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FOREWORD

The U. Protection is charged by with pro~

tecting land. air. and water resources. Under a national
environmental the Agency strives to formulate and lead-
ing to a compatible balance between activities and ability of natural
systems to support and nurture life. meet this mandate. EPA's research
program is providing data and technical support for solving environmental pro
blems today and building a science knowledge base necessary to manage our eco'"
logical resources wisely. understand how pollutants affect our health, and pre
vent or reduce environmental risks in the future.

The National IUSk Manai:tement Research Laboratory is the Agencyls center for
investigation of technological and management approaches for reducing risks
from threats to human health and the environment. The focus of the Laboratoryfs
research program is on methods for tbeprevenUon and control of pollution to air.
land. water. and subsurface resourceslprotection of water quality in public water
systems; retnediaUon ofcontaIninated sites and groundwater; and prevention and
control of indoor pollution. The goal of this research effort is to catalyze
development and implementation of innovative. cost.-effective enVironmental
technologies; develop scientific and engineering information needed by EPAlo
support regulatory and policy declslons:and provide technical support and tutor
mationtf'ansfef' to ensure effective implementa.tion of environmentalregulatiQns
and strategies.

Thispul>lioation has been prQQuced as part of the Laboratoryts strategic long
tef'm res~archplan. It iapublished and made a.vailable by Office of Re
search and Development toaeslst the user community and to link researchers
with their clients.

E. Timothy Oppelt. Director
National Risk Management Research Laboratory

EPA REVIEW NOTICE

This report has been peer and administratively reviewed by the U.S. EnVironmental
Protection Agency, and approved for publication. Mention of trade names. or
commercial products does not CiOflstitute endorsement or recommendation for use.

This document is available to the public through the National Technicallnfonnation
SeNice, Springfield, Virginia 22161.

U....DER INTERNATIoNAl COPYRIGH
PROTECTED ,..
AU. RIGHTS RES~rc~i~MFORMATION SERVICE
trilg;;:~~~~~NT of COMMERCE
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DISCLAIMER

as an account

Environmental Protection

on behalf

LEGAL NOTICE: This report was by Radian Intlernlfltioil1al

of work by Gas Research Institute (GRI) and the

Agency (EPA). Neither EPA, GRI, members of GR!, nor

either:

a. Makes any warranty or representation, express or implied, with respect to the

accuntcy, completeness, Of usefulness of theinfofmlition contained in this

report, or that the use of any apparatus, method, or process disclosed in this

report may not infringe privately owned [ights; or

b. Assumes any liability to the use or resulting

the use of, any information, apparatus, methOd, or prCICClilS disclosed in

report.

NOTE: Office Research and Development quality control

(QAlQC) requirements are applicable to some of the count data by this project.

Emission data and additional count data are from industry or literature sources, !Uld are not

subject to EPAlORO's QAlQC policies. In aU cases, data and results were reviewed by the

panel of experts Hsted in Appendix D of Volume 2.
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RESEARCH SUMMARY

Title Methane Emissions
Volume 11:

Report

Contractor

Principal
Investigator

Report Period

Radian International

ORi Contract Number 5091-251-2171
EPA Contract Number 68-DI-0031

Carole 1. Stapper

March 1991 - June 1996
Final Report

Objective report de~.cribes

from compressor
emissions within the

to quantify emissions
exhlau~lt, Which is a significa:nt source of methane
industry.

Teclmical increased use has ueen as a stJ;ategy for
reeluting the warming. combustion, natural

generates (C02) per produced
coal or oil On the basis of the amount the

potl~ntial for global substituting natural
coal or oil. natural gas is methane, a poteIlt

greenhouse gas, loSses natural gas during production, processing,
transmission, and distribution could reduce the inherent advantage of its
lower CO2 emissions.

To investigate this, Oas Research Institute (OR!) and the U.s.
Envimntnental PTI,}tection Agency's Office of Research and Development
(EPAlORD) cofunded a ml:\lor study to quantify methane emissions from
U.S. nat~lIal gas operations for the 1992 base year. The results of this
study can be used to construct global methane budgets and to determine
the relative impact on warming of natural versus coal and oil.

p

Result:;; national annual em:issi,ons compressor
segment areas production, 6.58±
6.84 ± 130% Bscf; 10.2 ± 17.1%
27.2% Bscf.

industry
gas processing,

and storage, L 19±
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Technical
Approach

Project
Implications

Based on data from the entire program, methane emiSSIOns from natural
gas operations are estimated to be 314 ± 105 Bscf for the 1992 base
year. This is about 1.4 ± 0.5% of gross natmal gas production. The
overall program also showed that the percentage of methane emitted for
an incremental increase in natural gas sales would be significantly lower
than the baseline case.

The program reached its accuracy goal aud provides an accurate es~imate

of methane emissions that can be used to construct U.S. methane
inventories and analyze fuel switching strategies.

The industry has two primary types of c:)mpressor drivers that fire
natural gas: 1) reciprocating engines and 2) turbines. Methane
emissions result from the incomplete combustion of natural gas in the
driver. which allows methane to exit the driver in the exhaust stream.

The techniques used to determine methane emissions were developed to
be representative of annual emissions from the natural gas industry.
However, it is impractical to measure every source continuously for a
year. Therefore, annual emissions for compressor drivers were
determined by extr~polating measured emissions usipg activity factors
where the national emissions estimate is the product of the emission
factor and the activity factor.

Emissions test data for each driver type were collected by Southwest
Research Institute (SwRI) for compressors in natural gas industry servic~.

SwRI data for emissions, fuel u:;;; rates, and compressor model nUr.1bers
were used with data in GRI's TRANSDAT compressor database to
develop the emission f9;;tors. Equations relating the Sv,IU data and the
<!:stribution of compressor models and operating hours found in
TRANSDAT were developed to calculate emission factors for each type
of compressor driver.

Activity factors for each industry segment were developed using site VISit
data, company surveys and databases, and data published in the
American Gas Association's Gas Facts and the Oil & Gas Journal. The
national annual emissions for each industry segment were then calculated
as the product of the emission factor and activity factor for each
compressor driver.

For the 1992 base year the annual methane emissions estimate for the
U.S. natural gas industry is 314 Bscf ± 105 Bscf (± This is
equivalent to 1.4% ± 0.5% of gross natural gas pr0duction. Results from
this program were used to compare greenhuuse gas emissions from the
fuel cycle for natural gas, oil, and coal using the global warming

IV

p



potentials (GWPs) recently published by the Intergovernmental Panel on
Climate Change (IPCC). The analysis showed that natural gas
contributes less to potential global warming than coal or oil, which
supports the fuel switching strategy suggested by IPCC and others.

In addition, results from this study arc being used by the natural gas
industry to reduce operating costs while reducing emissions. Some
companies are also participating in the Natura! Gas-Star program, a
voluntary program sponsored by EPA's Office of Air and Radiation in
cooperation with the American Gas Association to implement cost
effective emission reductions and tG report reductions to the EPA. Since
this program was begun after the 1992 baseline year, any reductions in
methane emissions from this program are not reflected in this study's
total emissions.

Robert A. Lott
Senior Project Manager, Environment and Safety
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1.0 SUMMARY

is one of several provide ba(~kg:rOlmd infiOn1l1ation

supporting the Institute and U.S. Envirool'l1ental Protection Office of

Research and Development (ORI-EPA/ORn) of

this to quantify emissions from the industry

the 1992 base year to within ± 0.5% of natural gas production starting at the wellhead and

ending immediately downstream of the customer's meter.

the

factors

of driver,are:

This report quantifies the amount of unburned methane released in

compressor driver exhaust in natural gas production, gas processing, and transmission.

Emissions from driver exhaust, minor, are inclUded this report.

Emission for indu&ry were based on data from one or more

following sources: site visits, 2) and 3) putllislled

that affect quantity

horsepower, and 0p<n'atlng hours.

ItCompressor driver exhaust a signif1icaJtlt source

of methane emissions, is about 7.9% of methane emlisSlorlS

industry.

accounts for

from the natural

p p
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2.0 INTRODUCTION

In are two drivers

tJlat natural 1) reciprocating engines, and 2) "'''''_Tl'''''''' h,,.l,,in,'"

emissions result from the incomplete combustion of the natural gas, which allows some of

the in filel to in stream.

represent a source in of

sources are present. Emissions from driver are also

included in this report.

rU'"tu,CU e:mil~si()flS w,~re calculated as the prcldu,ct of the emission factor and

1'0 test

Southwest Research Institute (SwRl) and ORl's were

used. The activity factors were developed to characterize the compressor drivers in each

Data were gatiher(~d

the Americian

:secltlOn 4

ijec't!on 5

report describes how the emissions from,.;ompressor driver exllaust were

determined. Se("tll:m 3 discusses data to maketihc emiSSllon estlm:ates.

pre~ents the the emission

desl::ribes the de",'clo,pment of the $lntlvltv

transmission, inclUding and 1'he for

each segment and the overall national emissions estimate are provided in Section 6,

COinclUS:lmlS are in Section 7. 1'his is one of several documents for

2
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3,0 DATA SOURCES

Identified HI as

me~thlme emissions. studiesa slg;njj:Jc,mt source

not calculate error

and an introduction to the

and nPf'jru'mr'r! an error

pr()vl<jes background mtomnatlOn on

the approach current stud)

and eV2tluated a number of data

analysis

previous

3.1 Previous Studies

metllane emissioins from COlllpressor

to 114

was based on an cstimatedemission factor

Mana!~errlent District (1120 lb/~vlMscf

to

t\'-IO

estlm,lte, from Pit,plinp SYliteins, Inc. in

estabIished

This estimate a installation to del>criibe

pro,du(~Hon, transmlflSiou, :S1.UHI.~<;:;, and used

to extraJ)oliate to a national estimate. The Hm"r!pI
H installations were based on site

three three pipelirle sJfstems,

Inc, was

were in Cahti)rnLia, t'wo were in

site Central Plains Region. estimate from Pir)plinf' """I"n,,,

based on a limited number of data and are biased due to the dispn)p{)rtionate use

of California

as part

prelimillary emissioins estimalte is

1J ,$ Bscf estimate was a pre:linliniary estimate oel/eH)oc:d in

me:tti,ll1e emissionsof the

Thiscan be

AG.A and data contained in the GRlon published

TRANSDAT COl1tlpr,css(}r database.

Compressors in

estimate was

3

p
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A.G.A. and SwRI. A.G.A. data are gathered from government such as U.S.

Department of Energy (POE) and Federal Energy R.egulatory Commission (FER,C),anc!

from surveys of its member companies in transmission and distribution. SwRI data were

generated during a field testing program on natural compressor driver emissions and

This prelimhmry study assumed that GRI TRANSDAT dat:!lba:se included

information on all compressors used the natural industry when it only contained data

collected from transmission cOf4panics. Therefore, this study underestimated methane

emissions from compreSsor driver exhaust for the natural gas industry.

3.2 TRANSDAT Database

p

The GRI TRANSDAT databa:se is composed of three data subsets:

Indu~try Database, Operating Database, and Test Database. The IndustryPatabase lists

8282 compresSor drivers (engines and turbines) used in the .gas industry in 1989.

Horsepower in this database is given by compressor model number for each ga:s company

and accounts for a total of 16.2 million horsepower (MMhp), installed. TRANSDAT data

were collected from and it include a limited amount of data

cornpressors used production and processing. The Operating Database COllltalllS

annual operating hours and operating horsepower compressors (3.2 MI\fhp, total).

The Database contains emissions data from field tests coUectedby SwRI and includes

data on niethaneemissions, fuel use, .fuel use rate, and horsepower for 241 compressors,

The and Test Databa:ses were combined to generate a fourth

database., the Emissions Databa:se, wa:s then used to develop weighted emission factors.

