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Preface

The United States Environmental Protection Agency (EPA) preparesthe official U.S. Inventory of Greenhouse
Gas Emissions and Sinks to comply with existing commitments under the United Nations Framework Convention
on Climate Change (UNFCCC). Under a decision of the UNFCCC Conference of the Parties, national inventories
for most UNFCCC Annex | parties should be provided to the UNFCCC Secretariat each year by April 15.

In an effort to engage the public and researchers across the country, the EPA has instituted an annual public
review and comment process for this document. The availability of the draft document is announced via Federal
Register Notice, and the draft document is posted on the EPA web page.r Copies are also mailed upon request. The
public comment period is limited to 30 days; however, comments received after the closure of the public comment
period are accepted and considered for the next edition of thisannual report. The EPA'spolicy isto allow at |east 60
daysfor public review and comment when proposing new regulations or documents supporting regul atory devel op-
ment (unless statutory or judicial deadlines make a shorter time necessary), and 30 days for non-regulatory docu-
ments of an informational nature such as the Inventory document.

1 See http://www.epa.gov/globalwarming/inventory

ii  Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



Table of Contents

ACKNOWIEAGMENLS ... snn e e e s s nnn e e e e es i
[ (=] =T = PP i
Table Of CONLENLS .....ccoiiiiciieic e s s rr e s s anr e s s e ssnr e e e s e nnns iii
List of Tables, Figures, and BOXES ........cccccvrvcmrerriciinreessssssnreessssnseessssssnnsesssssnseesseenns vi
L= 0L SRS Vi
01U =S Xi
BIOXES ...ttt R e R e R e e e e R e e r e nRe e n e n e ne e nre e Xii
Changes in This Year's U.S. Greenhouse Gas Inventory Report...........ccccccverneuee. xiii
EXE@CULIVE SUMMATY .....cooiiiiiiiicccrrerree s cccnnrrr e snnn e e e s s s e mnnnn e e e e e s s e aen ES-1
Recent Trendsin U.S. Greenhouse Gas EMISSIONS .......cvieiiirieiriieisieieee e ssneenes ES-2
Global Warming POLENTIAIS .......c.vieeieeeeeieiiestee ettt sttt se s eseeseesee e eneesesteseessessessensens ES8
Carbon DioXIAE EMISSIONS ....c.ccuiiiiiriiieiiriieisie sttt ettt b ettt st e ene ES-9
L= (g Sl TS S o TSRS ES-13
NIrOUS OXIAE EMISSIONS ...ttt b et b ettt e bttt e b et ne b e ens ES-16
HFCS, PFCS and SFg EMISSIONS ......coviiiiiieicinrreee s ES-18
Criteria POlTULANE EMISSIONS ....c.ccuiiiiiiiieiisii ettt bbb et ES-19
O | 11 Yo 3 o2 (o o T PR 1-1
WHhaL 1S ClIMELE CANGE?.......eeeiieiite ittt sttt ettt h bt ea e seeae e s e e s e e e e se e e eneesse e seeseebeneeseeneeneens 1-2
GIEENNOUSE GASES ... eueeueeueeueeueeueeeeueeseeteeeseeseeseesee e e e esee e e e ameeee e emse e e e eneeae e s ameeae e e enbeas e e eneeseeneanesbenbesaeerennas 1-2
Global Warming POLENTIAIS .........eieeereeieieeeeiee ettt sttt besb e b e b e sbeseese e e ane e e eneeneas 1-6
Recent Trends in U.S. GreenhouSe Gas EMISSIONS .........coeiiieiiairieieie et see e st senes e 1-7
MethodolOgy N0 DEEA SOUICES.......ccueiuiitereeitieieieetesiee et e et se et ee e e sbesbeseesbesbeebesbesaeebesseeseesenseee e eneeneanas 1-15
Uncertainty in and Limitations of EMiSSiON ESHMELES ........ccoiiiirieieieriese e s e 1-15
OrganiZation OF REPOIT .......coueiuiieite ittt sttt st te e e eesee s e e beseese e beseesseneessessenbeaeesseneeseeseeneenseneenseneans 1-17
2. ENEIGY ...t 2-1
Carbon Dioxide Emissions from Fossil Fuel COMBUSLION ..........ciiiiriiieiieeeee e 2-3
Stationary Sources (EXCIUAING CO,) ......cuicuiiiiiiii i e 2-15
Mobile Sources (EXCIUAING COy) ......cuiuiiiiiiii i e e 2-19
L0707z 1Y/ 10 11 oo SRS 2-24
NGLUFBI GBS SYSLEIMS ...ttt ettt e e et e e e se e eeeese e eeeeese e besbese e beseese e beneeseebenbeseenbesbesaeas 2-27
PEIIOIEUIM SYSIEIMS ...ttt h et h et he e st e sees e e seene e s e e neeneeseeseeseaneeneeneeneeseens 2-29
Natural Gas Flaring and Criteria Pollutant Emissions from Oil and Gas ACHVItIeS. ........cocereierieeieneeenne 2-32
INternational BUNKEN FUELS ........o.oiiiieee ettt e e et et st b e et e nes 2-33
Wood Biomass and Ethanol CONSUMPBLION .........coeiiriiieieiesese sttt st sbe e see e e 2-37
3. INAUSLAl PrOCESSES....cciiccieriericinreersccsnre e s ssre e s s s sssne e e s s snn e e s s s nne e e s s e nneessssannnes 3-1
COMENE MANUFBCIUIE ...ttt ettt et e et et e e e e e e e e e m e e s e eeemsebenbeseeseeneanseneeneaneas 3-2
LIME M@NUFACIUIE ...ttt e e et bbb e et e b e b e b e e b e be s et eb e et e s eeneeneebeebenneebeebesaeseea 35
Limestone and DOIOMITE USE .......ooiiieieieeie ettt bbbt b et e e et e e e se e b e e e beenesbeebesneseen 37
SodaAsh Manufacture and CONSUMPLION .........cieeiririeierieeee sttt ste e sre e e seeseeseeeeseesbeseesbesbeseeneeneaseas 39
Carbon DioXide CONSUMIPLION .......cuieeieieiesiertese sttt sttt saeebesse st ebesseeseesesseeseesee e ensensenssnessesneeneeneens 311
BT aTo I == I CoTo 1 1 o o TR 312
AMMONTA MANUFACIUIE ...ttt ettt b et b et be bt e st st eb e e st e st ebeeneeneene e e aneenes 3-13
LS A0 1[0V £ [N o1 o o R U PRI 3-14




[ C (0T g < a1 or= I (o o 8 Tox o o T 3-15

5] [Tee g @ o o [N . oo (8ot To o PSSR 3-16
2o 1 o o 2o o = oo (1 1 o o SR 3-16
N TR N o oo (U o (o o TSP STT 3-18
Substitution of Ozone Depleting SUBSLANCES .........ccoveieriirerire e e e sree e e nnens 3-19
ATUMINUM PrOJUCTION ...ttt ettt ettt sene bt s et e s e e enes 3-22
HCFC-22 PrOUUCLION ...ttt ettt ettt b ettt et 3-25
Semi CONAUCION MANUFBCEUE ..ottt sttt ettt ettt 3-26
Electrical Transmission and DiStriDULION .........ceiiieiiiieiiirees e e 3-27
Magnesium Production @nd PrOCESSING .....ccveeeieierieriereseesesiesressesseeseeseessessessessesssssessesssessesssssessessessessessens 3-29
Industrial Sources of CriteriaPOIULANES. .......c.eiiiieirieee e 3-31
L0 (Y= g L L O R 4-1
p X [ (o UL (0 PP 5-1
L a1 T = 0= 1= 1 o RSSO 5-2
MENUIE MBNAGEIMENT ...ttt ettt e bt e bt e ae e be e bt e ae e ebe e bt e ae e ebe e et eaeeebeeeeabesaeesbesanenbeeneenes 5-4
RICE CUITIVBLION ...ttt ettt e et e e b et e eaeeebe e st e eaeeebeeaseeseebeensensesaeessesaaesbesneentesnnenes 5-7
Agricultural SOil IMANAGEMENT .......coeiiiiiiitieiee ettt st be e b e st eseese e e eseeseeseeneeseesesaeeneeneaneenes 511
AGricultural RESIAUE BUIMING ......coueeuieiieieieie sttt ettt sttt e e e e e e s et e et et e e e e eneeeeesnenneee 5-17
Land-Use Change and FOrestry ..........ccccocriiiieninninissneesissressseesssnsessssessssneens 6-1
Changes in FOreSt CarbOn SEOCKS .........couiueiiirieie ettt se e et e e b et e ee b st esbesaesbeenas 6-1
Changes in Non-Forest Soil Carbon SEOCKS ........cceiieiiieieiese et 6-7
{121 (R 7-1
L= 0 | 11 1 TSRS 7-1
WESLEWELE! TIEBLMENT ..ottt r e sr e e e sr e e e e s e e ne e e e e srenme e renne e reeneenre s 7-4
HUIMAN SEWBJE. ... e cueeteeie ettt et sttt e s et e e s e e see s s e s teeseesseentesseesteeseesseenteaseenseeneeaseeneeseeaneessenneessennsnnsenns 7-5
WVASEE COMDUSLION ...ttt b et b e bt s bt b et bttt e et e e b et nentens 7-6
Waste Sources of CriteriaPOIULANES ........coiiiiiiiiere ettt s ene e 7-7
=] {=] =] o Lo T P 8-1
EXECULIVE SUMIMAIY ...uviuieieiieieseeies e seete et et e e sass e saesaeseesse e esaeseenseseeseeseeneeseaseeseeseeseeneeseasessessensensensnnsenennens 8-1
OO 1 011 To 1 o SO RRR 81
A 0 o SRR 8-1
3. INAUSLITAl PIOCESSES......eveieiteiete sttt sttt sttt sttt ettt sttt s b et b et b e s e e stk e e b et st e e et et et e e be e b e 8-4
A, SOIVENE USE ..otttk h etk b e e b s b e Rt b et e b e s e e bt s e e Rt e b e e e b e et se ekt ne e bt s e st neen e et eneete e 8-8
LI AN 4 U = 8-8
6. Land-Use Change and FOIESIIY ......cceveierieriiereisesesestesesee st sse e s sseesessasseeseeeeseesaesessessessnsessesseesennenns 8-12
AT = (ST 8-14
Annexes

ANNEX A: Methodology for Estimating Emissions of CO, from Fossil Fuel Combustion............c.c.c..... A-1

ANNEX B: Methodology for Estimating Emissions of CH,, N,O, and Criteria Pollutants from
SEALIONGIY SOUICES ... veveveeieitesieeteseeseeseeeeseeseeeeseeseessessesseseessesessestessesaesessessensessessessessesensenns B-1

ANNEX C: Methodology for Estimating Emissions of CH,, N,O, and Criteria Pollutants from
IMIODITE SOUICES .....eeveeetiieeieete ettt b ettt s et C-1
ANNEX D: Methodology for Estimating Methane Emissions from Coa Mining ........cccccevveverevesveneennn. D-1
ANNEX E: Methodology for Estimating Methane Emissions from Natural Gas Systems .........cccccvevvenene E-1
ANNEX F: Methodology for Estimating Methane Emissions from Petroleum Systems .........cccccvevvveneene F-1
ANNEX G: Methodology for Estimating Methane Emissions from Enteric Fermentation .............cccceeu... G-1
ANNEX H: Methodology for Estimating Methane Emissions from Manure Management.............ccccue.... H-1
ANNEX I:  Methodology for Estimating Methane Emissions from Landfills.........c.ccocevevvnivicecvesvneecnn I-1
ANNEX J. Global Warming Potential VaIUES ..........ccccveeiieiiiineciesteee et sa e e J1
ANNEX K: Ozone Depleting SUbStaNCe EMISSIONS........ccveveiererieresesesteseeseeseessesiessessessessessesssessessessesens K-1

Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



ANNEX L:
ANNEX M:
ANNEX N:
ANNEX O:
ANNEX P
ANNEX Q:
ANNEX R:
ANNEX S:
ANNEX T:

SUITUr DIOXIOE EMISSIONS ...vecveiiveiieeeiteesteeeteeestesebesssbessseessstesssesssbessssesssbesssesssesssssssssessessssens L-1

(001 o)1= L=l IS 0 S o U o= T M-1
[ OLOR = L= oo (] 1o =0 = N-1
IPCC Reference Approach for Estimating CO, Emissions from Fossil Fuel Combustion...... 0O-1
Sources of Greenhouse Gas EmMissions EXCIUAEd ........cccvoveieerinn i P-1
Constants, UNitS, and COMVEISIONS..........ccveiieireeireetieereeiteeteseesree e estesaesseesbeesseseesaeesreessessenns Q-1
F N o] 0 1= V= 1 o LSRR R-1
ChemiCal SYMBOIS. ......cviiiecce e et se e s e e e e e e S1
L0\ S T-1




List of Tables,
Figures, and Boxes

Tables

Table ES-1: Recent Trendsin U.S. Greenhouse Gas Emissions and Sinks (MMTCE) .......ccccevvvevveeennn. ES-3
Table ES-2: Annual Percent Change in CO, Emissions from Fossil Fuel Combustion

for Selected SECtOrS AN FUELS ......oviviiiiiieee et ES4
Table ES-3: Recent Trendsin Various U.S. Data (Index 1990 = 100) ......cccoeevuererereseeeereerieseeseesseeseeneenes ES5
Table ES-4: Transportation-Related Greenhouse Gas Emissions (MMTCE) ......cccvvvvevenieveseeneenie e ES7
Table ES-5: Electric Utility-Related Greenhouse Gas Emissions (MMTCE) ......ccouvvveveveseeieresnseeeennens ES8
Table ES-6: Global Warming Potentials (100 Year TiMme HOMZON) .....cccvvvveeveererereseeeeseesie e seeeeseeseeeees ES9
Table ES-7: U.S. Sources of CO, Emissions and SINkS (MMTCE) .......cccoveirniinneenneieeseeseseeeenas ES-10
Table ES-8: CO, Emissions from Fossil Fuel Combustion by End-Use Sector (MMTCE)* ..........ccooe..... ES-11
Table ES-9: U.S. Sources of Methane EmMiSSioNS (MMTCE) .....ccviveeierieresieseseeeeseee e stesesaessesaeseesnens ES-14
Table ES-10: U.S. Sources of Nitrous Oxide Emissions (MMTCE) ......cccovviveiiereveniesesesseeseseesee e sseeneens ES-17
Table ES-11: Emissions of HFCs, PFCs, and SFg (MMTCE) .....cociiinicirrccenesrceerese e ES-18
Table ES-12: Emissions of Ozone Depleting SUDSANCES (M Q) .v.vvvvveeerereieeeeeeeeseesese e seesie s sseeeenes ES-20
Table ES-13: Emissions of NO,, CO, NMVOCS, and SO, (GQ) ....crvrrererererrererermereserermereesessereesesseresenennes ES21
Table 1-1: Globa Warming Potentials and Atmospheric LiIfetimes (YEars) ......ccocvvveverevivseereene e 1-7
Table 1-2: Annual Percent Change in CO, Emissions from Fossil Fuel Combustion

for Selected SECtOrS AN FUELS ......oviiiieiiieeeee et 1-8
Table 1-3: Recent Trends in Various U.S. Data (INdex 1990=100) .......c.cceereeruereererrresesesreeseeseesseseessesesseenes 1-9
Table 1-4: Recent Trendsin U.S. Greenhouse Gas Emissions and SinkS (MMTCE) .....cccocveveveiesveieennn. 1-10
Table 1-5: Recent Trendsin U.S. Greenhouse Gas Emissions and SiNKS (TQ) ..oovevvverievesesieeresenseeneens 1-11
Table 1-6: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks by

Chapter/IPCC SECtOr (MMTCE) ...oviieiieveeeiese sttt s e e aes e saessesaesae e stessessessesnessenseens 1-12
Table 1-7: Transportation-Related Greenhouse Gas Emissions (MMTCE) ....ccccevvevvveiereneseeeeseeseseens 1-14
Table 1-8: Electric Utility-Related Greenhouse Gas Emissions (MMTCE) .......cccvvevevenenieresese e 1-15
Table 1-9: IPCC SeCtOr DESCITPLIONS ... .ccuviueereereeieierieseeseseesesteseestesseesessesseeseeeesessessessessessessessensensessessenses 1-17
Tahle 1-10: LISt OF ANNEXES ...ceiviiieieteieeieste ettt ettt et sttt sttt sttt et se st st e et b e se e e ebeneenesbeneas 1-17
Table 2-1: Emissions from ENergy (MMTCE) .....ccviveiiieiere e e e st e eaesaeaesne s s ere e eneensneesenns 2-2
Table 2-2: EMissions from ENErgy (TO) «..eeeeeeeereereerereeseseseestessessessesseeseessessessessessessessessessessesssssessessesseseenes 2-2
Table 2-3: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (MMTCE) .......ccccooveane. 2-4
Table 2-4: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (TQ) ......ccoveervrreivnreennas 2-5
Table 2-5: Non-Energy Use Carbon Stored and CO, Emissions from International

Bunker Fuel Combustion (MIMTCE) ....cccoueieriiriesesiese et se e sseeseeae e saesae e sse e e ssessessassesseenseneens 2-6
Table 2-6: Non-Energy Use Carbon Stored and CO, Emissions from International Bunker

[0 I @l aa] 01U S (o) X (e ) 2-6
Table 2-7: CO, Emissions from Fossil Fuel Combustion by End-Use Sector (MMTCE)* .......ccoceivvvvienes 2-7
Table 2-8: CO, Emissions from Fossil Fuel Combustion in Transportation End-Use Sector (MMTCE) ..... 2-9
Table 2-9: Carbon Intensity from Direct Fossil Fuel Combustion by Sector (MMTCE/EJ) ......cccccevvveveenee. 2-11
Table 2-10: Carbon Intensity from Energy Consumption by Sector (MMTCE/EJ) .....ccccoovvveievviveeesenne 2-12
Table 2-11: CO, Emissions from Fossil Fuel Combustion (Index 1990 = 100) .......cccovirerreerreerenreerreeenns 2-13
Table 2-12: CH, Emissions from Stationary Sources (MMTCE) ........covoieirneiinneensreeses e 2-17
Table 2-13: N,O Emissions from Stationary SourceS (MMTCE) .......covveirniineieseesesreeesree e 2-17
Table 2-14: CH, Emissions from Stationary SOUICES (GQ) ......veuererererrereermnreresrereesresesesseseessesesessesssessesenes 2-18
Table 2-15: N,O Emissions from Stationary SOUrCES (Gg) «....reeerrerererrererermerermrreresesresesesseesesreesesseesessesenes 2-18

vi  Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



Table 2-16: NO,, CO, and NMVOC Emissions from Stationary Sourcesin 1997 (Gg) ......cc.cervrerrevraenens 2-19

Table 2-17: CH, Emissions from Mobile SourceS (MMTCE) ......cccoiviiririnreeirrecreseeeesree e 2-20
Table 2-18: N,O Emissions from Mobile Sources (MMTCE) .......ccooeiriirinerieneneseeesree e 2-20
Table 2-19: CH, Emissions from Mobile SOUICES (GQ) .....cvrerrrerreermrreirisreeresreesesreeseseese s seeresees 2-21
Table 2-20: N,O Emissions from Mobile SOUrCES (GQ) ....cvrrerrerrerererreriresrereresreseesree s seseessesresenes 2-21
Table 2-21: NO,, CO, and NMVOC Emissions from Mobile Sourcesin 1997 (Gg) .......cecvrrvererreererrerennas 2-22
Table 2-22: CH, Emissions from Coal Mining (MMTCE) .......ccccuuirreiineernrceesee e 2-25
Table 2-23: CH, Emissions from Coal MiniNg (TQ) . ..ceeeereermrreinenreeresreenesree s sesneseens 2-25
Table 2-24: Coal Production (Thousand MELHiC TONS) .....cevuereieiereerieiesesese e seseereseeaeseesee e ssessesseneens 2-27
Table 2-25: CH, Emissions from Natural Gas Systems (MMTCE) .......cccvoveirniineeneereseeseereeseeees 2-28
Table 2-26: CH, Emissions from Natural Gas SyStemMS (T Q) ......covveereerrerirerrerrrrsreeneseeesesrese s seeresesesnens 2-28
Table 2-27: CH, Emissions from Petroleum Systems (MMTCE) ..o 2-30
Table 2-28: CH, Emissions from Petroleum SyStemMS (GQ) ......cccovrerrerremrmneirrereeseseeseeree s 2-30
Table 2-29: Uncertainty in CH, Emissions from Petroleum Systems (GQ) .......ccvovvreererrererreeresreennreeneenns 2-31
Table 2-30: CO, Emissions from Natural Gas Flaring ..o 2-32
Table 2-31: NO,, NMVOCs, and CO Emissions from Oil and Gas ACtiVitieS (GQ) .......cuvrerrererreerenreinnnas 2-32
Table 2-32: Total Natural Gas Reported Vented and Flared (million ft3) and Thermal

(@001 VL= £ Lo Y et (o (=104 5 TR 2-33
Table 2-33: Emissions from International Bunker FUEIS (MMTCE) ...coovvveieeienene e 2-35
Table 2-34: Emissions from International Bunker FUEIS (GQ) ....oovvvvvererieerereiiseseeesees e e eesie e s 2-35
Table 2-35: Civil Aviation Jet Fuel Consumption for International Transport (million gallons) ................ 2-36
Table 2-36: Marine Vessel Distillate and Residual Fuel Consumption for

International Transport (MillioN GallONS) .......ccveeeiceercre e 2-36
Table 2-37: CO, Emissions from Wood Consumption by End-Use Sector (MMTCE) ......cccoeovreiivnrcennae 2-38
Table 2-38: CO, Emissions from Wood Consumption by End-Use SeCtor (Tg) ....cccovevrerreerreerneeneeenennas 2-38
Table 2-39: CO, Emissions from Ethanol CONSUMPLION .........ccvovireerrieinnreeresreeesree e 2-38
Table 2-40: Woody Biomass Consumption by Sector (Trillion BtU) ......ccccevereiieeieenenin e 2-39
Table 2-41: Ethanol CONSUMPLION .....cueiuieiieieieeeieeeieeeseeesaese e seesee e ssestessessessesseeseeseeseeseeseensessnsessessensennens 2-39
Table 3-1: Emissions from Industrial ProcessesS (MMTCE) ....cvovvivieiineeieerie e see e e e e eeee s 33
Table 3-2: Emissions from INdustrial ProCeSSES (TQ) «vevveerererreererereseseseeseeseessessessseseseessessessessessesseneesenses 33
Table 3-3: CO, Emissions from Cement ProdUCTION ..o 3-4
Table 3-4: Cement Production (Thousand MEIC TONS) ....cc.ecveveeeeieereresesieseesreseeaeseessessessesseseeseesesssesenses 35
Table 3-5: Net CO, Emissions from Lime ManuUfaCtUre ... 3-6
Table 3-6: CO, Emissions from Lime ManufaCture (TQ) ......c.ueerrreermrmeerereereeseseeses e sesseseennas 3-6
Table 3-7: Lime Production and Lime Use for Sugar Refining and PCC (Thousand Metric Tons) ............. 3-6
Table 3-8: CO, Emissions from Limestone & Dolomite Use (MMTCE) .......cccouievnienneenneennenenreeenas 3-8
Table 3-9: CO, Emissions from Limestone & Dolomite USE (TQ) «..vovvveererreermnreereeriesrereseseeeesreresessesenennes 3-8
Table 3-10: Limestone & Dolomite Consumption (Thousand MEtric TONS) .......ccccveverererieeresesiesieesee s 39
Table 3-11: CO, Emissions from Soda Ash Manufacture and ConsSUMPLioN ..........cccoeoererereneennereneeennas 3-9
Table 3-12: CO, Emissions from Soda Ash Manufacture and Consumption (TQ) .......ccvveererrererrerereeenennes 3-10
Table 3-13: SodaAsh Manufacture and Consumption (Thousand MEetric TONS) .....ccceevvveeeereeneseereeseenes 3-10
Table 3-14: CO, Emissions from Carbon Dioxide CONSUMPLION ........ccovirererrreineneenneneneeeesree s 3-11
Table 3-15: Carbon DioxXide CONSUMPLION .......cceiiiiieieereseeeeeeseeeseeseeseeseesse e ssessesseeseesesessessesseseessenees 311
Table 3-16: CO, Emissions from [ron and Steel ProdUCLION ...........cccovveerrieineneennceeeeeseeeeseeeesneeees 3-12
I o =T S A = T T o) N oo (1 1 o o S 312
Table 3-18: CO, Emissions from Ammonia ManUFaCIUIe ............ocoereeerneineeeeseseeseeee s 3-13
Table 3-19: AMMONIA MaANUFACIUNE.......cccuirieiiiteieetesieeste ettt ettt sttt e e e ebeseenea 3-13
Table 3-20: CO, Emissions from Ferroalloy ProdUCHION ...........ccoeeieinneenneeesee s 3-14
Table 3-21: Production of Ferroalloys (MEriC TONS) .....ciovieeeeieeiereseseseste s eseeseesee e sse e e e seeseesesseseens 3-15
Table 3-22: CH, Emissions from Petrochemical ProdUCLiON ... 3-15
Table 3-23: Production of Selected Petrochemicals (Thousand MEtric TONS) .....ccocvvveeereenereeeeseeseseens 3-16
Table 3-24: CH, Emissions from Silicon Carbide Production.............cccoueerneinniinscnneeeseesesneenenas 3-16
Table 3-25: Production of SIICON Carbide .........cocoieiiiieiee e 3-16
Table 3-26: N,O Emissions from Adipic ACId PrOdUCLION .........c.oveiriireinneineseesesceseeee s 3-17

vii



Table 3-27: AdipiC ACIA PrOUCLION .......cueieieieciese e sre e e ne e e e e e neesrennn 317
Table 3-28: N,O Emissions from Nitric ACId ProdUCTION .........c.oovrieiiieirneiene s 3-18
Table 3-29: NitriC ACI PrOGUCTION ...cvouiiiiieieiieiste ettt sttt sttt b e st ne e 3-18
Table 3-30: Emissions of HFCs and PFCs from ODS Substitution (MMTCE) ......ccccoevvveeeeresese e 3-19
Table 3-31: Emissions of HFCs and PFCs from ODS Substitution (M) .....cccevveeeeerennseseereese e eeeneenens 3-19
Table 3-32: CO, Emissions from AlUumMinUM ProdUCLION ............oeirieinnreineenes s 3-23
Table 3-33: PFC Emissions from Aluminum Production (MMTCE) .....ccccevereieeeereere e see s 3-23
Table 3-34: PFC Emissions from Aluminum Production (M) ....ccceerererenenieeneseseseeeeeeseese e eseeseeee s 3-24
Table 3-35: Production of Primary ATUMINUM ........ccceueiirire s sses e s se e e sresneeseeessesnens 3-25
Table 3-36: HFC-23 Emissions from HCFC-22 ProdUCHION ...........ceieieenirieesie e 3-26
Table 3-37: PFC Emissions from Semiconductor ManUFaCtUIe ...........cccevireirinineieneneeeeseeese s 3-27
Table 3-38: SFg Emissions from Electrical Transmission and Distribution ...........cocovveineinnennecnenne 3-28
Table 3-39: Sk Emissions from Magnesium Production and ProCESSING .........uevrrererreenesreenreresesreenennns 3-29
Table 3-40: 1997 Potential and Actual Emissions of HFCs, PFCs, and Sk

from Selected SOUrCES (MMTCE) ....ccviiiieeiereeeeeteeeeee e e e see et sae st neeneesaeneeneeneeeeeens 3-30
Table 3-41: NO,, CO, and NMVOC Emissions from Industrial ProceSses (GQ) .......cocovrrerererrererreerenrennnas 331
Table 4-1: Emissions of NO,, CO, and NMVOC from Solvent USe (Gg) .....ccrvveerrrreernreerenreenenreesesreenens 4-2
Table 5-1: Emissions from Agriculture (MMTCE) ....ccvcviveeeieeieesesesiestese e eae e s ene e enae s seseens 5-2
Table 5-2: EMissions from AQriCUTUrE (TO) «veeeverererereseseereseeeeseeseesieseeseeseessessesseesesseessessessessesessessessenses 5-2
Table 5-3: CH, Emissions from Enteric Fermentation (MMTCE) ......cccccveinneiinneiinneeneseeneseesesreenenes 5-3
Table 5-4: CH, Emissions from Enteric Fermentation (TQ) .....c.correerrreimneneeneneeese s sesresennns 5-3
Table 5-5: Cow Populations (thousands) and Milk Production (million Kilograms) ..........cccceeevvevvseeseennn. 5-4
Table 5-6: CH, and N,O Emissions from Manure Management (MMTCE) .......ccccoovevneiinneinneneneeeennas 5-6
Table 5-7: CH, Emissions from Manure Management (TQ) ......cccvrrrerrerreerrmeeiesneseseseesesseesesnee e 5-6
Table 5-8: N,O Emissions from Manure Management (GQ) ........cocueeerrrerreereereneenesreesesseeesresesesessesesnns 5-6
Table 5-9: CH, Emissions from Rice Cultivation (MMTCE) .......cccccviiiieinncineeeseseesesee s 5-9
Table 5-10: CH, Emissions from Rice CUltiVation (GQ) ......cccovereerrreirnreerreeeseseesesee e 5-9
Table 5-11: AreaHarvested for Rice-Producing States (NECtares) ......cocovvvvveeeerereseseseeeeseese s 5-10
Table 5-12: Primary Cropping Flooding Season Length (days) .......cccvvoveeererievesieneeesece e 5-11
Table 5-13: N,O Emissions from Agricultural Soil Management (MMTCE) .......cccoeivineinncnneiinecennas 5-12
Table 5-14: N,O Emissions from Agricultural Soil Management (Gg NoO) .....ccveevovrrnrevienmnrenrennreeennns 5-12
Table 5-15: Commercial Fertilizer Consumption (Metric Tons of Nitrogen) .......c.cevvveeereerevieeeeneeseseenes 5-16
Table 5-16: Animal Excretion (Metric TONS Of NItrOGEN) .....ccuveveeeeieeiesesesesteseeeesesees e e seeseesresrenens 5-16
Table 5-17: Bean, Pulse, and Alfalfa Production (Metric Tons Of Product) ..........cccevevreereiesesriesesenens 5-16
Table 5-18: Corn and Wheat Production (Metric Tons of Product) ..........cccceeveereverennsesieee e e 5-16
Table 5-19: Histosol Area Cultivated (HECLAIES) .....ccvieiieiiieeeere e ettt nee s 5-16
Table 5-20: Direct N,O Emissions from Agricultural Cropping Practices (MMTCE) ......ccccoeovveiinrennnas 5-17
Table 5-21: Direct N,O Emissions from Pasture, Range, and Paddock Animals (MMTCE) ........ccccoeenne 5-17
Table 5-22: Indirect N,O EMISSIONS (MMTCE) .....ocviiiiiiiinreires e 5-17
Table 5-23: Emissions from Agricultural Residue Burning (MMTCE) .....ccooviveieieene e 5-18
Table 5-24: Emissions from Agricultural Residue BUrning (Gg) ......cccoeereererenesesseeseeseseesesesseeseeseesesnens 5-19
Table 6-1: Net CO, Flux from Land-Use Change and Forestry (MMTCE) .......ccooveinneinneienneeseeeennns 6-2
Table 6-2: Net CO, Flux from Land-Use Change and Forestry (Tg CO,) ....covorrrrierrnerereneserenesennenenens 6-2
Table 6-3: Net CO, Flux from U.S. FOrests (MMTECE) ......ccovireiirnicieesieeenesre s 6-4
Table 6-4: Net CO, Flux from U.S. FOrestS (Tg CO,) ..vvveuiirerieriererrereeneses e 6-4
Table 6-5: U.S. Forest Carbon Stock Estimates (Tg of Carbon) .......cccceveeeererenieneseseesese s seese s 6-6
Table 6-6: CO, Flux From Non-Forest SOilS (MMTCE) ..o 6-8
Table 6-7: CO, Flux From Non-Forest SOilS (TG COy) ..o 6-8
Table 6-8: Areas of Cultivated Organic Soils and Quantities of Applied Minerals........cccoovevevienviieereneene. 6-9

viii

Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



Table 7-1: EMissions from Waste (MM TCE) .......ccvieiiieieceeieeiesesese st se e eae e sae st s sre e eneeseneesenns 7-2

Table 7-2: EMiSSiONS fromM WaSte (TQ) ...evevverrerereeeieeieeeseeseeseeseesieseestestessessesseesesseessessessessessessssessenseseesennes 7-2
Table 7-3: CH, Emissions from LandfillS (MMTCE) .......ccorieirneiseeneseee e 7-3
Table 7-4: CH, Emissions from LandfillS (TG) ...coeeerrreirirecireseenenieeesrs e 7-3
Table 7-5: CH, Emissions from Domestic Wastewater TrealMeNt ..........ccocoveeirneerneensreeneseesesreenenas 7-5
Table 7-6: U.S. Population (millions) and Wastewater BOD Produced (GQ) .......veeereererrseereereseesesseesennns 7-5
Table 7-7: N,O EmMissions from HUMEN SEWAJE .........cvirriirrieiineieesre s 7-5
Table 7-8: U.S. Population (millions) and Average Protein Intake (KQ/person/year) ........ccccevevvveeeneenresneenns 7-6
Table 7-9: N,O Emissions from Waste COMBUSEION ........ccoreirrieiirieieene s 7-6
Table 7-10: Municipal Solid Waste Generation (Metric Tons) and Percent Combusted ............cccceverveeenee. 7-7
Table 7-11: U.S. Municipal Solid Waste Combusted by Data Source (Metric TONS) .......ccecvevvvveeereneernenes 7-7
Table 7-12: Emissions of NO,, CO, and NMVOC from Waste (GQ) .......cervrrrremrerreerirreiensreesesreesesseeennns 7-8
Table A-1: 1997 Energy Consumption Data and CO, Emissions from Fossil Fuel

CoMDBUSEION BY FUE TYPE....ueeeeeeeeee et a e e e e s e e e enannenrennens A-4
Table A-2: 1996 Energy Consumption Data and CO, Emissions from Fossil Fuel

CoMDBUSEION BY FUE TYPE....ueeeeeeeeee et a e e e e s e e e enannenrennens A-5
Table A-3: 1995 Energy Consumption Data and CO, Emissions from Fossil Fuel

CoMDBUSEION BY FUE TYPE....ueeeeeeeeee et a e e e e s e e e enannenrennens A-6
Table A-4: 1994 Energy Consumption Data and CO, Emissions from Fossil Fuel

ComMDBUSEION BY FUE TYPE....uieeeieeeeee et e e ene e e e e enannenrennens A-7
Table A-5: 1993 Energy Consumption Data and CO, Emissions from Fossil Fuel

ComMDBUSEION BY FUE TYPE....uieeeieeeeee et e e ene e e e e enannenrennens A-8
Table A-6: 1992 Energy Consumption Data and CO, Emissions from Fossil Fuel

ComMDBUSEION BY FUE TYPE....uieeeieeeeee et e e ene e e e e enannenrennens A-9
Table A-7: 1991 Energy Consumption Data and CO, Emissions from Fossil Fuel

ComMbBUSEION BY FUE TYP...cueeieecie ettt e st snenne e neenaenneneens A-10
Table A-8: 1990 Energy Consumption Data and CO, Emissions from Fossil Fuel

ComMbBUSEION BY FUE TYP...cueeieecie ettt e st snenne e neenaenneneens A-11
Table A-9: 1997 Emissions From International Bunker Fuel ConSUmMpPtion ..........ccccoevvveveereneseeseeseennnnns A-12
Table A-10: 1997 Non-Energy Use Carbon Stored [N ProduCES ........oveeeeerereseseeeeeesese e A-12
Table A-11: Key Assumptions for Estimating Carbon Dioxide EMISSIONS .......ccccevevvieeiieneeninneeeeseeneens A-13
Table A-12: Annually Variable Carbon Content Coefficients by Year (MMTCE/QBLtU) .......ccccevvveverennne. A-14
Table A-13: Electricity Consumption by End-Use Sector (Billion Kilowatt-hours) ..........ccceevevervreennne A-14
Table B-1: Fuel Consumption by Stationary Sources for Calculating CH, and N,O Emissions (TBtu) ...... B-2
Table B-2: CH, and N,O Emission Factors by Fuel Type and Sector (0/GJ) .......coovevvrerererreerneieneeeienneenens B-2
Table B-3: NO, Emissions from Stationary SOUrCES (GQ) .....c.vrvverereererermrmeirenreeressesesessesesessessessesesesssseennns B-3
Table B-4: CO Emissions from Stationary SOUrCES (GQ) ..v.veeeeeereerereserieeeeseessesiessesseseessessessessessessessessnnes B-4
Table B-5: NMVOC Emissions from Stationary SOUICES (GQ) ...veeverreeeereerrerieresieseeseessessessessesesseessessessenes B-5
Table C-1: Vehicle Miles Traveled for Gasoline Highway Vehicles (10° Mil€S) ......cocceevvveeereceevevsseneeeennnn. C-3
Table C-2: Vehicle Miles Traveled for Diesel Highway Vehicles (10° Mil€S) ....cucvveveveveceeereeveeeceeeesseseseeenne, C-3
Table C-3: VMT Profile by Vehicle Age (years) and Vehicle/Fuel Type for Highway

Vehicles (PErCENt OF VIMT) ..oiieiicice sttt e st sttt sse s se e e eneeseneenenns C-4
Table C-4: Fuel Consumption for Non-Highway Vehicles by Fuel Type (U.S. gallons) .......cccccvvvveveneenee. C-4
Table C-5: Control Technology Assignments for Gasoline Passenger Cars (percentage of VMT) .............. C-5
Table C-6: Control Technology Assignments for Gasoline Light-Duty Trucks (percentage of VMT) ......... C-6
Table C-7: Control Technology Assignments for California Gasoline Passenger

Carsand Light-Duty Trucks (percentage Of VMT) ...ocviieeeiciese et C-6
Table C-8: Control Technology Assignments for Gasoline Heavy-Duty Vehicles (percentage of VMT) ....C-6
Table C-9: Control Technology Assignments for Diesel Highway VIMT .....cccocveeieveninsceeeerene e C-7
Table C-10: Emission Factors (g/km) for CH, and N,O and “Fuel Economy” (g CO,/km)

for Highway MODITE SOUICES ......ccveeeieiieeietieeeeeti e e ettt e e e e e e e e e e e seenees e seeneenaesannnesens C-7




