantify component emission factors modifies the EPA protocol approach
by using the GRI Hi-Flow™ sampler and direct measurements to replace the data collected using an enclosure
approach. The GRI Hi-Flow™ sampler is a newly developed device which alows the lesk rate of a component to
be messured directly. The sampler crestes aflow field around the component in order to capture the entire leak. As
the stream passesthrough theinstrument, theflow rate and concentration are measured. The GRI Hi-Flow™ sampling
approach was used to quantify emissions from equipment leaksin onshore production in the Atlantic and Great Lakes
regions, gas transmission and storage, and customer meters. Direct measurements, such as rotameter readings, were

aso used on very high lesk rates from open-ended lines a transmission and storage compressor stations.

3.2.2 Tracer gas method

The tracer gas method of measuring methane emissions congdts of rdeasng a tracer gas (usudly sulfur
hexaflouride) at aknown constant rate near the emiss on source and measuring the downwind concentrations of tracer
and methane. Assuming complete mixing of the methane and tracer gas and assuming identical dispersion, the ratio
of the downwind concentrations of tracer to methane must be equa to the ratio of tracer to methane at the release
point. Based upon downwind concentrations of methane and tracer, and the known release rate of the tracer, the
emissonrate of methane can then be determined. This method was used primarily to measure emissonsfrom M&PR

stations [27,40].

3.2.3 Leak statistics method
Thismethod isused to quantify methane emiss onsfrom underground main and service pipdines[26]. Emisson

rates are measured for alarge number of leaksto accurately determine the average emisson rate per leek asafunction



of pipemateria, age, operating pressure, and soil characteristics. The measurement program wasacooperative effort
withindustry, inwhich theindustry used astandard sampling protocol and specialy designed test equi pment to measure
leaks from mains and services. In the procedure, a pipe segment containing the lesk isisolated, the isolated segment
repressurized, and the volumetric flow required to maintain normal operating pressure in the isolated segment is equa
to the leek rate. Higtoricd leak records are andyzed to determine the number of leaks per mile for different pipe
materids. Totd emissons are determined by multiplying the average leek rate per leak by the estimated total number
of lesks in the digtribution segment.

3.3 Calculation of Unsteady Emissions

For some methane emission sources, such as releases during maintenance, detailed company records were
avallable for multiple years, and areasonable ca culation of average annua emissions could be made. However, many
other sources of unsteady emissions are not tracked by companies and, therefore, must be cal culated.

Each unsteady source of emissonsrequiresdatageathering and aunique set of equationsto quantify theaverage
annud emissons. In generd, dl ungteady sources of emissons reguire the following information to quantify annua
emissons. 1) detailed technica characterizations of the sourcesand identification of theimportant parametersaffecting
emissons, 2) data from multiple Stes that alow the methane emitted per emisson event to be caculated from the
governing equations; and 3) data on the frequency of releases.

The edimate of emissons from a vessd blowdown for routine maintenance is an example of emissons
caculated for an unsteady source. In this case the volume, pressure, and temperature of gas contained in the vessdl
before blowdown is used to calculate losses from a blowdown event. Additiondly, an average frequency of these
vessdl blowdown events is necessary to determine the annud loss.

In some cases, emissions per event from some unsteady sources were measured. These emissonsdatawere
combined with Ste datacollected in thisstudy to quantify the annua emiss onsfrom these sources. Examplesof sources
where emission measurements per event were used include emissions from compressor driver exhaust, gas-operated

pneumatic devices, glycol dehydrator regenerator overhead vents, and gas-operated chemica injection pumps.

3.4 Sampling and Extrapolation

Because of a number of practica limitations, neither random sampling nor dratified random sampling was
feesble inthisstudy. The approach which seemed most appropriate was smilar to disproportionate Stratified random
sampling but with certain differences. Initialy, data were collected to determine if a given source was a mgor
contributor to methane emissons. For each source category, an initid estimate of the number of data points needed
was calculated based on an estimate of the target precision and the estimated standard deviation for the source
category. Accuracy targetsfor precision are based on the need to estimate the 1992 national emissionstowithin 0.5%



of U.S. naturd gas production with a 90% confidence limit. Sites were sdlected in arandom fashion from available
ligs of facilities, such as Gas Research Indtitute or American Gas Association member companies. However, the
companies contacted were not required to participate, and a complete listing of al sourcesin the U.S. was generaly
not avallable. Therefore, thefina set of companies selected for sampling was not truly random.

After alimited set of datawas collected, the datawere screened for biasby eva uating the rel ationship between
emissonrate and parameters that may affect emissons. If weidentified a parameter or set of sratathat had alarge
affect on emissons from a given source, we then determined if the sampling procedure had produced a
disproportionate number of samplesin those strata. To determine whether this had occurred, we compared theratio
of the total number of sourcesin agiven stratum to the total number of sources throughout the country. If this ratio
is different from the corresponding ratio for the sample data set, then bias may have been introduced. We then
eliminated the bias by applying the correct emisson factors and activity factors for the different strata.