This combines compressor model number, methane emissions, fuel use and

annual hours 775 engines and 86 turbines. Therefore,

the emissions can be calculated for each of the 775 engines and 86 turbines as they were

operated during the year using SwRI emissions data.

4
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3.3 Curreot Study

p

were gnthi;l,red during to supplement

database to accoUnt emissions from all segments, Data were during

visits company surveys to determine the number of compres.."lors and th,;ir

horsepower hours. it isoot to

compressor driver, a method was developed emission factors and ie

calculate total emissions from compressor drivers based on a limited data set. The emission

and activity wei defined such that their product would equal the tota.1 emissions

from compressor driver exhaust for each segment of the industry. Emissions from

reciprocating engines and turbines were evaluated separately.

For most source categories in the gas industry, the emission factor is defmed

as the determined a of randomly sources.

The activity factor is the total of sources the source as

the total count of compressor drivers. compressor driver exhaust, the

emission was in terms per horsepower -hour smce

this has than an emission unit.

emissions on a per basis emissions due to compressor size can

be eliminated. As aresuJt, the activity factor \s horsepower 'hours per year. means

that:

Total Emissions (sct) (scf/hp'hr) x AF (hp-hr) (1)

p

The site and company survey data provided information on activity

factors for the varioussegnlents of the industry, and SwRI test data were to develop

the emission factors. However,the emission factor was not based on a simple of

the SwRI test datu the emission factor to be weighted to

cOnlpreS$orof the industry and some compressor iLI'e as

baseloaded lll"ld operate a higher of the time, these (easons,

5
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p

AG.A's Operating Database, which contains horsepower, operating hours, and model

numbers for over 1500 compressors, was used to develop weighted industry emission

factors for reciprocating engines and turbines. The emission factors for engines and

turbines are 0.240 8cf/hp'hr ± 5% and 0.0057 scflhp'hr ± 30%, respectively. The method

for calculating these weighted emission factors is described in the following section.

6
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4.0 COMPRESSOR DRIVER EXHAUST EMISSION FACTORS

p

The emission factors for reciprocating engines and gas-fired turbines wer\;i

determined from compressor test data collected by SwRI and weighted to reflect both the

population of compressor models and their operating houfs in the natural industry. The

information to develop the weighting procedure was aV~lilable

TRANSDAT database.

SwRI followed several procedures to ensure the quality of their compressor

data. First, the emissions analyzers Were calibrated using gases certified by the National

Institute of Standards and Testing. Second, an. oxygen molar balance was performed

between the reactants and the products of combustion to verify the results. Third,

data was inspected graphically an effort to identify potential outliers.

were generally data for each and any the points that not follow the

trend were marked as outliers. Data that were collected outside sources and to

SwRl for irtclusion in were also scrutinized graphically to validate the

Where technically justified, statistical outliers were discarded in the development of the

emission factors for the GRllEPA methane emissions project.

average rate Was calculated each

engine and turbine driver the Emiss1<llIs Database using the test data collected by SwRI

for that model. Using the fuel use rate and average emission parametel' for each

compressor model, the emission rate was calculated as follows:

ER (ltl) = (m) .x FUR 1m) (2)

p

aVf~ra~~eeJlTtis:sion rate for m I !lC.Tlnl' I

(m) :: average emission parameter m fuel}

FUR (m) = average fuel use rate for model, m (sef fuellhr)

7
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The methane emissions for each compressor driver in the Emissions Database

were calculated by multiplying the emission rate (Equation 2) by the a!nIual operating hours

for each engine or turbine. The total emissions for each model of compressor driver in the

database were calculated as follows:

where: E (m)

HR j

M

M
E(m) = L (ER (m) x HR i)

i=l

;:= total emissions for model, m(sct)
= annual operating hours for compressor. i, (hr/yr)
== number of compressors of model, m

(3)

The total emissions for all compressor drivers in the database were the sum

of the tota.! emissions calculated for each model.

where: TE
K

K _
TE = L E(rn)

m=l

= total emissions for database, (set)
= number of unique compressor models

(4)

These emissions were calculated based on data from 775 engines and 86

turbines and weighted to reflect the distribution of compres:mr models found in the gas

industry as well as the percentage of time these models are operated. Emissions can also

be affected by the compressor load. However, the emissions arc generally linear over a

fairly large range of operating horsepower. To ensure that significant differences did not

exist between the horsepower at which the compressor drivers are typically operated and

the horsepower at which they were tested, the following comparison was made:

p

N ?
L hp (lest) j ""

i=l

N
L hp (operating) i

i=l

8
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two to within

The emission factOrs, for engines and turbines, were then calculated using the

following equation.

cttllssion Factor = I
N

HP x
N

HR ,/ (5)

HP average operating horsepower during HR, (hp)

annual hours,

N number of compressors

The obtained are:

Engines:

Turbines:

=: 0.240 scf/hp·bt
x 106 hpJ x (3742 bt/yr)

---------- =: 0.0057 scf/hr'hr
(0.4 x

Confidence limits were calculated for the emission factors based on the variation in

test data.. TabJe 4-1 shows the to the 90% confidence

limits for each of the emission factors. The resulting uncertainty is ± 5% forreoipl'Ocating

engines and :I: 30% for gas~fired turbines (using a 90% confidence limit).

TABLE 4~1. SwRI FIELD TEST EMISSION FACTOR STATISTICS

p

Engines

Turbines

902

105

229

9

0.0307 0.0279
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p

AppendixB the source sheet for compressor driver exhaust emissions, which

(ll1rt'lm~ri'7P'<! the approach taken to calculate the emission factors. source sheet

sUmmarizes the activity factors used to determine the overall national emissions estimate

from compressor ddvers, The next section describes the development of these, activity

factors,

10
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5.0 COMPRESSOR DRIVER ACTIVITY FACTORS

Information froni sice visits, company surveys, A.G,A. 's Gas and the

Oil & Journal was used to develop activity factors. Data on horsepower and

operating hours were from and drivers

located at field stations, gas plants,

stations, and 11 underground storage stations. Data electric generator drivers at 41

transmission compressor stations and 3 underground storage fields were also obtained from

the site visits and company databases.

COimpires~lors used for (oil produc:tioi[1) were exc.lud~~d from the

p

following analysis, since this gas is not marketed and is not considered part of the namral

industry, sites electrically electrically

compressors were also excluded in the development of tile activity factors, they have

no exhaust and therefore have no methane emissions.

For the production industry segment, borsepower'hour data were provided by

one company for engines located at 244 gathering stations. Production data for 53

gathering stations (from site visits and company were separately and are

presented in Appendix comparison. For the indtlStty Se~~I1lI~nt:s,

separate horsepower and operating hOUf e!>1irnateS wel'emade, which were multiplied tOgether

to get the horsepower'hour activity factors.

Data were gathered for engines and turbines, allowing separate activity factors

to be for driver Data were also gathered installed velSUS

horsepower in each industry segment (based on operating hours). Finally, data were

gathered that could to estimate nation;:;:: of the

industry segments data for throughput).

It



national estimates Were extrapolated using 1992 data as the base year,

except for the transmi~>lion segment estimate compressor station horsepower that uses

1989 data as the base A more detailed explamttion of this variation appears Section

5.3.1. The following sections describe the develQpment of the horsepower'hour estimate for

production and the horsepower and annual operating hour estimates for processing and

transmission (including storage and generators). Section summarizes the resulting

activity factors all industry segments.

5.1 Production Industry Sez:ment

p

Table 5-1 shows the production segment horsepower'hour data provided by

one company 516 reciprocating engine compressor drivers. These data included

compressor units with operating hours listed as 8760 hr/yr. It was assumed that these were

maximum operating hours, not actual operating hours. Since no other data were availabl,~

for units, extensive· quality were not so data were used as

provided. Turbine drivers were excluded from this analysis due to the small number of these

drivers in production (only one reported in the company d.ltabase used for this analysis) and

the low methane emission factor for turbines.

TABLE 5-1. COMPRESSOR DRIVER DATA FOR PRODUCTION SEGMENT

Gulf Coast
BUI 121.0 478.6

BUl 12 28.8 89.8

Central Plains
BU4 68 233.1 731.6

BUS 244 104,4 624.0

TOTAL 516 1243.2 2320.6

12
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The data were provided unit and then two

geographic areas to tbe Gulf (onshore and offshore) Pl8.ins

regions described in Volume 5 on activity factors,4 There were no production available

the Pacific Mountain and Atlantic & However, two regions

without data account for only 9,5% of the marketed natural production, WhHe

this company database was not a perfect microcosm of the production segment, it was the

most comprehensive database available and Rhould bea reasonable representation the

production segment.

The total company horsepower'hours per proQuction (hp'hr/MMcfd) and the

total U,S, marketed natural gas production for 1992 were used to extrapolate to a national

estimate of compressor engjne driver horsepower'hours. Table 5-2 shows the company

production data and the U.S. production data for this calculation.s resulting

activity factor is MMhp·br.

Engine hp' hr = Company MMhpm x u.s. .Marketed Gas MMcfd (6)
Company MMcfd

1243.2 MMhPilr x 51265 MMcfd
2320.6 MMcfd

= 27,460 MMhpm

TABLE 5..2. REGIONAL. DATA FOR PRODUCTION SEGMENT EXTRAPOLATION

p

p

PaCJIIC Mountain

GulfCOllst

Central Plains

NA

965,0

1355.6

2320.6

2696

31544
14860

51265

p
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Confidence limits were assigned to be ± 200% based upon an engineering

analysis. Rigorous propagation.oft11e error· using the ratio method produced an estimate for

the upper bound of ± 576% (185,630 MMhp·hr). The ratio method assumes that sites are

randomly sampled, so that a large site is proportionately representative of a large section of

the population (see Volume 4 on statistical methodology). 6 However. an analysis of this

bound showed it to be unreasonably high. A.G.A. 's.Gas Facts reports that lease and plant

fuel usage for 1992 was 1.2 trillion seC Assuming aU of this fuel was fired incornpressor

drivers, this would produce 150,080 MMhp·hr. In reality, much of this fuel is actually used

in heater burners; therefore, the actual upper bound must be well below 150,080 MMhp'hr

(± 447%). A separate analysis of the company database produced an upper bound of only

66,490 MMhp'hr (± 119%). This estimate was based on average horsepower'hours by

business unit and applied a confidence limit analysis to the average of these data. Each

alternative approach resulted in lower confidence limits than the calculated ± 576%;

therefore, the confidence limits were set at ± 200%.

5.2 Processing Industry Seement

Horsepower

p

Horsepower in gas processing could be extrapolated to estimate a national total

by using either plant throughput or plant count. Horsepower is technically related to plant

pressure (LlP) and throughput. Ho:wever, there are no national figures for average plant LlP.

Without the LlP factor, plant horsepower is not related to throughpUt alone. TherefQre,

national gas plant horsepower was determined by averaging the values obtained when

extrapolating by throughput and by plant count.

Table 5-3 shows the installed horsepower and gas throughput for each of the

10 sites visited in the processing segment (gas plants). The engine/turbine horsepower split

for this segment is 44.7% engines and 55.3% turbines. The first extrapolation method uses

the average site horsepower per plant throughput and the national gas plant throughput for

14
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1992 to calculate prccelllling segr.o.eJnt h~[)rslim()lwer.8 This gives a total eOIlnpreS$~:)r driver

horsepower of about MMbp en!~inf~s and MMhp for tUrbines processing

segment.

TABLE 5-3.COMPlmSSOR DRIVER DATA FROM
PROCESSING SEGMENT SITE VISITS

GPl 8300 35000 350

Gnb 0 21000 750

GP3 0 20000 140

GP4 3700 0 60

GP5 11000 0 49

GPo 6740 (20000) 0 56

GP7 5925 0 40

GPS 6267 (18500) 0 130

6267 0

GPIO 36600 23000 70

TOTAL· 84799 105000 1775
AVERAGE 8480 10500 177.5

• Total site horsepower (including gas lift for oil recovery) is shown in parentheses.
b Estimated.
• Excludes

THROUGHPUT METHOD:

Engine hp"hp = TQtal Site hp x U.S. Throughput
Total Site MMcfd .