Table C-11: Emission Factors for CH, and N,O Emissions from Non-Highway

Mobile SOUrCES (Q/KQG TUEL) vvuveieeieeece e sttt ee e eneens C-8
Table C-12: NO, Emissions from Mobile Sources, 1990-1997 (GQ) .....vevvrerrerererreermrreresrereesresesessesesesresenens C-8
Table C-13: CO Emissions from Mobile Sources, 1990-1997 (GQ) ....cvverrrrrereereereeriesreseeseesseseesseseeseessessenns Cc-9
Table C-14: NMVOCs Emissions from Mobile Sources, 1990-1997 (GQ) «..vevvvrrereereereseseereeseeseessesseeseenes C-9
Table D-1: Mine-Specific Data Used to Estimate Ventilation EMiSSIONS ........cccevvrvreeiereseseseeneesesenneens D-2
Table D-2: Coal Basin Definitions by Basin and by St ........cccvveeeverere s D-4
Table D-3: Annual Coal Production (thousand ShOrt tONS) ........cceeveeeeereresese e D-5
Table D-4: Coal Surface and Post-Mining Methane Emission Factors (ft3 per short ton) ............cccevveeeeee. D-5
Table D-5: Underground Coal Mining Methane Emissions (billion cubic feet) .......ccccoovevievviccvevv e, D-6
Table D-6: Total Coa Mining Methane Emissions (billion cubic feet) .......covvvveiieivcieiice e, D-6
Table E-1: 1992 Data and Emissions (Mg) for Venting and Flaring from Natural Gas

LTS ol (0o 01 TR o = E-2
Table E-2: Activity FaCtorsfor KEY DIIVEIS.......cuciiie e sttt s eee e e e sae et ene e nae e eneenenns E-3
Table E-3: CH, Emission Estimates for Venting and Flaring from the Field Production Stage (Mg) .......... E-4
Table F-1: CH, Emissions from Petroleum Production Field Operations ............ccoveerneereneenneneneeenennas F-3
Table F-2: CH, Emissions from Petrol@UM SEOT8gE..........ccurv e F-3
Table F-3: CH, Emissions from PetroleuUm REfINING .......ccoueireineirnecessee e F-3
Table F-4: CH, Emissions from Petroleum Transportation: Loading Alaskan Crude

Oil oNto TaNKers (Barr€lS/AAY) .....uveeieieeisieieieieeeee st eteae s eae e sees e see s e stesae st saesresresneeneesessenenneens F-4
Table F-5: CH, Emissions from Petroleum Transportation: Crude Oil Transfers to

TerMIiNalS (BATEISTAY) ...eceeeeeieieieieieseee e e ettt s ettt s re e e tesnesnentenaeneennenens F-4
Table F-6: CH, Emissions from Petroleum Transportation: Ballast Emissions (Barrels/day) ..........cc.cce... F-4
Table F-7: Total CH, Emissions from Petroleum Transportaion ..........cooceereneeeneeneneeeeseeseseenennas F-5
Table G-1: Livestock Population (thousand head) ..........cceerieriiireciieiercse e s G-2
Table G-2: Dairy Cow CH, Emission Factors and Milk Production Per COW ..........c.ccceeerneienneieneerennns G-2
Table G-3: CH, Emission Factors Beef Cows and Replacements (Kg/head/yr) .......cocveovevnnconecivnnenns G-2
Table G-4: Methane Emissions from Livestock Enteric Fermentation (TQ) .....cceeevveeeereerieseseeseeseseseenens G-3
Table G-5: Enteric Fermentation CH, EMISSION FCLOIS ..o G-3
Table H-1: Livestock Population (1000 hEa) ........cccvieieeerieeieesiese e et eae e s enne e s H-2
Table H-2: Dairy Cow and Swine CH, CONVErSioN FACIONS ... neeens H-3
Table H-3: Dairy Cow and SWIiNE CONSIANES ......cveeerieriereriesiesieseereseeseeeeseeaeseesees e saessessessessesssessessnsssssseens H-3
Table H-4: CH, Emissions from Livestock Manure Management (TQ) .....coovorreermrreernreennreenmseseseeneenns H-4
TableI-1: Municipa Solid Waste (MSW) Contributing to CH, EMISSIONS (TQ) «..ovevevvreereerenieenesrecvereereens [-2
Table-2: CH, Emissions from LandfillS (Tg) ..ot I-3
Table I-3: Municipa Solid Waste Landfill Size DefinitionS (TQ) ....eooveeerererrsesieereseseseeeeseesee e seeseeseneens -3
Table J1: Globa Warming Potentials and Atmospheric Lifetimes (YEars) ....c..cevveverieveseeseereseseeeeneeseenes J1
Table K-1: Emissions of Ozone Depleting SUBStanCeS (M) .....vevvvereeeerieresieseeeeeeseesieseesreseeseeseesee e sseenens K-2
Table L-1: SO, EMISSIONS (GQ) +.vveverererereresrereeresieresesessesesesss e sessesesssessesssssessesesesessessssssssessssnsessssssssesssssesens L-2
Table L-2: SO, Emissions from EIeCtric ULIHItIES (GQ) ....vvverirrrererirniiniereiereseesereseses e L-2
Table O-1: 1997 U.S. Energy Statistics (PhySICal UNITS) ..vviuveeeeerieriesiesieseeeeseeesee e e seeeessesee e ssenesneens 0O-5
Table O-2: Conversion Factors to Energy Units (heat eqUIiValeNnts) ........ccccvvvvveeeieeiesene e 0-6
Table O-3: 1997 Apparent Consumption of FOSSIT FUEIS (TBLU) .....ecveeereeriesesieseeieseese e sveeeesee e sneenes o7
Table O-4: 1997 Potential Carbon EMISSIONS .......cccciiiiiriiriiieisieesesiees st seens 0-8
Table O-5: 1997 Non-Energy Carbon Stored in PrOAUCES ........ccviveeeeeriere e 0-9

X

Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



Table O-6: Reference Approach CO, Emissions from Fossil Fuel Consumption

(MMTCE unless OtherwiSe NOE) ........ccuevuererereresese e e e ae et srenre e enens 0-9
Table O-7: 1997 Energy Consumption in the United States: Sectoral vs. Reference Approaches (TBtu) .. O-9
Table O-8: 1997 CO, Emissions from Fossil Fuel Combustion by Estimating Approach (MMTCE) ...... 0-10

Table O-9: 1996 Energy Consumption in the United States: Sectoral vs. Reference Approaches (TBtu) O-10
Table O-10: 1996 CO, Emissions from Fossil Fuel Combustion by Estimating Approach (MMTCE) .... O-10

Table Q-1: GUIdeto MELFIC UNIt PrEFIXES . ..ocviieiicriciecece ettt ettt be et e b enns Q-1
Table Q-2: Conversion Factors to Energy Units (heat eqUIiValeNnts) ........ccccevvvvieeieeievene e Q-3
Table S-1: Guide to Chemical SYMBOIS ......ccvcieieiccerer e ens S1
Figures
Figure ES-1: U.S. GHG EMISSIONS DY GBS .....ecuvevieiiieiesiesiesiestesesseesesseesaessesseseesaessessessessessessessssssssessessenns ES-2
Figure ES-2: Annual Percent Change in U.S. GHG EMISSIONS ......cccuevierevieneieeeseesesieseesseseeeeseessessesnens ES2
Figure ES-3: Absolute Changein U.S. GHG Emissions SINCE 1990 .......cccccvvveeeveeresesnseeeeseeseessesseeeens ES-2
Figure ES-4: 1997 Greenhouse Gas EMISSIONS DY G&S .......ccevvvierieiieicieiesesee e e e st seeneeneennens ES4
Figure ES-5: U.S. Greenhouse Gas Emissions Per Capita and Per Dollar of Gross Domestic Product .....ES-6
Figure ES-6: 1997 SOUICES OF €O, .....ocevieriirrersersrssissesssssisssssssssessssssssssisssssssss s sosssesssss st ES-9
Figure ES-7: 1997 U.S. Energy Consumption by ENErgY SOUICE .......cecveeereereriesrnseeeeieseesiesneeseeeeeenes ES-10
Figure ES-8: U.S. Energy Consumption (QUadrillion BU) .........ccceueveererievesisieeiesesese s ses e ES-10
Figure ES-9: 1997 CO, Emissions from Fossil Fuel Combustion by Sector and Fuel Type .......cc.cccoe..e. ES-11
Figure ES-10: 1997 End-Use Sector Emissions of CO, from Fossil Fuel Combustion .............cccccvveene. ES-11
Figure ES-11: 1997 SOUMCES OF CH  .oocvovirrirrnsrssersiessssesssessissesssessssssessses st sesssss st ES-14
Figure ES-12: 1997 SOUICES OF NO ..ot ES-16
Figure ES-13: 1997 Sources of HFCS, PFCS, @N0 SFg ... ES-18
Figure 1-1: U.S. GHG EMISSIONS DY GBS .....ccuecuiiieiiierieriesesiesesieste e sreseesee e saes e saessesaessessessessenssnsesensenns 1-7
Figure 1-2: Annual Percent Changein U.S. GHG EMISSIONS........cccoevireriieseseeeesees e e siese e seee e 1-7
Figure 1-3: Absolute Change in U.S. GHG Emissions SINCE 1990 .......ccccovreriereeeeeereenieseesieseeseeseesseseesnens 1-8
Figure 1-4: U.S. Greenhouse Gas Emissions Per Capita and Per Dollar of Gross Domestic Product.......... 1-9
Figure 1-5: U.S. GHG Emissions by Chapter/IPCC SECLOT ........cccoveveriereneseeteseeeeseseesie e sseseeeessesseseeens 1-12
Figure 2-1: 1997 Energy Chapter GHG SOUICES .......cccvieereeieeieeeeeiesieseesiessessessessessessessessessssssessessessesessenns 2-1
Figure 2-2: 1997 U.S. Energy Consumption by ENErgY SOUICE........ccivcvreeeeriereseseesesesseseeseeseeseessesnesnens 2-3
Figure 2-3: U.S. Energy Consumption (QUadrillion BIU) .......cccceceeerrrieieeiere et eesee e 2-3
Figure 2-4: 1997 CO, Emissions from Fossil Fuel Combustion by Sector and Fuel Type.........cccoevvevrrenne. 2-3
Figure 2-5; Fossil FUEl ProdUCLION PrICES .......ciiiiieciecieieeeeeeiese ettt st see e enaeneeneens 2-4
Figure 2-6: 1997 End-Use Sector Emissions of CO, from Fossil Fuel Combustion............cccoeevrevrneeene. 2-6
Figure 2-7: Motor Gasoling Retail PriceS (REA) ......coeveieiiiiiieee et sae e sre e snens 2-7
Figure 2-8: Motor Vehicle FUEl EffiCIENCY ..ocviiiiiiicicicecesc e e 2-8
Figure 2-9: Heating DEJrEE DAYS ......ccvceieeereeeeeeieesiesaes e ssestes e ssestessessessesseeseeseessessesessessesensessessnssessnnenns 2-8
Figure 2-10: Electric Utility Retail Sales by End-USe SECLON .......ccoviiierieieres e 2-10
Figure 2-11: Changein CO, Emissions from Fossil Fuel Combustion Since 1990 by End-Use Sector .... 2-12
Figure 2-12: Mobile Source CH, and NoO EMISSIONS .....c.covivieiiireiiiereiesereenes e 2-22
Figure 3-1: 1997 Industrial Processes Chapter GHG SOUICES ........civiiieeierieresesreseeaeseessesiesaeseeseesseseessens 31
Figure 5-1: 1997 Agriculture Chapter GHG SOUICES........ccvieiieeeeeiesieseeseseestessessaeseeseeseessessessessessessesseseens 5-1
Figure 7-1: 1997 Waste Chapter GHG SOUICES.........ccuerueriereresieseesteseseeseeseesaessessessessessessessesssesssssessssesessenns 7-1

Xi



Boxes

Box ES-1: Recent Trendsin Various U.S. Greenhouse Gas Emissions-Related Data .........ccccoeveveiierenenn ES5
Box ES-2: Greenhouse Gas Emissions from Transportation ACHVItIES.........cvveererieieseerese e seenie e ES6
Box ES-3: Electric Utility-Related Greenhouse Gas EMISSIONS........ccveeererieiesenieesieseeseseeseeseessessessenseens ES-8
Box ES-4: Emissions of Ozone Depleting SUDSIANCES ........cvevereieniiecieeeese st eneens ES-20
Box ES-5: Sources and Effects of SUIfUr DIOXITE .......covveiriiieiie e ES-22
Box 1-1: Recent Trendsin Various U.S. Greenhouse Gas Emissions-Related Data...........cocooeveerenierienene 1-9
Box 1-2: Greenhouse Gas Emissions from Transportation ACHVITIES .......c.cvvveveeeererieseseeeese e e e 1-13
Box 1-3: Electric Utility-Related Greenhouse Gas EMISSIONS .......ccviveeereniereseeseesieseeseseeeeseessessessesseens 1-14
Box 2-1: Sectoral Carbon Intensity Trends Related to Fossil Fuel and Overall Energy Consumption ...... 2-11
Box 3-1: Potential Emission Estimates of HFCS, PFCS, aNQ SFg ... 3-30

Xii

Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



Changes 1In This Year’s
U.S. Greenhouse Gas
Inventory Report

Each year the EPA not only revises the estimates presented in the official U.S. Greenhouse Gas Inventory of

Emissions and Sinks but also attempts to improve the analyses themsel ves through the use of better methods or data.
A summary of the latest changes and additions to this report is provided below:

An expanded discussion of emissions from International Bunker Fuels has been included in the Energy chapter.
Emissions of CH,, N,O, CO, NO,, and NMVOCs from these fuel s have been estimated for thefirst time. Carbon
dioxide emissions from aircraft have nearly doubled because of the inclusion of fuels consumed by foreign
flagged air carriersfor thefirst time. Previously, only U.S. flagged air carrierswere able to beincluded. A new
source of data for consumption of fuels for marine bunkers has aso resulted in minor changes in the estimates
from ships and boats.

Nitrous oxide emissions from the combustion of jet fuel in aircraft were estimated for the first time using a
simplified methodology based on the emission factors presented in IPCC/UNEP/OECD/IEA (1997).

A new comparison of recent trendsin various environmental and economic variables related to U.S. greenhouse
gas emissionsis presented in Box 1-1.

An new analysis of sectoral (i.e., residential, commercial, industrial, transportation, and electric utility) carbon
intensities and emission trends from CO, Emissions from Fossil Fuel Combustion is presented in Box 2-1.
Carbon stored through the non-energy uses of fossil fuels was given a more detailed treatment in Table 2-5 and
Table 2-6.

The estimates for CO, emissions from Natural Gas Flaring were revised slightly and made more consistent with
methane emission estimates under the venting portion of Petroleum Systems.

Wood consumed as fuel is no longer reported by EIA separately for the commercial and residential end-use
sectors; therefore, CH, and N,O emission estimates from wood burned under Stationary Sources for these two
sectors were not disaggregated by end-use sector.

Estimates of potential emissionsfor select HFCs, PFCs, and SF4 sources have been presented for thefirst timein
Box 3-1.

Nitrous oxide emission estimates from Agricultural Soil Management have been revised to account for the appli-
cation of additional quantities of animal manure applied to soils. Thisrevision was based on abetter understand-
ing of the ultimate fate of unmanaged animal manure.

Useful constants, unit definitions, and conversion factors have been included for thefirst timein Annex Q. A list
of abbreviations and chemical symbols has also been included in Annex R and Annex S, respectively.

A detailed glossary of terms related to greenhouse gas emissions and inventories has been provided for the first
timein Annex T.
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Executive Summary

entral to any study of climate change is the development of an emissions inventory that identifies and

quantifies acountry’s primary anthropogenic! sources and sinks of greenhouse gas (GHG) emissions. This
inventory adheres to both (1) a comprehensive and detailed methodol ogy for estimating sources and sinks of anthro-
pogenic greenhouse gases, and (2) a common and consistent mechanism that enables signatory countries to the
United Nations Framework Convention on Climate Change (UNFCCC) to compare the relative contribution of differ-
ent emission sources and greenhouse gases to climate change. Moreover, systematically and consistently estimating
national and international emissionsisaprerequisite for evaluating the cost-effectiveness and feasibility of mitigation
strategies and emission reduction technologies.

This chapter summarizes the latest information on U.S. anthropogenic greenhouse gas emission trends from
1990 through 1997. To ensure that the U.S. emissions inventory is comparable to those of other UNFCCC signatory
countries, the estimates presented here were cal culated using methodol ogies consistent with those recommended in
the Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC/UNEP/OECD/IEA 1997). For
most source categories, the IPCC default methodologies were expanded, resulting in a more comprehensive and
detailed estimate of emissions.

Naturally occurring greenhouse gases include water vapor, carbon dioxide (CO,), methane (CH,), nitrous ox-
ide (N,O), and ozone (O;). Several classes of halogenated substances that contain fluorine, chlorine, or bromine are
also greenhouse gases, but they are, for the most part, solely a product of industrial activities. Chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs) are halocarbons that contain chlorine, while halocarbons that con-
tain bromine are referred to as halons. Other fluorine containing hal ogenated substances include hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SFg).

There are also several gases that do not have a direct global warming effect but indirectly affect terrestrial
radiation absorption by influencing the formation and destruction of tropospheric and stratospheric ozone. These
gases—referred to as ozone precursors—include carbon monoxide (CO), oxides of nitrogen (NO,), and nonmethane
volatile organic compounds (NMVOCs).? Aerosol s—extremely small particles or liquid droplets often produced by
emissions of sulfur dioxide (SO,)—can also affect the absorptive characteristics of the atmosphere.

Although CO,, CH,, and N,,O occur naturally in the atmosphere, their atmospheric concentrations have been affected
by human activities. Since pre-industria time (i.e., since about 1750), concentrations of these greenhouse gases have
increased by 28, 145, and 13 percent, respectively (IPCC 1996). This build-up has atered the composition of the earth’s
atmosphere, and may affect the globa climate system.

1 The term “anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities or are
the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).

2 Also referred to in the U.S. Clean Air Act as “criteria pollutants”
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Beginning in the 1950s, the use of CFCs and other
stratospheric ozone depleting substances (ODSs) in-
creased by nearly 10 percent per year until the mid-1980s,
when international concern about ozone depletion led to
the signing of the Montreal Protocol on Substances that
Deplete the Ozone Layer. Since then, the consumption
of ODSs has been undergoing a phase-out. In contrast,
use of ODS substitutes such as HFCs, PFCs, and Sk has
grown significantly during thistime.

Recent Trends in U.S.
Greenhouse Gas Emissions

Total U.S. greenhouse gas emissions rose in 1997
to 1,813.6 million metric tons of carbon equivalents
(MMTCE)?3 (11.1 percent above 1990 basdlinelevels). The
single year increase in emissions from 1996 to 1997 was
1.3 percent (23.1 MMTCE), down from the previousyear's
increase of 3.3 percent. Figure ES-1 through Figure ES-3
illustrate the overall trendsin total U.S. emissions by gas,
annual changes, and absolute change since 1990. Table
ES-1 providesadetailed summary of U.S. greenhouse gas
emissions and sinks for 1990 through 1997.

Figure ES-4 illustrates the relative contribution of
the direct greenhouse gases to total U.S. emissions in
1997. The primary greenhouse gas emitted by human
activitieswas CO,. Thelargest source of CO, and of over-
all greenhouse gas emissions in the United States was

Figure ES-1
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fossil fuel combustion. Methane emissions resulted pri-
marily from decomposition of wastes in landfills, ma-
nure and enteric fermentation associated with domestic
livestock, natural gas systems, and coal mining. Emis-
sions of N,O were dominated by agricultural soil man-
agement and mobile source fossil fuel combustion. The
substitution of ozone depleting substances and emissions
of HFC-23 during the production of HCFC-22 were the
primary contributors to aggregate HFC emissions. PFC
emissions came mainly from primary aluminum produc-
tion, while electrical transmission and distribution sys-
tems emitted the majority of SFg.

Asthelargest source of U.S. GHG emissions, CO,
from fossil fuel combustion accounted for 81 percent of
emissionsin 1997 when each gasis weighted by its Glo-
Figure ES-3
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3 Estimates are presented in units of millions of metric tons of carbon equivalents (MMTCE), which weights each gas by its GWP value, or

Global Warming Potential (see following section).
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Table ES-1: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 1,344.3 1,329.8 1,349.6 1,379.2 1,403.5 1,419.2 1,469.3 1,487.9
Fossil Fuel Combustion 1,327.2 1,312.6 1,332.4 1,360.6 1,383.9 1,397.8 1,447.7 1,466.0
Natural Gas Flaring 2.8 2.6 2.6 3.5 3.6 4.5 4.3 4.2
Cement Manufacture 8.9 8.7 8.8 9.3 9.6 9.9 9.9 10.2
Lime Manufacture 3.8 3.2 3.8 3.4 3.5 3.7 3.8 3.9
Limestone and Dolomite Use 1.4 i3 1.2 1.1 1.5 1.9 2.0 2.1
Soda Ash Manufacture and Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3
Land-Use Change and Forestry (Sink)? (311.5) (311.5) (311.5) (208.6) (208.6) (208.6) (208.6) (208.6)
International Bunker Fuels® 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
CH 169.9 171.0 1725 172.0 1755 178.6 178.3 179.6
Stétionary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.2
Mobile Sources 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8
Natural Gas Systems 32.9 33.3 33.9 34.1 835 33.2 33.7 B8RS
Petroleum Systems 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.6
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4
Silicon Carbide Production + + + + + + + +
Enteric Fermentation 32.7 32.8 33.2 33.6 34.5 34.9 34.5 34.1
Manure Management 14.9 15.4 16.0 16.1 16.7 16.9 16.6 17.0
Rice Cultivation 2.5 2.5 2.8 2.5 3.0 2.8 2.5 2.7
Agricultural Residue Burning 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Landfills 56.2 57.6 57.8 59.7 61.6 63.6 65.1 66.7
Wastewater Treatment 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
International Bunker Fuels® + + + + + + + +
N,O 95.7 97.6 100.1 100.4 108.3 1054 108.2 109.0
Stationary Sources 3.8 3.8 3.9 3.9 4.0 4.0 4.1 4.1
Mobile Sources 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5
Adipic Acid Production 4.7 4.9 4.6 4.9 5.2 5.2 5.4 3.9
Nitric Acid Production 3.8 3.8 3.4 3.5 3.7 3.7 3.9 3.8
Manure Management 2.6 2.8 2.8 2.9 2.9 2.9 3.0 3.0
Agricultural Soil Management 65.3 66.2 68.0 67.0 73.4 70.2 72.0 74.1
Agricultural Residue Burning 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Human Sewage 2.1 2.1 2.2 2.2 2.2 2.3 2.3 2.3
Waste Combustion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
HFCs, PFCs, and SFg 22.2 21.6 23.0 23.4 25.9 30.8 34.7 37.1
Substitution of Ozone Depleting Substances 0.3 0.2 0.4 1.4 4.0 9.5 11.9 14.7
Aluminum Production 4.9 4.7 4.1 3.5 2.8 2.7 2.9 2.9
HCFC-22 Production 95 8.4 9i5 8.7 8.6 7.4 8.5 8.2
Semiconductor Manufacture 0.2 0.4 0.6 0.8 1.0 1.2 1.4 i3
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Magnesium Production and Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0
Total Emissions 1,632.1 1,620.0 1,645.2 1,675.0 1,713.2 1,733.9 1,790.5 1,813.6
Net Emissions (Sources and Sinks) 1,320.6 1,308.5 1,333.7 1,466.5 1,504.7 1,525.4 1,582.0 1,605.0

+ Does not exceed 0.05 MMTCE

@ Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.

b Emissions from International Bunker Fuels are not included in totals.
Note: Totals may not sum due to independent rounding.
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Figure ES-4
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bal Warming Potential .* Emissions from this source grew
by 11 percent (138.8 MMTCE) from 1990 to 1997 and
were responsible for over three-quarters of the increase
in national emissions during this period. The annual in-
crease in CO, emissions from this source was 1.3 per-
cent in 1997, down from the previous year when emis-
sions increased by 3.6 percent.

The dramatic increase in fossil fuel combustion-
related CO, emissionsin 1996 was primarily afunction
of two factors: 1) fuel switching by electric utilitiesfrom
natural gas to more carbon intensive coal as gas prices
rose sharply due to weather conditions, which drove up
residential consumption of natural gas for heating; and
2) higher petroleum consumption for transportation. In
1997, by comparison, electric utility natural gasconsump-
tion rose to regain much of the previousyear’s decline as
the supply available rose due to lower residential con-
sumption. Despite thisincrease in natural gas consump-
tion by utilities and relatively stagnant U.S. electricity
consumption, coal consumption rose in 1997 to offset
thetemporary shut-down of several nuclear power plants.
Petroleum consumption for transportation activities in
1997 also grew by less than one percent, compared to
over three percent the previous year (see Table ES-2).
The annual increase in CO, emissions from petroleum
in 1997 is based on motor gasoline sales data from the
U.S. Energy Information Administration; it is expected
to be revised upward with the publication of future en-
ergy statistics.

4 See section below entitled Global Warming Potential.

Overall, from 1990 to 1997, total emissionsof CO,,
CH,, and N,O increased by 143.5 (11 percent), 9.7 (6
percent), and 13.4 MMTCE (14 percent), respectively.
During the same period, weighted emissions of HFCs,
PFCs, and Sk, rose by 14.9 MMTCE (67 percent). De-
spite being emitted in smaller quantities relative to the
other principle greenhouse gases, emissions of HFCs,
PFCs, and SFg are significant because of their extremely
high Global Warming Potentialsand, in the cases of PFCs
and SFg, long atmospheric lifetimes. Conversely, U.S.
greenhouse gas emissions were partly offset by carbon
sequestration in forests, which was estimated to be 11
percent of total emissionsin 1997.

Other significant trends in emissions from addi-
tional source categories over the eight year period from
1990 through 1997 included the following:

o Aggregate HFC and PFC emissions resulting from
the substitution of ozone depleting substances (e.g.,
CFCs) increased dramatically (by 14.4 MMTCE).
This increase was partly offset, however, by reduc-
tions in PFC emissions from aluminum production
(41 percent) and HFC emissionsfrom HCFC-22 pro-
duction (14 percent), both as a result of voluntary
industry emission reduction effortsand, in the former
case, from falling domestic aluminum production.

o Combined N,O and CH, emissions from mobile
source fossil fuel combustion rose by 3.9 MMTCE
(26 percent), primarily dueto increased rates of N,O
generation in highway vehicles.

Table ES-2: Annual Percent Change in CO,
Emissions from Fossil Fuel Combustion for
Selected Sectors and Fuels

Fuel 1995 1996
Sector Type to 1996 to 1997
Electric Utility ~ Coal 5.7% 2.9%
Electric Utility ~ Natural Gas -14.6% 8.7%
Residential Natural Gas 8.1% -4.4%
Transportation* Petroleum 3.4% 0.3%

* Excludes emissions from International Bunker Fuels.
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M ethane emissions from the decomposition of waste
in municipal and industrial landfills rose by 10.5
MMTCE (19 percent) asthe amount of organic mat-
ter in landfills steadily accumulated.

Emissions from coal mining dropped by 5.2
MMTCE (21 percent) as the use of methane from
degasification systems increased significantly.
Nitrous oxide emissions from agricultural soil man-
agement increased by 8.8 MMTCE (13 percent) as
fertilizer consumption and cultivation of nitrogen fix-
ing crops rose.

o An additional domestic adipic acid plant installed
emission control systemsin 1997; thiswas estimated
to have resulted in a 1.4 MMTCE (27 percent) de-
clinein emissions from 1996 to 1997 despite an in-
crease in production.

The following sections describe the concept of
Global Warming Potentials (GWPs), present the anthro-
pogenic sources and sinks of greenhouse gas emissions
in the United States, briefly discuss emission pathways,
summarize the emission estimates, and explain the rela-
tiveimportance of emissions from each source category.

Box ES-1: Recent Trends in Various U.S. Greenhouse Gas Emissions-Related Data

There are several ways to assess a nation's greenhouse gas emitting intensity. These measures of intensity could be based on
aggregate energy consumption because energy-related activities are the largest sources of emissions, on fossil fuel consumption
only because almost all energy-related emissions involve the combustion of fossil fuels, on electricity consumption because
electric utilities were the largest sources of U.S. greenhouse gas emissions in 1997, on total gross domestic product as a measure
of national economic activity, or on a per capita basis. Depending upon which of these measures was used, the United States could
appear to have reduced or increased its national greenhouse gas intensity. Table ES-3 provides data on various statistics related to
U.S. greenhouse gas emissions normalized to 1990 as a baseline year. Greenhouse gas emissions in the U.S. have grown at an
average annual rate of 1.5 percent since 1990. This rate is slightly slower than that for total energy or fossil fuel consumption—
thereby indicating an improved or lower greenhouse gas emitting intensity—and much slower than that for either electricity con-
sumption or overall gross domestic product. Emissions, however, are growing faster than national population, thereby indicating a
worsening or higher greenhouse gas emitting intensity on a per capita basis (see Figure ES-5). Overall, atmospheric CO, concen-

trations—a function of many complex anthropogenic and natural processes—are increasing at 0.4 percent per year.

Table ES-3: Recent Trends in Various U.S. Data (Index 1990 = 100)

Variable 1990 1991 1992 1993 1994 1995 1996 1997 Growth Rate?
GHG Emissions? 100 99 101 103 105 106 110 111 1.5%
Energy Consumption® 100 100 101 104 106 108 112 112 1.6%
Fossil Fuel Consumption® 100 99 101 104 106 107 110 112 1.6%
Electricity Consumption® 100 102 102 105 108 111 114 115 2.0%
GDP! 100 99 102 104 108 110 114 118 2.5%
Population® 100 101 102 103 104 105 106 107 1.0%
Atmospheric CO, Concentration' 100 100 101 101 101 102 102 103 0.4%

@ GWP weighted values

b Energy content weighted values. Source: DOE/EIA

¢ Source: DOE/EIA

4 Gross Domestic Product in chained 1992 dollars (BEA 1998)
€ (U.S. Census Bureau 1998)

f Mauna Loa Observatory, Hawaii (Keeling and Whorf 1998)

9 Average annual growth rate
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Figure ES-5
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Box ES-2: Greenhouse Gas Emissions from Transportation Activities

Motor vehicle usage is increasing all over the world, including in the United States. Since the 1970s, the number of highway
vehicles registered in the United States has increased faster than the overall population, according to the Federal Highway Admin-
istration. Likewise, the number of miles driven—up 18 percent from 1990 to 1997—and gallons of gasoline consumed each year
in the United States have increased relatively steadily since the 1980s, according to the Energy Information Administration. These
increases in motor vehicle usage are the result of a confluence of factors including population growth, economic growth, increas-
ing urban sprawl, and low fuel prices.

One of the unintended consequences of these changes is a slowing of progress toward cleaner air in both urban and rural parts of
the country. Passenger cars, trucks, motorcycles, and buses emit significant quantities of air pollutants with local, regional, and
global effects. Motor vehicles are major sources of carbon monoxide (CO), carbon dioxide (CO,), methane (CH,), nonmethane
volatile organic compounds (NMVOCs), nitrogen oxides (NO,), nitrous oxide (N,0), and hydrofluorocarbons (HFCs). Motor ve-
hicles are also important contributors to many serious air pollution problems, including ground-level ozone or smog, acid rain, fine
particulate matter, and global warming. Within the United States and abroad, government agencies have taken strong actions to
reduce these emissions. Since the 1970s, the EPA has reduced lead in gasoline, developed strict emission standards for new
passenger cars and trucks, directed states to enact comprehensive motor vehicle emission control programs, required inspection
and maintenance programs, and more recently, introduced the use of reformulated gasoline to mitigate the air pollution impacts
from motor vehicles. New vehicles are now equipped with advanced emissions controls, which are designed to reduce emissions
of nitrogen oxides, hydrocarbons, and carbon monoxide.

This report reflects new data on the role that automotive catalytic converters play in emissions of N,0, a powerful greenhouse gas.
The EPA's Office of Mobile Sources has conducted a series of tests in order to measure the magnitude of N,O emissions from
gasoline-fueled passenger cars and light-duty trucks equipped with catalytic converters. Results show that N,O emissions are
lower than the IPCC default factors, and the United States has shared this data with the IPCC. In this report, new emission factors
developed from these measurements and from previously published literature were used to calculate emissions from mobile
sources in the United States (see Annex C).

Table ES-4 summarizes greenhouse gas emissions from all transportation-related activities. Overall, transportation activities—
excluding international bunker fuels—accounted for an almost constant 26 percent of total U.S. greenhouse gas emissions from
1990 to 1997. These emissions were primarily CO, from fuel combustion, which increased by 10 percent from 1990 to 1997.
However, because of larger increases in N,O and HFC emissions during this period, overall emissions from transportation activities
actually increased by 12 percent.
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Table ES-4: Transportation-Related Greenhouse Gas Emissions (MMTCE)

Gas/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Co, 405.0 396.7 402.4 406.8 422.1 430.7 445.3  446.5
Passenger Cars? 169.3 167.8 172.0 173.5 172.5 175.6 160.8 162.6
Light-Duty Trucks?® 77.5 77.2 77.2 80.5 87.2 89.2 109.9 111.1
Other Trucks 57.3 55.1 56.7 59.9 62.7 64.2 68.3 69.5
Buses 2.7 2.9 2.9 3.1 3.3 3.5 3.0 3.0
Aircraft 50.5 48.4 47.4 47.6 49.6 48.3 50.5 50.1
Boats and Vessels 16.4 15.9 16.4 11.7 13.9 16.8 18.5 15.4
Locomotives 7.5 6.9 7.4 6.8 8.0 8.1 8.8 9.0
Other? 23.8 22.5 22.4 23.8 24.9 24.9 25.5 25.8
International Bunker Fuels® 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
CH, 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Passenger Cars 0.8 0.7 0.7 0.7 0.7 0.7 0.6 0.6
Light-Duty Trucks 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5
Other Trucks and Buses 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2
Aircraft + + + + + + + +
Boats and Vessels + + + + + + + +
Locomotives + + + + + + + +
Otherd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® + + + + + + + +
N,O 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5
Passenger Cars 8.7 9.1 9.7 10.1 10.0 10.1 8.9 9.1
Light-Duty Trucks 3.4 3.7 3.9 4.2 5.1 5.2 6.8 6.8
Other Trucks and Buses 0.7 0.7 0.7 0.7 0.8 0.8 0.9 0.9
Aircraftd 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Boats and Vessels 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Otherd 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
International Bunker Fuels® 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
HFCs + + 0.2 0.7 1.3 2.5 3.6 4.5
Mobile Air Conditioners® + + 0.2 0.7 1.3 2.5 3.6 4.5
Total® 420.0 412.3 419.1 424.8 4415 451.6  467.7 469.9

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

@ |n 1996, the U.S. Federal Highway Administration modified the definition of light-duty trucks to include minivans and sport utility vehicles.
Previously, these vehicles were included under the passenger cars category. Hence the sharp drop in CO, emissions for passenger cars from
1995 to 1996 was observed. This gap, however, was offset by an equivalent rise in CO, emissions from light-duty trucks.

b “Other” CO, emissions include motorcycles, construction equipment, agricultural machinery, pipelines, and lubricants.

¢ Emissions from International Bunker Fuels are not included in totals.

d “Other” CH, and N,O emissions include motorcycles, construction equipment, agricultural machinery, gasoline-powered recreational,
industrial, lawn and garden, light commercial, logging, airport service, other equipment; and diesel-powered recreational, industrial, lawn and
garden, light construction, airport service.

€ Includes primarily HFC-134a
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Box ES-3: Electric Utility-Related Greenhouse Gas Emissions

Like transportation, activities related to the generation, transmission, and distribution of electricity in the United States result in
greenhouse gas emissions. Table ES-5 presents greenhouse gas emissions from electric utility-related activities. Aggregate emis-
sions from electric utilities of all greenhouse gases increased by 11.8 percent from 1990 to 1997, and accounted for just under 30
percent of total U.S. greenhouse emissions during the same period. The majority of these emissions resulted from the combustion
of coal in boilers to produce steam that is passed through a turhine to generate electricity. Overall, the generation of electricity
results in a larger portion of total U.S. greenhouse gas emissions than any other activity.

Table ES-5: Electric Utility-Related Greenhouse Gas Emissions (MMTCE)

Gas/Fuel Type or Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 476.8 473.4 472.5 490.7 494.8 494.1 .2 5828
Coal 409.0 407.2 411.8 428.7 430.2 433.0 4575 4709
Natural Gas 41.2 41.1 40.7 39.5 44.0 47.2 40.3 43.8
Petroleum 26.6 25.1 19.9 22.5 20.6 14.0 15.4 17.6
Geothermal 0.1 0.1 0.1 0.1 + + + +

CH, 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Stationary Sources (Utilities) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
N,O 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3
Stationary Sources (Utilities) 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3
SFg 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Total 484.6 481.4 480.8 499.3 503.7 503.3 522.5 541.7

+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding.

Global Warming Potentials

Gasesin the atmosphere can contributeto the green-
house effect both directly and indirectly. Direct effects
occur when the gasitself is a greenhouse gas; indirect ra-
diative forcing occurs when chemical transformations of
theoriginal gas produce agasor gasesthat are greenhouse
gases, or when a gas influences the atmospheric lifetimes
of other gases. The concept of a Global Warming Poten-
tial (GWP) has been developed to compare the ability of
each greenhouse gas to trap heat in the atmosphere rela-
tive to another gas. Carbon dioxide was chosen asthe ref-
erence gas to be consistent with IPCC guidelines.

Globa Warming Potentialsare not provided for the
criteriapollutants CO, NO,, NMVOCs, and SO, because
thereis no agreed upon method to estimate the contribu-
tion of gases that indirectly affect radiative forcing to
climate change (IPCC 1996).