Once we had identified the important Strata, the precision of theemission rate extrapolated to anationd basis
was caculated and compared to the accuracy target. Where necessary, we collected additiona datain various strata
to improve the precison of the estimate of emissons from the source. The number of additiona data points needed
to meet the newly calculated accuracy target was computed based on the standard deviation and a 90% confidence
interval. Most sourceactivity and emission factorsare made up of an average of multiple measurementsor calculations.
Therefore, assuming a normal distribution around a mean and error independence, standard deviations and 90%
confidence limits were caculated directly for each group of measurements in an activity or emisson factor. The
confidence intervas or error bounds were propagated through the addition of multiple emission source estimates to
arive a a confidence bound for the national emission estimate. These generally accepted statistica techniques are
described in detail in a statistica methods report [21].

The sampling procedure described above was one of the methodswe employed in an attempt to minimize bias
in the data. The absence of bias cannot be proven; however, one can use anumber of methodsto screen for biasand
thendiminateit whenitisfound. Inaddition to our sampling precautions, we aso screened datafor bias by evauating
the relationship between the emission rates and parameters that may affect emissons. The data set wasfirst sratified
by the parameter(s) found to significantly influence emissions. Because the sample set collected was not necessarily
representative of the nationwide proportions of sites in each stratum, an emission factor per stratum was produced
along with an activity factor per stratum to diminate bias in the disproportionate data set.

Other techniques employed to minimize bias included eva uating regiond differencesin operating practicesor
gas compostion. Inmany cases, regiona differences were found and the data were gretified by region in order to
account for these differences in the emissions estimation procedure. A group of industry experts was aso used to
review the dataand approach for estimating emissions, so that any additiond biases could be identified and €iminated.
Expertsfrom each industry sector aswell asother reviewerswere caled upon to regularly review the project sampling



approach, extrapolation techniques, and preliminary estimates. These reviewers identified biases that were then
eliminated through changes to techniques or through additiond data collection. We bdlieve that with this combination
of techniques dl significant sources of bias have been identified and removed.

Once the datawere in an acceptable form, these estimates of emissonsfrom alimited number of sources had
to be extrgpolated to the nationd level. At that point it became asmple matter of multiplying the emisson factor by
the activity factor to obtain a nationd estimate. Typicdly the emisson factor for a source represents the average
emissions rate per source, and the activity factor represents the total industry population of the source category.

4.0 RESULTS AND DISCUSSION

In this section we present a summary of annua methane emissons by emisson type: fugitive, vented, and
combusted. We aso provide abrief description of how the estimates were made and the kinds of measurementsthat
were used. At the end of the section we rearrange the results by industry segment which may be more useful to some
readers.

Table 2 sets out our estimates of methane emissons from the largest sources within the U.S. gas industry
arranged by emission type. Figure 2 further subdivides the category of fugitive emissons so thet the
contribution from compressors adone canbeidentified. This subdivison could be useful should the decison be made

to attempt to reduce gas losses from portions of the industry.

4.1 Fugitive Emissions--Equipment Leaks

Fugitive emissions from equipment lesksin the natural gas industry were estimated to be 146.9 Bscf (4160.2
x 10° m?). The breakdown of these emissions among various types of facilities is shown in Table 2. From the
subdivisionshown in Figure 2 it can be seen that 82.1 Bscf (2325.1 x 10° ) come from the compressorswithin these
facilities, while other facility emissions amount to only 27.2 Bscf (770.3 x 10° n).
These high compressor emissions can generdly beattributed to their uniquedesign, Size, and operation, aswel asfrom

the vibrational wear associated with the units.



TABLE 2. METHANE EMISSIONS FROM THE LARGEST
SOURCESIN THE U.S. NATURAL GASINDUSTRY

Source Annual Methane % of Total
Emissions
(Bscf) (10°m’*)
Fugitive Emissons Subtotal 195.3 5530.9 62.1
Equipment Lesks
Compressor Stations (transmission and storage)? 67.5 1911.6 21.5
Production Facilities 17.4 492.8 55
Gas Plants 24.4 691.0 7.8
Metering and Pressure Regulating Stations® 318 900.6 10.1
Customer Meter Sets 5.8 164.3 18
Underground Fipeline Leaks (all segments) 48.4 1370.7 154
Vented Emissons Subtotal 94.2 2667.7 30.0
Pneumdtics 45.7 1294.2 14.6
Blow and Purge 30.2 855.3 9.6
Dehydrator Glycol Pumps 111 314.4 35
Dehydrator Vents 4.8 135.9 15
Chemica Injection Pumps 15 42.5 0.5
Other 0.9 25.5 0.3
Combusted Emissions Subtotal 24.9 705.2 7.9
Compressor Exhaust 24.9 705.2 7.9
Total 314 8892.5 100

dncludes wells & storage fecilities
PEmissions from meter and pressure regulating stations result from both pneumatic and fugitive emissions. Since these
components cannot be separated using the tracer measurement method, emissons are shown as fugitive by defaullt.

Fugitive emissons are generally measured by ether the tracer method or the component method. The tracer
method was described briefly above and is described in more detall in reference 27. It has been used to measure
emissons from metering and pressure regulating stations.  The component approach was used to estimate fugitive
emissons from gas production facilities, processng plants, transmission/storage facilities, and cusomer meters.
[33,35,36,38] Separatecomponent emissionfactorsweredevel oped for eachindustry segment becauseof differences
indesign and operating practicesthat could lead to differencesin emissons characteristics. Someregiond differences
were aso determined to have an impact on fugitive emissons so, for example, separate factors were developed for
onshore and offshore production facilities.