84799 hp x 46510.7 MMcfd
1775 MMcfd

= 2.22 MMhp

(7)
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Turbine hp = ~~~~ x 46510.7 MMcfd

= 2.75 MMhp

second extrapolation method uses the average installed per site

and the pl~nts in in 1992 to calculate

segment horsepower,? This gives a total compressor driver horsepower about 6.2 MMhp

for engines and 7.6 MMhp for turbines in the processing segment

SITE METHOD:

n, • h h rotal Site hp x U.S'. Gas'PlantsJ.Jngme p' p = ~~........~---~-, , ,
Total Number of Sites

-_-.!:.. x 726 Plants

6J6MMhp

Turbine hp = -=~~~ x 726 Plants

= 7.62MMhp

(8)

An average of the results of the two extrapolation methods is used to

dleterrnine thenatipnal estimate for compressor driver horsepowler in the processing segment

Tb.e average engine horsepower is 4.19 MMhp, and the average turbine horsepower is 5.19

M~hp. Both are based on the total installed horsepower from the sites visited,

excluding horsepower used for gas lift.

p

average

COlrmc[em;e limits were tbeaverage site hp/MMcfd and

hp/plant using the ratio method. Confidence limits for gas plant
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throughput and the total U.S. number of gas plants. were estimated to be ± 5% and ± 2%,

respectively.4 The uncertainty fOr the first extrapolation method (based on throughput) is

± 114% foretlgines and ± 120%. fOr turbines. The uncertainty for the second extrapolation

method (based on number of plants) is ± 71.4% for engines and± 7.6% for turbines. For

the average of the two methods, the uncertaintyis± 132% for engines and ± 99.4% for

turbines (90% confidence JiInits).

Operating Hours

Table 5-4 shows the "operating hours" for the compressor drivers at the 10

sites visited plus operating hour data from two company databases for an additional 18 gas

plants. For the site visit data, actual operating hours were only available for two of the sites.

For the remaining eight sites, compressors that were running during the site visit were

assigned annual operating hours of 8760. Compressors that were idle were assigned annual

operating hours of O. One company database (17 plants) included operating hours of 8760

for some units. These data may be maxiInum hours, not actual hours. However, no other

data were available for these units, so the data were used as provided. The operating hours

listed for each site in Table 5-4 are the average hours for all of the drivers at the site.

Confidence liInits were calculated for the operating hours estimate from the variation of the

site data. The resulting uncertainty is ± 11.5% for engines and:!: 48.4% for turbines (90%

confidence liInits).

5.3 Transmission Industry Segment

p

The activity factor estiInates for the transmission segment include horsepower

and operating hours for compressor stations and storage fields. These estiInates have been

calculated for compressor drivers and generator drivers at both types of facilities. Section

5.3.1 discusses the compressor driver activity factor estiInates for compressor stations. (Site

visit data for transmission compressor stations arc included in Appendix D for comparison.)

17
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TABLE S~4. ANNUAL OPERATING HOURS FOIlPIlOCESSING SEGMENT

OPlb 7 6257 2 4380

OP2 0 1 8423

OP3b 0 1 8760

OP6b 6 (6) 2920 0

OP7b 4 (12) 6570 ()

OP8b 1 (4) 8760 0

OP9b 1 (4) 8760 0

OPIO 15 5724 5

OPll 2 0 0

OP13 4 4617 0

OP15 9 7949 0

OP17 14 8760 0

OP19 3 5840 0

OPZO 11 8760 0

OP22 46 8760 0

OP23 8 8760 0

OP24 10 5011 0

OP26 5 8176 0

OPZ8 9 7949 0

TOTAL 203 9
AVERAGE" 6626
90%LlMIT' ± 11.5%

3816

6345
±48.4%

p

• Total number of drivers (including gas lift for oil recovery) are shown in parentheses.
b Based on active (8760 hrs) versusiaIe (0 hrs).
• Basedousite averages.

18
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Section 5.3.2 discusses the compressor driver activity factor estimates for underground

storage fields. Activity factor estimates for generator drivers are discussed in Section 5.3.3.

5.3.1 Compressor Station Horsepower and Hours

Horsepower

The transmission compressor station horsepower estimate is baserl on the GRI

TRANSDAT database, which includes transmission, storage, and associated field

compression for 1989. TRANSDAT has not been revised since the 1989 data were

collected; therefore, for these activity factors, 1989 was w:::rl as the base year. It is not

possible to separate the compressor da~a in GRI TRANSDAT by the specific application;

however, an adjustment for storage compressor horsepower can be f,;.lde based on data from

A.G.A. for 1989. While the GRI TRANSDAT data could he adjusted to a 1992 basis using

A.G.A.'s transmission horsepower data, this approach was rejected because the annual data

showed no trend and differences were attributed to changes in reporting protocols by

A.G.A.'s member companies.

OR! TRANSDAT's Industry Database contains information on 7489

reciprocating engines and 793 gas turbines. The total installed horsepower for these

compressors is 11.2 MMhp for engines and 5.0 MMhp for turbines, which accounts for

about 97 % of the gas utility industtyinstalledhorsepower reported by A.G.A. for 1989

(16.7 MMhp).7 A.G.A.'s data were gathered through a survey oftheir member companies

and includes approximately 96% of total gas industry sales. The GRI TRANSDAT

horsepower can be adjusted for the 1989 storage horsepower .:eported by A.G.A. (1,462,971

hpJ to give 10.2 MMhp for engines and 4.5 MMhp fOr turbines. GRI TRANSDAT'S

engine/turbine horsepower split of 69. t%engines and 30.9% turbines was applied to the

storage horsepower before adjusting the totals.

19
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A,G.A. separately that 13,9 MMhp is for transmission in 1992,1

This is based upon annual survey issued to member cOlnpames, GRI

TRANSDAT horsepower, Jess the storage segment, is about 6% higher than the A.G.A.

number. This discrepancyprohabJy results from differences in the field gathering

horsepower reported by GRI TRANSDAT and A.G.A.. Currently, there is no way to

separate this type of horsepower from used for mainline transmission. No other

adjustmentc the GRI TRANSDAT horsepower data were made dUring thissmdy.

Horsepower in the ORI TRANSDAT Industry Database is reported as site

totals. The national estimate fOr transmission .compressorstations is simply a sum ,)f aU of

these site totals. As a result, the uncertainty could n<;>tbe calculated from the data as was

done for the other industry segments. Therefore, confidence linIits for compressor station

horsepower were conservativelY estimated by engineering judgement to ± 10% each

type of compressor driver.

Operating Hours

the average annual compressor operating hours for the transmission segment

was determinr,d from informatioIl reported on FERC Form No. 2 for the year In the

FERC database, transmission companies report the totalnmnber of operating hours per stage

of compression for each compressor station. Tne total number of compression

operating date of demand is also reported by station, value operating

hours was divided by the total nUDlber of Stages to the average annual operating hours

for the station. The average annual operating hours atcvery station for aU thecompames in

the FERC database were then summed and divided by the total number of stations to produce

the nationwide activity factor. Transmission compressor station annual operatmg hours were

3787 hours a stations information in the FERC database was not

considered to be accurate than 1% the total}, so the average operatin.g hours for the

rest of the company's statioriS was applied to the station with questionable data.

hmits for the PERC operating hours were calculated to he± 4.0%.

20
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Because the FERC database does not identify the type of driver, reciprocating

engine or turbine, a procedure was developed to split the total average operating hours (3787

hr/yr) between the two types. The FERC data were weighted by the total number of each

type of driver using data from GRI TRANSDAT as shown in the following equation.

p

where: = Turbine operating hours, hr/yr
= Reciprocating engine operating hours, hr/yr

(9)

The following relationship between Thr and Rhr was based on data provided by

a company for 107 transmission compressor stations, which included 89 turbines and 524

reciprocating engines.

2718 hr/yr := 0.53
5086 br/yr

(10)

p

Using these two equations to solve for Thr and Rt.r resulted in annual operating hours of 2118

hr/yr for turbines and 3964 hr!yr for reciprocating engines.

Confidence limits for the transmi~sion compressor station operating hours were

calculated to be ± 31.3% for turbines and ± 13.9% for reciprocating engines. The

confidence limits were based on assumed uncertainties of ± 10% for the GRl TRANSDAT

data and calculated confidence limits for both the FERC and company data.

21
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5.3.2 Underground Storage Horsepower and Hours

Horsepower

Horsepower data from A,G.A'sGas were used for this industry

segment. AG.A. for 1992 tOtal compressor horsepowl~r a~,soc:iat~:d

with underground was 1,920,441 horsepower United 1 The

horsepower were gathered by through llsurvey of member cOI1npanies,

which includesapproxlmately96% of total gas industry sales. Since GR! TRANSDAT

intludes storagecolllpressor horsepower, the horsepower split between engines and turbines

was assumed to be the same as the· split found in this database (69.1 %, engines and 30.9%,

turbines). a result, horsepower attributed to is 1.33 MMhpand to turbines is

0.59 MMhp. Confidence limits for storage horsepower (engines and turbines) were

calculated. based on an assumed ± uncertainty for the A.G.A. horsepower and an

assumed uncertainty for the TRANSDAT horsepower

Operating Hours

Table 5-5 shows the operating hours of compressors at four sites surveyed and

the hours by one company for seven fields. The operating

houts ate the hOnis for of the at the site. Confidence limits were

calculated the operating Murestlmate from the variation of the data. resulting

uncertainty is ± 23.1 % for engines and ± 620% for turbines (90% confidence limits).

5.3.3 Generator Dtiver Horsepower and Hours

The generator driver estimates arc based 0:<1 site visit and data orcw!(led

by one for 34 transmission compressor and three storage fields. Site visit

data were \:ollected for generator drivers electricity generators) at seven

transmission compressor stations surveyed. For compressor stations, an average generator
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ANNUAL OPERATING HOURS FOR STORAGE SEGMENT

US1 9 2400 o

5781

o
o
o
o
o
o
2

2700
3813
5832
3727
3390
3327

2

3

5
3
3
4
3
4
o

14

USS-}
U55·2
USS-]
U55-4
U85·5
U85·6
U85·7

------_._-------------------------

TOTAL
AVERAGE"
90% LIMIT'

50
3707

± 23.1%

6
2917

± 620%

• Based on

horsepower per station was established to detennine total generator horsepower. Similarly,

for storage fields, an average generator horsepower per field was established to detennine

total horsepower.