All gasesin this executive summary are presented
in units of million metric tons of carbon equivalents
(MMTCE). Carbon comprises 12/44's of carbon diox-
ide by weight. In order to convert emissions reported in
teragrams (Tg) of greenhouse gas to MMTCE, the fol-
lowing equation was used:

The GWP of a greenhouse gas is the ratio of glo-
bal warming, or radiative forcing (both direct and indi-
rect), from one unit mass of a greenhouse gas to that of
one unit mass of carbon dioxide over a period of time.
While any time period can be selected, the 100 year
GWPs recommended by the IPCC and employed by the
United States for policy making and reporting purposes
were used in this report (IPCC 1996). A tabulation of
GWPsis given below in Table ES-6.
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Table ES-6: Global Warming Potentials
(100 Year Time Horizon)

Gas GWP
Carbon dioxide (CO,) 1
Methane (CH,)* 21
Nitrous oxide (N,O) 310
HFC-23 11,700
HFC-125 2,800
HFC-134a 1,300
HFC-143a 3,800
HFC-152a 140
HFC-227ea 2,900
HFC-236fa 6,300
HFC-4310mee 1,300
CF, 6,500
C,Fs 9,200
C4Fyo 7,000
CeFra 7,400
SF 23,900

Source: (IPCC 1996)

* The methane GWP includes the direct effects and those indirect
effects due to the production of tropospheric ozone and
stratospheric water vapor. The indirect effect due to the
production of CO, is not included.

Carbon Dioxide Emissions

The global carbon cycle is made up of large car-
bon flows and reservoirs. Hundreds of billions of tons of
carbon in the form of CO, are absorbed by oceans and
living biomass (sinks) and are emitted to the atmosphere
annually through natural processes (sources). When in
equilibrium, carbon fluxes among these various reser-
voirs are roughly balanced.

Since the Industrial Revolution, this equilibrium
of atmospheric carbon has been altered. Atmospheric
concentrations of CO, have risen about 28 percent (IPCC
1996), principally because of fossil fuel combustion,
which accounted for almost 99 percent of total U.S. CO,
emissionsin 1997. Changesin land-use and forestry prac-
tices can also emit CO, (e.g., through conversion of for-
est land to agricultural or urban use) or can act asasink
for CO, (e.g., through net additions to forest biomass).

Figure ES-6 and Table ES-7 summarize U.S.
sources and sinks of CO,, while the remainder of this
section discusses CO, emission trends in greater detail.

Figure ES-6
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Energy

Energy-related activities accounted for almost all
U.S. CO, emissionsfor the period of 1990 through 1997.
Carbon dioxidefrom fossil fuel combustion wasthemain
contributor, although CH, and N,O were also emitted.
In 1997, approximately 85 percent of the energy con-
sumed in the United States was produced through the
combustion of fossil fuels. The remaining 15 percent
came from renewable or other energy sources such as
hydropower, biomass, and nuclear energy (see Figure ES-
7 and Figure ES-8). Energy-related activities other than
fuel combustion, such as those associated with the pro-
duction, transmission, storage, and distribution of fossil
fuels, al'so emit GHGs (primarily CH,). A discussion of
specific trendsrelated to CO, emissionsfrom energy con-
sumption is presented below.

Fossil Fuel Combustion

Asfossil fuelsare combusted, the carbon stored in
them is almost entirely emitted as CO,. The amount of
carbon in fuels per unit of energy content varies signifi-
cantly by fuel type. For example, coal containsthe high-
est amount of carbon per unit of energy, while petro-
leum has about 25 percent less carbon than coal, and
natural gas has about 45 percent less. From 1990 through
1997, petroleum supplied the largest share of U.S. en-
ergy demands, accounting for an average of 39 percent
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Table ES-7: U.S. Sources of CO, Emissions and Sinks (MMTCE)

Source 1990

1991

1992 1993 1994 1995 1996 1997

Fossil Fuel Combustion

1,327.2 1,312.6 1,332.4 1,360.6

1,383.9 1,397.8 1,447.7 1,466.0

Cement Manufacture 8.9 8.7 8.8 9.3 9.6 9.9 9.9 10.2
Natural Gas Flaring 2.3 2.6 2.6 3.5 3.6 4.5 4.3 4.2
Lime Manufacture 3.3 3.2 3.3 3.4 3.5 3.7 3.8 3.9
Limestone and Dolomite Use 1.4 1.3 1.2 1.1 1.5 1.9 2.0 2.1
Soda Ash Manufacture and Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3
Land-Use Change and Forestry (Sink)? (311.5) (311.5) (311.5) (208.6) (208.6) (208.6) (208.6) (208.6)
International Bunker Fuels® 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6

Total Emissions
Net Emissions (Sources and Sinks)

1,344.3 1,329.8 1,349.6 1,379.2 1,403.5 1,419.2 1,469.3 1,487.9
1,032.8 1,018.3 1,038.1 1,170.6 1,194.9 1,210.6 1,260.7 1,279.3

@ Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.

b Emissions from International Bunker Fuels are not included in totals.

Note: Totals may not sum due to independent rounding.

Figure ES-7
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of total energy consumption. Natural gas and coal fol-
lowed in order of importance, accounting for an average
of 24 and 22 percent of total energy consumption, re-
spectively. Most petroleum was consumed in the trans-
portation sector, whilethe vast mgjority of coal wasused
by electric utilities, and natural gaswas consumed largely
in the industrial and residential sectors.

Emissions of CO, from fossil fuel combustion in-
creased at an average annual rate of 1.5 percent from
1990 to 1997. The fundamental factors behind thistrend
include (1) arobust domestic economy, (2) relatively low
energy prices, and (3) fuel switching by electric utilities.
After 1990, when CO, emissions from fossil fuel com-
bustion were 1,327.2 MMTCE, there was a slight de-

cline in emissions in 1991, followed by a relatively
steady increase to 1,466.0 MMTCE in 1997. Overall,
CO, emissions from fossil fuel combustion increased by
11 percent over the eight year period and rose by 1.3
percent in the final year.

Of al emissions related to fossil fuel combustion
from 1996 to 1997, emissions from coa grew the most
(an increase of 12.1 MMTCE or 2.3 percent). Alone,
emissions from coal combustion by electric utilities in-
creased by 2.9 percent from 1996 to 1997. Emissions
from natural gas remained almost unchanged asincreased
consumption by electric utilitiesand the commercial sec-
tor were offset by decreasesin the residential and indus-
trial sectors.
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Table ES-8: CO, Emissions from Fossil Fuel Combustion by End-Use Sector (MMTCE)*

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997
Residential 253.0 257.1 255.7 2716 268.6 269.8 2854  286.1
Commercial 206.8 206.4 2053 2121 2141 2184 2259 237.1
Industrial 453.3 4418 459.3 4595  467.8  466.8 478.8  483.7
Transportation 405.0  396.7 402.4 406.8 422.1  430.7 4453  446.5
U.S. Territories 9.1 10.6 9.7 10.5 11.3 12.0 12.2 12.6
Total 1,327.2 1,312.6 1,332.4 1,360.6 1,383.9 1,397.8 1,447.7 1,466.0

* Emissions from fossil fuel combustion by electric utilities are allocated based on electricity consumption by each end-use sector.

Note: Totals may not sum due to independent rounding.

Emissions from the combustion of petroleum prod-
uctsin 1997 increased 1.5 percent from the previousyear,
accounting for about 33 percent of the increase in CO,
emissions from fossil fuel combustion.

Thefour end-use sectors contributing to CO, emis-
sionsfromfossil fuel combustioninclude: industrial, trans-
portation, residential, and commercial. Electric utilitiesalso
emit CO,, although these emissions are produced as they
consume fossil fuel to provide electricity to one of the
four end-use sectors. For the discussion below, utility
emissions have been distributed to each end-use sector
based upon their aggregate el ectricity consumption. Emis-
sionsfrom utilities are addressed separately after the end-
use sectors have been discussed. Emissionsfrom U.S. ter-
ritories are al so cal cul ated separately dueto alack of end-
use-specific consumption data. Table ES-8, Figure ES-9,
and Figure ES-10 summarize CO, emissions from fossl
fuel combustion by end-use sector.

Figure ES-9
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Industrial End-Use Sector. Industrial CO, emis-
sions resulting from direct fossil fuel combustion and
from the generation of electricity consumed by the sec-
tor accounted for 33 percent of U.S. emissions from fos-
sil fuel consumption. About two-thirds of these emissions
result from producing steam and process heat from fos-
sil fuel combustion, whiletheremaining third resultsfrom
consuming electricity for powering motors, electric fur-
naces, ovens, and lighting.

Transportation End-Use Sector. Transportation
activities—excluding international bunker fuels—ac-
counted for 30 percent of CO, emissionsfrom fossil fuel
combustion in 1997. Virtually all of the energy consumed
in thisend-use sector came from petroleum products. Two
thirds of the emissions resulted from gasoline consump-
tion in motor vehicles. The remaining emissions came
from other transportation activities, including the com-
bustion of diesel fuel in heavy-duty vehicles and jet fuel
inarcraft.

Figure ES-10
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Residential and Commercial End-Use Sectors. The
residential and commercial sectors accounted for 19 and
16 percent, respectively, of CO, emissions from fossil
fuel consumptionin 1997. Both sectorsrelied heavily on
electricity for meeting energy needs, with 64 and 73 per-
cent, respectively, of their emissions attributableto el ec-
tricity consumption for lighting, heating, cooling, and
operating appliances. The remaining emissions were
largely due to the consumption of natural gas and petro-
leum, primarily for meeting heating and cooking needs.

Electric Utilities. The United Statesrelieson elec-
tricity to meet asignificant portion of itsenergy demands,
especially for lighting, electric motors, heating, and air
conditioning. Electric utilities are responsible for con-
suming 28 percent of overall U.S. energy and emitted 36
percent of CO, from fossil fuel consumption in 1997.
The type of fuel combusted by utilities has a significant
effect on their emissions. For example, some electricity
isgenerated with low CO, emitting energy technologies,
particularly non-fossil options such as nuclear, hydro-
electric, or geothermal energy. However, electric utili-
ties rely on coal for over half of their total energy re-
guirements and accounted for 88 percent of all coal con-
sumed in the United States in 1997. Consequently,
changes in electricity demand have a significant impact
on coal consumption and associated CO, emissions.

Natural Gas Flaring

Carbon dioxide is produced when methane from
oil wellsisflared (i.e., combusted) to relieverising pres-
sure or to dispose of small quantities of gas that are not
commercially marketable. In 1997, flaring activities
emitted approximately 4.2 MMTCE, or about 0.3 per-
cent of U.S. CO, emissions.

Biomass Combustion

Biomass—in the form of fuel wood and wood
waste—is used primarily by the industrial end-use sec-
tor, while the transportation end-use sector is the pre-
dominant use of biomass-based fuels, such as ethanol
from corn and woody crops. Ethanol and ethanol blends,
such as gasohol, are typically used to fuel public trans-
port vehicles.

Although these fuels do emit CO,, in the long run
the CO, emitted from biofuel consumption does not in-
crease atmospheric CO, concentrations if the biogenic
carbon emitted is offset by the growth of new biomass.
For example, fuel wood burned one year but re-grown
the next only recycles carbon, rather than creating a net
increase in total atmospheric carbon. Net carbon fluxes
from changes in biogenic carbon reservoirs in wooded
or crop lands are accounted for under Land-Use Change
and Forestry.

Gross CO, emissions from biomass combustion
were 59.1 MMTCE, with the industrial sector account-
ing for 79 percent of the emissions, and the residential
sector, 18 percent. Ethanol consumption by the trans-
portation sector accounted for only 3 percent of CO,
emissions from biomass combustion.

Industrial Processes

Emissions are often produced as a by-product of
various non-energy-related activities. For example, in-
dustrial processes can chemically transform raw materi-
als. Thistransformation often rel eases greenhouse gases
such as CO,. The production processes that emit CO,
include cement manufacture, lime manufacture, lime-
stone and dolomite use (e.g., in iron and steel making),
soda ash manufacture and consumption, and CO, con-
sumption. Total CO, emissions from these sources were
approximately 17.8 MMTCE in 1997, accounting for
about 1 percent of total CO, emissions. Since 1990, emis-
sions from each of these sources increased, except for
emissions from soda ash manufacture and consumption,
which remained relatively constant.

Cement Manufacture (10.2 MMTCE)

Carbon dioxide is produced primarily during the
production of clinker, anintermediate product from which
finished Portland and masonry cement are made. Spe-
cifically, CO, iscreated when calcium carbonate (CaCOs)
is heated in a cement kiln to form lime and CO,. This
lime combines with other materials to produce clinker,
while the CO, is released into the atmosphere.
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Lime Manufacture (3.9 MMTCE)

Lime is used in steel making, construction, pulp
and paper manufacturing, and water and sewage treat-
ment. It is manufactured by heating limestone (mostly
calcium carbonate, CaCOy) in a kiln, creating calcium
oxide (quicklime) and CO,, which is normally emitted
to the atmosphere.

Limestone and Dolomite Use (2.1 MMTCE)

Limestone (CaCOs) and dolomite (CaCO;MgCOy)
are basic raw materials used by awide variety of indus-
tries, including the construction, agriculture, chemical,
and metallurgical industries. For example, limestone can
be used as a purifier in refining metals. In the case of
iron ore, limestone heated in a blast furnace reacts with
impuritiesin the iron ore and fuels, generating CO, asa
by-product. Limestoneis also used in flue gas desulfur-
ization systems to remove sulfur dioxide from the ex-
haust gases.

Soda Ash Manufacture and
Consumption (1.2 MMTCE)

Commercia soda ash (sodium carbonate, Na,CO5)
isused in many consumer products, such asglass, soap and
detergents, paper, textiles, and food. During the manufac-
turing of sodaash, some natural sources of sodium carbon-
ate are heated and transformed into a crude soda ash, in
which CO, isgenerated asaby-product. Inaddition, CO, is
often released when the soda ash is consumed.

Carbon Dioxide Consumption (0.3 MMTCE)

Carbon dioxide is used directly in many segments
of the economy, including food processing, beverage
manufacturing, chemical processing, and a host of in-
dustrial and other miscellaneous applications. For the
most part, the CO, used in these applications is eventu-
ally released to the atmosphere.

Land-Use Change and Forestry

When humans alter the biosphere through changes
inland-use and forest management practices, they alter the
natural carbon flux between biomass, soils, and the atmo-
sphere. In the United States, improved forest management
practices and the regeneration of previously cleared forest
areas have resulted in a net uptake (sequestration) of car-
bon in U.S. forest lands, which cover about 298 million

hectares (737 million acres) (Powell et a. 1993). This up-
take is an ongoing result of land-use changes in previous
decades. For example, because of improved agricultural
productivity and the widespread use of tractors, the rate of
clearing forest land for crop cultivation and pasture d owed
greatly in the late 19th century, and by 1920 this practice
had al but ceased. As farming expanded in the Midwest
and West, large areas of previously cultivated land in the
East were brought out of crop production, primarily be-
tween 1920 and 1950, and were alowed to revert to forest
land or were actively reforested.

Since the early 1950s, the managed growth of pri-
vate forest land in the East has nearly doubled the biom-
ass density there. The 1970s and 1980s saw aresurgence
of federally sponsored tree-planting programs (e.g., the
Forestry Incentive Program) and soil conservation pro-
grams (e.g., the Conservation Reserve Program), which
have focused on reforesting previously harvested lands,
improving timber-management, combating soil erosion,
and converting marginal cropland to forests.

In 1997, the CO, flux from land-use change and
forestry activities was estimated to have been a net up-
take of 208.6 MMTCE. This carbon was sequestered in
trees, understory, litter, and soils in forests, U.S. wood
product pools, and wood in landfills. This net carbon
uptake represents an offset of about 14 percent of the
CO, emissions from fossil fuel combustionin 1997. The
amount of carbon sequestered through U.S. forestry and
|and-use practicesis estimated to have declined by about
athird between 1990 and 1997 largely due to the matu-
ration of existing U.S. forests and the slowed expansion
of Eastern forest cover.

Methane Emissions

Atmospheric methane (CH,) isan integral compo-
nent of the greenhouse effect, second only to CO, as a
contributor to anthropogenic greenhouse gas emissions.
Methane's overall contribution to global warmingissig-
nificant because it is estimated to be 21 times more ef-
fective at trapping heat in the atmosphere than CO, (i.e.,
the GWP value of methaneis 21). Over the last two cen-
turies, methane’'s concentration in the atmosphere has
morethan doubled (IPCC 1996). Scientists believe these
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atmospheric increases were due largely to increasing
emissions from anthropogenic sources, such aslandfills,
natural gas and petroleum systems, agricultural activi-
ties, coal mining, stationary and mobile sourcefossil fuel
combustion, wastewater treatment, and certain industrial
processes (see Figure ES-11 and Table ES-9).

Figure ES-11
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Table ES-9: U.S. Sources of Methane Emissions (MMTCE)

Landfills

Landfills are the largest single anthropogenic
source of methane emissions in the United States. In an
environment where the oxygen content islow or nonex-
istent, organic materials, such as yard waste, household
waste, food waste, and paper, are decomposed by bacte-
ria, resulting in the generation of methane and biogenic
CO,. Methane emissions from landfills are affected by
site-specific factors such aswaste composition, moisture,
and landfill size.

Methane emissionsfrom U.S. landfillsin 1997 were
66.7 MMTCE, a 19 percent increase since 1990 due to
the steady accumulation of wastesin landfills. Emissions
from U.S. municipal solid wastelandfills, which received
about 61 percent of the solid waste generated in the United
States, accounted for 93 percent of total landfill emis-
sions, whileindustrial landfills accounted for the remain-
der. Approximately 14 percent of the methane generated
in U.S. landfills in 1997 was recovered and combusted,
often for energy.

A regulation promulgated in March 1996 requires
the largest U.S. landfills to begin collecting and com-
busting their landfill gas to reduce emissions of
nonmethane volatile organic compounds (NMVOCs). It

Source 1990 1991 1992 1993 1994 1995 1996 1997
Landfills 56.2 57.6 57.8 59.7 61.6 63.6 65.1 66.7
Enteric Fermentation 32.7 32.8 33.2 33.6 34.5 34.9 34.5 34.1
Natural Gas Systems 32.9 8.3 33.9 34.1 8BRS 33.2 33.7 8BRS
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8
Manure Management 14.9 15.4 16.0 16.1 16.7 16.9 16.6 17.0
Rice Cultivation 2.5 2.5 2.8 2.5 3.0 2.8 2.5 2.7
Stationary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.2
Petroleum Systems 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.6
Mobile Sources 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Wastewater Treatment 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4
Agricultural Residue Burning 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Silicon Carbide Production + + + + + + + +

International Bunker Fuels* + + + + + + + +

Total 169.9 171.0 1725 172.0 1755 178.6 178.3 179.6

+ Does not exceed 0.05 MMTCE

* Emissions from International Bunker Fuels are not included in totals.

Note: Totals may not sum due to independent rounding.
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is estimated that by the year 2000, this regulation will
have reduced landfill methane emissions by more than
50 percent. Furthermore, the EPA is currently reviewing
site-specific information on landfill gas recovery and
anticipatesthat this new information will lead to ahigher
estimate of the national recovery total, and thus, lower
net methane emissions. This new information will be
available in future inventories.

Natural Gas and Petroleum Systems

Methaneisthe major component of natural gas. Dur-
ing the production, processing, transmission, and distribu-
tion of natura gas, fugitive emissions of methane often oc-
cur. Because natural gasis often found in conjunction with
petroleum deposits, leakage from petroleum systemsisalso
asource of emissions. Emissionsvary greatly from facility
to facility and arelargely afunction of operation and main-
tenance procedures and equipment conditions. In 1997,
emissionsfrom U.S. natural gas systemswere estimated to
be 33.5 MMTCE, accounting for approximately 19 percent
of U.S. methane emissions.

M ethane emissions from the components of petro-
leum systems—including crude oil production, crude oil
refining, transportation, and distribution—generally oc-
cur as aresult of system leaks, disruptions, and routine
maintenance. In 1997, emissions from petroleum sys-
tems were estimated to be 1.6 MMTCE, or 1 percent of
U.S. methane emissions. EPA isreviewing new informa-
tion on methane emissions from petroleum systems and
anticipates that future emission estimates will be higher
for this source.

From 1990 to 1997, combined methane emissions
from natural gas and petroleum systems increased by
about 2 percent as the number of gas producing wells
and miles of distribution pipeline rose.

Coal Mining

Produced millions of years ago during the forma-
tion of coal, methane trapped within coal seams and sur-
rounding rock stratais released when the coal is mined.
The quantity of methane rel eased to the atmosphere dur-
ing coal mining operations depends primarily upon the
depth and type of the coal that is mined.

Methane from surface minesis emitted directly to
the atmosphere astherock strataoverlying the coal seam
are removed. Because methane in underground minesis
explosive at concentrations of 5to 15 percent in air, most
active underground mines are required to vent this meth-
ane, typically to the atmosphere. At some mines, meth-
ane-recovery systems may supplement these ventilation
systems. U.S. recovery of methane has been increasing
inrecent years. During 1997, coal mining activities emit-
ted 18.8 MMTCE of methane, or 10 percent of U.S.
methane emissions. From 1990 to 1997, emissions from
this source decreased by 22 percent dueto increased use
of the methane collected by mine degasification systems.

Agriculture

Agriculture accounted for 30 percent of U.S. meth-
ane emissions in 1997, with enteric fermentation in do-
mestic livestock and manure management accounting for
the majority. Other agricultural activities contributing
directly to methane emissions included rice cultivation
and agricultural waste burning.

Enteric Fermentation (34.1 MMTCE)

During animal digestion, methane is produced
through the process of enteric fermentation, in which mi-
crobesresiding in animal digestive systems bresk down the
feed consumed by the animal. Ruminants, which include
cattle, buffalo, sheep, and goats, have the highest methane
emissions among all animal types because they have aru-
men, or large fore-stomach, in which methane-producing
fermentation occurs. Non-ruminant domestic animals, such
aspigsand horses, have much lower methane emissions. In
1997, enteric fermentation was the source of about 19 per-
cent of U.S. methane emissions, and more than half of the
methane emissions from agriculture. From 1990 to 1997,
emissionsfromthissourceincreased by 5 percent duemainly
to increased livestock populations.

Manure Management (17.0 MMTCE)

The decomposition of organic animal waste in an
anaerobic environment produces methane. The most
important factor affecting the amount of methane pro-
duced is how the manure is managed, because certain
types of storage and treatment systems promote an oxy-
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gen-free environment. In particular, liquid systems tend
to encourage anaerobic conditions and produce signifi-
cant quantities of methane, whereas solid waste manage-
ment approaches produce little or no methane. Higher
temperatures and moist climatic conditions aso promote
methane production.

Emissions from manure management were about
9 percent of U.S. methane emissionsin 1997, and about
athird of the methane emissions from agriculture. From
1990 to 1997, emissions from this source increased by
14 percent because of larger farm animal populationsand
expanded use of liquid manure management systems.

Rice Cultivation (2.7 MMTCE)

Most of the world'srice, and al of thericein the
United States, is grown on flooded fields. When fields
are flooded, anaerobic conditions develop and the or-
ganic matter in the soil decomposes, releasing methane
to the atmosphere, primarily through the rice plants. In
1997, rice cultivation was the source of slightly over 1
percent of total U.S. methane emissions, and about 5
percent of U.S. methane emissions from agriculture.
Emissions estimates from this source did not change sig-
nificantly from 1990 levels.

Agricultural Residue Burning (0.2 MMTCE)

Burning crop residue releases a number of green-
house gases, including methane. Agricultural residue
burning isconsidered to be anet source of methane emis-
sionsbecause, unlike CO,, methanereleased during burn-
ing is not reabsorbed by crop regrowth during the next
growing season. Becausefield burning isnot commonin
the United States, it was responsiblefor only 0.1 percent
of U.S. methane emissionsin 1997.

Other Sources

Methane is also produced from several other
sources in the United States, including fossil fuel com-
bustion, wastewater treatment, and some industrial pro-
cesses. Fossi| fuel combustion by stationary and mobile
sources was responsible for methane emissions of 2.2
and 1.4 MMTCE, respectively in 1997. The mgjority of
emissionsfrom stationary sourcesresulted from the com-
bustion of wood in the residential and industrial sectors.
The combustion of gasolinein highway vehicleswasre-

sponsible for the majority of the methane emitted from
mobile sources. Wastewater treatment was a smaller
source of methane, emitting 0.9 MMTCE in 1996. Meth-
ane emissions from two industrial sources—petrochemi-
cal and silicon carbide production—were al so estimated,
totaling 0.4 MMTCE.

Nitrous Oxide Emissions

Nitrous oxide (N,O) is a greenhouse gas that is
produced both naturally, from awide variety of biologi-
cal sourcesin soil and water, and anthropogenically by a
variety of agricultural, energy-related, industrial, and
waste management activities. While N,O emissions are
much lower than CO, emissions, N,O is approximately
310 times more powerful than CO, at trapping heat in
the atmosphere (IPCC 1996). During the past two centu-
ries, atmospheric concentrations of N,O have risen by
approximately 13 percent. The main anthropogenic ac-
tivities producing N,O in the United States were fossil
fuel combustion in motor vehicles, agricultural soil man-
agement, and adipic and nitric acid production (see Fig-
ure ES-12 and Table ES-10).

Agricultural Soil Management

Nitrous oxide (N,O) is produced naturally in soils
through microbial processes of nitrification and denitri-
fication. A number of anthropogenic activities add to the
amount of nitrogen available to be emitted as N,O by
these microbial processes. Direct additions of nitrogen
occur through the application of synthetic and organic

Figure ES-12
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Table ES-10: U.S. Sources of Nitrous Oxide Emissions (MMTCE)

Source 1990 1991 1992 1993 1994 1995 1996 1997
Agricultural Soil Management 65.3 66.2 68.0 67.0 73.4 70.2 72.0 74.1
Mobile Sources 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5
Stationary Sources 3.8 3.8 3.9 3.9 4.0 4.0 4.1 4.1
Adipic Acid Production 4.7 4.9 4.6 4.9 5.2 5.2 5.4 3.9
Nitric Acid Production 3.3 3.3 3.4 3.5 3.7 3.7 3.8 3.8
Manure Management 2.6 2.8 2.8 2.9 2.9 2.9 3.0 3.0
Human Sewage 2.1 2.1 2.2 2.2 2.2 2.3 2.3 2.3
Agricultural Residue Burning 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Waste Combustion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels* 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
Total 95.7 97.6 100.1 100.4 108.3 1054 108.2 109.0

* Emissions from International Bunker Fuels are not included in totals.
Note: Totals may not sum due to independent rounding.

fertilizers, cultivation of nitrogen-fixing crops, cultiva-
tion of high-organic-content soils, the application of live-
stock manure on croplands and pasture, the incorpora-
tion of crop residues in soils, and direct excretion by
animals onto soil. Indirect emissions result from volatil-
ization and subsequent atmospheric deposition of am-
monia (NH;) and oxides of nitrogen (NO,) and from
leaching and surface run-off. These indirect emissions
originate from nitrogen applied to soils as fertilizer and
from managed and unmanaged livestock wastes.

In 1997, agricultural soil management accounted
for 74.1 MMTCE, or 68 percent of U.S. N,O emissions.
From 1990 to 1997, emissionsfrom this sourceincreased
by 13 percent as fertilizer consumption and cultivation
of nitrogen fixing crops rose.

Fossil Fuel Combustion

Nitrous oxide is a product of the reaction that oc-
curs between nitrogen and oxygen during fossil fuel com-
bustion. Both mobile and stationary sources emit N,O,
and the volume emitted varies according to the type of
fuel, technology, and pollution control device used, as
well as maintenance and operating practices. For ex-
ample, catalytic converters installed to reduce mobile
source pollution can result in the formation of N,O.

In 1997, N,O emissions from mobile sourcestotaled
17.5MMTCE, or 16 percent of U.S. N,O emissions. Emis-
sionsof N,O from stationary sourceswere4.1 MMTCE, or
4 percent of U.S. N,O emissions. From 1990 to 1997, com-
bined N,O emissions from stationary and mobile sources

increased by 22 percent, primarily dueto increased rates of
N,O generation in motor vehicles.

Adipic Acid Production

The mgjority of the adipic acid produced in the
United States is used to manufacture nylon 6,6. Adipic
acid is also used to produce some low-temperature lu-
bricants, and to add a “tangy” flavor to foods.

In 1997, U.S. adipic acid production emitted 3.9
MMTCE of N,O, or 4 percent of U.S. N,O emissions.
By the end of 1997, all but one of the four adipic acid
plant inthe United States were believed to have installed
emission control systemsthat almost eliminate N,O emis-
sions. Even though adipic acid production increased from
1990 to 1997, emissions from this source decreased by
17 percent, due to the installation of control systems on
additional production plants.

Nitric Acid Production

Nitric acid production is another industrial source
of N,O emissions. Used primarily to make synthetic com-
mercial fertilizer, this raw material is also amajor com-
ponent in the production of adipic acid and explosives.

Virtually all of the nitric acid manufactured in the
United Statesis produced by the oxidation of ammonia,
during which N,O is formed and emitted to the atmo-
sphere. In 1997, N,O emissions from nitric acid produc-
tion were 3.8 MMTCE, or 4 percent of U.S. N,O emis-
sions. From 1990 to 1997, emissions from this source
increased by 14 percent as nitric acid production grew.
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Manure Management

Nitrousoxideisproduced as part of microbial nitrifi-
cation and denitrification processes in managed and
unmanaged manure, the latter of which is addressed under
agricultural soil management. Total N,O emissions from
managed manure systems in 1997 were 3.0 MMTCE, ac-
counting for 3 percent of U.S. N,O emissions. Emissions
increased by 15 percent from 1990 to 1997.

Other Sources

Other sources of N,O included agricultural reside
burning, waste combustion, and human sewage in waste-
water treatment systems. In 1997, agricultural residue
burning and municipal solid waste combustion each
emitted approximately 0.1 MMTCE of N,O. Although
N,O emissions from wastewater treatment were not fully
estimated because of insufficient data availability, the
human sewage component of domestic wastewater re-
sulted in emissions of 2.3 MMTCE in 1997.

HFCs, PFCs and SF; Emissions

Hydrofluorocarbons (HFCs) and perfluorocarbons

These compounds, however, along with sulfur
hexafluoride (SFg), are potent greenhouse gases. In addi-
tionto having high global warming potentials, S5 and many
HFCsand PFCshave extremely long atmospheric lifetimes,
resultingintheir essentialy irreversible accumulationinthe
amosphere. Sulfur hexafluoride, itself, is the most potent
greenhouse gas the IPCC has eval uated.

In addition to their use as substitutes for ozone de-
pleting substances, the other industrial sourcesof thesegases
are aluminum production, HCFC-22 production, semicon-
ductor manufacturing, electrical transmission and distribu-
tion, and magnesium production and processing. FigureES-
13 and Table ES-11 present emission estimates for HFCs,
PFCs, and SFg, which totaled 37.1 MMTCE in 1997.

Figure ES-13

1997 Sources of HFCs, PFCs, and SFg4

Substitution of Dzone |
Depleting Substances |

HCFC-22 Production _

Electrical Transmission
and Distdbution

Magnesium Production | Portion of Al
(PFCs) are categories of synthetic chemicals that have and Processing | | Emissions
been introduced as aternatives to the ozone depleting Aluminum Production -
substances (ODSs), which are being phased out under Semiconductor |
the Montreal Protocol and Clean Air Act Amendments Manlactie 30 . ] .
of 1990. Because HFCs and PFCs do not directly de- 0 * mwree™ 1
plete the stratospheric ozone layer, they are not controlled
by the Montreal Protocol.
Table ES-11: Emissions of HFCs, PFCs, and SF; (MMTCE)
Source 1990 1991 1992 1993 1994 1995 1996 1997
Substitution of Ozone Depleting Substances 0.3 0.2 0.4 1.4 4.0 9.5 11.9 14.7
HCFC-22 Production 9.5 8.4 9.5 8.7 8.6 7.4 8.5 8.2
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Magnesium Production and Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0
Aluminum Production 4.9 4.7 4.1 3.5 2.8 2.7 2.9 2.9
Semiconductor Manufacture 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.3
Total 22.2 21.6 23.0 23.4 25.9 30.8 34.7 37.1

Note: Totals may not sum due to independent rounding.
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Substitution of Ozone Depleting
Substances

The useand subsequent emissionsof HFCsand PFCs
as ODS substitutes increased dramatically from small
amounts in 1990 to 14.7 MMTCE in 1997. This increase
wastheresult of effortsto phase-out CFCsand other ODSs
in the United States, especially the introduction of HFC-
134aasaCFC substitute in refrigeration applications. This
trend is expected to continue for many years, and will ac-
celerateintheearly part of the next century asHCFCs, which
areinterim substitutesin many applications, arethemselves
phased-out under the provisionsof the Copenhagen Amend-
ments to the Montreal Protocol.

Other Industrial Sources

HFCs, PFCs, and SF; are also emitted from anum-
ber of other industrial processes. During the production
of primary aluminum, two PFCs (CF, and C,F) are emit-
ted as intermittent by-products of the smelting process.
Emissions from aluminum production were estimated to
have decreased by 41 percent between 1990 and 1997
due to voluntary emission reductions efforts by the in-
dustry and falling domestic aluminum production.

HFC-23 is a by-product emitted during the pro-
duction of HCFC-22. Emissions from this source were
8.2 MMTCE in 1997, and have decreased by 14 percent
since 1990 due mainly to voluntary efforts by industry.

The semiconductor industry uses combinations of
HFCs, PFCs, and Sk for plasma etching and chemical
vapor deposition processes. For 1997, it was estimated
that the U.S. semiconductor industry emitted a total of
1.3 MMTCE. These gases were not widely used in the
industry in 1990.

The primary use of SFgisasadielectricin electri-
cal transmission and distribution systems. Fugitiveemis-
sions of SFg occur from leaksin and servicing of substa-
tions and circuit breakers, especially from older equip-
ment. Estimated emissionsfrom this sourceincreased by
25 percent from 1990, to 7.0 MMTCE in 1997.

Lastly, SFsisalso used asaprotective covergasfor
the casting of molten magnesium. Estimated emissions
from primary magnesium production and magnesium
casting were 3.0 MMTCE in 1997, an increase of 76
percent since 1990.

Criteria Pollutant Emissions

In the United States, carbon monoxide (CO), ni-
trogen oxides (NO,), nonmethane volatile organic com-
pounds (NMVOCs), and sulfur dioxide (SO,) are com-
monly referred to as “criteria pollutants,” as termed in
the Clean Air Act. Carbon monoxide is produced when
carbon-containing fuels are combusted incompletely.
Nitrogen oxides (i.e., NO and NO,) are created by light-
ning, fires, fossil fuel combustion, and in the stratosphere
from nitrous oxide. NMVOCs—which include such com-
pounds as propane, butane, and ethane—are emitted pri-
marily from transportation, industrial processes, and non-
industrial consumption of organic solvents. Inthe United
States, SO, is primarily emitted from the combustion of
fossil fuels and by the metals industry.

In part because of their contribution to the forma-
tion of urban smog (and acid rain in the case of SO,),
criteria pollutants are regulated under the Clean Air Act.
These gases also indirectly affect the global climate by
reacting with other chemical compounds in the atmo-
sphere to form compounds that are greenhouse gases.
Unlike other criteria pollutants, SO, emitted into the at-
mosphereis believed to affect the Earth’s radiative bud-
get negatively; therefore, it is discussed separately.

The most important of the indirect climate change
effects of criteriapollutantsistheir role as precursors of
tropospheric ozone. Inthisrole, they contribute to ozone
formation and alter the atmospheric lifetimes of other
greenhouse gases. For example, CO interacts with the
hydroxyl radical—the major atmospheric sink for meth-
ane emissions—to form CO,. Therefore, increased at-
mospheric concentrations of CO limit the number of
hydroxyl molecules (OH) available to destroy methane.

5 NO, and CO emission estimates from agricultural burning were estimated separately, and therefore not taken from EPA (1998).
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Box ES-4: Emissions of Ozone Depleting Substances

Chlorofluorocarbons (CFCs) and other halogenated compounds were first emitted into the atmosphere this century. This family of
man-made compounds includes CFCs, halons, methyl chloroform, carbon tetrachloride, methyl bromide, and
hydrochlorofluorocarbons (HCFCs). These substances have been used in a variety of industrial applications, including refrigera-
tion, air conditioning, foam blowing, solvent cleaning, sterilization, fire extinguishing, coatings, paints, and aerosols.

Because these compounds have been shown to deplete stratospheric ozone, they are typically referred to as ozone depleting
substances (ODSs). In addition, they are potent greenhouse gases.

Recognizing the harmful effects of these compounds on the ozone layer, in 1987 many governments signed the Montreal Protocol
on Substances that Deplete the Ozone Layer to limit the production and importation of a number of CFCs and other halogenated
compounds. The United States furthered its commitment to phase-out ODSs by signing and ratifying the Copenhagen Amendments
to the Montreal Protocol in 1992. Under these amendments, the United States committed to ending the production and importation
of halons by 1994, and CFCs by 1996.

The IPCC Guidelines do not include reporting instructions for estimating emissions of ODSs because their use is being phased-out
under the Montreal Protocol. The United States believes, however, that a greenhouse gas emissions inventory is incomplete
without these emissions; therefore, estimates for several Class | and Class Il ODSs are provided in Table ES-12. Compounds are
grouped by class according to their ozone depleting potential. Class | compounds are the primary ODSs; Class Il compounds
include partially halogenated chlorine compounds (HCFCs), some of which were developed as interim replacements for CFCs.
Because these HCFC compounds are only partially halogenated, their hydrogen-carbon bonds are more vulnerable to oxidation in
the troposphere and, therefore, pose only one-tenth to one-hundredth the threat to stratospheric ozone compared to CFCs.

It should be noted that the effects of these compounds on radiative forcing are not provided. Although many ODSs have relatively
high direct GWPs, their indirect effects from ozone—also a greenhouse gas—destruction are believed to have negative radiative
forcing effects, and therefore could significantly reduce the overall magnitude of their radiative forcing effects. Given the uncertain-
ties surrounding the net effect of these gases, emissions are reported on an unweighted basis.