For gas processing, transmission, and storage, separate emission factors were developed for components
physicaly connected to, or directly adjacent to, compressors because of their sgnificantly higher emisson rates.

Emissonsfor an industry segment were then calculated as the sum of compressor-related components and station



components. The following subsections explain how fugitive emissions were cdculated for each of the facility types

that were significant contributors to total nationa emissons.
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4.1.1 Compressor stations--transmission and storage

Compressor gationsintranamisson and sorageareone of thelargest sources of fugitive emissons. Equipment
leaks from transmission compressor stations were separated into two distinct categories because of differencesin
leskage characteridtics: 1) station componentsincluding al sources associated with the station inlet and outl et pipelines,
meter runs, dehydrators, and other piping located outside of the compressor building; and 2) compressor-related
components including al sources physicaly connected or immediately adjacent to the compressors. The types of
components associated with compressorsinclude compressor blowdown open-ended lines, starter open-ended lines,
compressor sedls, pressure relief vaves, cylinder vave covers, and fud vaves. Fugitive emissionsfrom compressor
stations are dominated by emissions from components related to compressors, which emit 57.5 Bscf (1628.4 x 10°
m?), while emissions from dl of the remaining components not associated with compressors contribute only 9.9 Bscf
(280.4 x 10° ).

Fugitive emissions were estimated from measurement data collected at 15 compressor stations using the GRI
Hi-Flow™ sampler. [36] Based on the measurement data, fugitive emissions from the compressor blowdown open-
ended line were found to be the largest source. Compressor blowdown open-ended lines allow a compressor to be
depressurized whenidle, and typically leak when the compressor isoperating or idle. Two primary modesof operation
lead to different emission rates for these open-ended lines: 1) the blowdown vave is closed and the compressor is
pressurized, either during norma operation or whenidle; or 2) the valve is open when the compressor isidle, isolated
from the compressor suction and discharge manifolds, and the blowdown valve is opened to depressurize the
compressor. The fugitive emisson rate is higher for the second operating mode when the blowdown vave is open,
snce leskage occurs from the valve seats of the much larger suction and discharge valves. Separate component
emission factors were developed for the two operating modes of the compressor blowdown open-ended line. An
overdl average component emission factor was derived for compressor blowdown open-ended lines by determining
the fraction of time transmission compressors operate in each mode (i.e., pressurized or depressurized).

The mgority of compressor fugitiveemissonsresult from thetransmission and storage segments, wherealarge
number of very large compressors exist. Since compressorsare also apart of production facilitiesand gas plants, the
compressor component emission factors developed for the transmission and storage segments were aso used for

compressor components in those segments.

4.1.2 Production facilities

Annud fugitive emissons from gas production facilitiesin the U.S. were estimated to be 17.4 Bscf (492.8 x
10% m?. Component emission factors for fugitive equipment leaks in gas production were estimated separately for
onshore and offshore production due to differencesin operationd characterigics. Regiond differences were found
to exist between onshore productioninthe Atlantic and Great L akesregions (Eastern U.S.) and therest of the country



(Western U.S.), and between offshore production in the Gulf of Mexico and the Pacific Outer Continentd Shdlf. In
generd, these regiond differences were due to differences in the number, type, age, and leak detection and repair
characterigtics of equipment. Therefore, separate measurement programs were conducted to account for these
regiond differences,

For onshore production inthe Eastern U.S., component emisson factors and average component countswere
based on a measurement program using the GRI Hi-Flow™ sampler to quantify emisson rates from lesking
components. [34] A totd of 192 individuad well steswere screened at 12 eastern gas production facilities. Fugitive
emissions from onshore production in the rest of the U.S. were estimated using the EPA protocol. Component
emissonfactors were based on screening and enclosure data collected from 83 gas wells at 4 gas production Sitesin
the Western U.S. [37] The average component counts were based on datafrom the onshore production measurement
program and additiona data collected during 13 Ste visitsto gas production fields. [25]

Emissons from equipment leaks at offshore production sitesin the U.S. were quantified based ontwo separate
screening and enclosure studies using the EPA protocol: 1) the oil and natura gas production operations measurement
program, [37] which included four offshore production stes in the Gulf of Mexico; and 2) the offshore production
measurement program, [41] which included seven offshore production sites in the Pacific Outer Continental Shelf.

4.1.3 Gas processing plants

Fugitive emissionsfrom gas processing plantscontribute 24.4 Bscf (691.0x 10° ) to national annud methane
emissons. The mgjority of fugitive emissions from gas processing plants are attributed to compressor-related
components, which account for 22.4 Bscf (634.4 x 10° m?). The component emission factors for compressor-related
components in gas processing plants were based on the fugitives measurement program at 15 compressor stations.
[25] Fugitive emissions from the remaining gas plant components, not associated with compressors, were estimated
based on the ail and gas production measurement program. [33] In the oil and gas production measurement program,

equipment leaks from atotal of eight gas processing plants were measured using the EPA protocol.