Data for generators used in transmission compressor stations are shown in

Table Only one turbine driver was installed at the 41 facilities surveyed; therefore, the

data shown in Table 5-6 represent anengine/turbine horsepower split of 97%/3 %. Using the

average installed horsepower station. the total number of transmission compressor

stations in the United States for 1992 was used to extrapolate to a national estimate of 1.45

MMhp for reciprocating engine generator driv~rs and 0.045 MMhp for turbine generator

drivers.9 The number of compressor stations is an estimate based on from FERCForm

No.2 for 46 transmission companies and is described in Volume 5 on activity factors.4

p
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TABLE 5·6. GENERATORDRlVER DATA FROM TRANSMISSION
COMPRESSOR STATIONS

082 I 514 0 0 0
as] 2 lOlll 1095 0 0
OS4 1} () 0 0
OS5 2 3500 88 0 (}

086 I 500 88 (} 0
GS1 1 500 88 0 0

GS8·1 3 1110 9 0 0
G88·2 5 1501 1688 0 0
GS8·3 I 30 0 0 0

0884 I 435 2 0 0

GS8·5 4 2190 4455 I 1080 474

OS8·6 :2 590 4379 I} 0
OS8·7 1 435 0 0 0

. OS8·8 4 178( 2279 0 0
088·9 1 195 895 0 0
GS8-10 I 225 0 0 0

6S8·1t 1 60 () 0 ()

G88·12 I 227 12 () 0

OS8·13 1 640 5217 0 0

OS8·14 3 lt411 4156 () 0
088·15 5 1974 5290 0 ()

OS8·16 I 435 0 0 0
GS8-17 2 940 4392 0 ()

G88·18 :I U77 2060 0 0

GS8-19 7 2135 3660 0 0
0811.20 2 816 33 0 0
OS8·21 1 816 0 0 0
088·22 2 290 0 0 0
OS8-23 4 1556 21 I) 0
088-24 I 435 I} I} 0
0S8-25 2 370 129 0 0
0S8-26 1 435 I 0 ()

OS8-27 I 100 0 0 0

OS8·28 1 195 398 0 0

0S8·2:9 2: 784 4902 I} 0
G!lfl·30 I 436 6 0 0

GS8-31 7 2365 4310 0 0
OS8·32: 1 625 254 0 0
088·33 2: 816 269 0 ()

088-34 I ISO 0 0 0

TOTAL 87 35006 I 1080
AVERAGE' 854 1352 26 474
99% LIMIT" ±38.0% ± 620%"

• l!las\ldqn site averages.
• Assumed equal to eqlllpttssot IUrbilll' drillelSlIt storage fields.



Total
Engine hp'hr = x No.. U.S. Stations

No. Stations

35006 hp K 1700 Stations
41 Stations

1,45 MMhp

(11)

Turbine hp 1080 hp x 1700 Stations
41Station~

= 0.045 MMhp

p

Confidence limits were calculated the horsepower r<$timates from the

variation of the data. The uncertainty calCulated for the compressor station estimate is

± 10%. The resulting uncertainties of the national estimates of generator driver horsepower

are ± for reciprocating engines and ± 166% for turbines (90% confidence limits).

Table 5-6 also shows the annual operating hours for the at

compressor stations. The operating hours listed are the average hours for aU of the drivers

at the station. The wide variation reflects the sites that use generators for continuous

electricity generation versUs the sites that use generators only for emergency backup. Since

there was only one data point for turbine drivers, the uncertainty was assumed to be the same

as that for turbine compressor drivers in Underground storage at ± 620%. Confidence limits

were calculated for the reciprocating engine operating hours estimate from the variation of

the data. The resulting uncertainty is±38.0% (90% confidence limitll).

Data for generators used in storage fields are shown Table The data

were provided by one company for 9 storage fields, but only 3 fields had generators. The

data shown represent an engine/turbine horsepower split of 60%/40%. Using the average

installed horsepower per field, the total number storage fields in the United States

1992 was used to extrapolate to a national estimate of 0.085 MMhpfor reciprocating engine

p



(12)

generator drivers and 0.057 MMhp for turhine generator drivers. The number of storage

fields is from A.G.A. 's Gas Facts (475 storage fields).? Confidence limits were calculated

for the horsepower estimates from the variation of the data. The resulting uncertainties of

the national estimates of generator horsepower are± 126% for reciprocating engines and

± 184% for turbines (90% confidence limits).

En :.. h 1._ Total hPN U S F' Idsgl.lle . P'lli = X •o. .., Ie
No. Fields

1611 hp x 475 Fields
9Fields

'" O.085MMhp

Turbine hp '" 1080hpx 475Fields
9 Fields

'" 0.057 MMhp

Table also shows annual operating hours for the generators at storage

fields. The operating hours listed are the average hours for an of the drivers at the field.

Since there was only one data point for turbine drivers, the uncertainty was assumed to be

the same as that for turbine compressor <kiversin underground storage at ± 620%.

Confidence limits were calculated from the variation in the operating hours data. The

resulting uncertainty is (90% confidence limits).

• Based on Slle averaglls.
• Assumed equal to compressor Iorbine drivers atslol1lge fields.

D

GFI
OF2
OFJ
OF4
OFS
OF6
om
OPS
OF9

TOTAL
AVERAGE"
911% LIMIT *

3

o
o
o
o
o
o

611
o

1611
119

306

191
±311%

o
o
o
()

o
1080
o
{)

o
1080
120

36

36
::I:: 620%'
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Generator drivers in production and!>rocessing were not included in this

analysis these sources are negligible. Production generators are rare. Processing

generators are more conHnon but rarely operate. The generator data reported by one

production and company accounted less of their total aud

corresponded to less than 0.01 Bscf methane emissions.

5.4 Industry Activity Factors

p

two main types of compressor and generator drivers in the natural gas

industry are reciprocating gas engines and gas-fired turbines. Horsepower'hour data were

available for the production industry segment activity factor calculation. Two pieces of

information were needed to calcrtlate the factors (hp'hr) each of in

each of the remaining industty segments. These were theinstaUed horsepower and

average annual operating hours. The final hp'hractivity factors were calculated using the

n~tional estimates for compressor horsepower anclaverage operating hours for these industry

segments. as described in the preceding sections. Table 5-8 summarizes of

estimates and shows the resulting activity factors for both engines and turbines by industry

segment. The table also includes the 90% confidence limits calculated

Activity factor confidence limits were propagated from the confidence limits for the

individual terms using a standard statistical approach.

If? -H.? O'i



TABLE 5-8. COMPRESSOR DRIVER ACTIVITYFA,CTORS FOR EACH INDUSTRY SEGMENT

...Turbine
MMHp ·br

NA NA

5.19 ± 99.4%b 6626 ± 115%

27,460 ± 200% 0

27,760 ± 133% 32,910 ± 121%

Production

Processing

Transmission

Compressor Drivers

Generator Drivers

Storage

NA

4.19 ±

10.2 ± 10.0%

1.45 ± 23.3%

4.55 ± 10.0%

0.045 ± 166%

3964 ± 13.8%

1352 ± 38.0%

NA

± 48.4%

2U8 ±31.3% 40.380 ± 17.1%

474 ± 620% 1962 ± 45.4%

9635 ± 33.0%

± 1215%

Compressor Drivers

Generator Drivers

1.33 ± 0.59 ± 13.5%

0.085± 126% 0.057 ± 184%

3707 ± 23.1%

191 ± 377%

2917 ± 620%

36 ± 620%

4922 26.9%

16.3 ± 621%

±626%

2.05 1312%

• Does not include horsepower associated
b Average of two estimation methods.

~H't for oil recovery or with electric



6.0 NATIONAL COMPRESSOR DRIVER EMISSION ESTIMATES

The annual emissions for COmpressor drivers were determined by multiplying

the emission factors (Section 4) by the horsepower'houractivity factors (Section 5) for

reciprocating and gas-fired turbines and these values each indnstry

segment. Table6~ 1 shows the reSUlting emissions for each industry segment and overall

national emissions estimate for each type of compressor driver. Using the.same approach for

error propagation. the total annual emissions from compressor and generator drivers

industry are estimated to ± 64%.

TABLE 6-1. COMPRESSOR DRIVER EMISSIONS FOR THE NATURAL GAS
INDUSTRY BY SEGMENT

Production

Transmission

Storage

Generators

TOTAL

Engines. Bsee

6.58 ± 200%

6.65 ± 133%

9.68 ± 17.9%

1.18 ± 26.9%

0.474 ± 45.6%

24.57 ±65.1%

Turbines, Bscf

0.00

0.186 ±

0.0546 ± 45.1%

0.00979 ± 654%

0.000132 ± 1163%

0.256 91.8%

p

ApproJtimately 92% of the emissions compressor driver e$ust are

estimated to he from reciprocating engines used in the production, processing, and

transmission segments; another 5% of the emissions are from engines in the storage segment.

If generator drivers are included, the percetl,tages for aU drivers are 94% and 5%,

All other categories are negligible in comparison; therefore, it is more

important to accurately determine the activity factOrs for reciprocating engines in production,

processing, and transmission.
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7.0 CONCLUSIONS

a result of the data generated in this study, the natural industry

emissions from compressor driver exhaust were estimated to 24.8 Bscf ± Nearly

99% of the methane emissions are from reciprocating engines, and approximately 40% of the

methane emissions are from engines in the transmission industry segment. The methane

emissions !romcompressor driver exhaust represent about of the methane emissions

from the entire natural gas industry. 10 Table 7-1 shOws how these emissio11S rank with

respect to the other sources identified in each industry segment.

TABLE 7-1. RANKING OF COMPRESSOR DRIVER EXHAUST EMISSIONS BY
INDUSTRY SEGMENT

Production 6.58 84.4 7.8

Processing 6.84 36.4 18.9

Storage 1.19 18.2 6.5

Transmission 10.2 98.3 10.4

Distribution 0 77.0 0

TOTAL 11 24.8 314.3 7.9

a Compressor driver totals are for reciprocating engines and gas-fired turbinescombinoo.
b Includes generator drivers.

Compressor driver exhaust emissions represent a significant source of methane

emissions in all of the industry segments where these sources are present. Since almost aU

of the emissions are due to reciprocating engines, any further work should focus on these

types of drivers. The confidence limits on the engine emission factor were ± 5% while the

·~rror bound On the activity factor ranged from ± to ± 621 %. improving

the engme activity factors would have the greatest impact on the precision of the emissions

estimate.
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As part of the requirements for Title V operating permits, many faCilities will

implement recordkeepingpractices that may benefit this type of data collection_ If companies

were tocolleet horsepower-hour data for each compressor driver, the emission factors

developed as part of this project would allow a direet way determine their melthtlIle

emissions_ Access to these databases would also provide the resource to improve the natural

gas industry activity factors for compressor driVers. Using this kind ofdata would further

improve the precision of the overall compressor driver exhaust emissions estimate.
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The combustion of natural less carbon dioxide per unit of
energy generated than other this reason, one strategy that

been to swlteM,ng
other gas. However, methane is currently thought to
be a more potent greenhouse gas than carbon dloxtde; if SO, leakage ofMtur~l

(Which is approximately 90 methane) could reduce or eliminate the
ad:vantage of using natural gas of its lower carbon dioxide emissions.