Table ES-12: Emissions of Ozone Depleting Substances (Mg)

Compound 1990 1991 1992 1993 1994 1995 1996 1997
Class |

CFC-11 53,500 48,300 45,100 45,400 36,600 36,200 26,600 25,100
CFC-12 112,600 103,500 80,500 79,300 57,600 51,800 35,500 23,100
CFC-113 26,350 20,550 17,100 17,100 8,550 8,550 + +
CFC-114 4,700 3,600 3,000 3,000 1,600 1,600 300 100
CFC-115 4200 4,000 3,800 3,600 3,300 3,000 3,200 2,900
Carbon Tetrachloride 32,300 31,000 21,700 18,600 15,500 4,700 + +
Methyl Chloroform 158,300 154,700 108,300 92,850 77,350 46,400 + +
Halon-1211 1,000 1,100 1,000 1,100 1,000 1,100 1,100 1,100
Halon-1301 1,800 1,800 1,700 1,700 1,400 1,400 1,400 1,300
Class Il

HCFC-22 79,789 79,540 79,545 71,224 71,386 74,229 77,472 79,620
HCFC-123 + + 285 570 844 1,094 1,335 1,555
HCFC-124 + + 429 2,575 4,768 5,195 5558 5,894
HCFC-141b + + + 1,909 6,529 11,608 14,270 12,113
HCFC-142b + + 3,526 9,055 14,879 21,058 27,543 28,315

+ +

HCFC-225calch + + + 565 579 593

Source: EPA Office of Air and Radiation estimates
+ Does not exceed 10 Mg
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Since 1970, the United States has published esti-
mates of annual emissions of criteria pollutants (EPA
1998).5 Table ES-13 shows that fuel combustion accounts
for the majority of emissions of these gases. In 1997,
fossil fuel combustion by mobile sources emitted 49, 81,

Table ES-13: Emissions of NO,, CO, NMVOCs, and SO, (Gg)

and 41 percent of U.S. NO,, CO, and NMVOC emissions,
respectively. Industrial processes—such asthe manufac-
ture of chemical and allied products, metals processing,
and industrial uses of solvents—were also significant
sources of CO, NO,, and NMVOCs.

Gas/Activity 1990 1991 1992 1993 1994 1995 1996 1997
NO, 21,139 21,213 21,460 21,685 21,964 21,432 21,160 21,267
Stationary Fossil Fuel Combustion 9,884 9,779 9,914 10,080 9,993 9,822 9,543 9,729
Mobile Fossil Fuel Combustion 10,231 10,558 10,659 10,749 10,949 10,732 10,636 10,519
Oil and Gas Activities 139 110 134 111 106 100 100 104
Industrial Processes 771 648 629 603 774 656 754 781
Solvent Use 1 2 2 2 2 3 3 3
Agricultural Burning 30 30 34 28 37 30 34 37
Waste 83 86 87 112 103 89 91 94
Cco 83,056 84,776 81,764 81,696 85,729 76,699 78,350 75,158
Stationary Fossil Fuel Combustion 4999 5313 5583 5068 5007 5383 5424 4,369
Mobile Fossil Fuel Combustion 66,429 70,256 68,503 68,974 70,655 63,846 63,205 60,794
Oil and Gas Activities 302 313 337 337 307 316 316 330
Industrial Processes 9,580 7,166 5480 5500 7,787 5370 7,523 7,689
Solvent Use 4 4 5 4 5 5 5 6
Agricultural Burning 763 712 824 681 858 703 786 843
Waste 979 1,012 1,032 1,133 1,111 1,075 1,091 1,127
NMVOCs 18,723 18,838 18,453 18,622 19,191 18,360 17,209 17,129
Stationary Fossil Fuel Combustion 912 975 1,011 901 898 973 978 780
Mobile Fossil Fuel Combustion 7,952 8,133 7,774 7,819 8,110 7,354 7,156 6,949
Oil and Gas Activities 555 581 574 588 587 582 469 488
Industrial Processes 3,193 2,997 2,825 2,907 3,057 2,873 2,521 2,622
Solvent Use 5,217 5,245 5,153 5,458 5,590 5,609 5691 5,882
Agricultural Burning NA NA NA NA NA NA NA NA
Waste 895 907 916 949 949 968 393 407
SO, 21,870 21,258 21,076 20,729 20,187 17,741 17,972 18,477
Stationary Fossil Fuel Combustion 18,407 17,959 17,684 17,459 17,134 14,724 15,253 15,658
Mobile Fossil Fuel Combustion 1,728 1,729 1,791 1,708 1,524 1,525 1,217 1,252
Oil and Gas Activities 390 343 377 347 344 334 334 349
Industrial Processes 1,306 1,187 1,186 1,159 1,135 1,116 1,125 1,175
Solvent Use + + + 1 1 1 1 1
Agricultural Burning NA NA NA NA NA NA NA NA
Waste 38 39 39 56 48 42 42 44

Source: (EPA 1998) except for estimates from agricultural burning.
+ Does not exceed 0.5 Gg

NA (Not Available)

Note: Totals may not sum due to independent rounding.
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Box ES-5: Sources and Effects of Sulfur Dioxide

Sulfur dioxide (SO,) emitted into the atmosphere through natural and anthropogenic processes affects the Earth's radiative budget
through its photochemical transformation into sulfate aerosols that can (1) scatter sunlight back to space, thereby reducing the
radiation reaching the Earth’s surface; (2) affect cloud formation; and (3) affect atmospheric chemical composition (e.g., strato-
spheric ozone, by providing surfaces for heterogeneous chemical reactions). The overall effect of SO, derived aerosols on radiative
forcing is believed to be negative (IPCC 1996). However, because SO, is short-lived and unevenly distributed in the atmosphere, its
radiative forcing impacts are highly uncertain.

Sulfur dioxide is also a major contributor to the formation of urban smog, which can cause significant increases in acute and
chronic respiratory diseases. Once SO, is emitted, it is chemically transformed in the atmosphere and returns to the Earth as the
primary source of acid rain. Because of these harmful effects, the United States has regulated SO, emissions in the Clean Air Act.
Electric utilities are the largest source of SO, emissions in the United States, accounting for 64 percent in 1997. Coal combustion
contributes nearly all of those emissions (approximately 96 percent). Sulfur dioxide emissions have significantly decreased in
recent years, primarily as a result of electric utilities switching from high sulfur to low sulfur coal.
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1. Introduction

is report presents estimates by the United States government of U.S. anthropogenic greenhouse gas emissions

and sinks for the years 1990 through 1997. A summary of these estimatesis provided in Table 1-4 and Table 1-
5 by gas and source category. The emission estimates in these tables are presented on both afull molecular mass basis and
on a Global Warming Potential (GWP) weighted basis in order to show the relative contribution of each gas to global
average radiative forcing.>? This report aso discusses the methods and data used to cal culate these emission estimates.

In June of 1992, the United States signed the United Nations Framework Convention on Climate Change
(UNFCCC). The objective of the UNFCCC is “to achieve...stabilization of greenhouse gas concentrations in the
atmosphere at alevel that would prevent dangerous anthropogenic interference with the climate system.” 34

Parties to the Convention, by signing, make commitments “to develop, periodically update, publish and make
available...national inventories of anthropogenic emissions by sources and removals by sinks of all greenhouse gases
not controlled by the Montreal Protocol, using comparable methodologies...”® The United States viewsthisreport as
an opportunity to fulfill this commitment under UNFCCC.

In 1988, preceding the creation of the UNFCCC, the Intergovernmental Panel on Climate Change (IPCC) was
jointly established by theWorld Meteorological Organization (WM O) and the United Nations Environment Programme
(UNEP). The charter of the IPCC is to assess available scientific information on climate change, assess the environ-
mental and socio-economic impacts of climate change, and formul ate response strategies (IPCC 1996). Under Work-
ing Group 1 of the IPCC, nearly 140 scientists and national experts from more than thirty countries corroborated in
the creation of the Revised 1996 |IPCC Guidelines for National Greenhouse Gas Inventories (IPCC/UNEP/OECD/
IEA 1997) to ensure that the emission inventories submitted to the UNFCCC are consistent and comparabl e between
nations. The Revised 1996 IPCC Guidelines were accepted by the IPCC at its Twelfth Session (Mexico City, 11-13
September 1996). Theinformation provided in thisinventory is presented in accordance with these guidelines, unless
otherwise noted. Additionally, in order to fully comply with the Revised 1996 IPCC Guidelines, the United States has
provided a copy of the IPCC reporting tablesin Annex N and estimates of carbon dioxide emissions from fossil fuel
combustion using the IPCC Reference Approach in Annex O.

1 See the section below entitled Global Warming Potentials for an explanation of GWP values.
2 See the section below entitled What is Climate Change? for an explanation of radiative forcing.

3 The term * anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities or are
the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).

4 Article 2 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.

5 Article 4 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change (also
identified in Article 12).
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Overall, the purpose of an inventory of anthropo-
genic greenhouse gas emissionsis (1) to provide abasis
for the ongoing development of methodologies for esti-
mating sources and sinks of greenhouse gases; (2) to pro-
vide acommon and consistent mechanism through which
Partiesto the UNFCCC can estimate emissionsand com-
paretherelative contribution of individual sources, gases,
and nations to climate change; and (3) as a prerequisite
for evaluating the cost-effectiveness and feasibility of
pursuing possible mitigation strategies.

What is Climate Change?

Climate change refers to long-term fluctuations in
temperature, precipitation, wind, and other elements of the
Earth’s climate system.® Natural processes such as solar-
irradiance variations, variations in the Earth’s orbital pa-
rameters,” and volcanic activity can produce variations in
climate. The climate system can also be influenced by
changes in the concentration of various gases in the atmo-
sphere, which affect the Earth’s absorption of radiation.

The Earth naturally absorbs and reflectsincoming
solar radiation and emits longer wavelength terrestrial
(thermal) radiation back into space. On average, the ab-
sorbed solar radiation is balanced by the outgoing ter-
restrial radiation emitted to space. A portion of this ter-
restrial radiation, though, is itself absorbed by gasesin
the atmosphere. The energy from this absorbed terres-
trial radiation warmsthe Earth’s surface and atmosphere,
creating what is known as the “natural greenhouse ef-
fect.” Without the natural heat-trapping properties of these
atmospheric gases, the average surface temperature of
the Earth would be about 34°C lower (IPCC 1996).

Under the United Nations FCCC, the definition of
climate change is “a change of climate which is attrib-
uted directly or indirectly to human activity that alters
the composition of the global atmosphere and which is
in addition to natural climate variability observed over
comparable time periods.”® Given that definition, in its
1995 assessment of the science of climate change, the
IPCC concluded that:

Human activities are changing the atmospheric
concentrations and distributions of greenhouse
gasesand aerosols. These changes can produce
a radiative forcing by changing either the re-
flection or absorption of solar radiation, or the
emission and absor ption of terrestrial radiation
(IPCC 1996).

The IPCC went on to report in its assessment that
the“[g]lobal mean surface temperature[of the Earth] has
increased by between about 0.3 and 0.6 °C sincethelate
19" century...” (IPCC 1996) and finally concluded with
the following statement:

Our ability to quantify the human influence on
global climate is currently limited because the
expected signal is still emerging from the noise
of natural variability, and because there are un-
certainties in key factors. These include the
magnitude and patterns of long term natural
variability and the time-evolving patter n of forc-
ing by, and response to, changes in concentra-
tions of greenhouse gasesand aerosols, and land
surface changes. Nevertheless, the balance of
the evidence suggeststhat thereisa discernable
human influence on global climate (IPCC 1996).

Greenhouse Gases

Although the Earth’s atmosphere consists mainly
of oxygen and nitrogen, neither play asignificant rolein
this greenhouse effect because both are essentially trans-
parent to terrestrial radiation. The greenhouse effect is
primarily afunction of the concentration of water vapor,
carbon dioxide, and other trace gases in the atmosphere
that absorb theterrestrial radiation leaving the surface of
the Earth (IPCC 1996). Changesin the atmospheric con-
centrations of these greenhouse gases can alter the bal-
ance of energy transfers between the atmosphere, space,
land, and the oceans. A gauge of these changesis called
radiative forcing, which is a simple measure of changes
in the energy available to the Earth-atmosphere system
(IPCC 1996). Holding everything el se constant, increases
in greenhouse gas concentrations in the atmosphere will
produce positive radiative forcing (i.e., anet increase in
the absorption of energy by the Earth).

6 The Earth’s climate system comprises the atmosphere, oceans, biosphere, cryosphere, and geosphere.

7 For example, eccentricity, precession, and inclination.

8 Article 1 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.
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Climate change can be driven by changesin the
atmospheric concentrations of a number of
radiatively active gases and aerosols. \\e have
clear evidence that human activities have af-
fected concentrations, distributions and life
cycles of these gases (IPCC 1996).

Naturally occurring greenhouse gases include wa-
ter vapor, carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,0), and ozone (O,). Severa classes of haloge-
nated substances that contain fluorine, chlorine, or bro-
mine are al so greenhouse gases, but they are, for the most
part, emitted solely by human activities. Chlorofluoro-
carbons (CFCs) and hydrochlorofluorocarbons (HCFCs)
are halocarbonsthat contain chlorine, while halocarbons
that contain bromine arereferred to ashalons. Other fluo-
rine containing halogenated substances include
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs),
and sulfur hexafluoride (SF,). There are also several gases
that, although they do not have adirect radiative forcing
effect, do influence the formation and destruction of
ozone, which does have such a terrestrial radiation ab-
sorbing effect. These gases—referred to here as ozone
precursors—include carbon monoxide (CO), oxides of
nitrogen (NO,), and nonmethane volatile organic com-
pounds (NMVOCs).® Aerosols—extremely small par-
ticles or liquid droplets often produced by emissions of
sulfur dioxide (SO,)—can al so affect the absorptive char-
acteristics of the atmosphere.

Carbon dioxide, methane, and nitrous oxide are
continuously emitted to and removed from the atmo-
sphere by natural processes on Earth. Anthropogenic
activities, however, can cause additional quantities of
these and other greenhouse gases to be emitted or se-
guestered, thereby changing their global average atmo-
spheric concentrations. Natural activities such as respi-
ration by plants or animals and seasonal cycles of plant
growth and decay are examples of processes that only
cycle carbon or nitrogen between the atmosphere and
organic biomass. Such processes—except when directly
or indirectly perturbed out of equilibrium by anthropo-
genic activities—generally do not alter average atmo-
spheric greenhouse gas concentrations over decadal
timeframes. Climatic changes resulting from anthropo-

9 Also referred to in the U.S. Clean Air Act as “criteria pollutants.”

genic activities, however, could have positive or nega-
tive feedback effects on these natural systems.

A brief description of each greenhouse gas, its
sources, and its role in the atmosphere is given below.
The following section then explains the concept of Glo-
bal Warming Potentials (GWPs), which are assigned to
individual gases as a measure of their relative average
global radiative forcing effect.

Water Vapor (H,0). Overal, the most abundant and
dominant greenhouse gasin the atmosphere iswater vapor.
Water vapor is neither long-lived nor well-mixed in the at-
mosphere, varying spatially from 0to 2 percent (IPCC 1996).
In addition, atmospheric water can exist in several physical
states including gaseous, liquid, and solid. Human activi-
ties are not believed to directly affect the average global
concentration of water vapor; however, the radiative forc-
ing produced by theincreased concentrationsof other green-
house gases may indirectly affect the hydrologic cycle. A
warmer atmosphere has an increased water holding capac-
ity; yet, increased concentrations of water vapor affectsthe
formation of clouds, which can both absorb and reflect so-
lar and terrestrial radiation.

Carbon Dioxide (CO,). In nature, carbon iscycled
between various atmospheric, oceanic, land biotic, ma-
rine biotic, and mineral reservoirs. The largest fluxes
occur between the atmosphere and terrestrial biota, and
between the atmosphere and surface water of the oceans.
In the atmosphere, carbon predominantly exists in its
oxidized form as CO,. Atmospheric carbon dioxide is
part of thisglobal carbon cycle, and thereforeitsfateisa
complex function of geochemical and biologica pro-
cesses. Carbon dioxide concentrationsin the atmosphere,
as of 1994, increased from approximately 280 parts per
million by volume (ppmv) in pre-industrial *° times to 358
ppmv, a 28 percent increase (IPCC 1996).'* The IPCC
has stated that “[t]here is no doubt that this increase is
largely due to human activities, in particular fossil fuel
combustion...” (IPCC 1996). Forest clearing, other bio-
mass burning, and some non-energy production processes
(e.g., cement production) also emit notable quantities of
carbon dioxide.
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In its latest scientific assessment, the IPCC also
stated that “[t]he increased amount of carbon dioxide [in
the atmosphere] is leading to climate change and will
produce, on average, a global warming of the Earth’'s
surface because of its enhanced greenhouse effect—al-
though the magnitude and significance of the effects are
not fully resolved” (IPCC 1996).

Methane (CH,). Methane is primarily produced
through anaerobic decomposition of organic matter in
biological systems. Agricultural processes such as wet-
land rice cultivation, enteric fermentation in animals, and
the decomposition of animal wastes emit CH,, as does
the decomposition of municipal solid wastes. Methane
isalso emitted during the production and distribution of
natural gas and petroleum, and is released as a by-prod-
uct of coal mining and incomplete fossil fuel combus-
tion. The average global concentration of methanein the
atmospherewas 1,720 parts per billion by volume (ppbv)
in 1994, a 145 percent increase from the pre-industrial
concentration of 700 ppbv (IPCC 1996). It is estimated
that 60 to 80 percent of current CH, emissions are the
result of anthropogenic activities. Carbon isotope mea-
surements indicate that roughly 20 percent of methane
emissionsare fromfossil fuel consumption, and an equal
percentage is produced by natural wetlands, which will
likely increase with rising temperatures and rising mi-
crobial action (IPCC 1996).

Methane is removed from the atmosphere by re-
acting with the hydroxyl radical (OH) and is ultimately
converted to CO,. Increasing emissions of methane,
though, reduces the concentration of OH, and thereby
the rate of further methane removal (IPCC 1996).

Nitrous Oxide (N,O). Anthropogenic sources of
N,O emissions include agricultural soils, especialy the
use of synthetic and manure fertilizers; fossil fuel com-
bustion, especially from mobile sources; adipic (nylon)
and nitric acid production; wastewater treatment and

waste combustion; and biomass burning. The atmospheric
concentration of nitrous oxide (N,O) in 1994 was about
312 parts per billion by volume (ppbv), while pre-indus-
trial concentrations were roughly 275 ppbv. The major-
ity of this 13 percent increase has occurred after the pre-
industrial period and ismost likely dueto anthropogenic
activities (IPCC 1996). Nitrous oxide is removed from
the atmosphere primarily by the photolytic action of sun-
light in the stratosphere.

Ozone (O,). Ozone is present in both the upper
stratosphere,’? where it shields the Earth from harmful
levels of ultraviolet radiation, and at lower concentra-
tions in the troposphere®®, where it is the main compo-
nent of anthropogenic photochemical “smog”. During
the last two decades, emissions of anthropogenic chlo-
rine and bromine-containing hal ocarbons, such as chlo-
rofluorocarbons (CFCs), have depleted stratospheric
0zone concentrations. This loss of ozone in the strato-
sphere has resulted in negative radiative forcing, repre-
senting an indirect effect of anthropogenic emissions of
chlorine and bromine compounds (IPCC 1996).

Tropospheric o0zone, which is also agreenhouse gas,
is produced from the oxidation of methane and from reac-
tions with precursor gases such as carbon monoxide (CO),
nitrogen oxides (NO,), and non-methane volatile organic
compounds (NMVOCs). Thislatter group of ozone precur-
sorsareincluded in the category referred to as* criteriapol-
lutants” in the United States under the Clean Air Act** and
its subsequent amendments. The tropospheric concentra-
tions of both ozone and these precursor gases are short-
lived and, therefore, spatially variable.

Halocarbons. Halocarbonsarefor themost part man-
made chemicalsthat have both direct and indirect radiative
forcing effects. Halocarbons that contain chlorine—chlo-
rofluorocarbons (CFCs), hydrochlorofluorocarbons
(HCFCs), methyl chloroform, and carbon tetrachloride—
and bromine—halons, methyl bromide, and

10 The pre-industrial period is considered as the time preceding the year 1750 (IPCC 1996).
11 carbon dioxide concentrations during the last 1,000 years of the pre-industrial period (i.e., 750-1750), a time of relative climate stability,

fluctuated by about £10 ppmv around 280 ppmv (IPCC 1996).

12 The stratosphere is the layer from the troposphere up to roughly 50 kilometers. In the lower regions the temperature is nearly constant but
in the upper layer the temperature increases rapidly because of sunlight absorption by the ozone-layer. The ozone-layer is the part of the
stratosphere from 19 kilometers up to 48 kilometers where the concentration of ozone reaches up to 10 parts per million.

13 The troposphere is the layer from the ground up to 11 kilometers near the poles and up to 16 kilometersin equatorial regions (i.e., the lowest
layer of the atmosphere where people live). It contains roughly 80 percent of the mass of al gases in the atmosphere and is the site for most

weather processes, including most of the water vapor and clouds.
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hydrobromofluorocarbons (HBFCs)—resultin stratospheric
ozone depletion and are therefore controlled under the
Montreal Protocol on Substances that Deplete the Ozone
Layer. Although CFCs and HCFCs include potent global
warming gases, their net radiative forcing effect on the at-
mosphereisreduced becausethey cause stratospheric ozone
depletion, which is itself an important greenhouse gas in
additionto shielding the Earth from harmful levelsof ultra-
violet radiation. Under the Montreal Protocol, the United
States phased-out the production and importation of halons
by 1994 and of CFCs by 1996. Under the Copenhagen
Amendments to the Protocol, a cap was placed on the pro-
duction and importation of HCFCshby non-Article 5™ coun-
tries beginning in 1996, and then followed by a complete
phase-out by the year 2030. The ozone depl eting gases cov-
ered under the Montreal Protocol and itsAmendments are
not covered by the UNFCCC; however, they arereported in
thisinventory under Annex K.

Hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), and sulfur hexafluoride (SF,) are not ozone depl et-
ing substances, and therefore are not covered under the
Montreal Protocol. They are, however, powerful greenhouse
gases. HFCs—primarily used as replacements for ozone
depleting substances but also emitted asaby-product of the
HCFC-22 manufacturing process—currently have a small
aggregate radiativeforcing impact; however, itisanticipated
that their contribution to overal radiative forcing will in-
crease (IPCC 1996). PFCsand SF, are predominantly emit-
ted from various industrial processes including aluminum
smelting, semiconductor manufacturing, electric power
transmission and distribution, and magnesium casting. Cur-
rently, the radiative forcing impact of PFCs, and SF, isalso
small; however, because they have extremely long atmo-
spheric lifetimes, their concentrations tend to irreversibly
accumulate in the atmosphere.

Carbon Monoxide (CO). Carbon monoxide has an
indirect radiative forcing effect by elevating concentrations
of CH, and tropospheric ozone through chemical reactions
with other atmospheric congtituents (e.g., the hydroxy! radi-

14142 u.s.C § 7408, CAA § 108]

cal) that would otherwise assist in destroying CH, and tro-
pospheric ozone. Carbon monoxide is created when car-
bon-containing fuels are burned incompletely. Through
natural processes in the atmosphere, it is eventualy oxi-
dized to CO,. Carbon monoxide concentrations are both
short-lived in the atmosphere and spatially variable.

Nitrogen Oxides (NO,). The primary climate change
effects of nitrogen oxides (i.e., NO and NO,) are indirect
and result from their role in promoting the formation of
ozoneinthetroposphereand, to alesser degree, lower strato-
sphere, whereit has positive radiative forcing effects. (NO,
emissions injected higher in the stratosphere!® can lead to
stratospheric ozone depletion.) Nitrogen oxides are created
fromlightning, soil microbial activity, biomassburning (both
natural and anthropogenicfires), fossil fuel combustion, and,
in the stratosphere, from nitrous oxide (N,O). Concentra-
tionsof NO, arebothrelatively short-lived intheamosphere
and spatially variable.

Nonmethane Volatile Organic Compounds
(NMVOCs). Nonmethane volatile organic compounds
include compounds such as propane, butane, and ethane.
These compounds participate, along with NO,, in the
formation of tropospheric ozone and other photochemi-
cal oxidants. NMVOCsare emitted primarily from trans-
portation and industrial processes, as well as biomass
burning and non-industrial consumption of organic sol-
vents. Concentrations of NMVOCstend to be both short-
lived in the atmosphere and spatially variable.

Aerosols. Aerosols are extremely small particles or
liquid droplets found in the atmosphere. They can be
produced by natural events such as dust storms and vol-
canic activity or by anthropogenic processes such asfuel
combustion. Their effect upon radiativeforcing isto both
absorb radiation and to alter cloud formation, thereby
affecting thereflectivity (i.e., albedo) of the Earth. Aero-
sols are removed from the atmosphere primarily by pre-
cipitation, and generally have short atmospheric lifetimes.
Like ozone precursors, aerosol concentrations and com-
position vary by region (IPCC 1996).

15 Article 5 of the Montreal Protocol covers several groups of countries, especially developing countries, with low consumption rates of ozone
depleting substances. Developing countries with per capita consumption of less than 0.3 kg of certain ozone depleting substances (weighted by
their ozone depleting potential) receive financial assistance and a grace period of ten additional years in the phase-out of ozone depleting

substances.

16 Primarily from fuel combustion emissions from high altitude supersonic aircraft.
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Anthropogenic aerosolsin the troposphere are pri-
marily theresult of sulfur dioxide (SO,)"” emissionsfrom
fossil fuel and biomass burning. Overall, aerosols tend
to produce a negative radiative forcing effect (i.e., net
cooling effect on the climate), although because they are
short-lived in the atmosphere—lasting days to weeks—
their concentrations respond rapidly to changesin emis-
sions.®® Locally, the negative radiative forcing effects of
aerosols can offset the positive forcing of greenhouse
gases (IPCC 1996). “However, the aerosol effects do not
cancel the global-scale effects of the much longer-lived
greenhouse gases, and significant climate changes can
still result” (IPCC 1996). Emissions of sulfur dioxideare
provided in Annex L of thisreport.

Global Warming Potentials

A Global Warming Potential (GWP) isintended asa
quantified measure of the relative radiative forcing impacts
of aparticular greenhouse gas (see Table 1-1). It isdefined
as the cumulative radiative forcing—both direct and indi-
rect effects—over a specified time horizon resulting from
the emission of a unit mass of gas relative to some refer-
ence gas (IPCC 1996). Direct effects occur when the gas
itself isagreenhouse gas. Indirect radiative forcing occurs
when chemical transformations involving the origina gas
produces agas or gasesthat are greenhouse gases, or when
a gas influences the atmospheric lifetimes of other gases.
Thereferencegasusedis CO,, inwhich case GWPweighted
emissions are measured in million metric tons of carbon
equivalents (MM TCE). Carbon comprises 12/44ths of car-
bon dioxide by weight. In order to convert emissions re-
portedinteragrams(Tg) of agasto MMTCE, thefollowing
equation is used:

MMTCE = (Tg of gas)x (GWP)x (%

where,

MMTCE = Million Metric Tons of Carbon
Equivalents

Tg = Teragrams (equivalent to million metric tons)
GWP = Globa Warming Potential

%] = Carbon to carbon dioxide molecular weight
retio.

GWP values allow policy makers to compare the
impacts of emissions and reductions of different gases.
According to the IPCC, GWPs typically have an uncer-
tainty of +35 percent. The parties to the UNFCCC have
also agreed to use GWPs based upon a 100 year time
horizon although other time horizon values are avail able.

In addition to communicating emissions in units
of mass, Parties may choose also to use global
warming potential s (GWPS) to reflect their inven-
tories and projections in carbon dioxide-equiva-
lent terms, using information provided by the In-
tergovernmental Panel on Climate Change (IPCC)
inits Second Assessment Report. Any use of GWPs
should be based on the effects of the greenhouse
gases over a 100-year time horizon. In addition,
Parties may also use other time horizons.*®

Greenhouse gases with long atmospheric lifetimes
(eg., CO,, CH,, N,O, HFCs, PFCs, and SF,) tend to be
evenly distributed throughout the atmosphere, and conse-
quently global average concentrations can be determined.
The short-lived gases such as water vapor, tropospheric
0zone, ozone precursors (e.g., NO,, CO, and NMVOCs),
and tropospheric aerosols(e.g., SO, products), however, vary
regionally, and consequently it is difficult to quantify their
global radiative forcing impacts. No GWP values are at-
tributed to these gases that are short-lived and spatialy in-
homogeneous in the atmosphere. Other greenhouse gases
not yet listed by the Intergovernmental Panel on Climate
Change (IPCC), but are aready or soon will bein commer-
cid useinclude: HFC-245fa, hydrofluoroethers (HFES), and
nitrogen trifluoride (NF,).

A more detailed technical discussion on the deri-
vation of and uncertaintiesin GWP values can be found
in Annex J.

17 sulfur dioxideis a primary anthropogenic contributor to the formation of “acid rain” and other forms of atmospheric acid deposition.

18 violcanic activity can inject significant quantities of aerosol producing sulfur dioxide and other sulfur compounds into the stratosphere,
which can result in alonger negative forcing effect (i.e., afew years) (IPCC 1996).

19 Framework Convention on Climate Change; FCCC/CP/1996/15/Add.1; 29 October 1996; Report of the Conference of the Parties at its
second session; held at Geneva from 8 to 19 July 1996; Addendum; Part Two: Action taken by the Conference of the Parties at its second
session; Decision 9/CP.2; Communications from Parties included in Annex | to the Convention: guidelines, schedule and process for consider-
ation; Annex: Revised Guidelines for the Preparation of National Communications by Parties Included in Annex | to the Convention; p. 18.
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Table 1-1: Global Warming Potentials and
Atmospheric Lifetimes (Years)

Atmospheric

Gas Lifetime GWP?
Carbon dioxide (CO,) 50-200 1
Methane (CH,)° 12+3 21
Nitrous oxide (N,O) 120 310
HFC-23 264 11,700
HFC-125 32.6 2,800
HFC-134a 14.6 1,300
HFC-143a 48.3 3,800
HFC-152a 1.5 140
HFC-227ea 36.5 2,900
HFC-236fa 209 6,300
HFC-4310mee 17.1 1,300
CF, 50,000 6,500
CF, 10,000 9,200
CFy, 2,600 7,000
oF s 3,200 7,400
3,200 23,900

6
Source: (IPCC 1996)
3100 year time horizon
® The methane GWP includes the direct effects and those indirect
effects due to the production of tropospheric 0zone and
stratospheric water vapor. The indirect effect due to the
production of CO, is not included.

Recent Trends in U.S.
Greenhouse Gas Emissions

Total U.S. greenhouse gas (GHG) emissions rose
in 1997 to 1,813.6 million metric tons of carbon equiva-
lents (MMTCE) (11.1 percent above 1990 baseline lev-
els). The single year increase in emissions from 1996 to
1997 was 1.3 percent (23.1 MMTCE), down from the
previous year's increase of 3.3 percent. Figure 1-1
through Figure 1-3 illustrate the overall trends in total
U.S. emissions by gas, annual changes, and absolute
changes since 1990.

The largest source of U.S. GHG emissions was
carbon dioxide (CO,) from fossil fuel combustion, which
accounted for 81 percent of weighted emissionsin 1997.
Emissions from this source grew by 11 percent (138.8
MMTCE) over the from 1990 to 1997 and were respon-
sible for over three-quarters of the increase in national
emissionsduring this period. The annual increasein CO,
emissions from this source was 1.3 percent in 1997, also
down from the previous year’s high when increased fos-
sil fuel consumption drove up emissions by 3.6 percent.

The dramatic increase in fossil fuel combustion-re-
lated CO, emissions in 1996 was primarily a function of
two factors: 1) fuel switching by electric utilitiesfrom natu-
ral gas to more carbon intensive coal as gas prices rose
sharply dueto weather conditions, which drove up residen-
tial consumption of natural gas for heating; and 2) higher
petroleum consumption for transportation. In 1997, by com-
parison, electric utility natural gas consumption rose to re-
gainmuch of thepreviousyear’sdecline asthe supply avail-
ableroseduetolower residential consumption. Despitethis
increase in natural gas consumption by utilities and rela-
tively stagnant U.S. electricity consumption, coal consump-
tion rosein 1997 to offset the temporary shut-down of sev-
eral nuclear power plants. Petroleum consumption for trans-
portation activitiesin 1997 also grew by less than one per-

Figure 1-1
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Figure 1-3

Absolute Change in U.S. GHG Emissions Since 1990

- 1901 1992 1993 1994 1905 1906 1007

cent, compared to over three percent the previous year (see
Table 1-2). The annual increase of CO, emissionsfrom pe-
troleumin 1997 is based on motor gasoline sales datafrom
the U.S. Energy Information Administration; it is expected
to be revised upward with the publication of future energy
satistics.

Other significant trends in emissions from addi-
tional source categories over the eight year period from
1990 through 1997 included the following:

o Aggregate HFC and PFC emissions resulting from
the substitution of ozone depleting substances (e.g.,
CFCs) increased dramatically (by 14.4 MMTCE).
This increase was partly offset, however, by reduc-
tions in PFC emissions from aluminum production
(41 percent) and HFC emissionsfrom HCFC-22 pro-
duction (14 percent), both as a result of voluntary
industry emission reduction effortsand, in theformer
case, from falling domestic aluminum production.

« Combined N,O and CH, emissions from mobile
source fossil fuel combustion rose by 3.9 MMTCE
(26 percent), primarily dueto increased rates of N,O
generation in highway vehicles.

e  Methane emissionsfrom the decomposition of waste
in municipal and industrial landfills rose by 10.5
MMTCE (19 percent) asthe amount of organic mat-
ter in landfills steadily accumulated.

e Emissions from coal mining dropped by 5.2
MMTCE (21 percent) as the use of methane from
degasification systems increased significantly.

Table 1-2: Annual Percent Change in CO,
Emissions from Fossil Fuel Combustion for
Selected Sectors and Fuels

Fuel 1995 to 1996 to
Sector Type 1996 1997
Electric Utility Coal 5.7% 2.9%
Electric Utility Natural Gas -14.6% 8.7%
Residential Natural Gas 8.1% -4.4%
Transportation* Petroleum 3.4% 0.3%

* Excludes emissions from International Bunker Fuels.

o Nitrousoxide emissionsfrom agricultural soil man-
agement increased by 8.8 MMTCE (13 percent) as
fertilizer consumption and cultivation of nitrogen
fixing crops rose.

e An additional domestic adipic acid plant installed
emission control systemsin 1997; thiswas estimated
to have resulted in a 1.4 MMTCE (27 percent) de-
clinein emissions from 1996 to 1997 despite an in-
crease in production.

Overal, from 1990 to 1997 total emissionsof CO,,

CH,, and N,O increased by 143.5 (11 percent), 9.7 (6

percent), and 13.4 MMTCE (14 percent), respectively.

During the same period, weighted emissions of HFCs,

PFCs, and SF, rose by 14.9 MMTCE (67 percent). De-

spite being emitted in smaller quantities relative to the

other principal greenhouse gases, emissions of HFCs,

PFCs, and SF, are significant because of their extremely

high Global Warming Potentialsand, in the cases of PFCs

and SF,, long atmospheric lifetimes. Conversely, U.S.

greenhouse gas emissions were partly offset by carbon

sequestration in forests, which was estimated to be 11

percent of total emissionsin 1997.

As an alternative, emissions can be aggregated
across gases by the IPCC defined sectors, referred to here
as chapters. Over the eight year period of 1990 to 1997,
total emissionsin the Energy, Industrial Processes, Agri-
culture, and Waste chapters climbed by 140.2 (10 per-
cent), 17.6 (39 percent), 13.0 (11 percent), and 10.8
MMTCE (18 percent), respectively. Estimates of the
quantity of carbon sequestered in the Land-Use Change
and Forestry chapter, although based on projections, de-
clined in absolute value by 103.0 MM TCE (33 percent).
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Box 1-1: Recent Trends in Various U.S. Greenhouse Gas Emissions-Related Data

There are several ways to assess a nation's greenhouse gas emitting intensity. These measures of intensity could be based on
aggregate energy consumption because energy-related activities are the largest sources of emissions, on fossil fuel consumption
only because almost all energy-related emissions involve the combustion of fossil fuels, on electricity consumption because
electric utilities were the largest sources of U.S. greenhouse gas emissions in 1997, on total gross domestic product as a measure
of national economic activity, or on a per capita basis. Depending upon which of these measures was used, the United States could
appear to have reduced or increased its national greenhouse gas intensity. Table 1-3 provides data on various statistics related to
U.S. greenhouse gas emissions normalized to 1990 as a baseline year. Greenhouse gas emissions in the U.S. have grown at an
average annual rate of 1.5 percent since 1990. This rate is slightly slower than that for total energy or fossil fuel consumption—
thereby indicating an improved or lower greenhouse gas emitting intensity—and much slower than that for either electricity con-
sumption or overall gross domestic product. Emissions, however, are growing faster than national population, thereby indicating a
worsening or higher greenhouse gas emitting intensity on a per capita basis (see Figure 1-4). Overall, atmospheric CO, concentra-
tions—a function of many complex anthropogenic and natural processes—are increasing at 0.4 percent per year.

Table 1-3: Recent Trends in Various U.S. Data (Index 1990=100)

Variable 1990 1991 1992 1993 1994 1995 1996 1997 Growth Rate?
GHG Emissions® 100 99 101 103 105 106 110 111 1.5%
Energy Consumption® 100 100 101 104 106 108 112 112 1.6%
Fossil Fuel Consumption® 100 99 101 104 106 107 110 112 1.6%
Electricity Consumption® 100 102 102 105 108 111 114 115 2.0%
GDP¢ 100 99 102 104 108 110 114 118 2.5%
Population® 100 101 102 103 104 105 106 107 1.0%
Atmospheric CO, Concentration 100 100 101 101 101 102 102 103 0.4%

3 GWP weighted values

® Energy content weighted values. Source: DOE/EIA

¢ Source: DOE/EIA

d Gross Domestic Product in chained 1992 dollars (BEA 1998)
¢ (U.S. Census Bureau 1998)

f Mauna Loa Observatory, Hawaii (Keeling and Whorf 1998)

9 Average annual growth rate

Figure 1-4
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Table 1-4 summarizes emissions and sinks from dll
U.S. anthropogenic sources in weighted units of MM TCE,
whileunweighted gasemissionsand sinksinteragrams(Tg)

areprovidedinTable 1-5. Alternatively, emissionsand sinks

are aggregated by chapter in Table 1-6 and Figure 1-5.

