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ABSTRACT:

Almostalltransportationworldwideispoweredbyhi_ ena_.densityfiquid
hydrocarbon fuels producedfromcrudeoil. Tnmpm_on fuels currently use over
50 percentof totalworldpetroleumdemandof 6,5million barrelsperday. PriorMITRE
studiesindicatethatcrudeoilsupplywillbec_meseverel_limitedaftertheyear2030as
increasingworldenergydemand,drivenbypopulationgrowthandecooomic
development,depletesoHresources.Ifconventionalliquidhydrocarbonfuelsthatcan
useexistingproductionanddistributioninfrastructuresarestillneededfortransportation
in thefuture,thenalternatesourcesof these fuels will haveto be utilized. Two such
sourcesarenaturalgas andcoal. Naturalgas reservesWorldwideareexpectedto last
well into the21st century,and coal resoureesareenormous. Thispaperexamines the
technologies forproducingenviromnentallysuperiorliquiduanspowttion fuels from coal
and naturalgas using modernconversiontechnologies. Estimatesof the costs of fuels
fromthese sourcesaregiven, and thepotential environmentalimpactsof these fuels are
examined.

INTRODUCTION:
High energydensity liquidfuels arethepredominantformof energyused for
transportationworldwide. Theexisting infrastructureforproduction,refining,
distribution,and useof liquidfuelsrepresentsan enormousinvestmentworldwide,
especially so forthe Organizationof Fxonomic CooperationandDevelopment(OECD)
countriesthataretransportationrich. The pressuresof potentialresourcelimitationsfor
petroleumand thedrivetowarda cleanerenvironmenthavearousedconsiderableinterest
in developing alternativefuels for transportation.These alternativesinclude non-liquid
fuels like naturalgas and,perhapsinthe future,hydrogen.If it is consideredto be
economically andtechnicallyexpedientto continueto use theexisting Hquidfuels
infrastructureratherthanto changeto a gas-basedsystem, liquidfuelscould stillbe
producedfrom non-petroleumsources. The mostabundantfossil fuel source worldwide
is coal andthiscan be usedto producehighqualityliquidfuels. Naturalgas can alsobe
used as a sourceof liquid transportationfuels. PreviousstudiesatM133_ have
examinedpotential worldenergysupplyand demmd scenariostill the year2100(I).
These hypotheticalscenariosshow thattotalworldenergydemandincreasesfromthe
currentannualuseof 360 exajoulesto about 1,100exajoulesby 2100. Thisprojection
assumes thatenergyconversionand end-useefficiency increasesuch thatafter33 years
existing equipmentis replacedby new equipmentthatsaves33 percentof the energy.
This 33 cycle continuesfor anothertwo cycles of continuingefficiency improvements
saving anadditional16.6 and8.3 percentre_vely. Recoverableoil andgas resources

, areassumed to be 10,000exajouleseach(2),and they will be essential]ydepletedby
2I00. Thepurposeof this look intothe futureis to demonstratethatafter2030 oil
productionwill be in declineand an alternativeto petroleum-basedfuels will have to be

' found.

+ Coal as an alternative feedstock for a'amportatlon fuels:
Thekey to ,+onvertingsolid coal to liquid fuel is hydrogen. Liquidfuelstypicallycontain



5 percentof totalworldpetroleumdemandof 66 _on _ perday. PriorMITRE
studiesindicatethatcrudeoil supplywill becomeseverelylimitedafterthe ymn"2030 as
increasingworldenergydemand,drivenby populationgrowthand_uomic
development,depletesoil resomees. Ifconventionalliquidhydrocarbonfuels thatcan
useexisting productionanddistribution infras_s arestill neededfor transportation
in thefuture,thenalternatestances of these fuels will have to be utilized. Two such
sourcesarena_md gas and coal. Naturalgas reservesworldwideareexpectedto last
well into the 21st century,and coal resom_.s are enormous. Thispaperexaminesthe
technologiesfor producingenvironmentallysuperiorliquid _on fuels fromcoal
and naturalgasusing modemconversiontecl_nol0gies.Estimmesof the costs of fuels
from thesesourcesaregiven, andthe potentLalenvironmentalimpactsof thesefuels are
examined.