4.1.4 Meter and pressure regulating stations

Fugitive emissions from meter and pressure regulating stations (M& PR gtations) contribute 31.8 Bscf (900.6
X 10° ) to total annua methane emissions. Emissions from this category of surface equipment were measured using
the tracer measurement approach and, therefore, were reported separately from other categories of surface equipment
fugitives. A tota of 95 M& PR facilities were measured using the tracer technique. [27]

The primary losses from M& PR dations include both fugitive emissions and, in some cases, emissions from
pneumatic devices. Since the tracer measurement technique used does not differentiate betweenfugitive and vented

emissons, the vented pneumatic emissons are, therefore, included in thefugitive category by default. Some pressure



regulating stations use gas-operated pneumatic devices to position the pressure regulators. These gas-operated
pneumatic devices bleed to the atmosphere continuoudy and/or when the regulator is activated for some system
designs. Other designs bleed the gas downstream into the lower pressure pipeline and, therefore, have no losses
associated with the pneumatic devices.

Tracer measurements were used to derive the emission factors for estimating emissions from M& PR sations
inboth thetransmission and distribution segments of the gasindustry. Thetotal emissionsare aproduct of theemisson
factor and activity factor, which were dratified into inlet pressure and location (above ground versus in vaults)
categories to improve the precison of the emisson estimate.

M & PR gationsinthedistribution segment include both transmiss on-to-distribution custody transfer pointsand
the downstream pressure reduction stations. The emission factorsfor distributions are based on the average measured
emissions for each station category, and the activity factors are based on the average data supplied by 12 distribution
companies. Theannua methane emissonsfor the M& PR gationsin the distribution segment of theindustry are 27.3
Bscf (773.1 x 10° nP).

For the tranamission segment, the stations include transmisson-to-transmission custody transfer points and
transmission-to-customer trandfer. Emission factors for the transmission segment are derived from the tracer
measurement database for M& PR stations, and the activity factors are based on survey data from Sx transmisson
companies. The annua estimated methane emissions for the transmission segment are 4.5 Bscf (127.4 x 10°n).

4.1.5 Customer meter sets

Fugitive emissons from commercid/industrial and resdential customer meter sets contribute 5.8 Bscf (164.3
x 10°n) total national emissions. The average lesk rate per residential meter setis only 0.01 scf/hr (0.0003 mé/hr),
but there are gpproximately 40 million customer meterslocated outdoors. The meter setsinclude the meter itsdlf and
the related pipe and fittings. Methane emissons from commercia and residentid customer meter setsare caused by
fugitive losses from the connections and other fittings surrounding the meter set. No |osses have been found from the
meter itsalf.

Methane emissionsfrom customer meter setswere estimated based on fugitives screening data collected from
10 citiesacrossthe U.S. [25,35,38] Although atotal of around 1600 meter setswere screened as part of this study,
only about 20% of the meter sets screened werefound to beleaking at low levels. For themgjority of customer meter
sets screened, the GRI Hi-Flow™ device was used to develop emission factors. For the other meter sets screened,
the EPA protocol was used to convert the screening data into emission rates.

Emission factors for resdential customer meter sets were defined as the average methane leakage rate per
meter set for outdoor meters. Emissons from indoor meters are much lower than for outdoor meters because gas

leaks within the confined space of aresidence are readily identified and repaired. Thisis consstent withthefindings



that pressureregul ating stationslocated in vaultshave subgtantialy lower emissonsthan sationslocated above ground.
Emissonfactorsfor commercid/industrial meter setswere estimated separately asthe average emission rate per meter
Set.

Theactivity factorsfor resdential customer meter setswere defined asthe number of outdoor customer meters
inthe U.S. Theactivity factor was based on published statisticsincluding abreskdown of resdential customer meters
by region in order to estimate the number of meter sets located indoors. Data were obtained from 22 individua gas
companies within different regions of the U.S. to estimate the number of residentid customer meters.

4.2 Fugitive Emissions—-Underground Pipeline Leaks

Fugitive leakage from underground piping systems contributes 48.4 Bscf (1370.7 x 10° ) to totdl methane
emissons. Pipeline lesks are caused by corrosion, materia defects, and joint and fitting defects/failures. Based on
limited lesk measurement data from two distribution companies, leskage from underground distribution mains and
sarvices was targeted as a potentidly large source of methane emissons from the gas indudtry.

A leak measurement technique was developed to quantify methane emissions from underground pipdinesin
the naturd gas indudtry. [26] A totd of 146 leak measurements were collected from the participating companies.
These data were used to derive the emission factors for estimating methane leakage from distribution, transmission,
and production underground pipelines. The totd emissions are a product of the emisson factor and activity factor,
and are dratified by pipe use (mains versus services) and pipe materid categories to improve the precision of the
estimate.

The soil oxidation rates of methane were experimentaly determined to be afunction of the methane emisson
rate, pipe depth, and soil temperature. [42] The methane legkage rate for underground pipelines was determined to
be afunction of the pipe service (mains versus services) and the pipe materid type. In generd, thelarger the leakage
rate per leak, the lower the soil oxidationrate. Because of thetypesof pipeinesin servicein the distribution segment,
the overdll leskage rate per peak islower. Therefore, the overdl oxidation rate for distribution pipdinesis higher than
for tranamisson or gathering lines.