Table 1-4: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 1,3443 1,329.8 1,349.6 1,379.2 1,403.5 1,419.2 1,469.3 1,487.9
Fossil Fuel Combustion 1,327.2 1,312.6 1,332.4 1,360.6 1,383.9 1,397.8 1,447.7 1,466.0
Natural Gas Flaring 2.3 2.6 2.6 3.5 3.6 4.5 4.3 4.2
Cement Manufacture 8.9 8.7 8.8 9.3 9.6 9.9 9.9 10.2
Lime Manufacture 3.3 3.2 3.8 3.4 3.5 3.7 3.8 3.9
Limestone and Dolomite Use 1.4 i3 1.2 1.1 1.5 1.9 2.0 2.1
Soda Ash Manufacture and Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3
Land-Use Change and Forestry (Sink)? (311.5) (311.5) (311.5) (208.6) (208.6) (208.6) (208.6) (208.6)
International Bunker Fuels® 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
CH, 169.9 171.0 1725 172.0 1755 178.6 178.3 179.6
Stationary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.2
Mobile Sources 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8
Natural Gas Systems 32.9 33.3 33.9 34.1 835 33.2 33.7 B8RS
Petroleum Systems 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.6
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4
Silicon Carbide Production + + + + + + + +

Enteric Fermentation 32.7 32.8 33.2 33.6 34.5 34.9 34.5 34.1
Manure Management 14.9 15.4 16.0 16.1 16.7 16.9 16.6 17.0
Rice Cultivation 2.5 2.5 2.8 2.5 3.0 2.8 2.5 2.7
Agricultural Residue Burning 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Landfills 56.2 57.6 57.8 50N 61.6 63.6 65.1 66.7
Wastewater Treatment 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
International Bunker Fuels® + + + + + + + +

N,0 95.7 97.6 100.1 100.4 108.3 1054 108.2 109.0
Stationary Sources 3.8 3.8 3.9 3.9 4.0 4.0 4.1 4.1
Mobile Sources 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5
Adipic Acid Production 4.7 4.9 4.6 4.9 5.2 5.2 5.4 3.9
Nitric Acid Production 8.3 3.8 3.4 3.5 3.7 3.7 3.9 3.8
Manure Management 2.6 2.8 2.8 2.9 2.9 2.9 3.0 3.0
Agricultural Soil Management 65.3 66.2 68.0 67.0 73.4 70.2 72.0 74.1
Agricultural Residue Burning 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Human Sewage 2.1 2.1 2.2 2.2 2.2 2.3 2.3 2.3
Waste Combustion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
HFCs, PFCs, and SF, 22.2 21.6 23.0 23.4 25.9 30.8 34.7 37.1
Substitution of Ozone Depleting Substances 0.3 0.2 0.4 1.4 4.0 9.5 11.9 14.7
Aluminum Production 4.9 4.7 4.1 3.5 2.8 2.7 2.9 2.9
HCFC-22 Production 985 8.4 9i5 8.7 8.6 7.4 8.5 8.2
Semiconductor Manufacture 0.2 0.4 0.6 0.8 1.0 1.2 1.4 .8
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Magnesium Production and Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0
Total Emissions 1,632.1 1,620.0 1,645.2 1,675.0 1,713.2 1,733.9 1,790.5 1,813.6

Net Emissions (Sources and Sinks)

1,320.6

1,308.5 1,333.7 1,466.5 1,504.7 1,525.4 1,582.0 1,605.0

+ Does not exceed 0.05 MMTCE

2 Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.
® Emissions from International Bunker Fuels are not included in totals.
Note: Totals may not sum due to independent rounding.
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Table 1-5: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks (Tg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 4,929.2 4,875.8 4,948.5 5,057.0 5,146.1 5,203.6 5,387.4 5,455.6
Fossil Fuel Combustion 4,866.2 4,812.8 4,885.4 4,988.7 5,074.4 5125.1 5,308.3 5,375.2
Natural Gas Flaring 8.4 9.6 9.4 13.0 13.1 16.4 15.7 15.2
Cement Manufacture 32.6 31.9 32.1 33.9 35.4 36.1 36.4 37.5
Lime Manufacture 11.9 11.7 12.1 12.4 12.8 13.6 14.1 14.2
Limestone and Dolomite Use 5.1 4.9 4.5 4.1 5.5 7.0 7.5 7.8
Soda Ash Manufacture and Consumption 4.1 4.0 4.1 4.0 4.0 4.3 4.3 4.4
Carbon Dioxide Consumption 0.8 0.8 0.9 0.9 0.9 1.0 1.1 1.2
Land-Use Change and Forestry (Sink)? (1,142.2) (1,142.2) (1,142.2) (764.7) (764.7) (764.7) (764.7) (764.7)
International Bunker Fuels® 99.3 1019 106.4 109.6 100.4 93.3 93.0 97.5
CH, 29.7 29.9 30.1 30.0 30.7 31.2 31.1 31.4
Stationary Sources 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Mobile Sources 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Coal Mining 4.2 4.0 3.8 3.4 3.4 3.6 3.3 33
Natural Gas Systems 5.7 5.8 589 589 5.8 5.8 589 5.8
Petroleum Systems 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Petrochemical Production 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Silicon Carbide Production + + + + + + + +
Enteric Fermentation 5.7 5.7 5.8 5.9 6.0 6.1 6.0 6.0
Manure Management 2.6 2.7 2.8 2.8 2.9 3.0 2.9 3.0
Rice Cultivation 0.4 0.4 0.5 0.4 0.5 0.5 0.4 0.5
Agricultural Residue Burning + + + + + + + +
Landfills 9.8 10.0 10.1 10.4 10.8 11.1 11.4 11.6
Wastewater Treatment 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
International Bunker Fuels® + + + + + + + +
N,0 1.1 1.2 1.2 1.2 1.3 1.2 1.3 1.3
Stationary Source + + + + + + + +
Mobile Sources 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Adipic Acid 0.1 0.1 0.1 0.1 0.1 0.1 0.1 +
Nitric Acid + + + + + + + +
Manure Management + + + + + + + +
Agricultural Soil Management 0.8 0.8 0.8 0.8 0.9 0.8 0.9 0.9
Agricultural Residue Burning + + + + + + + +
Human Sewage + + + + + + + +
Waste Combustion + + + + + + + +
International Bunker Fuels® + + + + + + + +
HFCs, PFCs, and SF, M M M M M M M M
Substitution of Ozone Depleting Substances M M M M M M M M
Aluminum Production M M M M M M M M
HCFC-22 Production® + + + + + + + +
Semiconductor Manufacture M M M M M M M M
Electrical Transmission and Distribution + + + + + + + +
Magnesium Production and Processing* + + + + + + + +
NO, 21.1 21.2 21.5 21.7 22.0 21.4 21.2 21.3
Cco 83.1 84.8 81.8 81.7 85.7 76.7 78.3 75.2
NMVOCs 18.7 18.8 18.5 18.6 19.2 18.4 17.2 17.1

+ Does not exceed 0.05 Tg

M Mixture of multiple gases

@ Sinks are not included in CO, emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.

® Emissions from International Bunker Fuels are not included in totals.

¢ HFC-23 emitted

¢ SF, emitted

Note: Totals may not sum due to independent rounding.
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Figure 1-5
U.S. GHG Emissions by Chapter/IPCC Sector
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Table 1-6: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks by Chapter/IPCC Sector (MMTCE)

Chapter/IPCC Sector 1990 1991 1992 1993 1994 1995 1996 1997
Energy 1,409.0 1,394.6 1,415.2 1,442.6 1,466.3 1,482.1 1,531.6 1,549.2
Industrial Processes 45.4 44.8 46.0 47.2 51.2 57.0 61.6 63.0
Agriculture 118.4 120.0 123.1 122.4 130.9 128.0 128.9 131.4
Land-Use Change and Forestry (Sink)* (311.5) (311.5) (311.5) (208.6) (208.6) (208.6) (208.6) (208.6)
Waste 59.2 60.6 60.9 62.8 64.8 66.9 68.4 70.0
Total Emissions 1,632.1 1,620.0 1,645.2 1,675.0 1,713.2 1,733.9 1,790.5 1,813.6
Net Emissions (Sources and Sinks) 1,320.6 1,308.5 1,333.7 1,466.5 1,504.7 1,525.4 1,582.0 1,605.0

* Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.
Note: Totals may not sum due to independent rounding.
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Box 1-2: Greenhouse Gas Emissions from Transportation Activities

Motor vehicle usage is increasing all over the world, including in the United States. Since the 1970s, the number of highway
vehicles registered in the United States has increased faster than the overall population, according to the Federal Highway Admin-
istration. Likewise, the number of miles driven—up 18 percent from 1990 to 1997—and gallons of gasoline consumed each year
in the United States have increased relatively steadily since the 1980s, according to the Energy Information Administration. These
increases in motor vehicle usage are the result of a confluence of factors including population growth, economic growth, increas-
ing urban sprawl, and low fuel prices.

One of the unintended consequences of these changes is a slowing of progress toward cleaner air in both urban and rural parts of
the country. Passenger cars, trucks, motorcycles, and buses emit significant quantities of air pollutants with local, regional, and
global effects. Motor vehicles are major sources of carbon monoxide (CO), carbon dioxide (CO,), methane (CH,), nonmethane
volatile organic compounds (NMVOCs), nitrogen oxides (NO,), nitrous oxide (N,O), and hydrofluorocarbons (HFCs). Motor ve-
hicles are also important contributors to many serious air pollution problems, including ground level ozone or smog, acid rain, fine
particulate matter, and global warming. Within the United States and abroad, government agencies have taken strong actions to
reduce these emissions. Since the 1970s, the EPA has reduced lead in gasoline, developed strict emission standards for new
passenger cars and trucks, directed states to enact comprehensive motor vehicle emission control programs, required inspection
and maintenance programs, and more recently, introduced the use of reformulated gasoline to mitigate the air pollution impacts
from motor vehicles. New vehicles are now equipped with advanced emissions controls, which are designed to reduce emissions
of nitrogen oxides, hydrocarbons, and carbon monoxide.

This report reflects new data on the role that automotive catalytic converters play in emissions of N,O, a powerful greenhouse gas.
The EPA's Office of Mobile Sources has conducted a series of tests in order to measure the magnitude of N,O emissions from
gasoline-fueled passenger cars and light-duty trucks equipped with catalytic converters. Results show that N,O emissions are
lower than the IPCC default factors, and the United States has shared this data with the IPCC. In this report, new emission factors
developed from these measurements and from previously published literature were used to calculate emissions from mobile
sources in the United States (see Annex C).

Table 1-7 summarizes greenhouse gas emissions from all transportation-related activities. Overall, transportation activities—
excluding international bunker fuels—accounted for an almost constant 26 percent of total U.S. greenhouse gas emissions from
1990 to 1997. These emissions were primarily CO, from fuel combustion, which increased by 10 percent from 1990 to 1997.
However, because of larger increases in N,O and HFC emissions during this period, overall emissions from transportation activities
actually increased by 12 percent.
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Table 1-7: Transportation-Related Greenhouse Gas Emissions (MMTCE)

Gas/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Co, 405.0 396.7 402.4 406.8 422.1  430.7 445.3  446.5
Passenger Cars? 169.3 167.8 172.0 173.5 172.5 175.6 160.8 162.6
Light-Duty Trucks? 77.5 77.2 77.2 80.5 87.2 89.2 109.9 111.1
Other Trucks 57.3 55.1 56.7 59.9 62.7 64.2 68.3 69.5
Buses 2.7 2.9 2.9 3.1 3.3 3.5 3.0 3.0
Aircraft 50.5 48.4 47.4 47.6 49.6 48.3 50.5 50.1
Boats and Vessels 16.4 15.9 16.4 11.7 13.9 16.8 18.5 15.4
Locomotives 7.5 6.9 7.4 6.8 8.0 8.1 8.8 9.0
Other® 23.8 22.5 22.4 23.8 24.9 24.9 25.5 25.8
International Bunker Fuels® 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
CH, 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Passenger Cars 0.8 0.7 0.7 0.7 0.7 0.7 0.6 0.6
Light-Duty Trucks 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5
Other Trucks and Buses 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2
Aircraft + + + + + + + +
Boats and Vessels + + + + + + + +
Locomotives + + + + + + + +
Other? 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® + + + + + + + +
N,0 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5
Passenger Cars 8.7 9.1 9.7 10.1 10.0 10.1 8.9 9.1
Light-Duty Trucks 3.4 3.7 3.9 4.2 5.1 5.2 6.8 6.8
Other Trucks and Buses 0.7 0.7 0.7 0.7 0.8 0.8 0.9 0.9
Aircraftd 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Boats and Vessels 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Other? 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
International Bunker Fuels® 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
HFCs + + 0.2 0.7 1.3 2.5 3.6 4.5
Mobile Air Conditioners® + + 0.2 0.7 1.3 2.5 3.6 4.5
Total® 420.0 412.3 419.1 424.8 4415 451.6 467.7 469.9

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

2 In 1996, the U.S. Federal Highway Administration modified the definition of light-duty trucks to include minivans and sport utility vehicles.
Previously, these vehicles were included under the passenger cars category. Hence the sharp drop in CO, emissions for passenger cars from
1995 to 1996 was observed. This gap, however, was offset by an equivalent rise in CO, emissions from light-duty trucks.

® “Other” CO, emissions include motorcycles, construction equipment, agricultural machinery, pipelines, and lubricants.

¢ Emissions from International Bunker Fuels are not included in totals.

¢ “Other” CH, and N,O emissions include motorcycles, construction equipment, agricultural machinery, gasoline-powered recreational,
industrial, lawn and garden, light commercial, logging, airport service, other equipment; and diesel-powered recreational, industrial, lawn and
garden, light construction, airport service.

¢ Includes primarily HFC-134a

Box 1-3: Electric Utility-Related Greenhouse Gas Emissions

Like transportation, activities related to the generation, transmission, and distribution of electricity in the United States result in
greenhouse gas emissions. Table 1-8 presents greenhouse gas emissions from electric utility-related activities. Aggregate emis-
sions from electric utilities of all greenhouse gases from electric utilities increased by 11.8 percent from 1990 to 1997, and
accounted for just under 30 percent of total U.S. greenhouse emissions during the same period. The majority of these emissions
resulted from the combustion of coal in boilers to produce steam that is passed through a turbine to generate electricity. Overall, the
generation of electricity results in a larger portion of total U.S. greenhouse gas emissions than any other activity.
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Table 1-8: Electric Utility-Related Greenhouse Gas Emissions (MMTCE)

Gas/Fuel Type or Source 1990 1991 1992 1993 1994 1995 1996 1997

Co, 476.8  473.4 4725 490.7 4948 494.1 513.2 532.3
Coal 409.0 407.2 411.8 428.7  430.2  433.0 457.5 470.9
Natural Gas 41.2 41.1 40.7 39.5 44.0 47.2 40.3 43.8
Petroleum 26.6 25.1 19.9 22.5 20.6 14.0 15.4 17.6
Geothermal 0.1 0.1 0.1 0.1 + + + +

CH, 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Stationary Sources (Utilities) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
N,0 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3
Stationary Sources (Utilities) 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.8
SF, 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Total 484.6 481.4 480.8 499.3 503.7 503.3 522.5 541.7

+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding.

Methodology and Data Sources

Emissions of greenhouse gases from various
sources have been estimated using methodologies that
are consistent with the Revised 1996 IPCC Guidelines
for National Greenhouse Gas I nventories (IPCC/UNEP/
OECD/IEA 1997), except were noted otherwise. To the
extent possible, the present U.S. inventory relies on pub-
lished activity and emission factor data. Depending on
the emission source category, activity data can include
fuel consumption or deliveries, vehicle-miles traveled,
raw material processed, etc.; emission factorsarefactors
that relate quantities of emissionsto an activity. For some
sources, |PCC default methodol ogies and emission fac-
tors have been employed. However, for emission sources
considered to be major sources in the United States, the
IPCC default methodologies were expanded and more
comprehensive methods were applied.

Inventory emission estimates from energy consump-
tion and production activities are based primarily on the
latest official fuel consumption datafrom the Energy Infor-
mation Administration of the Department of Energy (EIA).
Emissionegtimatesfor NO, , CO, and NMVOCsweretaken
directly, except where noted, from the United States Envi-
ronmental Protection Agency’s (EPA) report, National Air
Pollutant Emission Trends 1900 - 1997 (EPA 1998), which
isan annual EPA publication that provides the latest esti-
mates of regional and national emissionsfor ozone precur-
sors (i.e., criteria pollutants). Emissions of these pollutants
are estimated by the EPA based on statistical information

about each source category, emission factors, and control
efficiencies. While the EPA's estimation methodol ogies for
criteriapollutants are conceptually similar to the IPCC rec-
ommended methodol ogies, thelarge number of sourcesEPA
used in developing its estimates makesiit difficult to repro-
duce the methodologies from EPA (1997) in thisinventory
document. In these instances, the sources containing de-
tailed documentation of the methods used are referenced
for the interested reader. For agricultural sources, the EPA
criteria pollutant emission estimates were supplemented
using available activity datafrom other agencies. Complete
documentation of the methodol ogies and data sources used
isprovided in conjunction with the discussion of each source
and in the various annexes.

Carbon dioxide emissions from fuel combusted in
shipsor aircraft engaged in theinternational transport of
passengers or cargo are not included in U.S. totals, but
are reported separately as international bunkers in ac-
cordance with IPCC reporting guidelines (IPCC/UNEP/
OECD/IEA 1997). Carbon dioxide emissions from fuel
combusted within U.S. territories, however, areincluded
inU.S. totals.

Uncertainty in and Limitations of
Emission Estimates

While the current U.S. emissions inventory pro-
vides a solid foundation for the development of a more
detailed and comprehensive national inventory, it has
several strengths and weaknesses.
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First, this inventory by itself does not provide a
complete picture of past or future emissionsin the United
States; it only provides an inventory of U.S. emissions
for the years 1990 through 1997. However, the United
States believes that common and consistent inventories
taken over a period of time can and will contribute to
understanding future emission trends. The United States
produced itsfirst comprehensiveinventory of greenhouse
gas emissions and sinks in 1993, and intends to update
this inventory annually in conjunction with its commit-
ments under the UNFCCC. The methodologies used to
estimate emissionswill be periodically updated as meth-
ods and information improve, and as further guidance is
received from the |PCC.

Secondly, there are uncertainties associated with
the emissions estimates. Some of the current estimates,
such asthose for CO, emissions from energy-related ac-
tivitiesand cement processing, are considered to befairly
accurate. For other categories of emissions, however, a
lack of data.or anincomplete understanding of how emis-
sions are generated limit the scope or accuracy of the
estimates presented. Despite these uncertainties, the Re-
vised 1996 IPCC Guidelines for National Greenhouse
GasInventories (IPCC/UNEP/OECD/IEA 1997) require
that countries provide single point estimates for each gas
and emission or removal source category. Withinthe dis-
cussion of each emission source, specific factors affect-
ing the accuracy of the estimates are discussed.

Finally, while the IPCC methodologies provided
in the Revised 1996 |PCC Guidelines represent baseline
methodologies for a variety of source categories, many
of these methodol ogies continue to be improved and re-
fined as new research and data becomes available. The
current U.S. inventory uses the IPCC methodologies
when applicable, and supplementsthem with other avail-
able methodol ogies and datawhere possible. The United
States realizes that additional efforts are still needed to
improve methodol ogies and data collection procedures.
Specific areas requiring further research include:

Incorporating excluded emission sources. Quanti-
tative estimates of some of the sourcesand sinks of green-
house gas emissions are not available at thistime. In par-
ticular, emissions from some land-use activities and in-

dustrial processes are not included in the inventory ei-
ther because data are incompl ete or because methodolo-
gies do not exist for estimating emissions from these
source categories. See Annex P for a discussion of the
sources of greenhouse gas emissions excluded from this
report.

Improving the accuracy of emission factors. Fur-
ther research is needed in some cases to improve the ac-
curacy of emission factors used to calculate emissions
from a variety of sources. For example, the accuracy of
current emission factors applied to methane and nitrous
oxide emissions from stationary and mobile source fos-
sil fuel combustion are highly uncertain.

Collecting detailed activity data. Although meth-
odologiesexist for estimating emissionsfor some sources,
problems arise in obtaining activity dataat alevel of de-
tail in which aggregate emission factors can be applied.
For example, the ability to estimate emissions of meth-
ane and nitrous oxide from jet aircraft islimited dueto a
lack of activity data by aircraft type and number of land-
ing and take-off cycles.

Applying Global Warming Potentials. GWP values
have several limitations including that they are not ap-
plicable to unevenly distributed gases and aerosols such
as tropospheric ozone and its precursors. They are also
intended to reflect global averages and, therefore, do not
account for regional effects. Overall, the main uncertain-
tiesin developing GWP values are the estimation of at-
mospheric lifetimes, assessing indirect effects, choosing
the appropriate integration time horizon, and assessing
instantaneous radiative forcing effect which is dependent
upon existing atmospheric concentrations. According to
the IPCC, GWPs typically have an uncertainty of +35
percent (IPCC 1996). Additional discussion on the un-
certainties related to the use of GWP weighting values
can be found in Annex J.

Emissionscalculated for the U.S. inventory reflect
current best estimates; in some cases, however, estimates
are based on approximate methodol ogies, assumptions,
and incomplete data. As new information becomes avail-
ablein the future, the United States will continue to im-
prove and revise its emission estimates.
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Organization of Report

In accordance with the IPCC guidelinesfor report-
ing contained in the Revised 1996 IPCC Guidelines for
National Greenhouse Gas Inventories (IPCC/UNEP/
OECD/IEA 1997), thisU.S. inventory of greenhouse gas
emissionsis segregated into six sector-specific chapters,
listed below in Table 1-9.

Within each chapter, emissions are identified by
the anthropogenic activity that isthe source of the green-
house gas emissions being estimated (e.g., coal mining).
Overall, thefollowing organizational structureisconsis-
tently applied throughout this report:

Chapter/IPCC Sector: Overview of emis-
sion trends for each |PCC defined sector

Table 1-9: IPCC Sector Descriptions

Chapter/IPCC Sector Activities Included

Source: Description of source pathway and emis-
sion trends from 1990 through 1997
— Methodology: Description of analytical meth-
ods employed to produce emission estimates

— Data Sources: Identification of primary
datareferences, primarily for activity dataand
emission factors

— Uncertainty: Discussion of relevant issues
related to the uncertainty in the emission es-
timates presented

Special attention is given to carbon dioxide from

fossil fuel combustion relative to other sources because
of its share of emissions relative to other sources. For
example, each energy consuming end-use is treated in-
dividually. Additional information for certain source cat-
egories and other topicsis also provided in several An-
nexes listed in Table 1-10.

Energy

Emissions of all greenhouse gases resulting from stationary and mobile energy activities

including fuel combustion and fugitive fuel emissions.

Industrial Processes

By-product or fugitive emissions of greenhouse gases from industrial processes not

directly related to energy activities such as fossil fuel combustion.

Solvent Use

Agriculture

Emissions, of primarily non-methane volatile organic compounds (NMVOCs), resulting
from the use of solvents.

Anthropogenic emissions from agricultural activities except fuel combustion and sewage

emissions, which are addressed under Energy and Waste, respectively.

Land-Use Change and Forestry
Waste

Emissions and removals from forest and land-use change activities, primarily carbon dioxide.
Emissions from waste management activities.

Source: (IPCC/UNEP/OECD/IEA 1997)

Table 1-10: List of Annexes

ANNEXA  Methodology for Estimating Emissions of CO,
from Fossil Fuel Combustion

ANNEXB  Methodology for Estimating Emissions of
CH,, N,0, and Criteria Pollutants from
Stationary Sources

ANNEXC  Methodology for Estimating Emissions of
CH,, N,0, and Criteria Pollutants from Mobile
Sources

ANNEXD  Methodology for Estimating Methane
Emissions from Coal Mining

ANNEXE  Methodology for Estimating Methane
Emissions from Natural Gas Systems

ANNEXF  Methodology for Estimating Methane
Emissions from Petroleum Systems

ANNEXG  Methodology for Estimating Methane

Emissions from Enteric Fermentation

ANNEXH  Methodology for Estimating Methane Emissions
from Manure Management

ANNEX|  Methodology for Estimating Methane Emissions
from Landfills

ANNEXJ  Global Warming Potential Values

ANNEXK  Ozone Depleting Substance Emissions

ANNEXL  Sulfur Dioxide Emissions

ANNEX M Complete List of Sources

ANNEXN  IPCC Reporting Tables

ANNEXO  IPCC Reference Approach for Estimating CO,
Emissions from Fossil Fuel Combustion

ANNEXP  Sources of Greenhouse Gas Emissions Excluded

ANNEXQ Constants, Units, and Conversions

ANNEXR  Abbreviations

ANNEXS  Chemical Symbols

ANNEXT  Glossary
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2. Energy

Energy-rel ated activities were the primary source of U.S. anthropogenic greenhouse gas emissions, accounting for 85
percent of tota emissons annually on a carbon equivalent basisin 1997. Thisincduded 99, 32, and 20 percent of the
nation’s carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O) emissions, respectively. Energy-related CO, emissons
aone condtituted 81 percent of national emissions from &l sources on a carbon equivaent basis, while the non-CO, emissons
from energy represented a much smdler portion of total nationa emissions (4 percent collectively).

Emissions from fossil fuel combustion comprise the vast mgjority of energy-related emissions, with CO, being the
primary gas emitted (see Figure 2-1). Dueto the relative importance of fossil fuel combustion-related CO, emissions, they
are considered separately from other emissions. Fossil fuel combustion also emits CH, and N,O, as well as criteria
pollutantssuch asnitrogen oxides (NO,), carbon monoxide (CO), and non-methanevol atile organic compounds (NMVOCs).
Fossil fuel combustion—from stationary and mobile sources—was the second largest source N,O emissionsin the United
States, and overall energy-related activities are the largest
sources of criteria pollutant emissions.

Energy-related activities other than fuel combustion,
such as the production, transmission, storage, and distribu-
tion of fossil fuels, also emit greenhouse gases. Theseemis-
sions consist primarily of CH, from natural gas systems,
petroleum systems, and coa mining. Smaller quantities of
CO,, CO, NMVOCs, and NO, are also emitted.

The combustion of biomass and biomass-based fuels

Figure 2-1

1997 Energy Chapter GHG Sources

Portion of 11
Emissions

®

o 4 80
MMTCE

Petroleum Systems H

also emitsgreenhouse gases. Carbon dioxide emissionsfrom
these activities, however, are not included in national emis-
sionstotasin the Energy chapter because biomassfuelsare

of biogenic origin. It is assumed that the carbon released
when biomass is consumed is recycled as U.S. forests and
Crops regenerate, causing no net addition of CO, to be added to the atmosphere. The net impacts of land-use and forestry
activities on the carbon cycle are accounted for in the Land-use change and Forestry chapter.

Overall, emissions from energy-related activities have increased from 1990 to 1997 due, in part, to the strong perfor-
mance of the U.S. economy. Over this period, the U.S. Gross Domestic Product (GDP) grew approximately 18 percent, or at
an average annual rate of 2.5 percent. Thisrobust economic activity increased the demand for fossi| fuels, with an associated
increasein greenhouse gas emissions. Table 2-1 summarizes emissonsfor the Energy chapter in units of million metric tons
of carbon equivalents (MMTCE), while unweighted gas emissions in teragrams (Tg) are provided in Table 2-2. Overall,
emissions due to energy-rdated activities were 1,549.2 MM TCE in 1997, an increase of 10 percent since 1990.
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Table 2-1: Emissions from Energy (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997

Co, 1,329.4 1,315.2 1,334.9 1,364.1 1,387.5 1,402.2 1,452.0 1,470.1
Fossil Fuel Combustion 1,327.2 1,312.6 1,332.4 1,360.6 1,383.9 1,397.8 1,447.7 1,466.0
Natural Gas Flaring 2.3 2.6 2.6 3.5 3.6 4.5 4.3 4.2
International Bunker Fuels* 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
Biomass-Ethanol* 1.6 1.2 1.5 1.7 1.8 2.0 1.4 1.8
Biomass-Wood* 55.6 56.2 59.0 58.8 59.7 59.7 62.4 57.2
Non-Energy Use Carbon Stored* (68.9) (68.5) (70.3) (73.2) (78.1) (79.1) (80.7) (83.6)

CH, 62.2 61.4 61.3 58.6 58.2 58.9 58.1 57.4
Stationary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.2
Mobile Sources 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8
Natural Gas Systems 32.9 33.3 33.9 34.1 33.5 33.2 33.7 33.5
Petroleum Systems 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.6
International Bunker Fuels* + + + + + + + +

N,O 17.4 18.0 19.0 19.9 20.7 20.9 21.6 21.7
Stationary Sources 3.8 3.8 3.9 3.9 4.0 4.0 4.1 4.1
Mobile Sources 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5
International Bunker Fuels* 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2

Total 1,409.0 1,394.6 1,415.2 1,442.6 1,466.3 1,482.1 1,531.6 1,549.2

* These values are presented for informational purposes only and are not included or are already accounted for in totals.

Note: Totals may not sum due to independent rounding.

Table 2-2: Emissions from Energy (Tg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 4,874.6 4,822.4 4,894.8 5,001.7 5,087.5 5,141.6 5,324.0 5,390.4
Fossil Fuel Combustion 4,866.2 4,812.8 4,885.4 4,988.7 5,074.4 51251 5,308.3 5,375.2
Natural Gas Flaring 8.4 9.6 9.4 13.0 13.1 16.4 15.7 15.2
Biomass-Ethanol* 5.7 4.5 5.5 6.1 6.7 7.2 5.1 6.7
Biomass-Wood* 203.8 2059 216.5 2154 219.0 219.1 228.8 209.8
International Bunker Fuels* 99.3 1019 106.4 109.6 100.4 93.3 93.0 97.5
Non-Energy Use Carbon Stored* (252.7) (251.2) (257.8) (268.5) (286.5) (289.9) (295.9) (306.6)
CH, 10.9 10.7 10.7 10.2 10.2 10.3 10.1 10.0
Stationary Sources 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Mobile Sources 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Coal Mining 4.2 4.0 3.8 3.4 3.4 3.6 3.3 3.3
Natural Gas Systems 5.7 5.8 5.9 5.9 5.8 5.8 5.9 5.8
Petroleum Systems 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
International Bunker Fuels* + + + + + + + +
N,O 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3
Stationary Sources + + + + + + + +
Mobile Sources 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
International Bunker Fuels* + + + + + + + +

+ Does not exceed 0.05 Tg
* These values are presented for informational purposes only and are not included or are already accounted for in totals.

Note: Totals may not sum due to independent rounding.
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Carbon Dioxide Emissions
from Fossil Fuel Combustion

In 1997, the majority of energy consumed in the
United States, 85 percent, was produced through the com-
bustion of fossil fuels such as coal, natura gas, and petro-
leum (see Figure 2-2 and Figure 2-3). Of the remaining, 7
percent was supplied by nuclear electric power and 8 per-
cent by renewable energy technologies (EIA 1998a).

As fossil fuels are combusted, the carbon stored in
the fuels is emitted as CO, and smaller amounts of other
gases, including methane (CH,), carbon monoxide (CO),
and non-methane volatile organic compounds (NMVOCs).
These other gases are emitted as a by-product of incom-
plete fuel combustion. The amount of carbon in fuels var-
ies significantly by fuel type. For example, coa contains

Figure 2-2
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the highest amount of carbon per unit of useful energy.
Petroleum has roughly 75 percent of the carbon per unit of
energy as coal, and natural gas has only about 55 percent.!
Petroleum supplied the largest share of U.S. energy de-
mands, accounting for an average of 39 percent of total
energy consumption over the period of 1990 through 1997.
Natural gas and coa followed in order of importance, ac-
counting for an average of 24 and 22 percent of total con-
sumption, respectively. Most petroleum was consumed in
the transportation sector, while the vast mgjority of coal
was used by dectric utilities, with natural gas consumed
largely in the industrial and residential sectors (see Figure
2-4)(EIA 19983).

Emissions of CO, from fossil fuel combustion in-
creased at an average annual rate of 1.4 percent from
1990 to 1997. The major factor behind this trend was a
robust domestic economy, combined with relatively low
energy prices. For example, petroleum prices have
changed little in real terms since the 1970s, with coal
prices actually having declined by more than 60 percent
in real terms compared to the 1975 price (EIA 1998a)
(see Figure 2-5). After 1990, when CO, emissions from
fossil fuel combustion were 1,327.2 MMTCE (4,866.2
Tg), there was aslight decline of emissionsin 1991 due
to a national economic downturn, followed by an in-
crease to 1,466.0 MMTCE (5,375.2 Tg) in 1997 (see
Figure 2-5: Fossil Fuel Production Prices and Table 2-3
and Table 2-4). Overal, CO, emissions from fossil fuel
combustion increased by 10.5 percent over the eight year
period and rose by 1.3 percent in the final year.

Figure 2-4
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1 Based on national aggregate carbon content of all coal, natural gas, and petroleum fuels combusted in the United States.
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Figure 2-5
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Table 2-3: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (MMTCE)

Fuel/Sector 1990 1991 1992 1993 1994 1995 1996 1997
Coal 481.6 4759  478.3 4947  496.7 498.8 521.1 533.3
Residential 1.6 1.4 1.5 1.5 1.4 1.4 1.4 1.4
Commercial 2.4 2.2 2.2 2.2 2.1 2.1 2.1 2.1
Industrial 68.5 64.8 62.6 62.2 62.7 62.1 59.9 58.5
Transportation + + + + + + + +

Electric Utilities 409.0 407.2 411.8 428.7 430.2 433.0 4575 470.9
U.S. Territories 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Natural Gas 2735 278.4 2865 297.0 3019 3145 319.3 3194
Residential 65.1 67.5 69.4 73.4 71.8 71.7 77.5 74.1
Commercial 38.8 40.4 41.5 43.1 42.9 44.8 46.7 48.6
Industrial 118.6 1205 126.1  131.7 133.1 1404 1443 1425
Transportation 9.8 8.9 8.8 9.3 10.2 10.4 10.6 10.5
Electric Utilities 41.2 41.1 40.7 39.5 44.0 47.2 40.3 43.8
U.S. Territories - - - - - - - -

Petroleum 572.0 558.3 567.5 568.8 585.2 5844 607.2 613.3
Residential 2349 24.4 24.8 26.2 2588 25.7 27.2 27.7
Commercial 18.0 17.1 16.1 14.9 14.9 15.0 14.6 14.4
Industrial 100.0 94.3 104.3 98.0 102.0 98.2 103.9 106.0
Transportation 3945 387.0 3929 396.9 411.2 419.7 4341 4353
Electric Utilities 26.6 25.1 19.9 22.5 20.6 14.0 15.4 17.6
U.S. Territories 8.9 10.4 g5 10.3 11.1 11.8 12.0 12.4
Geothermal* 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
Total 1,327.2 1,312.6 1,332.4 1,360.6 1,383.9 1,397.8 1,447.7 1,466.0

- Not applicable

+ Does not exceed 0.05 MMTCE

* Although not technically a fossil fuel, geothermal energy-related CO, emissions are included for reporting purposes.
Note: Totals may not sum due to independent rounding.
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Table 2-4: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (Tg)

Fuel/Sector 1990 1991 1992 1993 1994 1995 1996 1997
Coal 1,765.9 1,7448 1,753.8 1,814.0 1,821.3 1,828.9 1,910.9 1,955.3
Residential 5.8 5.4 5.3 5.2 5.1 5.2 5.2
Commercial 8.7 8.1 8.1 7.9 7.6 7.8 7.8
Industrial 251.0 237.6 2295 228.0 229.9 227.7 2195 214.6
Transportation + + + + + + +

Electric Utilities 1,499.7 1,493.2 1,510.0 1,571.7 1,577.4 1,587.5 1,677.4 1,726.7
U.S. Territories 0.6 0.8 0.9 0.9 0.9 1.0 1.0
Natural Gas 1,002.9 1,020.8 1,050.5 1,088.8 1,107.1 1,153.3 1,170.8 1,171.1
Residential 2385 247.3 2545 269.1 263.3 263.0 284.2 271.6
Commercial 142.4  148.2 152.3 158.2 157.4 1643 171.2 178.1
Industrial 4349 4418 462.3 482.8 488.0 5149 529.0 522.3
Transportation 36.0 32.8 32.1 33.9 37.2 38.1 38.7 38.6
Electric Utilities 151.1  150.6 149.3 1449 161.2 173.0 147.7 1605
U.S. Territories - - - - - - - -

Petroleum 2,097.2 2,047.0 2,080.9 2,085.6 2,145.8 2,142.8 2,226.4 2,248.6
Residential 87.7 89.4 90.9 96.1 92.8 94.4 99.7 101.5
Commercial 66.1 62.6 59.1 54.7 54.7 54.9 53.6 52.7
Industrial 366.6 3457 382.3 3595 374.2 360.1 381.1 388.,5
Transportation 1,446.4 1,419.2 1,440.7 1,455.2 1,507.9 1,538.9 1,591.8 1,595.9
Electric Utilities 97.6 91.9 73.1 82.5 75.6 51.3 56.5 64.6
U.S. Territories 32.7 38.2 34.8 37.7 40.6 43.2 43.9 45.3
Geothermal* 0.2 0.2 0.2 0.2 0.1 0.1 0.1
Total 4,866.2 4,812.8 4,885.4 4,988.7 5,074.4 5,125.1 5,308.3 5,375.2

- Not applicable
+ Does not exceed 0.05 Tg

* Although not technically a fossil fuel, geothermal energy-related CO, emissions are included for reporting purposes.

Note: Totals may not sum due to independent rounding.

Since 1990, consumption of all fossil fuels in-
creased, with about 37 percent of the change in CO,
emissionsfrom fossil fuel combustion coming from coal,
33 percent from natural gas, and 30 percent from petro-
leum. From 1996 to 1997, absol ute emissions from coal
grew the most (an increase of 12.1 MMTCE or 2.3 per-
cent), while emissionsfrom natural gas changed the least
(an increase of 0.1 MMTCE or less than 0.1 percent).
During the same time period, emissions from electric
utility petroleum and natural gas combustion increased
the most on a percentage basis by 14.4 and 8.7 percent,
respectively. See Box 2-1 for additional discussion on
overall emission trends.

In 1997, combustion of fossil fuels by eectric utili-
tiesincreased, in part, to offset the temporary shutdown of
several nuclear power plants and two plant closings. As a
result, in 1997 the U.S. coal industry produced the largest
amount of coal ever and electric utilities consumed record
quantities. Electric utilities increased consumption by 2.8
percent from 1996 levels. The aggregate consumption of
coal in sectors other than electric utilities actually declined

by 2.6 percent (EIA 1998f) during this period. The net in-
crease in coa consumption by all sectors was responsible
for 66 percent of the total increasein CO, emissions from
fossil fuel combustion.

Continued low prices encouraged the consump-
tion of petroleum products in 1997, which increased by
1.3 percent from the previous year. This rise in petro-
leum use accounted for 33 percent of the increase in
CO, emissions from fossil fuel combustion.

From 1996 to 1997, emissions from natural gas
held steady. Consumption decreasesin theindustrial and
residential sectorsoffset increasesin the commercial and
electric utility sectors.