Two major 'issues must be addressed before the consequences of the fuel
swltehingstrategy c<.\n be eval!lated. First, there is a need to better define
the impact methane relatiVe to carbon diOXide on g:Lobalwarming. Secon.d,
it is important to better define methane emissions from the gas industry.
Because of the latter issue, the Gas Research Institute (GR!) and the U.S.
Environmertta.IProteetion (EPA) developed a program to
~~~U:~~4Y methane emissions from U.S. gas estimates of
methane emiss1clns from the gas industry range from 0.5 to 4.0 percent of
production. The CRI/EPA program is a cQmprehensive program to determine
methane emissions the wellhead to the customer's meter. The is to
determine emissions to within approximately 3 billion cubic meters or
100 billion standard cubic feet (scf)"wbich is approximately 0.5 percent of

To achieve an aceuracy target
been established for each source category in the natural gas industry.

One source ca.teg()~y the exhaust from compresSor engines that are used
to move tbe gas through the system. CompreSsors are located in prodlucti.on

processing plants. gas storage facilities, and along transmililsion
A preliminary study indicated that the exhaust from compressor enl~itles

might account for more than 50 percent of h,dustry' s methane emissions. 1

Because the uncertainty int;his early est;imate was quite large, Radian
Corporation conducted a study to determine methane emissions from both

and turbine compressor accuracy
u1'i.J./r,rA program was to determine the emissions for this source category
30 billion sci.

In this study, methane emissions were estimated 1\Y mUltiplYing tpe
methane emission rate of the unit by the activity of the unit. The emission
rate the amount of emissions per operating c:h.aracte,ri.st:ic

the other the
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operating chara.cteristic the unit
or gas turbine.

is fuel usa.ge, the
'When the operating characteristic
operation (per yea)::).

which was, in this case, either a
For e;Kample, when the

is annual fuel compressors.
operating time, the activity is hours of

The rates study were in the form of methane
emissions per hour. The of each unit was thE! annUal opetating hours
for that unit. A national estimate of annual methane emissions was determined
from emissions data in

industry.

APPl\OACHES

The Ideal Emission Estimate

Ideally, the annual methane emissions from compressors in the natural
gas industry would be determined from the swn of the from
each unit in theindustry,where the rate may vary over time and from
Unit to unit. This relationship is expressed by the following equation:

N
Elllissions- II J[ERr

i-I
x ] dt (1)

where is the insta.ntaneous rate at time (t) for
Ai(t:) is instantaneous at time(t) for compressori' N ,is
total n\1lllber of comprl'lssor uni.ts in the industry. To reflect annual
emissions, the integral in Equation (1) ,is evaluated over the time interval
to t z• where is equal to one year. This approach prodUCes no

in annual emissions.

Emission Estimate Using Test Data

The ideal approach was considered because it would a
lllassive data"Sathering effort by the indUStry. Fortunately. a SUbstantial
amount of <lata was available for both the emission rates and activity factors
of compressor engines. For the rates, data reciprocating
and gas were available for a nWllber of models that ware tested aur1ng
relatively short time periods. Values for the annualact1vity of compressors,
in terms of operating hours, were also available forsorne models. If data for
all in the were available ,the follOWing could
be to estimate methane

N
Elllissions - II [ER1IAt..,tilst. x (2)
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where ERi is the $1I1i$8io'O rate of compressor! (in grams of methane per hour)
evaluated over the time period of the test; where the activity, of

to the annual operating eompressor!; and
where Nis number units .1n the industry. This
equation assumes that the emission rate of thec.ompressors during th;;l test
period represents the emission rate of the compressors during the year,on the
average.

Methane emissions from compressors will vary from manufacturer to
and to Assuming that the compressors are propE!rly

differences in methane emissions even for the same also
will be caused by operating the compressors different horsepower levels or
speeds, or fQr longer or shorter perlodsof time in order to satisfy the
operational needs of the system.

Figure 1 illustrates the operating load and
emissions for a Cooper Bessemer two-cycle engine. The figure shows the
total hydrocarbon emission rate at loads, whli!re speed is used to lower

Totalhyd1:"ocarbon emissions can be considered a surrogate for
methane emissions, since methane is expE!cted to comprise a large (over
90 percent) of totll1 hydrocarbon emissionsfl:'om compressors. The data show
that the emission rate for a Cooper Sessemer increased at lower loads,
with a 40 percent increase in emissions at SO percent of rated horsepower

load), and a 100 increase loads to 30 peircElnt
of full load are used. A similar increase ion methane emissions can be

for other engine and turbine models, although the magnitUde of the
for other models is not known at this time.

The emission rate of a\lY compressor, then, is a function of the rated
bo·rsep,o~rer and operating The equation below summarizes

(3)

p

where ERi is the operating embsionrate of compressOri; ERt h the emission
rate of compressori at the rated horsepower, HPi"j and HPi is the operating
horsepower. The data from the Cooper Bessemer illustrate that a linear
relationship can be used to represent emissiQDS for this engine as a functiQn
of horsepower, within 3 percent accuracy, over the range of horsepower from
50 to 100 pereent of rated horsepower. In thi$ Situation, the average
horsepower at which the engineqperates over the year (as in Equation (2»
could he used to evaluate the integral in Equation (1) withQut any loss of

If the information needed to develop Equatlon (3) WaS known for all
engines and the relationship betWeen horsepower and emissions for each "engine
was equation could be used to more accu,ra,teily estimate
annual methane emissions compressor engines from test data:
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Annual Emissions
(grams)

N
~ [EN. (Up) i Jt Annual Hours (Hp)d

1-1
(4)

p

hours of
compressor units in

where ER (lip)i is the emission rate ofcompressorl as a function of horsepower
of methane per hour); Annual Hours (Hp)! are the annual oper...ting

at a specified horsepower; andN is the total number of
industry.

p

Scaled-up Emission Estimate Using Test Data

Although emission and activity data for all compressors in the industry
were not knOWl.'l., an est1J1!ateof methaneeJl!issions for the industry was made by
p,;;-oportioning the emissions for a subset of the industry (with known emission
and according to the proportion of hOl"sepowar aontributlild by
this This approach assumes that the emission rates for the test
engines during the test period and the operating hours estimated for the
subset represent the average operation of compressors in the industry. A more
detailed description of this approach is found in the Method setttion of this
paper.

It was found that for the emission test data, on the average, the
compre.ssor emisdon rates were measured at virtually the same horsepower as
the operating that was recorded for the compressors with the
activity data (where the average horsepower of the compressors for the test
data was E!qual to 0,985 times the average of the horsepower for the activity
data). Therefore, knowledge of the relatIonship between horsepower and
emissions was not for theanalys~s

An estimate methane emissions using test data for a subset of the
industry may underestimate emissions if many compressors are
operated at lower loads for a significant period of time, since methane
emissions are likely to increase when compressors are operated at less than
full load. Future work in this area should include an analysis the
relationship between horsepower and methane emissioftl.l, so that individual
compressor emission rates can be es~imated with more accuracy.

DATABASES

Description of the Databases

A numbel:' of databases were obtained for this study, that provided
in.formlatiQ'n on emissions and operations. The dat<lbases were part
of GRI's TRANSDAT compressor module. 3 Two databases in the compressor module
contain lnforlDationabout the distribution of compressors in the natural gas
industry. One of the databases is an almost complete listing of engInes and
turbines in the gas industry,accountlng for 16.2 million out of the
16,] million total horsepower that was reported by the American Gas
Association (AGA) for this industry in 1989.0\ This "tndustryDatabase"

A-6
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contains information concerning
However, individual compressor horsepower not
only the total horsepower for all compressors of
for each gas company.

in the natural
reported in the
a specific type is reported

A second smaller databaSE! in the compressor module the "Operating
Database fl )is a afthe Industry Database (with units)
cQrresponding to 3.2 million total horsepower. The Op!er,!t:f.ng Database 1.s the

database in TllANSDAT that contains information on hours
for each unit. The horsepower compressor is
in the database. The in the Operating Database were obtained frc~ an AGA
survey of companies in ozone nonllttainmentareas, where NO" emissions were
minimized. Because of and hydrocarbons ars inversely
the of compressors to NOz will likely increase emisSions of
hydrocarbons and, hence, of methane. Consequently, the data in the Operating
Database, such as the operating horsepower, lllay represent maximum methane
emission conditions. The use of these data, then, presents a conservative
estimate industry emi'salons, the data representative of industry
as a whole.

tests
between
in this

the

tests by Southwest Research Institute are
third database in TRANSDAT (the "Test the
the compressors were operated at close to full

fuel usa, fuel use rats, and
each emissions test for 2411ll0dels of and

Since there was some variation In horsepower in the emissions
for the same compressor,it may be possible to define the relationship
horsepower and methane emission rate for the 241 models of compressors
database. With this information, it would be possible to extrapolate
test conditions to actual opera.ting conditions at lower horsepower levels.
Because of the limitations of this study, ana.nalysis of this type was not
performed.

from ,BWIJ.Il:SI.orIS

contained in a
emission tests

Test Database contains only emission data. and the other
operating a database was developed that

for which information was found in both the
Test Database . This fourth database was called the
A total reciprocating engines and 86 gas
units in the Operating Daffabase) fit the criteria and

Because the
databases contain
contains data for
Operating Database
"Emissions Database."
turbines (out of
were included.

Table 1 describes the contents of each of the four databases.

HOdel~Hatchin8Hierarchy

llIodel-ma:tc:hi.ng schema. was designed totllaximize the amount of
Test Database data and the Industry and Operations

Databases. Originally, the compressors were matched according to exact
model naliles, the Test Database accounted for only 38 percent of the units

A-7
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TABLE 1. DESCRIPTION OF THE DATABASES

Industry Database Operating Database Test Database Emissions Database

Data Engines Turbines Total Engines Turbines Total Engines Turbines Total Engines Turbines Total

Total Units

Kanuf/Kodel"

Total Hours (10")

7 ,489 793 8,282 1,385 130

922 144 1,066 318 31

n.2 5.0 16.2 2.4 0.8

NAb ~A NA 4.6 0.3

1,515

34<

3.2

229 12 241 775 86 861

229 12 241 120 7 127

NA NA NA 1.3 0.4 1.7

NA NA NA 2 •. 9 0.2 3.1

"Nuillber of unique compressor models in the database.

bNot applicable.
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in the Operati;ng Database and only 7 percent of the Industry Database.
Through consultations with experts in the fil'lld of compressor emissions, a

hiler~lrc:hy was designed to match more data in the Industry and
Operating to the Test Database

The first step,
For instance, an Ajax o1'c-360
identified with Test Database
hierarchy.

in the hierarchy was based on an exact match.
engine the Industry or Operating was
data for an Ajax DPO-360 in Step (1) of the

p

The second step in the matching procedure matched compressors by
suhstring name, where the of both compressors was within
± percent. An example of Step (2) in the was a match of a Clark