][N'1_ODUCTION:
High energydensity liquid fuels arethepredominantformof energy used for
transportationworldwide. The existinginfi__u'e forproduction,refining,
distribution,and useof liquid fuels representsan enormousinvestmentworldwide,
especially so for the Organizationof EconomicCooperationandDevelopment(OECD)
countriesthataremmsportafionrich. The pressuresof potentialresource limitationsfor
petroleumandthedrivetowarda cleanerenvironmenthave arousedconsiderableinterest
in developing alternativefuels for u'anspon_on. These alternativesincludenon-liquid
fuels like naturalgas and, perhapsin the future,hydrogen. If it is consideredto be
economically and technicallyexpedientto continueto use theexisting liquid fuels
infrastructureratherthanto changeto a gas-basedsystem,liquidfuels could still be
producedfromnon-petroleumsources. The mostabundantfossil fuel sourceworldwide
is coal andthiscan be used to producehighqualityliquidfuels. Natm'algas can also be
used as a sourceof liquidtransPortationfuels. PreviousstudiesatMITREhave
examinedpotentialworldenergysupplyand demandscmados _11the year2100(n).
These hypotheticalscenariosshow thattotal worldenergydemandincreasesfromthe
currentannualuse of 360 exajoulesto about1,100exajouiesby 2100. This projection
assmnesthate_ conversionandend-useefficiencyincreasesuchthatafter33 years
existing equipmentis replacedby new equignent thatsaves 33 _t of theenergy.
This 33 cycle continuesfor anothertwo cycles of continuingefficiencyimprovements
saving anadditional16.6 and 8.3 percentre.rely. Recoverableoil and gas resources
areassumedto be I0,000 exajouiese.,_h(2),andtheywill be essentiallydepletedby
2I00. The purposeof this look into the futureis to demonstratethatafter2030 oil
productionwill be in decline and analternativeto petroleum-basedfuels will haveto be
found.

Coal as an alternative feedstock for trmmportaflon fuels:
The key to convening solid coal to liquidfuel is hydrogen. Liquidfuels typicallycontain
about 14percenthydrogenwhereascoal containsaround5 percent. This hydrogen
deficit can be madeupby forcinghydrogeninto the coalunderpressure(so-calleddirect
liquefaction(3)),or by gasifying thecoal with oxygen and steamto a synthesisgas
containinghydrogenandcarbonmonoxide thatis thenpassedovercatalyststo form
hydrocarbons(so-called indirectliquefaction(4)).Fordirectliquefaction,coal is slurried
with a recycleoil and _ undera high pressureof hydrogento producea synthetic
crudeoil thatcanbe upgradedinto q_ification transportfuels by existing petroleum
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refineryprocesses. The hydrogenis producedby gasificationof coal andresidueor by
naturalgas steamreforming.Forindirectliquefaction,the synthesistrmproducedis
passedoverPiscber-TmpschUP-T)catalystswhezea seriesof hydrocmrbonsrangingfrom
C! to aboutC300areproduced.These canalso be refinedto producespecificationliquid
fuels by usingmild refineryoperations.

Directliquefaction,inventedin the early20thcenturyby Bergius,was usedextensively
by theGermansin WorldWarII to producehighoctaneaviationfuel, and since thattime
researchanddevelopmenthave completelytmmformedthe technology. _h
sponsoredby the UnitedStatesDepenmentof Energyover the last fifteenyearshas led
to the developmentof a catalytictwo-roSe liquefactionpmcem(s)(CTSL)thatuses two
highpressureebullatinsbed reactorsin seriesto solubilizecoal and upgradeit to a
distillaterawproductcontainingabout 13percenthydrogenat an overall flmmsi
efficiencyof about66 percent. Liquiddistillateyields of over70 percenton a moisture
ash-free(MAF)coal basis areregularlyobtainedwithbituminouscoals, andyields of 60 .......
to 65 percentareusuallyobtainedwith low rankcoals as feedstock. This mmslatesinto
oil yields of over 3.5 barrels(557 litres)pertonneof MAPcoal.

Indirectliquefactiontechnologyis commercializedin South Africaandproducesabouta
thirdof thatcountry'sgasolineand diesel fuel. The SouthAfricanSyntheticOil
Company(SASOL)(6)plantsproducetogetherover I00,000 _ per dayof fuels.
WhenSASOLmadethe decisionto buildthese plantsthe only commerciallyavailable
coal gasifier thatmet therequirementof processinghigh ash South_ coals was the
Lurgidry-ashgasifier. Today,.however, _h and developmentin coal gasification
has resultedin thecomnm'cial/zafionof hillhlyefficiententrainedgasifierssuch as Shell
andTexaco. Thesesystemsthatgasify coal athighumq_anues and pressurescan
processallcoals to producea synthesis gas containingonly carbonmonoxideand
hydrogen._ entrainedpsifiers thathavenetefficiencies for synrJ_.sisgas
productionof about80 percentgreatlyimprovethe overallefficiency, hence the
economics,of indirectliquefaction.The otherareathathasledto significant
improvementsin theefficiency and economicsof indirectliquefactionis the
developmentof advancedF-T synthesistechnology. Shell has developedadvanced
fixed-bedreactortechnologyfor P-T synthesisandis currentlyoperatingaplant in
Malaysiafor theproduct/onof diesel fuel andwaxes fromoff-sho_ naturalgas. SASOL
has developedan advancedSynthol reactorthatuses afixed fluid bed conceptas
opposedto the c/rculatingfluid bedcurrentlyat use in the SASOL phmts. SASOL has
also developeda slurryF-Treactorthatpromisesto be even morecost effective. The
UnitedStatesDepartmentof Energyis also fundingresearchaimedat developingbothan
advanced slurryF-Treactorsystemandan effectiveF-T catalystto use in the advanced
reactor._s systembeing studiedbothat thebench-scaleand at the AlternateFuels
DevelopmentUnit at_ Texas will be compatiblewith the synthesisgasproduced
in the advancedentrainedcoal gasifiers mentionedabove.