Fossil fuelsalso have applications other than com-
bustion for energy. For example, some petroleum prod-
ucts can be used for manufacturing plastics, asphalt, or
lubricants. A portion of the carbon consumed for these
non-energy uses is sequestered for long periods of time.
In addition, as required by the IPCC (IPCC/UNEP/
OECD/IEA 1997) CO, emissions from the consumption
of fossil fuelsfor aviation and marineinternational trans-
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port activities (i.e., bunker fuels) are reported separately,
and not included in national emission totals. Both esti-
mates for non-energy use carbon stored and international
bunker fuel emissionsfor the United States are provided
in Table 2-5 and Table 2-6.

End-Use Sector Contributions

When analyzing CO, emissionsfromfossil fuel com-
bustion, four end-use sectors can be identified: industrial,
transportation, residential, and commercial. Electric utili-
tiesalso emit CO,; however, these emissions occur as they
combust fossil fuelsto provide eectricity to one of thefour
end-use sectors. For the discussion below, electric utility
emissions have been distributed to each end-use sector
based upon their share of national electricity consumption.
Emissions from electric utilities are addressed separately
after the end-use sectors have been discussed. Emissions
from U.S. territories are also cal culated separately dueto a
lack of end-use-specific consumption data. Table 2-7 and
Figure 2-6 summarize CO, emissionsfromfossil fuel com-
bustion by end-use sector.

Industrial End-Use Sector

The industrial end-use sector accounted for ap-
proximately one-third of CO, emissionsfrom fossil fuel
combustion. On average, nearly 64 percent of theseemis-
sions resulted from the direct consumption of fossil fu-
els in order to meet industrial demand for steam and
process heat. The remaining 36 percent resulted from

Figure 2-6
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Table 2-5: Non-Energy Use Carbon Stored and CO, Emissions from

International Bunker Fuel Combustion (MMTCE)

Category/Sector 1990 1991 1992 1993 1994 1995 1996 1997
Non-Energy Use Carbon Stored 68.9 68.5 70.3 73.2 78.1 79.1 80.7 83.6
Industrial 67.0 66.7 68.6 71.4 76.3 77.2 78.8 81.7
Transportation 1.8 1.6 1.6 1.7 1.7 1.7 1.6 1.7
Territories 0.2 0.2 0.1 0.2 0.1 0.1 0.2 0.2
International Bunker Fuels* 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
Aviation* 10.5 10.5 11.0 11.2 11.6 12.4 12.8 13.9
Marine* 16.6 17.3 18.0 18.7 15.8 13.0 12.6 12.7

* Excludes military international bunkers fuels. See International Bunker Fuels for additional detail.

Note: Totals may not sum due to independent rounding.

Table 2-6: Non-Energy Use Carbon Stored and CO, Emissions from
International Bunker Fuel Combustion (Tg)

Category/Sector 1990 1991 1992 1993 1994 1995 1996 1997
Non-Energy Use Carbon Stored 252.7 251.2 257.8 2685 286.5 289.9 2959 306.6
Industrial 245.6 2445 2514 261.8 279.6 283.2 289.0 2994
Transportation 6.5 5.8 6.0 6.1 6.3 6.2 6.0 6.4
Territories 0.6 0.9 0.4 0.6 0.5 0.5 0.8 0.9
International Bunker Fuels* 99.3 1019 1064 109.6 100.4 9383 93.0 97.5
Aviation* 38.4 38.4 40.4 41.1 42.5 45.5 47.0 51.0
Marine* 60.8 63.5 66.0 68.5 57.9 47.8 46.0 46.6

* Excludes military international bunkers fuels. See International Bunker Fuels for additional detail.

Note: Totals may not sum due to independent rounding.
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Table 2-7: CO, Emissions from Fossil Fuel Combustion by End-Use Sector (MMTCE)*

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997
Residential 253.0 257.1 255.7 2716 268.6 269.8 2854 286.1
Commercial 206.8 206.4 205.3 2121 2141 2184 2259 237.1
Industrial 453.3 441.8 459.3 4595  467.8 466.8 478.8  483.7
Transportation 405.0 396.7 402.4 406.8 422.1  430.7 4453  446.5
U.S. Territories 9.1 10.6 9.7 10.5 11.3 12.0 12.2 12.6
Total 1,327.2 1,312.6 1,332.4 1,360.6 1,383.9 1,397.8 1,447.7 1,466.0

* Emissions from fossil fuel combustion by electric utilities are allocated based on electricity consumption by each end-use sector.

Note: Totals may not sum due to independent rounding.

the consumption of electricity for uses such as motors,
electric furnaces, ovens, and lighting. Although indus-
try accounted for the largest share of end-use sector emis-
sions, from 1990 to 1997 its emissions grew the least in
percentage terms (7 percent). During the same period,
coal consumption by industry declined by 15 percent,
while natural gas and petroleum consumption increased
by 20 and 6 percent, respectively.

The industrial end-use sector was also the largest
user of fossil fuels for non-energy applications. Fossil
fuels can be used for producing products such as fertil-
izers, plastics, asphalt, or lubricants, that sequester or
store carbon for long periods of time. Asphalt used in
road construction, for example, stores carbon essentially
indefinitely. Similarly, fossil fuels used in the manufac-
ture of materials like plastics can also store carbon, if
the material is not burned. Carbon stored by industrial
non-energy uses of fossil fuels rose 22 percent between
1990 and 1997, to 81.7 MMTCE (306.6 Tg CO,).

Transportation End-Use Sector
Transportation was second to the industrial end-

use sector in terms of U.S. CO, emissions from fossil
fuel combustion emissions, accounting for slightly over
30 percent—excluding international bunker fuels. Al-
most all of the energy consumed in this end-use sector
came from petroleum-based products, with nearly two-
thirds due to gasoline consumption in automobiles and
other highway vehicles. Other uses, including diesel fuel
for the trucking industry and jet fuel for aircraft, ac-
counted for the remainder.

Following the overall trend in U.S. energy con-
sumption, fossil fuel combustion for transportation grew
steadily after declining in 1991, resulting in a 10 per-

cent increase in CO, emissions to 446.5 MMTCE
(1,637.1 Tg) in 1997. This increase was primarily the
result of greater motor gasoline, distillate fuel oil (e.g.,
diesel), and jet fuel consumption. It was slightly offset
by decreases in the consumption of aviation gasoline,
LPG, lubricants, and residual fuel. Overall, motor ve-
hiclefuel efficiency stabilized inthe 1990s after increas-
ing steadily since 1977 (EIA 1998a). Thistrend was due,
in part, to a decline in gasoline prices and new motor
vehicle sales being increasingly dominated by less fuel-
efficient light-duty trucks and sport-utility vehicles (see
Figure 2-7 and Figure 2-8). Moreover, declining petro-
leum prices during these years—with the exception of
1996—combined with a stronger economy, were largely
responsible for an overall increase in vehicle milestrav-
eled by on-road vehicles ().

Table 2-8 below provides a detailed breakdown of
CO, emissions by fuel category and vehicle type for the
transportation end-use sector. On average 60 percent of
the emissions from this end-use sector were the result

Figure 2-7
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Figure 2-8
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of the combustion of motor gasoline in passenger cars
and light-duty trucks. Diesel highway vehicles and jet
aircraft were al so significant contributors, each account-
ing for, on average, 13 percent of CO, emissions from
the transportation end-use sector. It should be noted that
the U.S. Department of Transportation’s Federal High-
way Administration altered its definition of light-duty
trucks in 1995 to include sport-utility vehicles and
minivans; previously these vehicles were included un-
der the passenger cars category. As a consequence of
this reclassification, a discontinuity exists in the time
series in Table 2-8 for both passenger cars and light-
duty trucks.2 In future editions of this report a consis-
tent classification scheme across the entire time series
will be applied by incorporating adjustments in the al-
location of fuel consumption for the period 1990 to 1995
to eliminate this discontinuity.

Theannual increase in CO, emissions from motor
gasoline in 1997 is based on fuel sales data from the
U.S. Energy Information Administration; it is expected
to be revised upward with the publication of future en-
ergy statistics. Carbon stored in lubricants used for trans-
portation activitieswere 1.7 MMTCE (6.4 Tg) in 1997.

Residential and Commercial End-Use Sectors

From 1990 to 1997, the residential and commercial
end-use sectors, on average, accounted for 19 and 16 per-
cent, respectively, of CO, emissions from fossil fuel com-
bustion. Both the residential and commercia end-use sec-

tors were heavily reliant on electricity for meeting energy
needs, with about two-thirds of their emissions attribut-
able to electricity consumption for lighting, heating, cool-
ing, and operating appliances. The remaining emissions
were largely due to the direct consumption of natura gas
and petroleum products, primarily for heating and cooking
needs. Unlike in other major end-use sectors, emissions
from residences did not decline in 1991, but instead de-
creased in 1992 and 1994, then grew steadily through 1997
(seeFigure 2-9). Thisdifferencein overall trendscompared
to other end-use sectors is because energy consumption in
residencesis affected proportionately more by the weather
than by prevailing economic conditions. The commercial
end-use sector, howevey, is primarily dependent on elec-
tricity for lighting and is affected more by the number of
commercia consumers. Coal consumption was a small
component of energy use in both the residential and com-
mercia sectors.

Figure 2-9
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Electric Utilities

The United States relied on electricity to meet a
significant portion of its energy requirements. Electric-
ity was consumed primarily in the residential, commer-
cial, and industrial end-use sectorsfor uses such aslight-
ing, heating, electric motors, and air conditioning (see
Figure 2-10). To generate this electricity, utilities con-
sumed 28 percent of national fossil fuels on an energy
content basis and were collectively the largest produc-
ers of CO, emissions from fossil fuel combustion, ac-
counting for 36 percent in 1997. Electric utilities were
responsible for a larger share of these CO, emissions

2 See Box 1-2 in the Introduction chapter for a discussion on emissions of all greenhouse gases from transportation related activities.

3 Degree days are rel ative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature below 65°
F. Excludes Alaska and Hawaii. Normals are based on data from 1961 through 1990.
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Table 2-8: CO, Emissions from Fossil Fuel Combustion in Transportation End-Use Sector (MMTCE)

Fuel/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Motor Gasoline 260.9 259.5 2634 269.3 273.7 2799 2852 288.3
Passenger Cars* 167.3 1659 170.0 1715 1705 173.5 158.7 160.4
Light-Duty Trucks* 74.9 74.7 74.6 77.8 84.2 85.9 106.1 107.2
Other Trucks 11.3 11.2 11.2 11.7 10.4 10.9 11.1 11.3
Motorcycles 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.5
Buses 0.6 0.6 0.6 0.7 0.9 0.8 0.6 0.6
Construction Equipment 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7
Agricultural Machinery 1.2 1.2 1.2 2.0 2.1 2.2 2.1 2.2
Boats (Recreational) 4.6 4.8 4.7 4.6 4.5 5.8 5.4 5.5
Distillate Fuel Oil (Diesel) 75.7 72.6 7.3 77.3 82.5 83.8 89.8 91.6
Passenger Cars* 2.0 1.9 2.0 2.1 2.0 2.1 2.1 2.1
Light-Duty Trucks* 2.5 2.4 2.5 2.6 2.8 3.0 3.6 3.7
Other Trucks 45.8 43.7 45.2 48.0 52.0 53.0 57.0 58.1
Buses 2.2 2.2 2.3 2.3 2.4 2.7 2.4 2.4
Construction Equipment 2.9 2.9 2.9 2.9 2.9 2.8 3.0 3.0
Agricultural Machinery 6.5 6.3 6.4 6.4 6.4 6.2 6.6 6.7
Boats (Freight) 5.0 4.8 5.1 4.7 4.6 4.4 5.1 5.2
Locomotives 7.3 6.8 7.3 6.6 7.9 8.0 8.7 8.8
Marine Bunkers 1.4 1.6 1.6 1.6 1.5 1.7 1.4 1.6
Jet Fuel 60.1 58.1 57.6 58.1 60.4 60.0 62.7 63.3
General Aviation 1.7 1.5 1.3 1.3 1.2 1.4 1.5 1.5
Commercial Air Carriers 32.0 29.6 30.5 30.9 32.0 32.8 33.9 33.9
Military Vehicles 16.0 16.5 14.8 14.6 15.6 13.4 14.5 14.0
Aviation Bunkers 10.5 10.5 11.0 11.2 11.6 12.4 12.8 13.9
Aviation Gasoline 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7
General Aviation 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7
Residual Fuel Oil 21.9 22.0 23.0 19.4 19.1 18.5 19.2 15.9
Boats (Freight) 6.8 6.3 6.7 2.4 4.8 7.1 8.0 4.8
Marine Bunkers 15.2 15.7 16.4 17.1 14.3 11.4 11.2 11.1
Natural Gas 9.8 8.9 8.8 9.3 10.2 10.4 10.6 10.5
Passenger Cars* + + + + + + + +

Light-Duty Trucks* + + + + + + + +

Buses + + + + + + + +

Pipeline 9.8 8.9 8.8 9.2 10.1 10.4 10.5 10.5
LPG 0.4 0.3 0.3 0.3 0.5 0.5 0.3 0.3
Light-Duty Trucks* 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.1
Other Trucks 0.2 0.2 0.2 0.2 0.3 0.3 0.1 0.2
Buses + + + + + + + +

Electricity 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Buses + + + + + + + +

Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Pipeline 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lubricants 1.8 1.6 1.6 1.6 1.7 1.7 1.6 1.7
Total (including bunkers) 432.1 4245 4314  436.7 449.4  456.2 470.7 473.1

Note: Totals may not sum due to independent rounding. Estimates include emissions from the combustion of both aviation and marine
international bunker fuels in civilian vehicles only. Military international bunker fuels are not estimated separately.

+ Does not exceed 0.05 MMTCE

*In 1996, the U.S. Federal Highway Administration modified the definition of light-duty trucks to include minivans and sport utility vehicles.
Previously, these vehicles were included under the passenger cars category. Hence the sharp drop in emissions for passenger cars from 1995
to 1996 occurred. This gap, however, was offset by an equivalent rise in emissions from light-duty trucks.
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Figure 2-10
Electric Utility Retail Sales by End-Use Sector
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mainly because they rely on more carbon intensive coal
for amajority of their primary energy. Some of the elec-
tricity consumed in the United States was generated us-
ing low or zero CO, emitting technologies such as hy-
droelectric or nuclear energy; however, in 1997 the com-
bustion of coal was the source of 57 percent of the elec-
tricity consumed in the United States (EIA 1998b).

Electric utilities were the dominant consumer of
coal in the United States, accounting for 87 percent in
1997. Conseguently, changesin electricity demand have
a significant impact on coal consumption and associ-
ated CO, emissions. In fact, electric utilities consumed
record amounts of coal (922 million short tons) in 1997.
Overall, emissions from coal burned at electric utilities
increased by 15 percent from 1990 to 1997. Thisincrease
in coal-related emissionsfrom electric utilitieswasalone
responsiblefor 45 percent of the overall risein CO, emis-
sions from fossil fuel combustion.

In addition to the increase in consumption of coal
by electric utilities, consumption of both natural gasand
petroleum rose by 9 and 14 percent in 1997,respectively
(EIA 1998e). Electric utility natural gas use increased
significantly in 1994 and 1995, as prices and supply sta-
bilized following a series of cold winters and a period
of industry restructuring. However, in 1996 gas prices
paid by electric utilities increased by a dramatic 33 per-
cent (EIA 1997a), making gas-based electricity genera-
tion less economical. Consequently, natural gas con-
sumption by electric utilities declined by 15 percent in
1996. The rebound in 1997 regained half of the previous
year'sdecline. Thisincreased gas consumption occurred
mostly in California, where hydroelectric and nuclear
generation each fell by 10 percent, and in New York,
where nuclear generation fell by 16 percent. Over the
1990 to 1997 period, emissions from natural gas burned
at electric utilities rose by 6 percent. Fuel oil was the
most expensive fossil fuel delivered to electric utilities
in 1997, 62 percent more costly than natural gas on an
energy content basis. Consequently, petroleum consti-
tuted a small portion of electric utility fossil fuel con-
sumption (4 percent in 1997) and occurred mostly in
the eastern United States.

In 1997, consumption of al fossil fuels for pro-
ducing electricity increased to accommodate the tem-
porary shut-down of several nuclear power plants across
the country and two plant closings. Total nuclear power
plantselectricity generationfell off by 7 percent account-
ing for 1.5 percent of total national generation (45.3 bil-
lion kilowatt hours) (EIA 1998b).
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Box 2-1: Sectoral Carbon Intensity Trends Related to Fossil Fuel and Overall Energy Consumption

Fossil fuels are the predominant source of energy in the United States, and carbon dioxide (CO,) is emitted as a product from their
complete combustion. Useful energy, however, can be generated from many other sources that do not emit CO, in the energy
conversion process.* In the United States, useful energy is also produced from renewable (i.e., hydropower, biofuels, geothermal,
solar, and wind) and nuclear sources.

Energy-related CO, emissions can be reduced by not only reducing total energy consumption (e.g., through conservation mea-
sures) but also by lowering the carbon intensity of the energy sources employed (i.e., fuel switching from coal to natural gas). The
amount of carbon emitted—in the form of CO,—from the combustion of fossil fuels is dependent upon the carbon content of the
fuel and the fraction of that carbon that is oxidized. Fossil fuels vary in their carbon content, ranging from 13.7 MMTCE/EJ for
natural gas to 26.4 MMTCE/EJ for coal and petroleum coke.? In general, the carbon intensity of fossil fuels is the highest for coal
products, followed by petroleum and then natural gas. Other sources of energy, however, may be directly or indirectly carbon
neutral (i.e., 0 MMTCE/EJ). Energy generated from nuclear and many renewable sources do not result in direct emissions of CO,.
Biofuels such as wood and ethanol are also considered to be carbon neutral, as the CO, emitted during combustion is assumed to
be offset by the carbon sequestered in the growth of new biomass.® The overall carbon intensity of the U.S. economy is then
dependent upon the combination of fuels and other energy sources employed to meet demand.

Table 2-9 provides a time series of the carbon intensity for each sector of the U.S. economy. The time series incorporates only the
energy consumed from the direct combustion of fossil fuels in each sector. For example, the carbon intensity for the residential
sector does not include the energy from or emissions related to the consumption of electricity for lighting or wood for heat. Looking
only at this direct consumption of fossil fuels, the residential sector exhibited the lowest carbon intensity, which was related to the
large percentage of energy derived from natural gas for heating. The carbon intensity of the commercial sector was greater than the
residential sector for the period from 1990 to 1996, but then declined to an equivalent level as commercial businesses shifted away
from petroleum to natural gas. The industrial sector was more dependent on petroleum and coal than either the residential or
commercial sectors, and thus had a higher carbon intensity over this period. The carbon intensity of the transportation sector was
closely related to the carbon content of petroleum products (e.g., motor gasoline and jet fuel), which were the primary sources of
energy. Lastly, the electric utility sector had the highest carbon intensity due to its heavy reliance on coal for generating electricity.

Table 2-9: Carbon Intensity from Direct Fossil Fuel Combustion by Sector (MMTCE/EJ)

Sector 1990 1991 1992 1993 1994 1995 1996 1997
Residential® 14.7 14.7 14.6 14.6 14.6 14.6 14.6 14.7
Commercial® 15.2 15.1 15.0 14.9 14.9 14.8 14.8 14.7
Industrial® 16.6 16.5 16.5 16.4 16.4 16.3 16.3 16.3
Transportation? 18.1 18.1 18.1 18.1 18.1 18.1 18.1 18.1
Electric Utilities® 22.4 22.4 22.4 22.5 22.4 22.4 22.6 22.6
All Sectors® 18.6 18.6 18.6 18.6 18.6 18.5 18.5 18.6

2@ Does not include electricity or renewable energy consumption.

b Does not include electricity produced using nuclear or renewable energy.

¢ Does not include nuclear or renewable energy consumption.

Note: Excludes non-energy fuel use emissions and consumption. Exajoule (EJ) = 10'8 joules = 0.9479 QBtu.

4 CO, emissions, however, may be generated from upstream activities (e.g., manufacture of the technologies).
5 One exajoule (EJ) is equal to 10 joules or 0.9478 QBtu.
6 This statement assumes that there is no net loss of biomass-based carbon due to biofuel consumption.
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In contrast to Table 2-9, Table 2-10 presents carbon intensity values that incorporate energy consumed from all sources (i.e., fossil
fuels, renewables, and nuclear). In addition, the emissions related to the generation of electricity have been attributed to both
electric utilities and the sector in which that electricity was eventually consumed.” This table, therefore, provides a more complete
picture of the actual carbon intensity of each sector per unit of energy consumed. Both the residential and commercial sectors
obtain a large portion of their energy from electricity. The residential sector, however, also uses significant quantities of biofuels
such as wood, thereby lowering its carbon intensity. The industrial sector uses biofuels in even greater quantities than the residen-
tial sector. The carbon intensity of electric utilities differs greatly from the scenario in Table 2-9 where only the energy consumed
from the direct combustion of fossil fuels was included. This difference is due almost entirely to the inclusion of electricity genera-
tion from nuclear and hydropower sources, which do not emit carbon dioxide. Also in contrast with the previous scenario in Table
2-9, the transportation sector in Table 2-10 emerges as the most carbon intensive when all sources of energy are included, due to
its almost complete reliance on petroleum products and relatively minor amount of biomass based fuels such as ethanol.

Table 2-10: Carbon Intensity from Energy Consumption by Sector (MMTCE/EJ)

Sector 1990 1991 1992 1993 1994 1995 1996 1997
Residential? 14.5 14.3 14.4 14.5 14.5 14.2 14.3 14.7
Commercial® 15.2 15.0 15.1 15.2 15.1 14.8 14.9 15.1
Industrial® 14.8 14.6 14.6 14.6 14.6 14.4 14.4 14.5
Transportation? 18.0 18.1 18.1 18.0 18.0 18.0 18.0 18.0
Electric Utilities® 15.3 15.0 15.2 15.3 15.2 14.8 15.0 15.3
All Sectors® 15.8 15.6 15.7 15.7 15.7 5.3 5.3 15.7

@ Includes electricity (from fossil fuel, nuclear, and renewable sources) and direct renewable energy consumption.

b Includes electricity generation from nuclear and renewable sources.

¢ Includes nuclear and renewable energy consumption.

Note: Excludes non-energy fuel use emissions and consumption. Assumed that residential consumed all of the biofuel-based energy and 50
percent of the solar energy in the combined EIA residential/commercial sector category. Exajoule (EJ) = 108 joules = 0.9479 QBtu.

By comparing the values in Table 2-9 and Table 2-10, there

are a couple of observations that can be made. The usage Figure 2-11

of renewable and nuclear energy sources have resulted in a Change in CO, Emissions from Fossil Fuel
significantly lower carbon intensity of the U.S. economy, Combustion Since 1990 by End-Use Sector
especially for the industrial and electric utility sectors. How- 100-

ever, over the eight year period of 1990 through 1997, the Fl %
carbon intensity of U.S. fossil fuel consumption has been & 80l Fossil Fuels

fairly constant, and changes in the usage of renewable and -5" M
nuclear energy technologies have not altered this trend. £ 604

Figure 2-11 and Table 2-11 present the detailed CO, emis- E

sion trends underlying the carbon intensity differences and § 401

changes described in Table 2-9. In Figure 2-11 changes in %

both overall end-use-related emissions and electricity-re- o 204 Renewable & Nuclear

lated emissions for each year since 1990 are highlighted. In w -

Table 2-11 values are normalized in the year 1990 to one- 1990 1991 1997 1993 1994 1995 1996 1997
hundred (100), thereby highlighting changes over time.

7 In other words, the emissions from the generation of electricity are intentionally double counted by attributing them both to utilities and the
sector in which electricity consumption occurred.

2-12 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1997



Table 2-11: CO, Emissions from Fossil Fuel Combustion (Index 1990 = 100)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 % of ‘97
Residential 100 103 106 112 109 109 117 114 7.0%
Coal 100 91 92 92 90 87 89 89 0.1%
Natural Gas 100 104 107 113 110 110 119 114 5.1%
Petroleum 100 102 104 110 106 108 114 116 1.9%
Commercial 100 101 101 102 101 104 107 110 4.4%
Coal 100 91 93 92 90 87 89 89 0.1%
Natural Gas 100 104 107 111 110 115 120 125 3.3%
Petroleum 100 95 89 83 83 83 81 80 1.0%
Industrial 100 97 102 102 104 105 107 107 20.9%
Coal 100 95 91 91 92 91 87 85 4.0%
Natural Gas 100 102 106 111 112 118 122 120 9.7%
Petroleum 100 94 104 98 102 98 104 106 7.2%
Transportation 100 98 99 100 104 106 110 110 30.4%
Coal - - - - - - - - -
Natural Gas 100 91 89 94 103 106 108 107 0.7%
Petroleum 100 98 100 101 104 106 110 110 29.7%
Electric Utility 100 99 99 103 104 104 108 112 36.3%
Coal 100 100 101 105 105 106 112 115 32.1%
Natural Gas 100 100 99 96 107 115 98 106 3.0%
Petroleum 100 94 75 84 77 53 58 66 1.2%
U.S. Territories 100 117 107 116 125 132 135 139 0.9%
Coal 100 110 126 137 146 148 152 152 0.0%
Natural Gas - - - - - - - - -
Petroleum 100 117 106 115 124 132 134 139 0.8%
All Sectors 100 99 100 103 104 105 109 110 100.0%

- Not applicable
Note: Totals may not sum due to independent rounding.

Methodology

The methodology used by the United States for
estimating CO, emissions from fossil fuel combustion
is conceptually similar to the approach recommended
by the IPCC for countriesthat intend to devel op detailed,
sectoral-based emission estimates (IPCC/UNEP/OECD/
IEA 1997). A detailed description of the U.S. methodol -
ogy ispresented in Annex A, and is characterized by the
following steps:

1. Determine fuel consumption by fuel type and
sector. By aggregating consumption data by sector (e.g.,
commercial, industrial, etc.), primary fuel type (e.g.,
coal, petroleum, gas), and secondary fuel category (e.g.,
motor gasoline, distillate fuel oil, etc.), estimates of to-
tal U.S. fossil fuel consumption for aparticular year were
made.? The United States does not include territoriesin
its national energy statistics; therefore, fuel consump-
tion data for territories was collected separately.

2. Determinethetotal carbon content of fuels con-
sumed. Total carbon was estimated by multiplying the
amount of fuel consumed by the amount of carbon in
each fuel. This total carbon estimate defines the maxi-
mum amount of carbon that could potentially be rel eased
to the atmosphere if al of the carbon were converted to
CO,. The carbon content coefficients used by the United
States are presented in Annex A.

3. Subtract the amount of carbon stored in prod-
ucts. Non-fuel uses of fossil fuels can result in storage
of some or al of the carbon contained in the fuel for
some period of time, depending on the end-use. For ex-
ample, asphalt made from petroleum can sequester up
to 100 percent of the carbon for extended periods of time,
while other products, such as lubricants or plastics, lose
or emit some carbon when they are used and/or burned
as waste. Aggregate U.S. energy statistics include con-
sumption of fossil fuels for non-energy uses; therefore,

8 Fuel consumption by U.S. territories (i.e. American Samoa, Guam, Puerto Rico, U.S. Virgin Islands, Wake I sland, and other U.S. Pacific I slands)
isincluded in this report and contributed 12.6 MM TCE of emissionsin 1997.
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the portion of carbon sequestered through these useswas
subtracted from potential carbon emission estimates. The
amount of carbon sequestered or stored in non-energy
uses of fossil fuels was based on the best available data
on the end-uses and ultimate fate of the various energy
products. These non-energy uses occurred in the indus-
trial and transportation sectors and U.S. territories.

4. Adjust for carbon that does not oxidize during
combustion. Because combustion processes are not 100
percent efficient, some of the carbon contained in fuels
is not emitted to the atmosphere. Rather, it remains be-
hind as soot, ash, or other by-products of inefficient com-
bustion. The estimated amount of carbon not oxidized
due to inefficiencies during the combustion process was
assumed to be 1 percent for petroleum and coal and 0.5
percent for natural gas (see Annex A).

5. Subtract emissions from international bunker
fuels. According to the IPCC guidelines (IPCC/UNEP/
OECD/IEA 1997) emissions from international trans-
port activities, or bunker fuels, should not be included
in national totals. Because U.S. energy consumption sta-
tistics include these bunker fuels—distillate fuel oil, re-
sidual fuel oil, and jet fuel—as part of consumption by
the transportation sector, emissions from international
transport activities were calculated separately and sub-
tracted from emissions from the transportation sector.
The calculations for emissions from bunker fuels fol-
lows the same procedures used for emissions from con-
sumption of all fossil fuels(i.e., estimation of consump-
tion, determination of carbon content, and adjustment
for the fraction of carbon not oxidized.

6. Allocate transportation emissions by vehicle
type. Because the transportation end-use sector was the
largest direct consumer of fossil fuels in the United
States,® a more detailed accounting of carbon dioxide
emissionsis provided. Fuel consumption databy vehicle
type and transportation mode were used to all ocate emis-
sions by fuel type calculated for the transportation end-
use sector. Specific data by vehicle type were not avail-
ablefor 1997; therefore, the 1996 percentage all ocations

were applied to 1997 fuel consumption datain order to
estimate emissionsin 1997. Military vehiclejet fuel con-
sumption was assumed to account for the difference be-
tween total U.S. jet fuel consumption (as reported by
DOE/EIA) and civilian air carrier consumption for both
domestic and international flights (as reported by DOT/
BTS and BEA).

Data Sources

Data on fuel consumption for the United States
and its territories, carbon content of fuels, and percent
of carbon sequestered in non-energy uses were obtained
directly from the Energy Information Administration
(EIA) of the U.S. Department of Energy (DOE). Fuel
consumption data were obtained primarily from the
Monthly Energy Review (EIA 1998e) and various EIA
databases. U.S. marine bunker fuel consumption data
for distillate and residual fuel oil was taken from Fuel
Oil and Kerosene Sales (EIA 1998c). Marine bunker fuel
consumption in U.S. territories was collected from in-
ternal EIA databases used to prepare the International
Energy Annual (EIA 1998d). Jet fuel consumption for
aviation international bunkerswas taken from Fuel Cost
and Consumption, which are monthly data releases by
the Department of Transportation’s Bureau of Transpor-
tation Statistics (DOT/BTS 1998), and unpublished data
from the Bureau of Economic Analysis (BEA 1998). The
data collected by DOT/BTS includes fuel consumed for
international commercial flightsboth originating and ter-
minating in the United States. One-half of thisvalue was
assumed to have been purchased in the United States.1?

IPCC (IPCC/UNEP/OECD/IEA 1997) provided
combustion efficiency rates for petroleum and natural gas.
Bechtel (1993) provided the combustion efficiency rates
for coa. Vehicle typefuel consumption datafor the aloca
tion of transportation sector emissionswere primarily taken
from the Transportation Energy Databook prepared by the
Center for Transportation Analysis at Oak Ridge National
Laboratory (DOE 1993, 1994, 1995, 1996, 1997, 1998).
All jet fuel and aviation gasoline were assumed to have
been consumed in aircraft.

9 Electric utilities are not considered afinal end-use sector, because they consume energy solely to provide electricity to the other sectors.
10 See section titled International Bunker Fuels for amore detailed discussion.
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Carbon intensity estimates were developed using
nuclear and renewable energy data from EIA (1998a)
and fossil fuel consumption data as discussed above and
presented in Annex A.

For consistency of reporting, the IPCC has rec-
ommended that national inventories report energy data
(and emissions from energy) using the International
Energy Agency (IEA) reporting convention and/or |EA
data. Datainthe |EA format are presented “top down” —
that is, energy consumption for fuel types and catego-
riesare estimated from energy production data (account-
ing for imports, exports, stock changes, and losses). The
resulting quantitiesarereferred to as* apparent consump-
tion.” The data collected in the United States by EIA,
and used in this inventory, are, instead, “bottom up” in
nature. In other words, they are collected through sur-
veys at the point of delivery or use and aggregated to
determine national totals.

Uncertainty

For estimates of CO, from fossil fuel combustion,
the amount of CO, emitted, in principle is directly related
to the amount of fuel consumed, the fraction of the fuel
that is oxidized, and the carbon content of the fuel. There-
fore, a careful accounting of fossil fuel consumption by
fuel type, average carbon contents of fossil fuels consumed,
and consumption of products with long-term carbon stor-
age should yield an accurate estimate of CO, emissions.

There are uncertainties, however, concerning the
consumption data sources, carbon content of fuels and
products, and combustion efficiencies. For example,
given the same primary fuel type (e.g., coal), the amount
of carbon contained in the fuel per unit of useful energy
can vary. Non-energy uses of the fuel can also create
situations where the carbon is not emitted to the atmo-
sphere (e.g., plastics, asphalt, etc.) or is emitted at a de-
layed rate. The proportions of fuels used in these non-
fuel production processes that result in the sequestra-
tion of carbon have been assumed. Additionally, ineffi-
ciencies in the combustion process, which can result in
ash or soot remaining unoxidized for long periods, were
also assumed. These factors all contribute to the uncer-
tainty in the CO, estimates.

Other sources of uncertainty are fuel consumption
by U.S. territories and bunker fuels consumed by the
military. The United States does not collect as detailed
energy statistics for its territories as for the fifty states
and the District of Columbia. Therefore both estimating
emissions and bunker fuel consumption by these terri-
toriesisdifficult. It isalso difficult to determine the geo-
graphic boundaries of where military bunker fuels are
consumed. The U.S. Department of Defense currently
does not collect energy consumption data sufficiently
detailed to estimate military bunker fuel emissions.

For the United States, however, these uncertain-
ties are believed to be relatively small. U.S. CO, emis-
sion estimates from fossil fuel combustion are consid-
ered accurate within one or two percent. See, for ex-
ample, Marland and Pippin (1990).

Stationary Sources (excluding CO,)

Stationary sources encompass all fuel combustion
activities except those related to transportation activi-
ties (i.e., mobile combustion). Other than carbon diox-
ide (CO,), which was addressed in the previous section,
gasesfrom stationary combustion include the greenhouse
gases methane (CH,) and nitrous oxide (N,O) and the
criteria pollutants nitrogen oxides (NO,), carbon mon-
oxide (CO), and non-methane volatile organic com-
pounds (NMVOCs). Emissions of these gases from sta-
tionary sources depend upon fuel characteristics, tech-
nology type, usage of pollution control equipment, and
ambient environmental conditions. Emissions also vary
with the size and vintage of the combustion technology
as well as maintenance and operational practices.

Nitrous oxide and NO, emissions from stationary
combustion are closely related to air-fuel mixesand com-
bustion temperatures, as well as the characteristics of
any pollution control equipment that is employed. Car-
bon monoxide emissionsfrom stationary combustion are
generally afunction of the efficiency of combustion and
the use of emission controls; they are highest when less
oxygen is present in the air-fuel mixture than is neces-
sary for complete combustion. These conditions are most
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likely to occur during start-up and shut-down and dur-
ing fuel switching (e.g., the switching of coal grades at
a coal-burning electric utility plant). Methane and
NMVOC emissions from stationary combustion are be-
lieved to be a function of the CH, content of the fuel
and post-combustion controls.

Emissions of CH,, increased slightly from 1990 to
1996, but fell below the 1990 level in 1997 to 2.2
MMTCE (391 Gg). This decrease in emissions was pri-
marily due to lower wood consumption in the residen-
tial and commercia sectors. Nitrous oxide emissions
rose 8 percent since 1990 to 4.1 MMTCE (49 Gg) in
1997. Thelargest source of N,O emissionswas coal com-
bustion by electric utilities, which alone accounted for
53 percent of total N,O emissions from stationary com-
bustion in 1997. Overall, though, stationary combustion
isasmall source of CH, and N,O in the United States.

In general, stationary combustion was a signifi-
cant source of NO, and CO emissions, and a smaller
source of NMVOCs. In 1997, emissions of NO, from
stationary combustion represented 46 percent of national
NO, emissions, while CO and NMVOC emissions from
stationary combustion contributed approximately 6 and
5 percent, respectively, to the national totalsfor the same
year. From 1990 to 1997, emissions of NO, were fairly
constant, while emissions of CO and NMVOCs de-
creased by 13 and 14 percent, respectively.

The decrease in CO and NMVOC emissions from
1990 to 1997 can largely be attributed to decreased resi-
dential and commercial wood consumption, which is the
most significant source of these pollutants in the Energy
sector. Overall, NO, emissions from energy varied due to
fluctuations in emissions from electric utilities. Table 2-
12, Table 2-13, Table 2-14, and Table 2-15 provide CH,
and N,O emission estimates from stationary sources by
sector and fuel type. Estimates of NO,, CO, and NMVOC
emissions in 1997 are given in Table 2-16.11

Methodology

Methane and nitrous oxide emissions were esti-
mated by multiplying emission factors (by sector and
fuel type) by fossil fuel and wood consumption data.

Methane and nitrous oxide emission estimates for sta-
tionary combustion activities were grouped into four
sectors—industrial, commercial/institutional, residen-
tial, and electric utilities—and were based on national
coal, natural gas, fuel oil, and wood consumption data.

For NO,, CO, and NMVOCs, the major source cat-
egories included in this section are those used in EPA
(1998): coal, fuel ail, natural gas, wood, other fuels (in-
cluding LPG, coke, coke oven gas, and others), and sta-
tionary internal combustion. The EPA estimates emis-
sions of NO,, CO, and NMVOCs by sector and fuel
source using a “bottom-up” estimating procedure. In
other words, emissions were calculated either for indi-
vidual sources (e.g., industrial boilers) or for multiple
sources combined, using basic activity data as indica-
tors of emissions. Depending on the source category,
these basic activity data may include fuel consumption,
fuel deliveries, tons of refuse burned, raw material pro-
cessed, etc.

The EPA derived the overal emission control effi-
ciency of asource category from published reports, the 1985
National Acid Precipitation and Assessment Program
(NAPAP) emissions inventory, and other EPA databases.
The U.S. approach for estimating emissions of NO,, CO,
and NMVOCs from stationary source combustion, as de-
scribed above, issimilar to the methodol ogy recommended
by the IPCC (IPCC/UNEP/OECD/IEA 1997).

More detailed information on the methodology for
calculating emissions from stationary sources including
emission factors and activity datais provided in Annex B.