In the digtribution segment, activity factors were based on the national database of |eak repairs broken down
by pipe materid using information from 10 companies, and then combined with historical lesk records provided by
6 companies. The activity factors represent the number of equivaent lesksthat are continuoudy leaking year round;
repaired leaks are counted as fractiond leaks. The activity factor combined with the factors derived from the lesk
measurement data produced an overal methane emissions estimate of 41.6 Bscf (1178.1 x 10° ) which indludes
an adjustment for soil oxidation. The largest contributor to the overal annua emissonswas cast iron mains, followed
by unprotected stedl services and mains. The average soil oxidation rate gpplicable to distribution piping was 18%,
which primarily affects the emissons from cast iron mains which have low lesk rates per lesk.



Inthetransmission and production segments, the estimated methanel eekage wasbased ontheemissonfactors
derived from the leak rates measured on distribution mains and on activity factors derived from a nationdly tracked
database of pipe mileage/lesk repairs. [43] For transmission pipelineleskage, the estimated annua methaneemissons
were 0.2 Bscf (5.7 x 10° m®) which includes an adjustment for soil oxidation. For gathering pipelinein the production
segment, the estimated annual methane emissionswere 6.6 Bscf (186.9 x 10° n¥¥). The estimated methane emissions
to the amaosphere from gathering lines include an adjustment of 5% average methane oxidation in the soil.

4.3 Vented Emissions
Vented emissions primarily result from three categories: 1) pneumatic devices, 2) blow and purge emissons,

and 3) dehydrator emissions. Emissons from chemica injection pumps and other sources are minor.

4.3.1 Pneumatic devices

Pneumdtic devicesin the natura gasindustry are valve actuators and controllers that use natura gas pressure
as the force for vave movement. Gas from the vave actuator isvented during every vave stroke, and gas may bleed
continuoudy from the valve controller pilot aswell. Pneumétic devices are amgjor source of unsteady emissions and
account for 45.7 Bscf (1294.2 x 10° n¥) of methaneemissions. [29] Methane emissionsfrom pneumatic deviceswere
calculated based on field measurements, site data, and manufacturers deata

There aretwo primary types of these devices. 1) control vavesthat regulate flow, and 2) isolation vavestha
block or isolate equipment and pipelines. Of thetwo main types, isolaion vavestypicaly have lower annud emisson
rates, dthough the emission rate per actuation can be high. Thisisbecauseisolation vaves are moved infrequently for
emergency or maintenance activities that require isolating a piece of equipment or section of pipeline. Alternatively,
control vaves typicaly move frequently to make adjustments for changes in process conditions, and some types of
control valves bleed gas continuoudy.

Emisson factor estimates for pneumatic devices were based on a combination of Ste information,
manufacturers data, and measured emissonsfrom devicesinthefield. Each segment of theindustry hasvery different
practices regarding the use of pneumatic devices. These differences and a summary of the data collected to
characterize the different pneumatic devices are described below.

The production segment accounts for the mgjority of the pneumatic emissions: 31.4 Bscf (889.2 x 10°n7) or
69% of dl pneumatic emissons. High pressure naturd gasis used to operate most of these devices, Snce production
fadilities are usudly located at remote Sites and natura gasiis readily available and less expensive than compressed
ar or dectricity. The mgority of devices are used to regulate flow and can emit methane either on a continuous basis
or only when the device is actuated. Data were collected from 22 Stesto determine the fraction of continuous bleed

devices versusintermittent bleed devices. A totd of 44 measurements of various device typesin field operation were



used to estimate the emission factor. In addition, the four most common manufacturers of these devices were
contacted for information regarding the characteristics of the devices that affect emissons. The totad number of
pneumatic devices in the production segment were determined based on data from more than 35 Sites.

Pneumatic device emissions from the gas processing segment are very smadl: 0.1 Bscf (2.8 x 10° ) or less
than 1% of dl pneumatic emissions. Emissionswere based on data collected from nine gas processing plantsand from
the four manufacturers of the devices observed. Of the gas processing plants surveyed, only about half (56%) use
natural gas to operate pneumatic controllers and isolation valves, other Stes use compressed air or eectric motors.
The natural gas powered isolation vaves in thisindusiry segment are operated only once per month or once per year,
30 the emissions per dte are rdldively smal.

Emissons from pneumatic devices at transmission compression stations and storage stations account for 14.1
Bscf (399.3 x 10°n?) or 31% of pneumatic emissions. In this industry segment, most of the pneumatics are gas-
actuated isolation valves. Datafor these types of devices were provided by 16 stesand 2 manufacturers. Thereare
a few pneumatic control valves used to reduce pressure or to control liquid flow from a separator or scrubber.
Emissons for these devices were based on information collected from 54 sites and 23 measurements of operating
devices. Site data from 54 stations were aso used to determine the number of devices per station, which was
extrgpolated to a nationa number of pneumatic devices in the transmission segment.

Pneumdtic emissions for the distribution segment are included in the "fugitive’ emisson factor for M&PR
gations. The M&PR pneumatics cannot be separated from fugitives, snce M&PR tota emissions were measured

using the downwind tracer technique.