BAST with a ClarkHBA8T engine (common oERAat), where the
horsepower for the ClarkHBA8T engine lnthe Emissions WSls 1,911. and
was 2.050 the BA8t engine in the Industry Dat..base. The third step
in the hierarchy consisted of matching the rliited horsElpower per cylinder
(± 20 percent) in compressors with similar initial naml!l!l (manufacturer) but
with varying An example of Step a match of a Clark BAS
engine, with 248 horsepower cyllnder horsepower - and a
Clark BA8engine, with 211 percyUnder (total horsepower - 1,000).

Following the exacution of the three in the model-IDal::cifb1tg
hierarchy,3] percent of the models and 57 percent of the units in
Operat:l.ngDatabase (and 23 and 55 percent,respectively. in the Industry
Database) were matched to emissions data. The execution of the three-step
hierarchy also increased the amount of data in the Emissions Database to a
total of 1.7 million horsepower. from theprevlous total of 1. '3 million
horsepower StEIp (1) only, and aCCQunting for over one-haif of the
horsepower in the OperatlngDatabase and Industry Database.

METHOD TO ESTlKATE METHANE EMISSIONS

The Emissions Database was used to estimate methane emissions from
compressors in the natural industry. The method used to calculate
emissions is de.scribed below.

Equations

An average emission rate was obtained for each model of compressor
engine and turbine in the Emissions Database from the average of all methane
emission tests in the Test Database for that modeL Since the time period in
which each test was conducted was not given. the emission rates, in units of
grams of methane per hour. were calculated from the reported methane emissions
per unit of (in grams m3

) and the reported fuel use rate (in m3 per
hour) for each compressor, as in the equation belOW:

A-9



p

Emission Ratal. ... Average Emission Ratel. x FURl.
(g/hr) (g/m3) (m 3/hr)

92-142.05

(5)

where FURi wa.s the fuel use rate for

The methane emissions .foreaeh eompressor were then oalculated as in

(grams)
... ERi :It Annual Operating H:oursi

(6)

where ERi was the methane emission rate of compressor!. calculated with
, and Annual Operating were obtained from the data for

compressor! in the Emissions Database.

To determine the total methane emissions for the compressors in
Emissions Database, the following equation was used:

Annual Emissions
(grams)

N
:E [ERl. x Annual Operating H:ours!]

i ... l
(7)

where the emissions each unltare calculated as
was the total number of compressors in the database.

I.stilllate of National I.mfuions

, and N

If data for all compressors in the industry were available, a national
estimate could be calCUlated using Equation (7). Sinee the compressors in the
Emissions Database were only a subset of the compressors In the natural gas
industry, a proc.edure was necessary to relate the methane emissions calculated
with Equation to a national estimate.

The ra.tio of the tota.l horsepower from compressors in the industry
(16.7 million horsepower) to the total horsepower of the compressors in the
Emissions Database (1.7 milUon horsepower) was used to scale up the methane
emissions c.alculated in Equation (7) by a factor of (16.7/1. 7), or to
estimate national emissions, This relationship shown in the equation
below:

National Methane
Emissions

Methane Emissions for
Emissions Database

Scaling Factor
x HPI

HPED

(8)

p

where HPI the total horsepower in the industry" andHpm is the total
horsepower in the Emissions Database, which produeea sealing factor of 9.8.
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RESULTS

National Emission Estimate

An estimate of national methane emissions from using the
aplpr()ac~h discussed above was 0.22 of Over 99

the emissions were estimated to be engines and than
1 percent from gas turbines. This estimate was based on the assumption that
the compressors in the Emission Database represent compressors used in the
natural gas industry, on the average. the industry compressors are
operated at horsepower levels much less than the rated horsepower, the methane
emissionsestlmated here could underestimate the industry emissions, since
IDethane emissions are thought to vary with horsepower.

Field. Plant, and Pipeline Compressor Emissions

Compressors are used in field ami plant operations as well as in
transmission activities. The emission estilliate above does not apportion
methane emissi.ons among the segments of the natural gas industry that: use
compressors. The Department of Energy (DOE) provides estimates of the
amount of fuel used in (lease), pipeline , and
these estimates were used to apportion methane emission Elstimates among the
sources. sThe methane emission estimatEls were based on the that
all the fuel reported for field and plant purposes was used by compressors.
This aSSW'llption is likely to be an overestimate, because fuel is known to be
used for field and plant purposes by equipment other than compre$SO)::'S.
Although the portion of lease and plant fuel used for other purposes was not
known, of fuel used by sources served as rough estimates
of fuel used compressoX's in field, and pipeline operations.

result of DOE estimates of use was that 39 percent of
total COmpressor fuel attributed to field compressors, 26 percent topls.nt
compressors, and 35 percent to pipeline. It is likely, however, that s. higher
percentage of total compressor fuel is used for pipeline,ano. that lower
portions are used for field and plant. The AGAestimatedthat 84 percent of
total compressor horsepower was used for the pipeline4 ; if fuel use can be
assumed to be proportional to horsepower, the percent of fuel used by pipeline
compressors could be over-twice as high as the estimate based on the DOE
information.

Since methane emissions were assumed to be p1:'pportional to fuel use, the
DOE breakr;lownin tuel among the three sources of' cQmpressor emislilions in the
natural gas industry was used to a.pportion the national estimate of 0.22 Tgof
methane emissions between the sources. The results were the
total 220 megagrams (Mg) of annual methane emissions estimated compressors
in the industry, 86 Kg of methane was estimated to be emitted from field
compressors, 57 Kg from plant compressors, and Kg pipeline
compressors. As discussed abpve f'or apportioning fuel use between these three
sources, the emiSSions from pipeli.ne compressors wereproblibly underestimated,
and the portions for the other two sources were overestimated. Another

p



p

p

92-142.05

posaibleerror in the brea.kdown of emissions was the asswnptton that the
emiss:l,on rate ant;lopera.ting c.haracteristics of compressors in field, Plent,
and pipeline applicat:i.ons were similar.

UNCERTAINTY INEHISSION ESTIMATES

Since the true value of methane emissions fx-om compressors in the
natural gas industry 1snot known, the accuracy of the estimate of 0.22 of
methane emissions cannot be assessed. However, the can be used to
produce an approximatipnof the uncertainty in the emission estimate. Like
confidence intervals, the uncertainty estimated for a value can describe, with
a high deg:l:'ee of confidence. range in the true value

b''I''O'At', uncertainty the total estimate of methane emissions from
the natural gas industry was to 3 billion m3 (100 billion

scf).Because there are many segments in the natural gas industry that emit
methane that are part the overall methane emission estimate intheGIU/EPA
projeet,the goal for. each segment was to prod.u¢eamethane estimate with as
little uncertainty as possible. The target uncertainty for compressors was
approximately 800 millionlll." (30 binion se!).

following explains procedure to estimate uncertainty
the annual methane emission estimate from compressors al1d the results of this
estimate.

Basis of Uncertainty in the Compressor Emission Estimate

The only sourceS of uncertainty itl the approach described above that
could be estimated were the analytical error associated with test data
used to calculate the methane emission rates and the scale~upto national
61l1issionsbased on. the ratio of the horsepower in the Emissions Database to
the estimate of compressor in the industry.

The uncertainty in the hydrocarbon analysis was estimated, to be
± 10 percent, based on the expected gas chromatograph (With a flame ioniZation
detector) eapabHities. Likewise, the uncal' .aitlty associated with fuel f,,"ow
measurements was estimated to be ± 2.5 percent.Tht;l uncertainty associated
with the scale~up between the Emissions Database and total industry horsepower
was more difficult to Two assessments of uncertainty
are discussed below, using comparisons between the Emissions Database and the
Industry Database, which was taken to be a fairly good representation of the
industry as a whole. The uncertainty for the scale-up to nationwide emissions
wuestimatedto be approximately 1 percent, based on estimated significant
figures in total horsepower, For an estimated industry hQrsepower of
16,7 million, the uncertaintY was estimated to be 0.17 million horsepower; for
the DatabaSe, with 1 horsepower, uncertainty was
estimated to beO.Ol7 mi:J.1ionhorsepower

A-12
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Procedure to Calculate Uncertainty

The software was used to estimate the
estimate of methane emissions from compressors. The variabh~s

were entered into the program along with the values above.
"@Risk" uncettainty estimating procedure rElcalculated the total methane
emillsionestimate using Latin HypercuhesampUng from noX'mally distributed
;;rttervals along the of each variable, defined the expected value and
the (estlmated) deviation that In the ease the
standard deviation was estimated from figures a uniform interval
(as opposed toa normally distributed interval) was used the Latin
HyperCUbe samp:Ung.

In the program, the recalculation was performed 500 times, each
time value of each in emission
equations. of the 500 exclUding values below zero,
were analyzed for variation about the mean. uncertainty was reported as
the coefficient of variation, or the standard deviation divided by the mean,
as a peroent.

Estimates ofUncertaiuty

The uncertainty for the estimate of methane emissions fromoolXlpressbr
engines and turbines, at 0.22 Tg (11.5 btlliQn scf) , was estimated to be
approximately I percent, or 4.3 million mll (i).15 billion scf).. This value is
well below the 800 million mlltarget for compressor engines and turbines.

Comparison of the Database

One oomponent of uno$rtainty the methane emission estimate that could
not be quantified for the uncertainty analysis was the degree to which the
compressors in the Emissions Database the compressors in the
industry. EDlissions Database was compared with IndUstry Database in
two proce<lures that were deslgnedtoassess the representativeness of the
Emissions Database for 'compressors in the industry and, indirectly, the
uncertainty associated with the sealing factbr.

Figures 2 and 1 are plots for engines and turbines, respectively,
Showtn,g the total horsepower for each model in the Industry Database versus
the total horsepower of model in the Emissions Database. formed
from the relationship between the total horsepower for each database was
plotted on each ;;raph.. Fbr engines, a line through 11, 2 million and
1.3 million, the tota! horsepower engines the Industry and Emtssions
Databases, constituted tl),e ideal between the total
horsepower for each type of in the two databases. for
turbines, a through 5 and million produeed the
relationship for the total horsepower for each type of turbine in the two
databases. The figures show that the horsepower contribution of the
compressors in the Emissions Database was higher than the horsepower
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Figure 2. Relative horsepower contribution of each engine roodel in the
EmIssions and Industry Dambases
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that are small

is in athe trend in
that compressors that
total one

contribution in the Industry Data.base.
pusHi'Ve direction for both databases,
contribute a amount of
contribute to the
mmtributors are of similar ranking
in the This comparison presents a qualitative assessment of the

of the Emissions the's compressors.

A more of how well the Emissions Database
represents using a
emission factors derived from Database ~nd Industry
Database, with the Industry Database used as a close approximation of
compressors in the natural gas industry. To determine the factors
for the Emissions Database, an overall average emission factor was calculated
for engines and turbines, separately, after Step 1 in the hierarchy, where
only the data were ex.act matches with the compressors in the Test