Data Sources

Emissions estimates for NO,, CO, and NMVOCs
in this section were taken directly from the EPA’'s Draft
National Air Pollutant Emissions Trends: 1900 - 1997
(EPA 1998). U.S. energy datawere provided by the U.S.
Energy Information Administration’s Annual Energy
Review (EIA 1998a) and Monthly Energy Review (EIA
1998b). Emission factors were provided by the Revised
1996 IPCC Guidelines for National Greenhouse Gas
Inventories (IPCC/UNEP/OECD/IEA 1997).

11 See Annex B for a complete time series of criteria pollutant emission estimates for 1990 through 1997.
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Table 2-12: CH, Emissions from Stationary Sources (MMTCE)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997
Electric Utilities 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil + + + + + + + +
Natural gas + + + + + + + +
Wood + + + + + + + +
Industrial 0.8 0.8 0.8 0.8 0.9 0.9 0.9 0.9
Coal 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural gas 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3
Wood 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3
Commercial/lnstitutional 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal + + + + + + + +

Fuel Oil 0.1 + + + + + + +

Natural gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood* NA NA NA NA NA NA NA NA
Residential 1.3 1.3 1.4 1.3 1.3 1.4 1.4 1.1
Coal 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood 0.9 1.0 1.1 1.0 0.9 1.0 1.1 0.8
Total 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.2

+ Does not exceed 0.05 MMTCE

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.
Note: Totals may not sum due to independent rounding.

Table 2-13: N,0 Emissions from Stationary Sources (MMTCE)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997
Electric Utilities 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3
Coal 1.9 1.9 1.9 2.0 2.0 2.0 2.1 2.2
Fuel Oil 0.1 0.1 + 0.1 + + + +
Natural gas + + + + + + + +
Wood + + + + + + + +
Industrial 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5
Coal 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Fuel Oil 0.4 0.4 0.4 0.4 0.5 0.4 0.5 0.5
Natural gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7
Commercial/lnstitutional 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal + + + + + + + +
Fuel Oil + + + + + + + +
Natural gas + + + + + + + +
Wood* NA NA NA NA NA NA NA NA
Residential 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Coal + + + + + + + +
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas + + + + + + + +
Wood 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Total 3.81 3.78 3.85 3.93 3.97 3.96 4.13 4.13

+ Does not exceed 0.05 MMTCE

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.
Note: Totals may not sum due to independent rounding.
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Table 2-14: CH, Emissions from Stationary Sources (GQ)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997
Electric Utilities 23 23 22 23 23 23 23 24
Coal 16 16 16 17 17 17 18 19
Fuel Oil 4 4 3 3 3 2 2 2
Natural gas 3 3 3 3 3 3 3 3
Wood 1 1 1 1 1 + 1 1
Industrial 140 138 143 146 149 149 154 151
Coal 27 26 25 25 25 24 24 23
Fuel Oil 17 16 17 17 18 17 18 19
Natural gas 40 41 43 45 46 48 49 49
Wood 55 55 58 59 61 59 63 61
Commercial/lnstitutional 28 28 28 28 28 28 24 24
Coal 1 1 1 1 1 1 1 1
Fuel Oil 9 9 8 8 8 8 7 7
Natural gas 13 13 14 14 14 15 15 16
Wood* NA NA NA NA NA NA NA NA
Residential 218 227 237 224 220 236 240 191
Coal 19 17 17 17 17 16 17 17
Fuel Oil 13 13 13 14 13 14 14 15
Natural Gas 21 22 23 24 24 24 26 24
Wood 166 175 184 169 166 183 183 135
Total 404 410 425 415 414 431 441 391

+ Does not exceed 0.5 Gg

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.
Note: Totals may not sum due to independent rounding.

Table 2-15: N,O Emissions from Stationary Sources (Gg)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997
Electric Utilities 24 24 24 25 25 25 26 27
Coal 23 22 23 24 24 24 25 26
Fuel Oil 1 1 1 1 1 + + +
Natural gas + + + + + + + +
Wood + + + + + + + +
Industrial 17 17 17 17 18 18 18 18
Coal 4 4 3 3 3 3 3 3
Fuel Oil 5 5 5 5 5 5 5 6
Natural gas 1 1 1 1 1 1 1 1
Wood 7 7 8 8 8 8 8 8
Commercial/lnstitutional 1 1 1 1 1 1 1 1
Coal + + + + + + + +
Fuel Oil 1 1 + + + + + +
Natural gas + + + + + + + +
Wood* NA NA NA NA NA NA NA NA
Residential 3 4 4 4 4 4 4 3
Coal + + + + + + + +
Fuel Oil 1 1 1 1 1 1 1 1
Natural Gas + + + + + + 1 +
Wood 2 2 2 2 2 2 2 2
Total 45 45 46 46 47 47 49 49

+ Does not exceed 0.5 Gg

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.
Note: Totals may not sum due to independent rounding.
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Table 2-16: NO,, CO, and NMVOC Emissions from Stationary Sources in 1997 (Gg)

Sector/Fuel Type NO, Cco NMVOC
Electric Utilities 5,605 368 46
Coal 5,079 230 26
Fuel Oil 120 11 3
Natural gas 262 71 7
Wood NA NA NA
Internal Combustion 144 56 9
Industrial 2,967 1,007 197
Coal 557 91 5
Fuel Oil 218 66 11
Natural gas 1,256 329 70
Wood NA NA NA
Other Fuels? 118 288 48
Internal Combustion 818 233 62

NA (Not Available)

Sector/Fuel Type NO, Cco NMVOC
Commercial/lnstitutional 379 235 22
Coal 36 14 1
Fuel Oil 97 17 3
Natural gas 219 51 10
Wood NA NA NA
Other Fuels? 27 152 8
Residential 779 2,759 515
Coal? NA NA NA
Fuel Oil® NA NA NA
Natural GasP NA NA NA
Wood 31 2,520 478
Other Fuels? 748 239 37
Total 9,729 4,369 780

@ “Other Fuels” include LPG, waste oil, coke oven gas, coke, and non-residential wood (EPA 1998).
b Coal, fuel oil, and natural gas emissions are included in the “Other Fuels” category (EPA 1998).
Note: Totals may not sum due to independent rounding. See Annex B for emissions in 1990 through 1996.

Uncertainty

M ethane emission estimates from stationary sources
are highly uncertain, primarily due to difficultiesin calcu-
lating emissionsfromwood combustion (i.e., fireplacesand
wood stoves). The estimates of CH, and N,O emissions
presented are based on broad indicators of emissions (i.e.,
fuel use multiplied by an aggregate emission factor for dif-
ferent sectors), rather than specific emission processes(i.e.,
by combustion technology and type of emission contral).
The uncertainties associated with the emission estimates
of these gases are greater than with estimates of CO, from
fossil fuel combustion, which are mainly a function of the
carbon content of thefuel combusted. Uncertaintiesin both
CH, and N,O estimates are due to the fact that emissions
are estimated based on emission factors representing only
alimited subset of combustion conditions. For the criteria
pollutants, uncertainties are partly due to assumptions con-
cerning combustion technology types, age of equipment,
emission factors used, and projections of growth.

Mobile Sources (excluding CO,)

Mobile sources emit greenhouse gases other than
CO,, including methane (CH,), nitrous oxide (N,0), and
the criteria pollutants carbon monoxide (CO), nitrogen
oxides(NO,), and non-methanevolatile organic compounds
(NMVOCs).

Aswith combustion in stationary sources, N,O and
NO, emissions are closely related to fuel characteris-
tics, air-fuel mixes, and combustion temperatures, aswell
as usage of pollution control equipment. Nitrous oxide,
in particular, can be formed by the catalytic processes
used to control NO, and CO emissions. Carbon monox-
ide emissions from mobile source combustion are sig-
nificantly affected by combustion efficiency and pres-
ence of post-combustion emission controls. Carbon mon-
oxide emissions are highest when air-fuel mixtures have
|ess oxygen than required for complete combustion. This
occurs especialy in idle, low speed and cold start con-
ditions. Methane and NMVOC emissions from motor
vehicles are a function of the CH, content of the motor
fuel, the amount of hydrocarbons passing uncombusted
through the engine, and any post-combustion control of
hydrocarbon emissions, such as catalytic converters.

Emissions from mobile sources were estimated by
transport mode (e.g., highway, air, rail, and water) and fuel
type—motor gasoline, diesel fuel, jet fuel, aviation gas,
natural gas, liquefied petroleum gas (LPG), and residual
fuel oil—and vehicle type. Road transport accounted for
themajority of mobile sourcefuel consumption, and hence,
themagjority of mobile source emissions. Table2-17 through
Table 2-20 provide CH, and N,O emission estimates from
mobile sources by vehicle type, fuel type, and transport
mode. Estimates of NO,, CO, and NMVOC emissions in
1997 are given in Table 2-21.12

12 See Annex C for a complete time series of criteria pollutant emission estimates for 1990 through 1997.
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Table 2-17: CH, Emissions from Mobile Sources (MMTCE)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Gasoline Highway 1.3 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Passenger Cars 0.8 0.7 0.7 0.7 0.7 0.7 0.6 0.6
Light-Duty Trucks 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5
Heavy-Duty Vehicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Motorcycles + + + + + + + +
Diesel Highway 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Passenger Cars + + + + + + + +
Light-Duty Trucks + + + + + + + +
Heavy-Duty Vehicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Non-Highway 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ships and Boats + + + + + + + +
Locomotives + + + + + + + +
Farm Equipment + + + + + + + +
Construction Equipment + + + + + + + +
Aircraft + + + + + + + +
Other* + + + + + + + +
Total 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding.
* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
Table 2-18: N,O Emissions from Mobile Sources (MMTCE)
Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Gasoline Highway 12.3 12.9 13.8 14.6 15.3 15.6 16.0 16.1
Passenger Cars 8.6 9.0 9.7 10.1 9.9 10.1 8.9 9.0
Light-Duty Trucks 3.4 3.7 3.9 4.2 5.1 5.2 6.8 6.7
Heavy-Duty Vehicles 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3
Motorcycles + + + + + + + +
Diesel Highway 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6
Passenger Cars + + + + + + + +
Light-Duty Trucks + + + + + + + +
Heavy-Duty Vehicles 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6
Non-Highway 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Ships and Boats 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Farm Equipment 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Construction Equipment + + + + + + + +
Aircraft 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Other* + + + + + + + +
Total 13.6 14.2 15.2 15.9 16.7 17.0 17.4 17.5

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
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Table 2-19: CH, Emissions from Mobile Sources (Gg)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Gasoline Highway 220 214 211 209 211 209 212 210
Passenger Cars 133 128 127 123 115 114 98 100
Light-Duty Trucks 67 66 65 66 73 74 94 91
Heavy-Duty Vehicles 16 16 15 16 17 17 16 16
Motorcycles 4 4 4 4 4 4 4 4
Diesel Highway 10 10 10 11 11 11 12 12
Passenger Cars + + + + + + + +
Light-Duty Trucks + + + + + + + +
Heavy-Duty Vehicles 10 10 10 10 11 11 11 11
Non-Highway 22 21 21 21 21 22 22 20
Ships and Boats 4 4 4 4 4 4 4 3
Locomotives 3 2 3 2 2 3 3 2
Farm Equipment 6 5 6 5 6 6 6 6
Construction Equipment 1 1 1 1 1 1 1 1
Aircraft 8 7 7 7 7 7 7 7
Other* 1 1 1 1 1 1 1 1
Total 252 245 243 241 244 242 246 242

+ Does not exceed 0.5 Gg

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.

Table 2-20: N,O Emissions from Mobile Sources (Gg)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997
Gasoline Highway 145 153 164 173 181 184 189 191
Passenger Cars 102 107 115 120 117 119 105 107
Light-Duty Trucks 41 44 46 50 60 61 80 80
Heavy-Duty Vehicles 2 3 3 3 3 4 4 4
Motorcycles + + + + + + + +
Diesel Highway 6 6 6 6 7 7 7 7
Passenger Cars + + + + + + + +
Light-Duty Trucks + + + + + + + +
Heavy-Duty Vehicles 5 5 6 6 6 6 7 7
Non-Highway 10 9 10 9 10 10 10 9
Ships and Boats 1 1 1 1 1 2 1 1
Locomotives 1 1 1 1 1 1 1 1
Farm Equipment 1 1 1 1 1 1 1 1
Construction Equipment + + + + + + + +
Aircraft 6 6 5 5 6 6 6 6
Other* + + + + + + + +
Total 161 169 179 188 197 201 206 207

+ Does not exceed 0.5 Gg

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
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Table 2-21: NO,, CO, and NMVOC Emissions from Mobile Sources in 1997 (Gg)

Fuel Type/Vehicle Type NO, CO NMVOCs Fuel Type/Vehicle Type NO, CO NMVOCs

Gasoline Highway 4,629 44,225 4,528 Non-Highway 4,137 15,201 2,205
Passenger Cars 2,597 24,356 2,467 Ships and Boats 273 1,704 468
Light-Duty Trucks 1,725 16,659 1,785 Locomotives 861 105 45
Heavy-Duty Vehicles 296 3,039 243 Farm Equipment 962 298 116
Motorcycles 11 171 38 Construction Equipment 1,120 1,080 219
Diesel Highway 1,753 1,368 217 Aircraft? 161 918 170
Passenger Cars 31 27 11 Other? 759 11,096 1,186
Loy TGS o a 2 Total 10,519 60,794 6,949
Heavy-Duty Vehicles 1,711 1,332 201

@ Aircraft estimates include only emissions related to LTO cycles, and therefore do not include cruise altitude emissions.

b “Other” includes gasoline powered recreational, industrial, lawn and garden, light commercial, logging, airport service, other equipment; and
diesel powered recreational, industrial, lawn and garden, light construction, airport service.

Note: Totals may not sum due to independent rounding. See Annex C for emissions in 1990 through 1996.

Mobile sources were responsible for asmall portion
of national CH, emissions but were the second largest
source of N,O in the United States. From 1990 to 1997,
CH, emissions declined by 4 percent, to 1.4 MMTCE (242
Gg). Nitrous oxide emissions, however, rose 29 percent to
17.5 MMTCE (207 Gg) (see Figure 2-12). The reason for
this conflicting trend was that the control technol ogies em-
ployed on highway vehicles in the United States lowered
CO, NO,, NMVOC, and CH, emissions, but resulted in
higher average N,O emission rates. Fortunately, since 1994
improvementsin the emission control technologiesinstalled
on new vehicles have reduced emission rates of both NO,
and N,O per vehicle mile traveled. Overal, CH, and N,O
emissions were dominated by gasoline-fueled passenger
cars and light-duty gasoline trucks.

Figure 2-12

Mobile Source CH, and N,O Emissions
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Emissions of criteriapollutantsgenerally increased
from 1990 through 1994, after which there were de-
creases of 4 (NO,) to 14 (CO) percent by 1997. A drop
in gasoline prices combined with a strengthening U.S.
economy caused the initial increase. These factors
pushed the vehiclemilestraveled (VMT) by road sources
up, resulting in increased fuel consumption and higher
emissions. Some of thisincreased activity was later off-
set by an increasing portion of the U.S. vehicle fleet
meeting established emissions standards.

Fossil-fueled motor vehicles comprise the single
largest source of CO emissionsin the United States and
are asignificant contributor to NO, and NMVOC emis-
sions. In 1997, CO emissions from mobile sources con-
tributed 81 percent of total CO emissions and 49 and 41
percent of NO, and NMVOC emissions, respectively.
Since 1990, emissions of CO and NMVOCs from mo-
bile sources decreased by 8 and 13 percent, respectively,
while emissions of NO, increased by 3 percent.

Methodology

Estimates for CH, and N,O emissions from mo-
bile combustion were calculated by multiplying emis-
sion factors by measures of activity for each category.
Depending upon the category, activity dataincluded such
information as fuel consumption, fuel deliveries, and

o« o5 F & vehicle milestraveled (VMT). Emission estimates from
highway vehicleswere based on VMT and emission fac-
tors by vehicle type, fuel type, model year, and control
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technology. Fuel consumption data was employed as a
measure of activity for non-highway vehicles and then
fuel-specific emission factors were applied.’® A com-
plete discussion of the methodology used to estimate
emissions from mobile sources is provided in Annex C.

The EPA (1998a) provided emissions estimates of
NO,, CO, and NMVOCs for eight categories of high-
way vehicles', aircraft, and seven categories of off-high-
way vehicles!®,

Data Sources

Emission factors used in the calculations of CH,
and N,O emissions are presented in Annex C. The Re-
vised 1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA
1997) provided emission factors for CH,, and were de-
veloped using MOBILESa, a model used by the Envi-
ronmental Protection Agency (EPA) to estimate exhaust
and running loss emissions from highway vehicles. The
MOBILE5a model uses information on ambient tem-
perature, vehicle speeds, national vehicleregistration dis-
tributions, gasoline volatility, and other variables in or-
der to produce these factors (EPA 1997).

Emission factors for N,O from gasoline highway
vehicles came from arecent EPA report (1998b). This re-
port developed emission factors for older passenger cars
(roughly pre-1992 in Cdiforniaand pre-1994 in the rest of
the United States), from published references, and for newer
cars from a recent testing program at EPA’'s National Ve-
hicle and Fuel Emissions Laboratory (NVFEL). These
emission factors for gasoline highway vehicles are lower
than the U.S. default values in the Revised 1996 IPCC
Guidelines, but are higher than the European default val-
ues, both of which were published before the more recent
tests and literature review conducted by the NVFEL. The
U.S. default values in the Revised 1996 IPCC Guidelines
were based on three studies that tested a total of five cars
using European rather than U.S. test protocols. More de-
tails may be found in EPA (1998Db).

Emission factors for gasoline vehicles other than
passenger carswere scaled from thosefor passenger cars
with the same control technology, based on their rela-
tive fuel economy. This scaling was supported by lim-
ited data showing that light-duty trucks emit more N,O
than passenger cars with equivalent control technology.
The use of fuel-consumption ratios to determine emis-
sion factors is considered a temporary measure only, to
be replaced as soon as additional testing data are avail-
able. For more details, see EPA (1998b). Nitrous oxide
emission factors for diesel highway vehicles were taken
from the European default values found in the Revised
1996 | PCC Guidelines (IPCC/UNEP/OECD/IEA 1997).
There islittle data addressing N,O emissions from U.S.
diesel-fueled vehicles, and in general, European coun-
tries have had more experience with diesel-fueled ve-
hicles. U.S. default values in the Revised 1996 IPCC
Guidelines were used for non-highway vehicles.

Activity datawere gathered from several U.S. gov-
ernment sources including EIA (1998a), EIA (1998b),
FHWA (1998), BEA (1998), DOC (1998) FAA (1998),
and DOT/BTS (1998). Control technology datafor high-
way vehicles were obtained from the EPA’'s Office of
Mobile Sources. Annual VMT data for 1990 through
1997 were obtained from the Federal Highway
Administration’s (FHWA) Highway Performance Moni-
toring System database, as noted in EPA (1998a).

Emissionsestimatesfor NO,, CO, NMVOCswere
taken directly from the EPA’s National Air Pollutant
Emissions Trends, 1900 - 1997 (EPA 1998a).

Uncertainty

Mobile source emission estimates can vary sig-
nificantly due to assumptions concerning fuel type and
composition, technology type, average speeds, type of
emission control equipment, equipment age, and oper-
ating and maintenance practices. Fortunately, detailed
activity data for mobile sources were available, includ-

13 The consumption of international bunker fuelsis not included in these activity data, but are estimated separately under the International Bunker

Fuels source category.

14 These categoriesincluded: gasoline passenger cars, diesel passenger cars, light-duty gasolinetrucks lessthan 6,000 poundsin weight, light-duty
gasoline trucks between 6,000 and 8,500 pounds in weight, light-duty diesel trucks, heavy-duty gasoline trucks and buses, heavy-duty diesel

trucks and buses, and motorcycles.

15 These categoriesincluded: gasoline and diesel farm tractors, other gasoline and diesel farm machinery, gasoline and diesel construction equip-
ment, snowmobiles, small gasoline utility engines, and heavy-duty gasoline and diesel general utility engines.
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ing VMT by vehicle type for highway vehicles. The al-
location of thisVMT toindividual model yearswas done
using the profile of U.S. vehicle usage by vehicleagein
1990 as specified in MOBILE 5a. Datato develop atem-
porally variable profile of vehicle usage by model year
instead of age was not available.

Average emission factors were developed based
on numerous assumptions concerning the age and model
of vehicle; percent driving in cold start, warm start, and
cruise conditions; average driving speed; ambient tem-
perature; and maintenance practices. The factors for
regul ated emissions from mobile sources—CO, NO,, and
hydrocarbons—have been extensively researched, and
thusinvolvelower uncertainty than emissions of unregu-
lated gases. Although methane has not been singled out
for regulation in the United States, overall hydrocarbon
emissions from mobile sources—a component of which
is methane—are regulated.

Compared to methane, CO, NO,, and NMVOCs,
there is relatively little data available to estimate emis-
sion factors for nitrous oxide. Nitrous oxide is not acri-
teria pollutant, and measurements of it in automobile
exhaust have not been routinely collected. Research data
has shown that N,O emissions from vehicles with cata-
lytic converters are greater than those without emission
controls, and that vehicleswith aged catalysts emit more
than new ones. The emission factors used were, there-
fore, derived from aged cars (EPA 1998b). The emis-
sion factors used for Tier O and older cars were based on
tests of 28 vehicles; those for newer vehicles were based
on tests of 22 vehicles. Thissampleis small considering
that it is being used to characterize the entire U.S. fleet,
and the associated uncertainty is therefore large. Cur-
rently, N,O gasoline highway emission factors for ve-
hicles other than passenger cars are scaled based on those
for passenger cars and their relative fuel economy. Ac-
tual measurements should be substituted for this proce-
dure when they become available. Further testing is
needed to reduce the uncertainty in emission factors for
all classes of vehicles, using realistic driving regimes,
environmental conditions, and fuels.

Although aggregate jet fuel and aviation gasoline
consumption data has been used to estimate emissions
from aircraft, the recommended method for estimating

emissions in the Revised 1996 IPCC Guidelines is to
use data by specific aircraft type (IPCC/UNEP/OECD/
IEA 1997). The IPCC aso recommends that cruise alti-
tude emissions be estimated separately using fuel con-
sumption data, while landing and take-off (LTO) cycle
data be used to estimate near-ground level emissions.
The EPA isattempting to devel op revised estimates based
on this more detailed activity data, and these estimates
are to be presented in future inventories.

U.S. jet fuel and aviation gasoline consumption is
currently all attributed to the transportation sector by
ElA, and it is assumed here that it is all used to fuel
aircraft. However it is likely that some fuel purchased
by airlinesis not necessarily be used in aircraft, but in-
stead used to power auxiliary power units, in ground
equipment, and to test engines. Some jet fuel may also
be used for other purposes such as blending with diesel
fuel or heating ail.

Overall, uncertainty for N,O emissions estimates is
considerably higher than for CH,, CO, NO,, or NMVOC;
however, al these gases involve far more uncertainty than
CO, emissions from fossi| fuel combustion.

Lastly, in EPA (1998), U.S. aircraft emission esti-
matesfor CO, NOx, and NMVOCs are based upon landing
and take-off (LTO) cycles and consequently only capture
near ground-level emissions, which are more relevant for
air quality evauations. These estimates aso include both
domestic and international flights. Therefore, estimates
presented here overestimate |PCC-defined domestic CO,
NO,, and NMVOC emissions by including LTO cycles by
aircraft on international flights but underestimate because
they do not include emissions from aircraft on domestic
flight segments at cruising atitudes.

Coal Mining

All underground and surface coal mining liberates
(i.e., releases) methane as part of normal operations. The
amount of methane liberated during mining is primarily
dependent upon the amount of methane stored in the
coa and the surrounding strata. This in situ methane
content is a function of the quantity of methane gener-
ated during the coal formation process and its ability to
migrate through the surrounding strata over time. The
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degree of coalification—defined by the rank or quality
of the coal formed—determines the amount of methane
generated during the coal formation process; higher
ranked coals generate more methane. The amount of
methane that remains in the coal and surrounding strata
al so depends upon geologic characteristics such as pres-
sure within a coal seam. Deeper coal deposits tend to
retain more of the methane generated during coalifica-
tion. Accordingly, deep underground coal seams gener-
ally have higher methane contentsthan shallow coal seams
or surface deposits.

Underground, versus surface, coal mines contrib-
ute the largest share of methane emissions. All under-
ground coal mines employ ventilation systems to en-
sure that methane levels remain within safe concentra-
tions. These systems can exhaust significant amounts of
methane to the atmosphere in low concentrations. Addi-
tionally, over twenty gassy U.S. coal mines supplement
ventilation systems with degasification systems.
Degasification systems are wells drilled from the sur-
face or boreholes drilled inside the mine that remove
large volumes of methane before or after mining. In
1997, 14 coal mines collected methane from
degasification systems and sold this gas to a pipeline,
thus reducing emissions to the atmosphere. Surface coal

Table 2-22: CH, Emissions from Coal Mining (MMTCE)

mines al so rel ease methane asthe overburden isremoved
and the coal is exposed. Additionally, after coal has been
mined, small amounts of methane retained in the coal
are released during processing, storage, and transport.

Total methane emissions in 1997 were estimated
to be 18.8 MMTCE (3.3 Tg), declining 22 percent since
1990 (see Table 2-22 and Table 2-23). Of this amount,
underground mines accounted for 65 percent, surface
mines accounted for 14 percent, and post-mining emis-
sions accounted for 21 percent. With the exception of
1995, total methane emissions declined every year dur-
ing this period. In 1993, emissions from underground
mining dropped to alow of 2.8 Tg, primarily due to la-
bor strikes at many of the large underground mines. In
1995, there was an increase in methane emissions from
underground mining due to particularly high emissions
at the gassiest coal mine in the country. Overall, with
the exception of 1995, total methane emitted from un-
derground mines declined in each year because of in-
creased gas recovery and use. Surface mine emissions and
post-mining emissions remained relatively constant from
1990 to 1997.

In 1994, EPA's Coalbed Methane Outreach Pro-
gram (CMOP) began working with the coal industry and

Activity 1990 1991 1992 1993 1994 1995 1996 1997
Underground Mining 17.1 16.4 15.6 13.3 13.1 14.2 12.6 12.3
Liberated 18.8 18.1 17.8 16.0 16.3 17.7 16.5 16.8
Recovered & Used (1.6) (1.7) (2.1) (2.7) (3.2) (3.4) (3.8) (4.6)
Surface Mining 2.8 2.6 2.6 2.5 2.6 2.4 2.5 2.6
Post- Mining (Underground) 3.6 3.4 3.8 3.0 3.8 3.8 3.4 3.5
Post-Mining (Surface) 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Total 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8
Note: Totals may not sum due to independent rounding.
Table 2-23: CH, Emissions from Coal Mining (Tg)
Activity 1990 1991 1992 1993 1994 1995 1996 1997
Underground Mining 3.0 2.9 2.7 2.3 2.3 2.5 2.2 2.1
Liberated 3.3 3.2 3.1 2.8 2.8 3.1 2.9 2.9
Recovered & Used (0.3) (0.3) (0.4) (0.5) (0.6) (0.6) (0.7)  (0.8)
Surface Mining 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.5
Post- Mining (Underground) 0.6 0.6 0.6 0.5 0.6 0.6 0.6 0.6
Post-Mining (Surface) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Total 4.2 4.0 3.8 3.4 3.4 3.6 3.3 3.3
Note: Totals may not sum due to independent rounding.
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other stakeholders to identify and remove obstacles to
investments in coal mine methane recovery and use
projects. Reductions attributed to CM OP were estimated
tobe0.7,0.8, 1.0, and 1.3 MMTCE in 1994, 1995, 1996
and 1997, respectively.

Methodology

The methodology for estimating methane emis-
sions from coa mining consists of two main steps. The
first step involved estimating methane emissions from
underground mines. Because of the availability of ven-
tilation system measurements, underground mine emis-
sions can be estimated on amine-by-mine basis and then
summed to determine total emissions. The second step
involved estimating emissions from surface mines and
post-mining activities by multiplying basin-specific coal
production by basin-specific emissions factors.

Underground mines. Total methane emitted from
underground mines was estimated as the quantity of
methane liberated from ventilation systems, plus meth-
ane liberated from degasification systems, minus meth-
ane recovered and used. The Mine Safety and Heath
Administration (MSHA) measures methane emissions
from ventilation systems for all mines with detectable'®
methane concentrations. These mine-by-mine measure-
ments were used to estimate methane emissions from
ventilation systems.

Some of the gassier underground mines also use
degasification systems (e.g., wells or boreholes) that re-
move methane before or after mining . This methane
can then be collected for use or vented to the atmosphere.
Various approaches were employed to estimate the quan-
tity of methane collected by each of the more than twenty
mines using these systems, depending on available data.
For example, some mines have reported to EPA the
amounts of methane liberated from their degasification
systems. For minesthat sell recovered methaneto apipe-
line, pipeline sales data was used to estimate
degasification emissions. Finally, for those mines for
which no other data was available, default recovery ef-

ficiency values were developed, depending on the type
of degasification system employed.

Finally, the amount of methane recovered by
degasification systems and then used (i.e., not vented)
was estimated. This cal culation was complicated by the
fact that methane is rarely recovered and used during
the sameyear in which the particular coal seam ismined.
In 1997, 14 active coa mines sold recovered methane to
apipeline operator. Emissions avoided for these projects
were estimated using gas sales data reported by various
state agencies, and information supplied by coal mine
operators regarding the number of years in advance of
mining that gas recovery occurred. Additionally, some
of the state agencies provided individual well produc-
tion information, which was used to assign gas sales to
a particular year.

Surface Mines and Post-Mining Emissions. Sur-
face mining and post-mining methane emissions were
estimated by multiplying basin-specific coal production
by basin-specific emissions factors. For surface mining,
emissions factors were developed by assuming that sur-
face mines emit from one to three times as much meth-
ane as the average in situ methane content of the coal.
This accounts for methane released from the strata sur-
rounding the coal seam. For this analysis, it is assumed
that twice the average in-situ methane content is emit-
ted. For post-mining emissions, the emission factor was
assumed to be from 25 to 40 percent of the average in
situ methane content of coals mined in the basin. For
thisanalysis, it is assumed that 32.5 percent of the aver-
age in-situ methane content is emitted.

Data Sources

The Mine Safety and Health Administration pro-
vided mine-specific information on methane liberated
from ventilation systems at underground mines. EPA
developed estimates of methane liberated from
degasification systems at underground mines based on
available data for each of the mines employing these
systems. The primary sources of data for estimating

16 MSHA records coal mine methane readings with concentrations of greater than 50 ppm (parts per million) methane. Readings below this

threshold are considered non-detectable.
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emissions avoided at underground mines were gas sales
data published by state petroleum and natural gas agen-
cies, information supplied by mine operators regarding
the number of years in advance of mining that gas re-
covery occurred, and reports of gas used on-site. An-
nual coal production data was taken from the Energy
Information Agency’s Coal Industry Annual (see Table
2-24) (EIA 1991, 1992, 1993, 1994, 1995, 1996, 1997,
1998). Data on in situ methane content and emissions
factors were taken from EPA (1993).

Table 2-24: Coal Production
(Thousand Metric Tons)

Year Underground Surface Total
1990 384,247 546,814 931,061
1991 368,633 532,653 901,285
1992 368,625 534,286 902,911
1993 318,476 539,211 857,687
1994 362,063 575,525 937,588
1995 359,475 577,634 937,109
1996 371,813 593,311 965,125
1997 381,620 607,163 988,783

Uncertainty

The emission estimates from underground venti-
lation systemswere based upon actual measurement data
for mines with detectable methane emissions. Accord-
ingly, the uncertainty associated with these measure-
ments is estimated to be low. Estimates of methane lib-
erated from degasification systems are less certain be-
cause EPA assigns default recovery efficiencies for a
subset of U.S. mines. Compared to underground mines,
there is considerably more uncertainty associated with
surface mining and post-mining emissions because of
the difficulty in developing accurate emissions factors
from field measurements. Because underground emis-
sions comprise the majority of total coal mining emis-
sions, the overall uncertainty is estimated to be only £15
percent.” Currently, the estimate does not include emis-
sions from abandoned coal mines because of limited
data. The EPA is conducting research on the feasibility
of including an estimate in future years.

17 Preliminary estimate

Natural Gas Systems

Methane emissions from natural gas systems are
generally process related, with normal operations, rou-
tine maintenance, and system upsets being the primary
contributors. Emissionsfrom normal operationsinclude:
natural gas combusting engine and turbine exhaust, bleed
and discharge emissions from pneumatic devices, and
fugitive emissions from system components. Routine
mai ntenance emissions originate from pipelines, equip-
ment, and wells during repair and maintenance activi-
ties. Pressure surgerelief systemsand accidents can lead
to system upset emissions.

TheU.S. natural gas system encompasses hundreds
of thousands of wells, hundreds of processing facilities,
hundreds of thousands of miles of transmission pipe-
lines, and over a million miles of distribution pipeline.
The system, though, can be divided into four stages, each
with different factors affecting methane emissions, as
follows:

Field Production. In this initial stage, wells are
used to withdraw raw gas from underground formations.
Emissions arise from the wells themselves, treatment
facilities, gathering pipelines, and process units such as
dehydrators and separators. Fugitive emissionsand emis-
sions from pneumatic devices accounted for the major-
ity of emissions. Emissions from field production have
increased absolutely and as a proportion of total emis-
sions from natural gas systems—approximately 27 per-
cent between 1990 and 1996—due to an increased num-
ber of producing gas wells and related equipment, and
then leveled off in 1997 at 9.5 MMTCE.

Processing. Inthisstage, processing plantsremove
various constituents from the raw gas before it is in-
jected into the transmission system. Fugitive emissions
from compressors, including compressor seals, were the
primary contributor from this stage. Processing plants
accounted for about 12 percent of methane emissionsfrom
natural gas systemsduring the period of 1990 through 1997.
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Transmission and Storage. Natural gas transmis-
sioninvolves high pressure, large diameter pipelinesthat
transport gas long distances from field production areas
to distribution centers or large volume customers. From
1990 to 1997, total natural gas transmission pipeline
milage varied, with an overall decline from about
280,000 miles to about 260,000 miles. Throughout the
transmission system, compressor stations pressurize the
gas to move it through the pipeline. Fugitive emissions
from compressor stations and metering and regulating
stations accounted for the majority of the emissionsfrom
transmission. Pneumatic devices and engine exhaust
were smaller sources of emissionsfrom transmission fa-
cilities. Methane emissions from the transmission stage
accounted for approximately 35 percent of the emissions
from natural gas systems.

Natural gas is also injected and stored in under-
ground formations during periods of low demand, and
withdrawn, processed, and distributed during periods of
high demand. Compressors and dehydrators were the
primary contributors from these storage facilities. Less
than one percent of total emissionsfrom natural gas sys-
tems can be attributed to these facilities.

Distribution. The distribution of natural gasrequires
the use of low-pressure pipelines to deliver gas to custom-
ers. The distribution network consisted of nearly 1.4 mil-

lion miles of pipelinein 1996, increasing from a 1990 fig-
ure of just over 1.3 million miles (AGA 1996). Distribu-
tion system emissions, which accounted for approximately
27 percent of emissions from natural gas systems, resulted
mainly from fugitive emissionsfrom gate stations and non-
plastic piping. An increased use of plastic piping, which
has |ower emissions than other pipe materials, hasreduced
the growth in emissions from this stage.

Overdll, natural gas systemsemitted 33.5 MM TCE
(5.9 Tg) of methane in 1997 (see Table 2-25 and Table
2-26). Emissions rose slightly from 1990 to 1997, re-
flecting an increasein the number of producing gaswells
and miles of distribution pipeline. Initiated in 1993,
EPA’s Natural Gas STAR program is working with the
gas industry to promote profitable practices that reduce
methane emissions. The program is estimated to have
reduced emissions by 0.7, 1.2, 1.3 and 1.6 MMTCE in
1994, 1995, 1996, and 1997, respectively.

Methodology

The foundation for the estimate of methane emis-
sions from the U.S. natural gas industry is a detailed
study by the Gas Research Institute and EPA (GRI/EPA
1995). The GRI/EPA study developed over 100 detailed
emission factors and activity levels through site visits
to selected gas facilities, and arrived at a national point

Table 2-25: CH, Emissions from Natural Gas Systems (MMTCE)

Stage 1990 1991 1992 1993 1994 1995 1996 1997
Field Production 8.0 8.2 8.5 8.7 8.8 9.1 9.5 9.5
Processing 4.0 4.0 4.0 4.0 4.2 4.1 4.1 4.1
Transmission and Storage 12.6 12.7 12.9 12.6 12.5 12.5 12.4 12.7
Distribution 8.3 8.4 8.6 8.8 8.7 8.7 9.1 8.9
Total 32.9 33.3 33.9 34.1 33.5 33.2 33.7 33.5
Note: 1994 through 1997 totals include reductions from Natural Gas STAR program. Totals may not sum due to independent rounding.
Table 2-26: CH, Emissions from Natural Gas Systems (TQ)

Stage 1990 1991 1992 1993 1994 1995 1996 1997
Field Production 1.4 1.4 1.5 1.5 1.5 1.6 1.7 1.7
Processing 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Transmission and Storage 2.2 2.2 2.3 2.2 2.2 2.2 2.2 2.2
Distribution 1.4 1.5 1.5 1.5 1.5 1.5 1.6 1.5
Total 5.7 5.8 5.9 5.9 5.8 5.8 5.9 5.9

Note: 1994 through 1997 totals include reductions from Natural Gas STAR program. Totals may not sum due to independent rounding.
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estimate for 1992. Since publication of this study, EPA
conducted additional analysisto update the activity data
for some of the components of the system, particularly
field production equipment. Summing emissions across
individual sources in the natural gas system provided a
1992 baseline emission estimate from which the emis-
sions for the period 1990 through 1997 were derived.

Apart from the year 1992, detailed statistics on
each of the over 100 activity levels were not available
for the time series 1990 through 1997. To estimate these
activity levels, aggregate annual statistics were obtained
on the main driving variables, including: number of pro-
ducing wells, number of gas plants, miles of transmis-
sion pipeline, miles of distribution pipeline, and miles
of distribution services. By assuming that the relation-
ships among these variables remained constant (e.g., the
number of heaters per well remained the same), the sta-
tistics on these variables formed the basis for estimat-
ing other activity levels.

For the period 1990 through 1995, the emission
factors were held constant. A gradual improvement in
technology and practicesis expected to reduce the emis-
sion factors slightly over time. To reflect this trend, the
emission factors were reduced by about 0.2 percent per
year starting with 1996, arate that, if continued, would
lower the emission factors by 5 percent in 2020. See
Annex E for more detailed information on the method-
ology and data used to cal cul ate methane emissionsfrom
natural gas systems.