4.3.2 Blow and purge

Blow and purge is a mgjor source of unsteady emissions and accounts for gpproximately 30.2 Bscf (855.3
x 10° m?) of methane emissions. [24] Blow (or blowdown) gas refers to intentional and unintentiona venting of gas
for maintenance, routine operations, or emergency conditions. A piece of process equipment or an entire Site is
isolated from other gas containing equipment and depressurized to the atmosphere. The gas is discharged to the
atmosphere for one of two reasons. 1) maintenance blowdown-- the gas is vented from equipment to diminate the
flammable materia ingde the equipment providing asafer working environment for personnel that service or enter the
equipment; or 2) emergency blowdown-- the gasis vented from asiteto diminate apotentia fuel source, for example
in case of fire. The factors that affect the volume of methane blowdown released to the atmosphere are frequency,
volume of gas blowdown per event, and the dispostion of the blowdown gas.

Blowdown from maintenance releases were determined by equipment category: compressor blowdown,
compressor starts, pipeline blowdown, vessel blowdown, gas wellbore blowdown, and miscellaneous equipment

blowdowns. Emergency blowdownsrefer to the unexpected rel ease of gasby asafety device, such asapressurerelief



vave (PRV), onavessd or the automatic shutdown/emergency blowdown of atransmiss on compressor gation. Dig-
ins, pipeline ruptures caused by unintentiona damage, wered so classified under emergency release of gasand included
in the blow and purge estimates.

Emisson estimates for each industry segment were based on data from sSite visits or company tracked data
Blow and purge emissions from the production segment, accounting for approximately 6.5 Bscf (184.1 x 10° ) of
the total blow and purge emissions, were based on datafrom 25 stes. Emissionsfor transmission and gas processing
plants, which have similar station blowdown practices, were based on data from eight companies. These industry
segments account for 18.5 Bscf (523.9 x 10° ) and 2.9 Bscf (82.1 x 10° ) of thetota blow and purge emissions,
respectively. Thedistribution segment makes up about 2.2 Bscf (62.3 x 10° ) of thetotal blow and purge emissions,
and the emission egtimate for this segment was based on detailed lost-gas studies from two distribution companies.
[44,45]

4.3.3 Glycol dehydrator pumps

Glycol dehydrator circulation pumps are a magjor source of unsteady emissions and account for 11.1 Bscf
(314.4 x 10° ) of methane emissions. [32] These pumps use the high pressure of therich glycol from the absorber
to power pistonsthat pump thelow pressure, lean glycol from theregenerator. The pump configuration pullsadditiona
gasfrom the absorber dong with therich glycol, more gas than would flow with therich glycol if conventiond eectrica
pumps and level control were used. This gas is emitted through the dehydrator vent stack dong with the methane
absorbed in therich glycol stream.

Gas-powered glycol circulation pumps are common throughout the industry even at Stes where eectrica
pumps are the standard for other equipment. The dehydrator equipment is often specified as a separate bid package,
and the vendors mogt often use the Kimray gas pump as their sandard pumping unit. The pumps are an integral part
of the glycol dehydrator unit, and their emissions occur through the same point. However, the pumps are the cause
for nearly haf of the methane emissons from dehydrators, so they are consdered separately.

Unlikechemica injection pumps, which vent thedriving gasdirectly to theatmaosphere, dehydrator pumpspass
the driving gas dong with the rich (wet) glycoal to the rebailer. Therefore, methane emissions fromthe pump depend
on the design of the dehydrator since gas recovery on the dehydrator will aso recover gas from the pump. The
demographicsgenerated for the glycol dehydrator control system (flash drum recovery and vent vapor recovery) were
a so used to determine the net emisson rate for glycol pumps. Design data from Kimray were used to establish the
amount of gas used by these pumps. Gas-asssted glycol pumps were found amost exclusively in production
dehydrators, with a few in gas processng. No active gas-assisted pumps were found during the Ste vidts to

transmission or storage facilities which is consstent with the fact that larger facilities tend to use dectricity.



4.3.4 Dehydrator vents

Glycol dehydrator vents are a major source of methane emissions and account for 4.8 Bscf (135.9 x 10°n)
of methaneemissions. [32] The mgority of theglycol dehydrators arelocated in production, but dehydratorsare dso
used in gas processing, transmission, and storage. Methane emissions are highest in the production segment; 71% of
the total dehydrator vent emissions are attributed to dehydrators in the production segment. This is due to the high
activity and emission factors for this segment. The absence of flash tanksin most production dehydrators leadsto an
emisson rate per volume of gas dehydrated that is higher in production than in the other ssgments.

Glycol dehydrators remove water fromthe natural gas through continuous glycol absorption. The water-rich
glycal isregenerated, or heated, which drives the water back out of the glycol. The glycol aso absorbs some other
compounds from the gas, including a smdl amount of methane. The methane is driven off with the water in the
regenerator and vented to the atmosphere.

The important emisson-affecting variables for dehydrators are: gas throughput, use of a flash tank, use of
dripping gas, and use of vent controls where the gas is routed to a burner. An emission factor per unit of gas
throughput was established for glycol dehydrator regenerator ventsusing three sourcesof data: 1) computer Smulations
of dehydrator operations using firg principles; 2) data from actual samples taken from regenerator vents; and 3)
multiple Stevidts. The emisson factor was combined with an ectivity factor to generatetheemissonrate. Theactivity
factors arethe volumes of gas dehydrated in each industry segment. Thetotd glycol dehydrator throughput compares
well with a separate study conducted by AP. [46]

4.3.5 Chemical injection pumps

Chemical injection pumps are asmall source of unsteady emissions and account for 1.5 Bscf (42.5 x 10° )
of methane emissons soldly in the production segment. [30] Emission estimates for this source were based on data
from 17 stes, 6 manufacturers, and emission measurementsfrom aCanadian study. [47] Thetotal number of chemical
injection pumps nationally was extrapolated from data rdating the number of chemical injection pumpsto the number
of gaswellsat 38 stes.