Database were included. Overall average emissiQn factors were calcu.lated fQr
engines and weightil:l.g the model-specific emission for each
engine and turbine, respectively, by the horsepower contribution of that model
in the Emissions Database.

To determine the emission factors the Industry Database, model-
specific emission factors were after Step III in the hierarchy, and
overall emission factors were calculated for engines and turbines,
weighted by horsepower contribution engine and ,
respectively, in the Industry Database. The results were that the o',reraU
average emission factors calculated for the Emissions Database were 18grms
of methane per m3 of fuel and 0.16
emitte!J, per of fuel for turbines. overall average emission factors
calculated for the Industry Database were 20 grams of emitted per m;:'
of fuel for and 0.17 grams of methane emitted per of fuel for
tu.rbines.. showed that the was
a fairly good representation of and, therefore, tha
industry.

CONCLUSIONS ANf\ llECOlDlENDATIONS

The annual lllethaneemissiQl1s of 0.22 Tg for compreSSQrs in the
natural gas industry was less than the previous estimat.:e of2. 2 Tg by a power
of 10. Although compressots are still a significant sourCe of methane
emissions, this estimate redUceS the importance of compressors in the
assessmentQf natural gas indu.stry's contributiQn to globa.l warming.

The uncertainty for the estimate, at 4.3 million m:> of methane
(0.15 billion , was much less the portion of total
emissions by compressors, and was 0 .. 15 percent
uncertainty (100 billion scf) for the

Future work in this area should include an assessment of
compressor in terms Qf ho,rSiepiO'loiret:, on the methane emission rate.
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On the basis of the data on this
be than the current estimate

at sign,ifieantly
horsepoWer.

B.EFEB.ENCES

92 -142.05

the annual methane emissions could
a factor of 2, 1f

than compressors

p

1. Annual Methane Emission Estimates of the National Gas in the
United States .• Phase 2 B. 'l'llkieioglu. Systems, Inc. under
subcontracet to Radian Corporation, Research Trlangle Park. North
Carolina. U.S. Environmental Protection Agency Contract No. 68-02-4288.
Research North Carolina. September 1990.

2. Two Cycle Clean 'Burn Gas Engines. D. 'Blizzard, and A. D.
Glilette. Presented at the Small Prime Movers Control San
Diego, CA. June 1991.

3. TRANSDAT:
D,C .• for the

Module. Tom
Research Institute,

5.

1990 Gas Faets. The American Gas Association,
1990. Page 65.

Natural Gas Annual 1989. Department of Rnar!:!v
D. Volume
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p
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SOURCES:
OPERATING MODE:
EMISSION
ANNUAL EMISSIONS:

P-l
ALL-SEGMENT SOURCE SHEET

COJmpl'ess,ors, Generators

Unlsteady, Cornbu:sted (Compressor
24.4 Bsef ± 64%

BACKGROUND:
Compressors are used to move gas through the They are located in production
plll11ts, gas storage lI11d along trll11smlssion lines. Methll11e emissions are found
exhaust (reciprocating lI11d gas lurbbles) because of the incomplete .combUstion
as fuel.

EMISSION FACTOR: (0.240 ± 5% sef/hp'hrtenglnes and O.ll057 ±30% sef/llp'hrt turbines)
An average emission rate was calculated for each model of compressor engine lI11d mrbine In the GRI
TRANSDAT Emissions Database (1), wlJ.ich is based on compressor testscondllcted by Southwest Research
Institute (SwRI). The emission rates were calculated from the reported methll11e emissions per unit of fuel.lI11d
the reported fuel use rate (FUR) for each compressor model, as follows:

ER(m) "
(1)

where: c average emission rate for model, m (scf/br)

= average emission parameter for model, m fuel)

= average fuel use rate foJ' model,m (se.ffuel/br)

The following equation was used to determine the total emissions for the 86 turbines and 775 reciprocating
engines in the BmissionsDatabase.

where: TB = total emissions for database, (se!)

HRj = annual operating hours for com~sor i, (br/yr)

I( = number of unique compressor models

(2)

p

M = number Of CQDlpnlSSO,m model. m



The emission factors, for engines and were then calculated usb~gthe folliow'iog: equation,

BmissionFactor '" TE ,'[ £
i '" 1

(3)

where: UP '" average opeJrafulg borsepower during HR, (hp)

HR .. annual oplmlting

N = number of compressOl'S

(hr/yr)

'fbisequation considers tIlat some models could be operated ata higher percentage of the time because they are
base lQaded compressQrs. The averllge emission factors for the compressor drivers in the Emissions Database
are O.240scf/hp·hr for reeipl'IJCatingengines and 0.0057 scflhp'hr fOf turbines.

EF DATA SOURCES:

1. "National Estimate of Methane Emissions from Compressors in tile U.S. Natural Gas

EF ACCURACY: engines and:l: 30%, turbines

The accuracy for the EFis estimated based on propagati('ln of error samples in the
database. However, engineering judgement was U$ed to assign accuracy for two ofthe indiVidual terms

eqlllmun, as follows:

L

2.

Hydrocarbon analysis was estimated t('l be ± 10%. based on the gellenuly
chromatographs detector).

-""',OW'l!iO, fuel flow measurements were estimllted to be ± 25%.

accuracy

p

ACTIVITY FACTORS: (horsepOwetfJour)

Horsepower'hour data were available for the production mdustry segment activity factor calculation. TwCl
pieees ClfinfClttnatiCln are needed to ealculatethe actiVity factor, which is expressed lIS horsepower'hours (hp'lu')
for each type of driver in eaehof the remaining industry segments. TheseaI'e the installed horsepower and the
average operatmg hours. The following table presents these paI'ameters and the resu!tmg activity factors for
both engines and turbines in each segment.of the industry. The sources and methods for calculating all the
values presented in the table below are given m the next section: AFData Sources.

It is estimated that about 94% of the emissions in compressor and generator driver eldlaust are from
reciprocating engmes used in production, prQcessing, and transmission. with aIlOUt 5% attributabieto
reciprocating engines used in storage. All other categories art' negligible in comparison. Therefore, it is mQre
important to accurately determine the activity factQrs for reciprocating engmes in production, processing, and
transmission.

B-3
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Produclion NA NA NA NA 27.460 ± 201)% o

Processing

Transmission

OelWl1!lnr Drivers

810mge

4.19 ± 132%" 5.19 ± 99.4%' 6626 ± 11.5% 6345 ± 48.4% 27.760 ± 133% 32.910 ± 121%

10.2 ± 10,0% 4.55 ±IO.O% 3964 ± 13.11% 2UIl ± 3l.3% 40.380 ± 17.1% 96~5 ± 33.0%

lAS :1::2:).3% 0.045 ± 166$ 1352 ± 31tO% 474 ± 620$ 1962 ± 45.4% 21.2 ± 1215%

p

Coillprllssol'Drivers 1.33:1: 13.5% 0.59 ± 13.5% 3107 :1:23.1% 2911± 620% 4922±26.9% 1129::1: 626%

GenemtorDrivers 0.085:1: 126% 0.057 ± 184% 1!l1 :1:371% 36 ± 620% 16;3 ± 621 % 2.05 ± 1312%

• Does nOI include horsepower associated with gas lift for oil recovery or with electric drivers.
b Avemge of rwo estimation melhods.

AF DATA SOURCES:

I. The production segment is based on the total installed horsepower'bourn for data
provided by one compafiy for (all reclproCllting engine3).
bOrJ,epower'hours for the· company was divided by their productionbef?rescalingto a national
estimate. was calculated using the 1992 marketed prodUction for the
U.S. INatural Gas Annual 1992,

2. The processing segment horsepower was deterntined by taking the average of tWo methods.
Each ofthe methods uses site data fOr the 10 gas plants visited. The first method.scales to. a
national estimate by multiplying the total U.S. gas plant throughput as of January I, 1993
146,510.7 MMtfd, Oil & Ga9 Journlll (4)] by the total site visithorsepower per throughput
(47.S bp/MMefd, engine3 afid 59.2 hp/MMefd, turbines). The secondmetlwd scales to a
national estimate by multiplying the total number of gas.plants in the U.S. [726, Oil & Gas
JOUrnlll the total site visit horsepower visited (1O), a
seale-tip about The annual operating hours are 10 sites plus data
fr!lm two companie3 for an additional 18 gas plants. An average of the average operating
hours per site wascaleulated to get the processing segment hours (203 engines and 9
turbines).

3. The ttafistnission segment compressor station horsepower for each compressordrlver tYpe is
based on the ORI TRANSDAT database. Installed horsepower was taken from the Industry
Database module of ORI TRANSDAT. The annual operating hours are based on information
reported all, PERC Form NO.2. FERC data does not distinguish between drlvert}'pe. The
FERC data were split between engine3afid turbines based Oil data in GRI TRANSDATand
data provided by one trllIlllmission company (524 engines and

4; The storage segment horsepower came from Ga9 Facts (5) data for 1992(1,920,441 hp). The
split between engines afld turbines was assumed to the same and turbine splits
found in GRI TRANSDAT(69.1%, engines and 30.9%, The annual operating
hours are based on 11 storage stations (50 afld An average of the average
operating hours per Station waS calculated to get the storage segment operating hours.
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s.

6.

The generator driver horsepower is based on the total installed
hOrsellowler for 7 of the transmission company data for 34 transmission

To scale to Ii the total horsepower was
transmission Cl)mpressor stations Form No.2

The annual operatillg hours are llIso based on data from tbesite visits and
average of the average generator operating bour" Wali calculated

gerler~itor operating hours and 1 turbine).

horsep(lwer (storage is based on tbe totlll for
9 fields (one company). To scal.eto a nationlll estimate, the total horliepower per field
was multiplied by tbe total number of [475, Gas Facls (5)] in the United States.
Thellimual operatmg hours lite also on tbe company data. An tbe aVerage
generator operating hours per field was clllculated to get generator operating hours (3 engines
and I turbine).

p

AF ACCURACY:

Basis:
Errors were propagated fromeacb of the following terms:
1. Production JIp'hr: The production Hp'hraccuraey is b~edup()n an engineering anlllysis and

set at ± 200%.
2. Transmission Hp'hr: The transmission Hp'hr accuracy is based upon an estimated

enor of± 10% for the horsepower data in the GRI TRANSDAT database and error
propagation from the PERC operating hour".

3. Other Hp'br: The accuracy of the site visit data for horsepower and operating hours
propagated using the spread of but frommuch.smlllier data sets. The

accuracy of the hor$epowedlour activity industty segment are c:a1'~Ulllted

statistically using the individual terms for horsepower and operaUnghours.

ANNUAL EMISSIONS: (24.57 ±.65.1% Bsef, engines + 0.256 ±CJ7.8% lsd, turbines)
The aromal emissions were determined by multiplying an emission factor by the horsepower'hour activity factor
for reciprocating turbinCl> and summing these fot each segment. The follOWingtable shows
the resulting emissions for each industry.segment and the overall national estimate.

ANNUAL COMPRESSOR EMISSIONS FOR THE NATURAL GAS INDUSTRY IY SEGMENT

Compressor

Engines. Bscf

Turbines. Bscf

REFERENCES

I'rodudlon

0.00

6.65±133%

0.186±129%

Tl'1IJIllIIIlsslon 5lorage Generators TOTAL

O.OS46±4S.7% O.00979±6S4% O.OOOI32± 1163% O.256±97.8%

p

1. IlIederman, N. OR! TRAN$DAT Database: Compressor Module. (prepared for Gas Research
Institute). npb Associates witb Tom Joyce and Associates, Chicago, IL, August 1991.

2. Jon!;:$, P.L., L.M. Campbell, C.B. Burklin, M. Gundappa, and R.A. Lott, "National Estiimate
Methane Emissions from Compressors in the U.s. Natural Gas Industry."Radian Corporation and
Gas Research Air.& Waste Management Association Conference # 92-
142.02, KanS<ls
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3.

4,

DeplIrtm,ent of EnergylEnergy Information Administration. Natural Gas Annual, 1992,
Was.hington, DC. 1992,

Oil & Gas Journal, 1992 Worldwide Gas Pro,cess:ing Survey Database, 1993,

5, A~lociatioin, Arlington, VA,

p

5, Federal ReguhltQry Commission
Companies, 1992 database.

Form No.2: Annual Repnrt Natural Gas
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Table C-lshows the prodl.1ctiollsegment data collected of the 28 visited
and the data provided by one company for 25 gathering stations. The data have
grouped into four geographic iateas so that a regional extrapolation can be conducted for this
industry segment. The following four regions were selected based on differences in
production rates and equipment populations: Pacific Mountain, Gulf Coast, Central Plains,
and Atlantic & Great Lakes. Differences in onshore versus offshore production were not