Data Sources

Activity data were taken from the American Gas
Association (AGA 1991, 1992, 1993, 1994, 1995, 1996,
1997), the Energy Information Administration’s Annual
Energy Outlook (EIA 1997a), Natural Gas Annual (EIA
1997b), and Natural Gas Monthly (EIA 1998), and the
Independent Petroleum Association of America (IPAA
1997). The U.S. Department of Interior (DOI 1997, 1998)
supplied offshore platform data. All emission factors
were taken from GRI/EPA (1995).

Uncertainty

The heterogeneous nature of the natural gasindustry
makes it difficult to sample facilities that are completely
representative of the entire industry. Because of this, scal-
ing up from model facilities introduces a degree of uncer-
tainty. Additionally, highly variable emission rates were
measured among many system components, making the
calculated average emission rates uncertain. Despite the
difficulties associated with estimating emissions from this
source, the uncertainty in the total estimated emissions are
believed to be on the order of +40 percent.

Petroleum Systems

One of the gases emitted from the production and
refining of petroleum products is methane. The activi-
ties that lead to methane emissions include: production
field treatment and separation, routine maintenance of
production field equipment, crude oil storage, refinery
processes, crude oil tanker loading and unloading, and
venting and flaring. Each stage is described below:

Production Field Operations. Fugitive emissions
from oil wellsand related production field treatment and
separation equipment are the primary source of emis-
sions from production fields. From 1990 to 1997, these
emissions accounted for about 10 percent of total emis-
sions from petroleum systems. Routine maintenance,
which includes the repair and maintenance of valves,
piping, and other equipment, accounted for less than 1
percent of total emissions from petroleum systems.
Emissions from production fields are expected to de-
clinein the future as the number of oil wells decreases.

CrudeQil Sorage. Crudeail storagetanksemit meth-
ane during two processes. “Breathing losses’ from roof
sedls and joints occur when the tank is in use, and while
tanks are being drained or filled. “Working losses’ occur
asthemethaneintheair space abovetheliquidisdisplaced.
Piping and other equipment at storage facilities can aso
produce fugitive emissions. Between 1990 and 1997, crude
o0il storage emissions accounted for less than 1 percent of
total emissions from petroleum systems.
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Refining. Waste gas streams from refineries are a
source of methane emissions. Based on Tilkicioglu and
Winters (1989), who extrapol ated waste gas stream emis-
sions to national refinery capacity, emissions estimates
from this source accounted for approximately 3 percent
of total methane emissions from the production and re-
fining of petroleum.

Tanker Operations. The loading and unloading of
crude oil tankers releases methane. From 1990 to 1997,
emissions from crude oil transportation on tankers ac-
counted for roughly 2 percent of total emissions from
petroleum systems.

\enting and Flaring. Gas produced during oil pro-
duction that cannot be contained or otherwise used is
released into the atmosphere or flared. Vented gas typi-
cally has ahigh methane content; however, it isassumed
that flaring destroys the majority of the methane in the
gas (about 98 percent depending upon the moisture con-
tent of the gas). Venting and flaring may account for up
to 85 percent of emissions from petroleum systems.
There is considerable uncertainty in the estimate of
emissions from this activity.

In 1997 methane emissions from petroleum sys-
tems were 1.6 MMTCE (271 Gg) and have remained
essentially constant since 1990. Emission estimates are
provided below in Table 2-27 and Table 2-28.

Methodology
The methodology used for estimating emissions
from each stage is described below:

Production Field Operations. Emission estimates
were calculated by multiplying emission factors (i.e.,
emissions per oil well) with their corresponding activ-
ity data (i.e., number of oil wells). To estimate emis-
sions for 1990 to 1997, emission factors developed to
estimate 1990 emissions were multiplied by updated
activity datafor 1990 through 1997. Emissions estimates
from petroleum systems excluded associated natural gas
wells to prevent double counting with the estimates for
Natural Gas Systems.

Crude Qil Storage. Tilkicioglu and Winters (1989)
estimated crude oil storage emissionsonamodel tank farm
facility with fixed and floating roof tanks. Emission fac-
tors devel oped for the model facility were applied to pub-
lished crude oil storage data to estimate emissions.

Table 2-27: CH, Emissions from Petroleum Systems (MMTCE)

Stage 1990 1991 1992 1993 1994 1995 1996 1997
Production Field Operations 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Crude Oil Storage + + + + + + + +
Refining 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Tanker Operations + + + + + + + +
Venting and Flaring 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Total 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.6
+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding.

Table 2-28: CH, Emissions from Petroleum Systems (Gg)
Stage 1990 1991 1992 1993 1994 1995 1996 1997
Production Field Operations 24 25 24 24 24 23 23 23
Crude Oil Storage 2 2 2 2 2 2 2 2
Refining 10 10 10 10 10 10 9 9
Tanker Operations 6 6 5 5 5 5 5 5
Venting and Flaring 231 231 231 231 231 231 231 231
Total 272 273 272 272 272 271 271 271

Note: Totals may not sum due to independent rounding.
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Refining. Tilkicioglu and Winters (1989) also es-
timated methane emissions from waste gas streams based
on measurements at ten refineries. These data were ex-
trapolated to total U.S. refinery capacity to estimate
emissions from refinery waste gas streams for 1990. To
estimate emissionsfor 1991 through 1997, the emissions
estimates for 1990 were scaled using updated data on
U.S. refinery capacity.

Tanker Operations. Methane emissions from
tanker operations are associated with the loading and
unloading of domestically-produced crude oil trans-
ported by tanker, and the unloading of foreign-produced
crude transported by tanker. The quantity of domestic
crude transported by tanker was estimated as Alaskan
crude oil production less Alaskan refinery crude utiliza-
tion, plus 10 percent of non-Alaskan crude oil produc-
tion. Crude oil imports by tanker were estimated as to-
tal imports less imports from Canada. An emission fac-
tor based on the methane content of hydrocarbon va-
pors emitted from crude oil was employed (Tilkicioglu
and Winters 1989). This emission factor was multiplied
by updated activity data to estimate total emissions for
1990 through 1997.

\enting and Flaring. Although venting and flar-
ing data indicate that the amount of venting and flaring
activity has changed over time, there is currently insuf-
ficient data to assess the change in methane emissions
associated with these fluctuations. Given the consider-
able uncertainty in the emissions estimate for this stage,
and the inability to discern a trend in actual emissions,
the 1990 emissions estimate was held constant for the
years 1991 through 1997.

See Annex F for more detailed information on the
methodology and data used to calculate methane emis-
sions from petroleum systems.

Data Sources

Dataon the number of oil wellsin production fields
were taken from the American Petroleum Institute (API
1998) as was the number of oil wells that do not pro-
duce natural gas. Crude oil storage, crude oil stocks,
crude oil production, utilization, and import data were
obtained fromthe U.S. Department of Energy (EIA 1991,
1992, 1993, 1994, 1995, 1996, 1997, 1998). U.S. refin-
ery capacity and Alaskan refinery crude capacity data
were extrapolated based on estimates for 1990 through
1996 (EIA 1990, 1991, 1992, 1993, 1994, 1995, 1997).
Emission factors were taken from Tilkicioglu and Win-
ters (1989) and EPA (1993).

Uncertainty

There are significant uncertainties associated with
all aspects of the methane emissions estimates from petro-
leum systems. Published gtatistics are inadequate for esti-
mating activity data at the level of detail required. Simi-
larly, emission factors for each stage remain uncertain. In
particular, there is insufficient information to estimate an-
nual venting and flaring emissions using published statis-
tics. EPA is currently undertaking more detailed analyses
of emissions from this source and anticipates that new in-
formation will be available for future inventories. Prelimi-
nary work suggests that emission estimates will increase.
Table 2-29 provides emission estimate ranges given the
uncertainty in the venting and flaring estimates.

Table 2-29: Uncertainty in CH, Emissions from Petroleum Systems (Gg)

Stage 1990 1991 1992 1993 1994 1995 1996 1997
Venting and Flaring (point estimate) 231 231 231 231 231 231 231 231
Low 93 93 93 93 93 93 93 93
High 462 462 462 462 462 462 462 462
Total (point estimate) 272 273 272 272 272 271 271 271
Low 103 103 103 103 103 102 102 102
High 627 631 628 627 625 621 620 621
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Natural Gas Flaring and
Criteria Pollutant Emissions
from Oil and Gas Activities

Theflaring of natural gasfrom oil wellsisasmall
source of carbon dioxide (CO,). In addition, oil and gas
activities also release small amounts of nitrogen oxides
(NQ,), carbon monoxide (CO), and nonmethane vola-
tile organic compounds (NMVOCs). This source ac-
counts for only a small proportion of overall emissions
of each of these gases. Emissions of CO,, NO,, and CO
from petroleum and natural gas production activities are
all lessthan 1 percent of national totals, while NMVVOC
emissions are roughly 3 percent of national totals.

Carbon dioxide emissions from petroleum produc-
tion result from natural gasthat isflared (i.e., combusted)
at the production site. Barns and Edmonds (1990) noted
that of total reported U.S. venting and flaring, approxi-
mately 20 percent may be vented, with the remaining
80 percent flared; however, it is now believed that flar-
ing accounts for an even greater proportion, although
some venting still occurs. Methane emissions from vent-
ing are accounted for under Petroleum Systems. For
1997, the CO, emissionsfrom the flaring were estimated
to be approximately 4.2 MMTCE (15.2 Tg), an increase
of 82 percent since 1990 (see Table 2-30).

Criteria pollutant emissions from oil and gas pro-
duction, transportation, and storage, constituted arelatively
small and stable portion of thetotal emissionsof thesegases
for the 1990 to 1997 period (see Table 2-31).

Methodology

The estimates for CO, emissions were prepared us-
ing an emission factor of 14.92 MMTCE/QBtu of flared
gas, and an assumed flaring efficiency of 100 percent. The
quantity of flared gas was estimated as the total reported
vented and flared gas minus a constant 12,031 million cu-
bic feet, which was assumed to be vented.*®

Criteriapollutant emission estimatesfor NO,, CO,
and NMVOCswere determined using industry-published
production data and applying average emission factors.

Table 2-30: CO, Emissions from Natural

Gas Flaring
Year MMTCE Tg
1990 2.3 8.4
1991 2.6 9.6
1992 2.6 9.4
1993 8.5 13.0
1994 3.6 13.1
1995 4.5 16.4
1996 4.3 15.7
1997 4.2 15.2

Table 2-31: NO,, NMVOCs, and CO Emissions from
Oil and Gas Activities (Gg)

Year NO, (€0) NMVOCs
1990 139 302 555
1991 110 313 581
1992 134 337 574
1993 111 337 588
1994 106 307 587
1995 100 316 582
1996 100 316 469
1997 104 330 488

Data Sources

Activity data in terms of total natural gas vented
and flared for estimating CO, emissions from natural
gas flaring were taken from EIA’s Natural Gas Annual
(EIA 1998). The emission and thermal conversion fac-
tors were also provided by EIA (see Table 2-32)

EPA (1998) provided emission estimates for NO,,
CO, and NMVOCs from petroleum refining, petroleum
product storage and transfer, and petroleum marketing
operations. Included are gasoline, crude oil and distil-
latefuel oil storage and transfer operations, gasoline bulk
terminal and bulk plants operations, and retail gasoline
service stations operations.

Uncertainty

Uncertainties in CO, emission estimates prima-
rily arise from assumptions concerning what proportion
of natural gas is flared and the flaring efficiency. The
portion assumed vented as methane in the methodol ogy
for Petroleum Systems is currently held constant over

18 See the methodological discussion under Petroleum Systems for the basis of the portion of natural gas assumed vented.
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Table 2-32: Total Natural Gas Reported Vented
and Flared (million ft3) and Thermal Conversion
Factor (Btu/ftd)

Thermal
Year Vented and Flared Conversion Factor
1990 150,415 1,106
1991 169,909 1,108
1992 167,519 1,110
1993 226,743 1,106
1994 228,336 1,105
1995 283,739 1,106
1996 272,117 1,106
1997 263,819 1,106

the period 1990 through 1997 due to the uncertainties
involved in the estimate. Uncertainties in criteria pol-
[utant emission estimates are partly due to the accuracy
of the emission factors used and projections of growth.

International Bunker Fuels

Emissions resulting from the combustion of fuels
used for international transport activities, termed inter-
national bunker fuels under the UN Framework Con-
vention on Climate Change (UNFCCC), are currently
not included in national emission totals, but are reported
separately on the basis of fuel sold in each country. The
decision to report emissions from international bunker
fuels separately, instead of allocating them to a particu-
lar country, was made by the Intergovernmental Negoti-
ating Committee in establishing the Framework Con-
vention on Climate Change.’® These decisions are re-
flected in the Revised 1996 IPCC Guidelines, in which
countries are requested to report emissions from ships
or aircraft that depart from their ports and are engaged
in international transport separately from national to-
tals (IPCC/UNEP/OECD/IEA 1997). The Parties to the
UNFCCC have yet to decide on a methodology for alo-
cating these emissions.?

Greenhouse gases emitted from the combustion of
international bunker fuels, like other fossil fuels, include
carbon dioxide (CO,), methane (CH,), nitrousoxide (N,O),
carbon monoxide (CO), oxides of nitrogen (NO,),
nonmethane volatile organic compounds (NMVOCs), par-
ticulate matter, and sulfur dioxide (SO,).%* Two transport
modes are addressed under the IPCC definition of interna-
tional bunker fuels: aviation and marine. Emissions from
ground transport activities—by road vehicles and trains—
even when crossing international borders are allocated to
the country where the fuel was loaded into the vehicle and,
therefore, are not counted as bunker fuel emissions.

The IPCC Guidelines distinguish between different
modes of air traffic. Civil aviation comprises aircraft used
for the commercial transport of passengersand freight, mili-
tary aviation comprises aircraft under the control of na-
tional armed forces, and general aviation appliesto recre-
aional and small corporate aircraft. The IPCC Guidelines
further defineinternational bunker fuel use asthefuel com-
busted for civil (commercial) aviation purposes by aircraft
arriving or departing oninternational flight segments. How-
ever, as mentioned above, only the fuel used by aircraft
taking-off (i.e., departing) from the United States are re-
ported here. The standard fuel used for civil aviation is
kerosene-type jet fuel, while the typica fuel used for gen-
eral aviation is aviaion gasoline.?

Emissions of CO, from aircraft are a function of
fuel use, whereas emissions per flight or ton-milein the
case of cargo, are a function of flight path, fuel effi-
ciency of the aircraft and its engines, occupancy, and
|oad factor. Methane, N,O, CO, NO,, and NMVOC emis-
sions depend upon engine characteristics, flight condi-
tions, and flight phase (i.e., take-off, climb, cruise, de-
cent, and landing). Methane, CO, and NMVOCs are the
product of incomplete combustion and occur mainly
during the landing and take-off phases. In jet engines,
N,O and NO, are primarily produced by the oxidation

19 See report of the Intergovernmental Negotiating Committee for a Framework Convention on Climate Change on the work of its ninth session,
held at Genevafrom 7 to 18 February 1994 (A/AC.237/55, annex |, para. 1c) (contact secretariat@unfccc.de).

20 See FCCC/SBSTA/1996/9/Add.1 and Add.2 for a discussions of allocation options for international bunker fuels (see http://www.unfccc.de/

feee/docs/1996/shsta/09a01. pdf and /09a02.pdf).

2L sulfur dioxide emissions from jet aircraft and marine vessels, although not estimated here, are mainly determined by the sulfur content of the
fuel. On average jet fuel has a sulfur content around 0.05 percent, while distillate diesel fuel averages around 0.3 percent and residual fuel oil

around 2.3 percent.

22 Naphtha-type jet fuel is used primarily by the military in turbojet and turboprop aircraft engines.
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of atmospheric nitrogen, and the majority of emissions
occur during the cruise phase. The impact of NO, on
atmospheric chemistry depends on the altitude of the
actual emission. The cruising altitude of supersonic air-
craft, near or in the ozone layer, is higher than that of
subsonic aircraft. At this higher altitude, NO, emissions
contribute to ozone depletion.3 At the cruising altitudes
of subsonic aircraft, however, NO, emissions contrib-
ute to the formation of ozone. At these lower altitudes,
the positive radiative forcing effect of ozone is most po-
tent.>* The vast mgjority of aircraft NO, emissions oc-
cur at these lower cruising altitudes of commercial sub-
sonic aircraft?®® (NASA 1996).

International marine bunkers comprise emissions
from fuels burned by ocean-going ships of all flagsthat are
engaged in international transport. Ocean-going ships are
generally classified as cargo and passenger carrying, mili-
tary (i.e, navy), fishing, and miscellaneous support ships
(e.g., tugboats). For the purpose of estimating greenhouse
gas emissions, international bunker fuels are solely related
to cargo and passenger carrying vessels, which isthe larg-
est of thefour categories. Two main types of fuelsare used
on sea-going vessels: distillate diesel fuel and residual fuel
oil. Carbon dioxideis the primary greenhouse gas emitted
from marine shipping. In comparison to aviation, the at-
mospheric impacts of NO, from shipping are relatively
minor, as the emissions occur at ground level.

Overall, aggregate greenhouse gas emissions in
1997 from the combustion of international bunker fuels
from both aviation and marine activities decreased by 2
percent since 1990, to 26.8 MMTCE (see Table 2-33).
Although emissions from international flights depart-
ing from the United States have increased significantly
(33 percent), emissionsfrom international shipping voy-
ages departing the United States appear to have decreased
by a greater absolute amount.?® The majority of these

emissions were in the form of carbon dioxide; however,
small amounts of CH, and N,O were also emitted. Of
the criteria pollutants, emissions of NO, by aircraft at
cruising atitudes are of primary concern because of their
effects on ozone formation (see Table 2-38).

Emissions from both aviation and marine interna-
tional transport activities are expected to grow in the
future as both air traffic and trade increase, although
emission rates should decrease over time due to techno-
logical changes.?”

Methodology

Emissions of CO, were estimated through the ap-
plication of carbon content and fraction oxidized fac-
tors to fuel consumption activity data. This approach is
analogous to that described under CO, from Fossil Fuel
Combustion. A complete description of the methodol-
ogy and alisting of the various factors employed can be
found in Annex A.

Emission estimates for CH,, N,O, CO, NO,, and
NMVOCs were calculated by multiplying emission fac-
tors by measures of fuel consumption by fuel type and
mode. Activity data for aviation included solely jet fuel
consumption statistics, while the marine mode included
both distillate diesel and residual fuel oil.

Data Sources

Carbon content and fraction oxidized factorsfor kero-
sene-type jet fuel, distillate fuel ail, and residual fuel ail
were taken directly from the Energy Information Adminis-
tration (EIA) of the U.S. Department of Energy and are
presented in Annex A. Heat content and density conver-
sions were taken from EIA (1998). Emission factors used
in the calculations of CH,, N,O, CO, NO,, and NMVOC
emissions were taken from the Revised 1996 |PCC Guide-
lines (IPCC/UNEP/OECD/IEA 1997). For aircraft emis-

23 |n 1996, there were only around a dozen civilian supersonic aircraft in service around the world which flew at these altitudes, however.

2 However, at this lower altitude, ozone does little to shield the earth from ultraviolet radiation.
2 Cruise altitudes for civilian subsonic aircraft generally range from 8.2 to 12.5 km (27,000 to 41,000 feet).

26 See Uncertainty section for a discussion of data quality issues.

27 Most emission related international aviation and marine regul ations are under the rubric of the International Civil Aviation Organization (ICAO)
or the International Maritime Organization (IMO), which develop international codes, recommendations, and conventions, such as the Interna-

tional Convention of the Prevention of Pollution from Ships (MARPOL).
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Table 2-33: Emissions from International Bunker Fuels (MMTCE)

Gas/Mode 1990 1991 1992 1993 1994 1995 1996 1997
CO, 27.1 27.8 29.0 29.9 27.4 25.4 25.4 26.6
Aviation 10.5 10.5 11.0 11.2 11.6 12.4 12.8 13.9
Marine 16.6 17.3 18.0 18.7 15.8 13.0 12.6 12.7
CH, + + + + + + + +

Aviation + + + + + + + +

Marine + + + + + + + +

N,O 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
Aviation 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Marine 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Total 27.3 28.0 29.3 30.2 27.6 25.7 25.6 26.8

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding. Excludes emissions from military fuel consumption. Includes aircraft cruise altitude

emissions.

Table 2-34: Emissions from International Bunker Fuels (Gg)

Gas/Mode 1990 1991 1992 1993 1994 1995 1996 1997
Co, 99,258 101,925 106,404 109,605 100,377 93,296 92,991 97,542
Aviation 38,432 38,450 40,413 41,100 42,491 45,528 46,957 50,974
Marine 60,826 63,475 65,990 68,505 57,886 47,768 46,034 46,568
CH, 2 2 2 2 2 2 2 2
Aviation 1 1 1 1 1 1 1 1
Marine 1 1 1 1 1 0 0 0
N,O 3 3 3 3 3 3 3 3
Aviation 1 1 1 1 1 1 1 2
Marine 1 2 2 2 1 1 1 1
(00) 99 100 105 108 104 103 104 111
Aviation 63 63 66 68 70 75 77 84
Marine 35 37 39 40 34 28 27 27
NO, 1,777 1,849 1,923 1,993 1,716 1,459 1,417 1,448
Aviation 152 152 160 162 168 180 186 202
Marine 1,625 1,697 1,764 1,831 1,547 1,278 1,231 1,246
NMVOC 53 54 57 59 52 45 44 46
Aviation 9 9 10 10 10 11 12 13
Marine 43 45 47 49 41 34 33 33

Note: Totals may not sum due to independent rounding. Excludes emissions from military fuel consumption. Includes aircraft cruise altitude

emissions.

sions, the following values, in units of grams of pollutant
per kilogram of fuel consumed (g/kg), were employed: 0.09
for CH,, 0.1 for N,0O, 5.2 for CO, 12.5 for NO,, and 0.78
for NMVOCs. For marine vessels consuming either distil-
late diesel or residual fuel oil the following values, in the
same units, except where noted, were employed: 0.03 for
CH,, 0.08 for N,O, 1.9 for CO, 87 for NO,, and 0.052 ¢/
MJfor NMVOCs.

Activity data on aircraft fuel consumption were col-
lected from two government agencies. Jet fuel consumed
by U.S. flagged air carriersfor internationa flight segments
was supplied by the Bureau of Transportation Statistics

(DOT/BTS 1998). It was assumed that 50 percent of the
fuel used by U.S. flagged carriersfor international flights—
both departing and arriving in the United States—was pur-
chased domestically for flights departing from the United
States. In other words, only one-half of the total annual
fuel consumption estimate was used in the calculations.
Data on jet fuel expenditures by foreign flagged carriers
departing U.S. airports was taken from unpublished data
collected by the Bureau of Economic Analysis (BEA) un-
der the U.S. Department of Commerce (BEA 1998). Ap-
proximate average fuel prices paid by air carriers for air-
craft on internationa flights were taken from DOT/BTS
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(1998) and used to convert the BEA expenditure data to
gallons of fuel consumed. Final jet fuel consumption esti-
mates are presented in Table 2-39.

Activity data on distillate diesel and residual fuel
oil consumption by cargo or passenger carrying marine
vessels departing from U.S. ports were taken from un-
published data collected by the Foreign Trade Division
of the U.S. Department of Commerce’s Bureau of the
Census (DOC 1998). These fuel consumption estimates
are presented in Table 2-36.

Uncertainty

Emission estimates related to the consumption of
international bunker fuels are subject to the same uncer-
tainties as those from domestic aviation and marine mo-
bile source emissions; however, additional uncertainties
result from the difficulty in collecting accurate fuel con-
sumption activity data for international transport activi-
ties separate from domestic transport activities.?® For
example, smaller aircraft on shorter routes often carry
sufficient fuel to complete several flight segments with-
out refueling in order to minimize time spent at the air-
port gate or take advantage of lower fuel prices at par-

ticular airports. This practice, called tankering, when
done oninternational flights, complicatesthe use of fuel
sales data for estimating bunker fuel emissions.
Tankering is less common with the type of large, long-
range aircraft that make many international flights from
the United States, however. Similar practices occur in
the marine shipping industry where fuel costs represent
a significant portion of overall operating costs and fuel
prices vary from port to port, leading to some tankering
from ports with low fuel costs.

Particularly for aviation, the DOT/BTS (1998) in-
ternational flight segment fuel data used for U.S. flagged
carriers does not include smaller air carriers and unfor-
tunately defines flights departing to Canada and some
flights to Mexico as domestic instead of international.
Asfor the BEA (1998) data on foreign flagged carriers,
there is some uncertainty as to the average fuel price,
and to the completeness of the data. It was also not pos-
sible to determine what portion of fuel purchased by
foreign carriers at U.S. airports was actually used on
domestic flight segments; thiserror, however, isbelieved
to be small.?®

Table 2-35: Civil Aviation Jet Fuel Consumption for International Transport (million gallons)

Nationality 1990 1991 1992 1993 1994 1995 1996 1997
U.S. Carriers 1,982 1,970 2,069 2,078 2,155 2,256 2,329 2,482
Foreign Carriers 2,062 2,075 2,185 2,252 2,326 2,549 2,629 2,900
Total 4,043 4,045 4,254 4330 4,482 4,804 4,958 5,382

Note: Totals may not sum due to independent rounding. Excludes military fuel consumption. The density of kerosene-type jet fuel was assumed

to be 3.002 kg/gallon.

Table 2-36: Marine Vessel Distillate and Residual Fuel Consumption for

International Transport (million gallons)

Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997
Residual Fuel Oil 4,761 4,920 5,137 5,354 4,475 3,567 3,504 3,495
Distillate Diesel Fuel & Other 521 600 598 595 561 609 510 573

Note: Excludes military fuel consumption. The density of residual fuel oil and distillate diesel fuel were assumed to be 3.575 and 3.192 kg/

gallon, respectively.

2 See uncertainty discussions under CO, from Fossil Fuel Combustion and Mobile Source Fossil Fuel Combustion.

2 Although foreign flagged air carriers are prevented from providing domestic flight services in the United States, passengers may be collected
from multiple airports before an aircraft actually departs on itsinternational flight segment. Emissionsfrom these earlier domestic flight sesgments

should be classified as domestic, not international, according to the IPCC.
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Although aggregate fuel consumption data has
been used to estimate emissions from aviation, the rec-
ommended method for estimating emissions in the Re-
vised 1996 IPCC Guidelines is to use data by specific
aircraft type (IPCC/UNEP/OECD/IEA 1997). The IPCC
also recommends that cruise altitude emissions be esti-
mated separately using fuel consumption data, while
landing and take-off (LTO) cycle data be used to esti-
mate near-ground level emissions.®® The EPA is devel-
oping revised estimates based on this more detailed ac-
tivity data, and these estimates are to be presented in
future inventories.

Thereis also concern as to the reliability of the ex-
isting DOC (1998) data on marine vessel fuel consump-
tion reported at U.S. customs stations due to the signifi-
cant degree of inter-annual variation. Of note is that fuel
consumption data were not available for the year 1990;
therefore, an average of 1989 and 1991 datawas employed.

No estimates of bunker fuel emissions resulting
from military aviation or marine activities have been
presented here because of a lack of detailed fuel con-
sumption data from the U.S. Department of Defense
(DOD). The DOD is developing their own institutional
greenhouse gas inventory, and therefore, future U.S. in-
ventories are expected to include estimates of military
bunker fuel emissions.

Wood Biomass and
Ethanol Consumption

The combustion of biomass fuels—such as wood,
charcoal, and wood waste—and biomass-based fuels—
such as ethanol from corn and woody crops—generates
carbon dioxide (CO,). However, in the long run the car-
bon dioxide emitted from biomass consumption does
not increase atmospheric carbon dioxide concentrations,
assuming the biogenic carbon emitted is offset by the

uptake of CO, resulting from the growth of new biom-
ass. As aresult, CO, emissions from biomass combus-
tion have been estimated separately from fossil fuel-
based emissions and are not included in the U.S. totals.
Net carbon fluxes from changes in biogenic carbon res-
ervoirsin wooded or crop lands are accounted for under
the Land-Use Change and Forestry sector.

In 1997, CO, emissions due to burning of woody
biomass within the industrial and residential/commer-
cial sectors and by electric utilities were about 57.2
MMTCE (209.8 Tg) (see Table 2-37 and Table 2-38).
As the largest consumer of woody biomass, the indus-
trial sector in 1997 was responsible for 81 percent of the
CO, emissions in from this source. The combined resi-
dential/commercial ! sector was the second | argest emit-
ter, making up 18 percent of total emissions from woody
biomass. The commercial end-use sector and electric
utilities accounted for the remainder.

Since 1990, emissions of CO, from biomass burn-
ing increased by a maximum of 12 percent in 1996, be-
fore falling back to a 3 percent increase in 1997. The
decrease in emissions from 1996 to 1997 was due to a
26 percent decline in woody biomass consumption in
the residential/commercial sector.

Biomass-derived fuel consumption in the United
States consisted mainly of ethanol usein the transporta-
tion sector. Ethanol is primarily produced from corn
grown in the Midwest, and was used mostly in the Mid-
west and South. Pure ethanol can be combusted, or it
can be mixed with gasoline as a supplement or octane-
enhancing agent. The most common mixture isa90 per-
cent gasoline, 10 percent ethanol blend known as gaso-
hol. Ethanol and ethanol blends are often used to fuel
public transport vehicles such as buses, or centrally fu-
eled fleet vehicles. Ethanol and ethanol blends are be-
lieved to burn “ cleaner” than gasoline (i.e., lower in NO,
and hydrocarbon emissions), and have been employed

30|t should be noted that in the EPA’s Draft National Air Pollutant Emissions Trends, 1900 - 1997 (EPA 1998), U.S. aviation emission estimatesfor
CO, NOx, and NMVOCs are based solely upon LTO cycles and consequently only capture near ground-level emissions, which are more relevant
for air quality evaluations. These estimates also include both domestic and international flights. Therefore, estimates given under Mobile Source
Fossil Fuel Combustion overestimate | PCC-defined domestic CO, NO,, and NMVOC emissions by including landing and take-off (LTO) cycles
by aircraft oninternational flights but underestimate because they do not include emissions from aircraft on domestic flight segments at cruising
atitudes. EPA (1998) is also likely to include emissions from ocean-going vessels departing from U.S. ports on international voyages.

31 For this emissions source, data are not disaggregated into residential and commercial sectors.
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Table 2-37: CO, Emissions from Wood Consumption by End-Use Sector (MMTCE)

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997
Electric Utility 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4
Industrial 42.4 42.3 44.5 45.4 46.6 45.4 48.0 46.4
Residential/Commercial 12.7 13.4 14.1 12.9 12.7 14.0 14.0 10.4
Total 55.6 56.2 59.0 58.8 59.7 59.7 62.4 57.2
Note: Totals may not sum due to independent rounding.
Table 2-38: CO, Emissions from Wood Consumption by End-Use Sector (Tg)

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997
Electric Utility 1.7 1.7 1.7 1.6 1.6 1.4 1.6 1.5
Industrial 155.6  155.2 163.2 166.5 170.9 166.5 1758 170.3
Residential/Commercial 46.4 49.0 51.5 47.3 46.5 51.2 51.4 38.0
Total 203.8 2059 216.5 2154 219.0 219.1 228.8 209.8

Note: Totals may not sum due to independent rounding.

in urban areas with poor air quality. However, because
ethanol isahydrocarbon fuel, its combustion emits CO,,.

In 1997, the United States consumed an estimated
97 trillion Btus of ethanol (1.3 billion gallons). Emis-
sions of CO, in 1997 due to ethanol fuel burning were
estimated to be approximately 1.8 MMTCE (6.7 Tg) (see
Table 2-39). Between 1990 and 1991, emissions of CO,
due to ethanol fuel consumption fell by 21 percent. Af-
ter this decline, emissions from ethanol steadily in-
creased through 1997, except for asharp declinein 1996.

Ethanol production dropped sharply in the middle
of 1996 because of short corn supplies and high prices.
Plant output began to increase toward the end of the
growing season, reaching close to normal levels at the
end of the year. However, total 1996 ethanol production

Table 2-39: CO, Emissions from
Ethanol Consumption

Year MMTCE Tg
1990 1.6 5.7
1991 1.2 4.5
1992 1.5 5.8
1993 1.7 6.1
1994 1.8 6.7
1995 2.0 7.2
1996 1.4 5.1
1997 1.8 6.7

fell far short of the 1995 level (EIA 1997). Production
in 1997 returned to normal historic levels.

Methodology

Woody biomass emissions were estimated by
converting U.S. consumption datain energy units(17.2
million Btu per short ton) to megagrams (Mg) of dry
matter using EIA assumptions. Once consumption data
for each sector were converted to megagrams of dry
matter, the carbon content of the dry fuel was estimated
based on default values of 45 to 50 percent carbon in
dry biomass. The amount of carbon released from com-
bustion was estimated using 87 percent for the fraction
oxidized (i.e., combustion efficiency). Ethanol con-
sumption datain energy units were also multiplied by
a carbon coefficient (18.96 mg C/Btu) to produce car-
bon emission estimates.

Data Sources

Woody biomass consumption datawere provided
by EIA (1998) (see Table 2-40). The factor for convert-
ing energy units to mass was supplied by EIA (1994).
Carbon content and combustion efficiency values were
taken from the Revised 1996 IPCC Guidelines (IPCC/
UNEP/OECD/IEA 1997).
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Table 2-40: Woody Biomass Consumption Emissionsfrom ethanol were estimated using con-
by Sector (Trillion Btu) sumption data from EIA (1998) (see Table 2-41). The

Residential/ Electric carbon coefficient used was provided by OTA (1991).
Year Industrial ~ Commercial Utility
1990 1,948 581 21 Uncertainty
igg; ;’gjg 24112 g; The combustion efficiency factor used is believed
1993 2:084 592 20 to under estimate the efficiency of wood combustion pro-
1994 2,138 582 20 cesses in the United States. The IPCC emission factor
1995 2,084 641 17 .
1996 2200 644 20 has beeh used because b_etter dr?\téare not yet ayaﬂable.
1997 2,132 475 19 Increasing the combustion efficiency would increase

emission estimates. |n addition, according to EIA (1994)
commercial wood energy use is typically not reported
because there are no accurate data sources to provide

Table 2-41: Ethanol Consumption

Year Trillion Btu reliable estimates. Emission estimates from ethanol pro-
1990 82 duction are more certain than estimates from woody bio-
igg; gg mass consumption due to better activity data collection
1993 88 methods and uniform combustion techniques.

1994 97

1995 104

1996 74
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3. Industrial Processes

Greenhouse gas emissions are produced as a by-product of various non-energy-related industrial activities.
That is, these emissions are produced from an industrial processitself and are not directly aresult of energy
consumed during the process. For example, raw materials can be chemically transformed from one state to ancther.
This transformation can result in the release of greenhouse gases such as carbon dioxide (CO,), methane (CH,), or
nitrous oxide (N,0). The processes addressed in this chapter include cement production, lime manufacture, limestone
and dolomite use (e.g., flux stone, flue gas desulfurization, and glass manufacturing), soda ash production and use,
CO, consumption, iron and steel production, ammonia manufacture, ferroalloy production, aluminum production,
petrochemical production (including carbon black, ethylene, dicholoroethylene, styrene, and methanal), silicon car-
bide production, adipic acid production, and nitric acid production (see Figure 3-1).1
In addition to the three figyre 3-1

greenhouse gases listed above,
thereareasoindustrial sourcesof
several classes of man-made flu-
orinated compounds called
hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sul-
fur hexafluoride (SFg). The
present contribution of thesegases
to the radiative forcing effect of
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idly asthey are the primary substitutes for ozone depleting
substances (ODSs), which are being phased-out under the
Montreal Protocol on Substances that Deplete the Ozone
Layer. In addition to ODS substitutes, HFCs, PFCs, and
other fluorinated compounds are employed and emitted by
a number of other industrial sources in the United States.
These industries include aluminum production, HCFC-22
production, semiconductor manufacture, electric power
transmission and distribution, and magnesium metal pro-
duction and processing.

In 1997, industrial processes generated emission
of 63.0 MMTCE, or 3.5 percent of total U.S. greenhouse
gasemissions. Carbon dioxide emissionsfrom all indus-
trial processeswere 17.8 MMTCE (65.2 Tg) in the same
year. This amount accounted for only 1 percent of na-
tional CO, emissions. Methane emissions from petro-
chemical and silicon carbide production resulted in emis-
sions of approximately 0.4 MMTCE (0.1 Tg) in 1997,
which was less than 1 percent of U.S. CH, emissions.
Nitrous oxide emissions from adipic acid and nitric acid
production were 7.8 MMTCE (0.1 Tg) in 1997, or 7 per-
cent of total U.S. N,O emissions. In the same year, com-
bined emissions of HFCs, PFCs and Sk totaled 37.1
MMTCE. Overall, emissions from industrial processes
increased by 39 percent from 1990 to 1997.

Emission estimates are presented in this chapter
for several industrial processesthat are actually accounted
for within the Energy chapter. Although CO, emissions
from iron and steel production, ammonia manufacture,
ferroalloy production, and aluminum production are not
the result of the combustion of fossil fuels for energy,
their associated emissions are captured in the fuel data
for industrial coking coal, natural gas, industrial coking
coal, and petroleum coke, respectively. Consequently, if
all emissions were attributed to their appropriate chap-
ter, then emissions from energy would decrease by
roughly 33 MMTCE in 1997, and industrial process
emissions would increase by the same amount.

2 See Annex P for adiscussion of emission sources excluded.

Greenhouse gases are also emitted from a number
of industrial processes not addressed in this chapter. For
example, caprolactam—a chemical feedstock for the
manufacture of nylon 6,6—and urea production are be-
lieved to be industrial sources of N,O emissions. How-
ever, emissionsfor these and other sources have not been
estimated at thistime due to alack of information on the
emission processes, manufacturing data, or both. Asmore
information becomes available, emission estimates for
these processes will be calculated and included in future
greenhouse gas emission inventories, although their con-
tribution is expected to be small.?

The general method employed to estimate emis-
sions for industrial processes, as recommended by the
Intergovernmental Panel on Climate Change (IPCC),
generally involved multiplying production data for each
process by an emission factor per unit of production. The
emission factors used were either derived using calcula-
tionsthat assume precise and efficient chemical r