Gas-driven chemica injection pumps use gas pressure to move a piston which pumps the chemica on the
opposite end of the piston shaft; the power gasisthen vented to the atmosphere at the end of the stroke. The power
gas may be natural gas or compressed air. Two types of chemical injection pumpswere observed: 1) piston pumps
and 2) digphragm pumps. Thelarger digphragm pumps emit more gas per stroke, and they are used to pump ahigher
flow rate of chemica or to pump the chemicd into high pressure equipment.

Chemica injection pumps are used to add chemicas such as corrosion inhibitors, scae inhibitors, biocides,
demulsfiers, darifiers, and hydrate inhibitors to operating equipment. These additives protect the equipment or help
maintain the flow of gas. The vast mgority of these pumps exigt in the production segment where the gasis wet and



has a high non-methane content. The pumps are most often located at the well Sites, so that the chemica can protect
dl of the downstream and downhole equipment. Most of the chemica injection pumpsin oil and gas production are
associated with oil production and were not included in this sudy. As with pneumatic control vaves, the chemica
injection pumpsin production are primarily powered by natural gas[30]

In the production segment, significant regiond differences exist. Depending on the gas composition and
conditions, some regions use very few pumps, while other regions use the pumps frequently. Many pumps aso have
seasond operation since they protect againgt hydrate formation which winter temperatures exacerbate. Qay
afew pumps exist in the gas processing and transmission segments. The pumps that do exist are powered by

compressed air a these stations and, as aresult, have no methane emissions.

4.4 Combusted Emissions

Combusted emissions result from incomplete combustion of methane in burners, flares, and engines.
Incomplete combustion of methane in compressor engine exhaust is the only sgnificant source of methane in this
category.

Methane emitted to the atmospherein compressor driver exhaust isamajor source of unsteady emissonsand
accounts for 24.9 Bscf (705.2 x 10° ) of methane emissions. [28] Methane emissions result from the incomplete
combustion of the naturd gas fud, which dlows some of the methane in the fud to exit in the exhaust sream. There
are two primary types of compressor drivers. 1) reciprocating gas engines, and 2) gasturbines. A few compressors
in the industry are driven by other means such as dectric motors, but the mgority are naturd gasfuded. In addition
to compressors, there are some natural gasdriversthat run eectrical generators at gas plantsand compressor stations.

Reci procating enginesemit gpproximately 40 times more methane per horsepower or per unit of fuel consumed
than gas turbines. Reciprocating engines account for over two-thirds of dl ingtalled horsepower in the gas indudtry.
Therefore, reciprocating engine compressor drivers account for over 98% of the methane emissionsfor this category.

Emissons were determined by andyzing and combining severa databases to generate emission factors and
activity factors. A GRI database, the TRANSDAT compressor module, [48] contains data from AGA (American
Gas Association) on types and models of compressorsin use, aswell as data on compressor driver exhaust from the
Southwest Research Ingtitute (SwRI). AGA gathersitsdatafrom government agencies, such asthe U.S. Department
of Energy (DOE) and the Federal Energy Regulatory Commission (FERC), and from surveysof itsmember companies
in tranamission and digtribution. SWRI data were generated through actud field testing. These data were combined
to generate emission factors for this project by correlating compressor driver type, methane emissons, fud userate,
and annua operating hours for 775 reciprocating engines and 86 gas turbines.

Horsepowereshour activity factors were developed for each industry segment using data from GRI
TRANSDAT, FERC, AGA, company databases, and site visits. GRI TRANSDAT includes horsepower data for



7489 reciprocating enginesand 793 gasturbinesin transmisson. Transmission operating hourswere based on FERC
datafor 1992 and one company’s datafor 524 reciprocating engines and 89 gas turbines. Storage horsepower and
operating hours were based on AGA data and data from 11 storage stations, respectively. Since nationd totas for
transmissionand storage horsepower were available, noindustry extrapol ation was necessary for theseactivity factors.
Production horsepower«<hours were based on one company’ s data for 513 reciprocating engines and 6 gas turbines.
Processing horsepower and operating hours were based on 10 site visits and company data for 11 gas processing
plants. Activity factors for production and processing were extrgpolated to the industry using published data for
nationally marketed gas production and gas processing, respectively.