considered because of lack of available site data. (This approach is described further in
the Methane Emissions from the Natural Gas Industry, Volume ActiVity Factors). I

No mrbines were installed at any of the production facilities surveyed; the
data shown in TableC-l represent an engine/mrbinehorsepowet split 100%/0% for this
segment. Excluding compressors used for gas lift and electrically driven compressors, the
average horsepower per MMcfd was calculated for each region. The United States marketed
namralgasproduc:tiol1, by region, for 1992 was used to extrapolate from the regional ratios
(hplMMcfd) to a national estimate of compressor engine driver horsepower in the production
segment of 3.61 MMhp (0 MMhp for mrbine drivers).! The following equation describes the
national extrapolation using the regional approach.

region 4( h)L •Avg P x MMcfdre,gion :<

region 1 MMcfd.· regil)l1 x

This estimate for the production segment is based on the total installed horsepower
from the sites surveyed. Table C"2Sh()ws the regional data used to extrapolate to the
national horsepower estimate. The table also shows the 90% confidence intervals for each of
the values used in the calculation. Confidence limits were calculated using the ratio method
for each region's hp/MMcfdand the totalbofsepower from variation of the site
data. The resulting uncertainty is

TableC-3 shows the "operating hours"fof the compressors at the sites surveyed. For
the production segment, annual operating hCllrs were not available for mostQf the sites
visited; therefore, the compressors that were running during the visit were assigned
annual operating hours of 8760. Compressors that were idle were assigned annual operating
hours of O. This approach was used for 9 of the sites visited. Actual operating hours were
available fOf two of the 2 sites visited and for the 25 gathering stations surveyed (one
company). Operating hours for theremQining sites were notineIuded in this analysis since
compressors were either used for gas lift, had electric drivers, or were not found at the
The operating hours listed for these are the hours for the drivers at the
site. This table also reOects the fact that no mrbines Were surveyed the production
industry segment. Confidence limits were calculated for the Qperating hours estimate fmm
the variation of the data. The resulting uncertainty is ± 9.7% confidence limits).

Activity factors based on the site data presented here a:re2S,820 MMhp'nr for
engines and 0 MMhp·nr for turbines. Confidence limits were calculated for the engine
driver activity factor to be ± 64.3%. This aCtivity factor is Within the error bouuds of the
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activity factor calculated using the company database for borsepower-bours (Section 4.
This database provided one data point for in the segment, thus
affirming their presence in production. However, the number of these drivers is assumed to
be very small and not significant for this estimate.

REFERENCE

Stapper,B.E. Methane Emissions{rom the Natl/.ral Gas Industry, Volume Activity
Factot$f Final Report, GRI-94/0257.22 and BPA-600/R-96-0S0e. Gas Researcb
Institute aDd U.S. Environmental Protection Agency, June 1996.

2. U.s. Department of Energy/Energy Information Administration. Natural Gas
Annual, 1992. DOElEIA-0131 (92), Wasbington, DC, Septem.ber 1992.
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TABLE C-l. GATHERING COMPRESSOR DATA FROM
PRODUCTION SEGMENT SITE VISITS

Site

Pacific Mountain
PMI

PM2

PM3

Total J

Gulf Coast
GCl

Ge2

GC3

GC4

GCS

GC6

GC?

OCR

GC9

Total r

Central Plains
CPl

cn
CP3

Total r

Atlantic & Great Lakes
AGl

AG2

Am

AG4

AG5

AG6

37941 (112000)

1650

o
39591

(} (NA <)

7467 d

4950

700 d

Od

8878

o
625

o(NA <)

22620

6000

4650

4480

87322

o
o
o
()

o
o

104

4.5

12

12M

4.5

23

112

12

54

18

250

0.50

4995

180

42.7

24J)

542

1004.7

24

0.18

0.18

0.39

0.37

328.6

45.3

86.9

Continued
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TABLE C-l. (CONTINUED)

AGa

AG9

AGIO

AGll

Total (

• Total site horsepower (im;ludling
h HOlrse~.owera!l$oc:iat~ld. with

50 d

0 0.18

0 0.23

0 0.30

0 0.35

0 0.13

50 27.2 1.84

• Not available.
d Estimated.

• Total for 2S gathering stations; peak production rate.
Excludl~s gas lift and electric drivers.

TABLE C-Z. REGIONAL DATA FOR PRODUCTION
SEGMENT HORSEPOWER EXTRAPOLATION

Pacific Mountain

Gulf Coast

Central Plains

328.6

86.9

±48.2%

± 132%

± 94.6%

2696

14860

0.886

1.29

Total U.S.
90% Limit..

C-5

± 63.2%
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TABLE C~3. ANNUAL OP.ERATING HOURS FOR PRODUCTION SEGM.ENT

p

PMI b

PM2

PM3

GCI

GCl b

GC4 b

GC5 b

GC6 b

GC7

GC8

GC9

CPI b

CP2 b

CP4·l

CP4-2

CP4·3

CP5-4

CP4-S

CP4-6

CP4-7

CF4-8

CP4-9

CP4·1O

CF4-II

CP4-12

CP4-13

CF4-14

19 (56)

17

0(14)

12

4

0(1)·

37

o

0(1)

31

64

2

18

3

2

5

C-6

8760

7884

8030

8760

8760

8523

4380

8760

8195

8760

5924

8364

4753

o
6884

5193

7631

7309

6953

5833

6386

5505

7333

Hours

Continued
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Site.

CP4-IS

CP4-16

CF4-I7

CF4-IS

CP4-19

CP4-20

CP4-21

CP4-22

CP4·23

CP4-24

CP4-25

AGl

TABLE C-3. (CONTINUED)

No. or Lnglll"'~ • .,.

2

2

2

2

2

8031

6841

7607

6303

6946

6340

748

7384

690&

7176

579

Hours

p

AG2

AG3

AG4

AG5

AG6

AG7

AG8

AG9

AGll

AGl2

AGl3

TOTAL AVERAGE r
900/" LIMIT r

()

()

()

()

()

2 NA'

I)

()

()

0

0

()

315
±9.7%

• Total number of compressol"S (including gas lift for oil recovery) is<shown in parentheses.
b Based on active (8760 I1rs) versus idle«(} hrs).
• Electric drivers.
d < Estimated.
• Not available.

on site averages.
& Inclul.1es vapor recovery.
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D-l



p

were during and company R1lrV~\'1l

compressor stations. The compressor is related to the
pressure. Throughput is available most of the surveyed, but a national figure is not
available. PressUre data ate not available for any of the sites surveyed or nationally. As a
result,. the only extrapolation method currently available for this industry segment is based OD
the number of compressor stations.

Table 0--1 shows the number of compressors, installed and
throughpUt for each sites in the transmission The eDldnle/tlubine
horsepower split for this segment is engines and 36.2% turbines (compared to 69.1 %
for engines and 30.9% turbines TRANSOAT). Using the average site borsepower per
station and the total number of transmission smtionsin United 1992
from theFERC Form No.2, the site data were scaled up to give a national estimate of
compressor horsepower in transmission compressor stations of about 11.1 MMhp for engines
and 6.:3 MMhp for turbines.

Eng·m·•e.h·p. '" __T-.o.....m_l__hp,-_ N US S·At·x o. .. .....10ns
No. Stations

334240 h1' x 1700 Stations
51 Stations

"" 11.1 MMhp

'IU.tbine hp - 190030 hp x 1700 Stations
51 Stations

6.33 MMhp

Confidence limits were calculated for the horsepower from the variation of the data.
The uncertainty calculated for tile compressor station estimate used to scale up the site visit
horsepower is ± 10%. The resulting uncertainties the national horsepower estimates for
this industry segment are ± 22.0% for engines and ± 44.9% for turbines.

Table 0~2shows the operating hout's for the compressors at the 9 sites surveyed and
for one company that provided data for 39 transmission COlnpressor stations. The operating
hours listed are the average hours for all of the drivers at each of the sites. Confidence
limits were calculated for the operating hours estimate from the variation of the average site
data. resulting uncertainty is ± for engines and ± 48.1% for turbines (90%
confidence limits).

Activity factors based ousite visit data alone are 26,100 MMhp'hr forengiues and
13,460 MMhp'hr for turbines. The uncertainties for these activity factors are ± 33.7% for

D-2
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engines and ±69.2% for turbines. These activity factors are within the error bounds of the
activity factors calculated using TRANSDAT (horsepower) and PERC (operating hours).
However, the TRANSDAT database and the PERC database are much more representative of
the transmission industry segment and were used in the overall emissions estimates.

D~3
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Site

TSI

TS2

TS3

TS4

TS5

TS6

TS7

TS8

TS9

TABLE D-1. COMPRESSOR DRIVER DATA
FROM TRANSMISSION SEGMENT SI'fE VISITS

No. of Installed No. of Installed
Engines Engine lip Turbines Turbine hp MMtfd

13 32650 0 843

o 0 2 6900 200

o 0 2 6900 37.5

10 14560 2 20090 NA

12 17570 1 12090 NA

o 0 1 40000 NA

4 14000 2 26500 4.9

7 14000 3 37500 4.9

TSIO-l 4 6900 0 NA

TSIO-2 4 8000 0 NA

TSlO-3 5 1340 0 NA

TSlO-4 3 815 0 NA

TSlO·5 4 8400 0 NA

TSI0-6 2 1200 0 NA

TSIo-7 2400 0 NA

TSlO-8 2 4000 0 NA
---"-;;;.,,;;,.;;...,;;...---h-,...;;;..-------1I-----..;;,.;;.;~-,···l-, ------~----+--------+--..;;,;.~-

TSIO-9 2 1320 0 NA

TS1O-1O 3 2475 0 NA

TSIO-ll 3 4050 0 NA

TS1O-12 0 1 1000 NA

TSlO-13 10 13000 0 NA

TSIO-14 7 11200 0 NA

TS10-15 2 4800 0 NA

TS10-16 8 10600 0 NA

TS1O-17 2 1200 0 NA

TSI048 1 2400 0 NA

TSIO-19 19 32800 0 NA

TSIO-20 0 1 9300 NA

TSlO-21 5 850 0 NA

Continued
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Site

TSlO-22

1810·23

TSlO·28

TSlO·29

TSI()..30

TSIQ.33

TSlO·35

TSlO·36

TS1()..37

TSl()..38

TSlO-39

TSll

TS12

TS13

TOTAL
AVERAGE"

NA = Not Available
• Based on site averages

No. of
Enrines

3

7

2

o
2

2

3

7

2

1

1

11

1

6

7

13

208

TABLE D4.
(CONTINUED)

Installed NIh of
il;ngine Itp Turbines

2400 0

2400 0
6000 0

2400 0

2400 0

7000 2

2'100 0

1

4800 0

33$0 I

2400 0

6000 0

7510 0

4000 0

2400 0

270 0

12380 3

2400 0

16900 0

10400 0

24800 0

I 334240
6554

D-5

Installed
Turbine hp

8500

4250

4250

.-.

._.

_.
12750

o
o

190030
3726

MMcfd

NA

NA
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

140

NA

1409.5
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TABLE D-2. ANNUAL OPERATING HOURS FOR
TRANSMISSION SEGMENT

Site
No. of

Engines
Average

Operating Hours
No. of

Turbines
Averjige

Operating Hours

TSI 13

TS2 0

TS3 0

TS4 2

TS5 10

TS6 12

TS7 0

3303

7884

4066

2082

o
2

2

o
2

3066

1139

3420

6314

o
TS8 4 6366 2

T~ 7 6W 3

TSlO·1 4 5019 0

TSlO.2 4 3020 0

TSlO-3 5 2343 0

~~ 3 0 0

TSI0·5 4 4310 0

TSI0-6 2 0 0

TSI0-7 5914 0

TSlO-8 2 3150 0

TSIO-9 2 35 0

TS10-10 3 1574 0

4517

4698

o
___---.-;T~S;.;:;.10;;,...;;,..11;;.-.-""'_-I__----...;,3---+_............,;;;.;23;;,;;0~7 ...............+_-.....;..0 --1---------

TSlO-12 0

TSlO.13 10

TSlO-15 2

TS10-16 8

TS10-17 2

1'S10·18

3653

52

158

2179

1351

4576

o
o
o
o
o
o

TS10-19

TSlO-20

TSI0-21

TSI0-22

19

o
5

D-6

6117

470

5695

o

o
o

579

Continued)
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p
p
p
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TADLED·2.
(CONTINUED)

TSlO-23 2747 o
TSIO-24

7

2

o

o

o
2

o

TS!O·30 2 615 o

497

1015

o

o

TSlO-31

TSIO-38

TSI0-35

TSlO-36

TSlO-39

TSlO-31

o----;.;;:...;:..-"-'------1----'---+---'--'---+---'--..---------
o

• Based on site averages,
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Conversion Table
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Unit Conversion Table

English to Metric Conversions

1 scf methaP..~

1 Bscf methane
1 Bscf methane
1 Bscf
1 short ton (ton)
1 lb
1 fe
1 ft3
1 gallon
1 barrel (bbl)
1 inch
1 ft
1 mile
1 hp
1 hp-hr
I Btu
1 MMBtu
1lbIMMBtu
T CF)
1 psi

=

19.23 g methane
0,01923 Tg methane
19,230 metric tonnes methane
28.32 million standard cubic meters
907.2 kg
0.4536 kg
0.02832 m3

28.32 liters
3.785 liters
158.97 liters
2.540 em
0.3048 m
1.609 km
0.7457 kW
0.7457 kW-hr
1055 joules
293 kW-hr
430 g/GJ
1.8 T Cc) + 32
51.71 mm Hg

Global Warming Conversions

Calculating carbon equivalents of any gas:

MMTCE :; (MMT of gas) x(MW, carbon) x (GWP)
MW, gas

E-2



Calculating CO2 equivalents for methane:

where MW (molecular weight) = MW carbon and MW CH4 16.

Notes

scf

Bscf

Standard cubic feet. Standard conditions are at 14.73

Billion standard cubic

and

MMscf Million standard cubic feet.

Mscf Thousanrlstandard cubic

= Teragrarn (1012

(G) Same as billion (109
).

Metric tonnes 1000

- Gauge pressure.

psia Absolute pressure psig + atmospheric pressure).

GWP

MMT

Global Warming Potential
time period.

Million metric tonnes of a

particular greenhouse gas for a given

MMTCE Million tonnes, carbon equivalent.

MMT of CO2 eq. = Million metric tonnes, carbon dioxide equivalent
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