4.5 Largest Sources by Industry Segment

Companies within each industry segment will undoubtedly be interested in their own emissions and their
sources, aswill policy makers. In this section we have recast the data so that emissions from each industry segment
and the largest categories within each segment can be seen. Table 3 summarizesemissons by indusiry segment, and
Table 4 breaksthese emissonsdown further by type. Asshown earlier, fugitiveemissonsarethelargest emissontype
for the industry asawhole. It can be seen in Table 4 that they are dso the largest
emission type for each industry segment except production where vented emissons prevall. Vented emissons

are high in the production sector because of the contribution from pneumatic devices. The transmission/storage
sector has the highest emissions of 116.5 Bscf (3299.3 x 10° n¥), largely because of fugitive emissions

associated with compressor stations. The production and distribution sectors have more or lessequa emisson levels
of 84.4 and 77.0 Bscf (2390.2 and 2180.6 x 10° n¥¥), respectively. Emissionsin the production sector are driven by
vented gas from pneumatic devices and fugitive emissons. Didribution sector emissons are driven primarily by
underground pipeline leaks and M& PR dations. The processing sector has the lowest

emissions of 36.4 Bscf (1030.8 x 10° m?) produced largely by fugitives and to alesser extent by compressor driver
exhaust.

It should be noted in both Tables 3 and 4 that the error estimatesfor the total s cannot be directly derived from
the error estimates of the table entries for two reasons: firdt, errors were propagated by a sum of squares technique
usngalevd of datanot presented inthis paper; second, error estimatesfor cell entriesare based on a90% confidence
interval assuming a norma distribution, while error estimates for the total are based on the upper limit of a 90%
confidence interva, dlowing for a reasonable asymmetry in the error distribution and Satistica dependence in the
errors for some sets of source categories. This conservative approach was adopted to avoid, as far as possible,

overdating confidence in the find industry estimates.



5.0 CONCLUSIONS

InaReport to Congressthe U.S. Environmenta Protection Agency has estimated the contribution of methane
from all U.S. anthropogenic sources, excluding the natural gas industry, to be 1190 to 1336 Bscf (33,700.8 to
37,835.5 x 10° m¥). [17] Therefore the 314 Bscf (8892.5 x 10° ) of methane emissions estimated from the U.S.
gas industry in this study accounts for 19 to 21 % of U.S. anthropogenic methane emissions. This compares to
emissonestimates for other sgnificant sources of 31 % from landfills, 19 % from domestic livestock, 15 % from cod

mines, 9 % from livestock manure, and 6 % from other sources.



TABLE 3. SUMMARY OF METHANE EMISSIONS

Emissions as a Percent
Segment Emissions, Percent of Total of Gross National
Bscf (10°m’) Emissions (%) Production (1992)°
Production 84.4+37.0° 26.8+11.8 0.38+0.17
(2.39£1.05)
Processing 36.4 + 20.6 11.6+6.6 0.16 + 0.09
(1.03+ 0.58)
Transmisson/Storage 116.5+ 58.0 37.1+185 0.53+0.26
(3.30+1.64)
Didtribution 77.0£53.6 245+17.1 0.35+0.24
(218+1.52)
Total 314 £105° 100.0 + 33.4 1.42 +£0.47
(8.89 £2.97)

21992 Gross nationa production = 22,132 Bscf (626.8 x 10° ). [49]
b Precision is based on a 90% confidence interval, assuming anormd distribution.
¢ Tota precision is based on a 90% confidence interva, with more conservative assumptions (see text).

TABLE 4. METHANE EMISSIONS BY INDUSTRY SEGMENT AND TY PE

Emission Production Gas Transmission | Distribution Industry Emissions
Type Segment, Processing and Storage Segment, Emissions, | as Percent
Bscf Segment, Segment, Bscf Bscf of Total
(10°m?®) Bscf Bscf 10°n?®) 10°m)
(10°n?) (10°n7)
Fugitive 240+10.0° | 24.4+16.7 72.1+47.0 74.7+358 | 195.2+62.3 62.1
(0.68+£0.28) | (0.69+£0.47) | (204+1.33) | (212+1.01) | (5.53%1.76)
Vented 53.8+33.1 51+81 33.0+ 339 2.2+ 40.0 942+ 624 30.0
(1.52+0.94) |1 (0.14£0.23) | (0.93+0.96) | (0.06+1.13) | (2.67 = 1.77)
Combusted 6.6 +13.2 6.9+89 114+18 N/A 249+16.0 7.9
(0.19+£0.37) | (0.20£0.25) | (0.32+0.05) (0.71£ 0.45)
Total? 84.4 £37.0 36.4 +£20.6 116.5 £ 58.0 77.0 +53.6 314 £ 105°¢ 100
(2.39+1.05) | (1.03+0.58) | (3.30+1.64) | (2.18+1.52) | (8.89 +2.97)

2 |ndividua categories may not sum exactly to totals shown due to the roundoff of significant figures.
® Precision is based on a 90% confidence interval, assuming anormal distribution.

¢ Totd precison is based on the upper limit of a90% confidence interval, with more conservative assumptions  (see

text).

Our emission estimate of 314 Bscf (8892.5 x 10° n) is approximately twice the two previous estimates
[16,17] for the U.S. gasindustry. These previous studieswere based on defensible methods of estimation but did not



have alarge amount of dataavailableto them, and asaresult, somelarge categories of emissonswere underestimated.
Most important among these categories was fugitive emissons. The mogt significant groups of fugitives respongble
for differences in these studies are compressor components which account for 82 Bscf (2322.2 x 10° n¥) of the
difference and distribution sources such as pipelines, meter and regulation stations, and customer meters, which
collectively account for another 60 Bscf (1699.2 x 10° n) of the difference. The estimate produced in this study
should provide amore reliable basis for decisons by modeers, policy makers, and industry dike.
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