In a commercialindirectcoal liquefactionfacility, the synthesisgasproducedin thecoal
gasifiers is purifiedand shiftedthensentto theF-Treacto2swhere a whole rangcof
hydrocarbonsareproduced.Theunconvertedsynthesisgas togetherwith methaneand
ethane is sentto anautothermalreformerwherethe methaneandethane is convertedto
hydrogenand carbonmonoxide. This is thenrecycledto theF-T reactors. The
hydrocarbonproductsareseparatedand thegasolineand diesel boiling rangefractions
aresentto the downstreamrefinery to be upgradedto specificationfuels. The heavywax
hydrocmbonsarehydrocrackedto additionalgasol,.'._eand diesel and also sentto the
refinery.
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gasifiersis purifiedandshiftedthensentto theF-Treactorswherea whole rangeof
hydrocarhonsareproduced.Theunconvertedsynthesisgastogetherwithmethaneand
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hydrocarbonproductsareseparatedand the gasoline and diesel boiling nmge fractions
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Naawal gas as fm_lsl_ckfor production of liquid trmmportilmmfuels:
As an alternativeto using naau_ gas in its gaseous stateasa transportationfuel, it can be
convertedto specificationgasolineand diesel fuel so thattheexisting liquidfuels
infrastructurecanbe utifized. This is commercializedin New Zealandwherenaturalgas
is convertedinto methanoland themethanolis convertedinto gasoline usingthe Mobil



Methanol-to-Gasoline(MTG)teclmology(9).Shell is convertingremotenaturalgas in
Malaysiaintoliquidst_t canbe lnmsportedby tankerto market.

For indirectliquefaction,mma_ gascan be mamamfmmed or partiallyoxidizedto
synthesisgas. Thisgas is thenprocessedin the samerammerasthe real-derived
synthesisgas describedabove. Thusiuqsovements inF-T technologyareapplicableto
naturalgasprocessing. In addition,therehavebeenrecent_vm_s in cmlytic partial
oxidationthatcan producelowerhydrogento carltonmonoxidesynthesisgas atlower
cost. Fordirectliquefaction,anmralgas canbe used asthe sourceof hydmpn insteadof
coal, so thatcoal is only sent to theliquefaction_. Thisrmulmin eliminationof
thecoal gasification plantfromthedirectphmt. In addition, the coalhandlingunitscan
be reducedin size andthe plantelectricpowerrequiredis reduced. Thus,rains natural
gas forthisapplicationlowers capitalinvestmentof thedirectcoal liquefactioaplantand,
dependingon thecost of the naturalgas, canresultin a lowerrequiredsellingpriceof the
coal derivedtransportationfuels. A sensitivityanalysisof theequivalentcnule price
versusnaturalgas pricefor thiscase, wheregas is used to _ hydrogenin the direct
coal liquefactionplant,showsthatusing naunl gas canresult in lowercosts for coal
liquidsup to a naturalgas priceof about$4 permillionBtu ($4.22 perGigaJoule).
Using naturalgas for hydrogenproductionalso has a significantpositivehnpacton the
carbondioxideproducedperproductbarrel. Thisquantitycan be reducedfromabout
0.42 toanes perproductbarrelwhencoal is usedfor hydrogento 0.21 manesin the
naturalgas case.

F._nomics of fuels production from coil and mtural IPm:
Atthe MITRECorporation,computerizedsimulationmodelsof coal and naturalgas
basedliquefactiontechnologieshavebeendevelopedaspartof ourfundingsupportfrom
SandiaNationalLaboratoriesand theUnitedStatesDepartmentof Enm_,8). In these
models,test datafromongoing researchanddevelopmentis usedto developconceptual
commercialplants fordirectandindirectcoal liquefaction,andmmn_ gasbasedplants.
Conswactionandcapitalcosts of theplantsareestimatedtogetherwithoperatingcosts.
Using a constantset of economicparameterstherequiredselling priceof liquid fuels can
be calculated. Thisprice is thenadjustedto an equivalentcrudeprice. :.

Quali_ and envlromuental Impact or coal,derived tranq)or_lkm rue]s:
Directcoal liquefactionproducesanall distillateproductthatcan berefined using
conventionalhydmtmatin8, hydmcracking,fluidcatalyticcracking,andreformingto
yield highoctanegasoline, highdensityjet fuel and45 cetanediesel. Indirect
liquefactionproducesa pamtTmicgasolinewhose octanecan be adjustedby reformingor
by addingoctane enhancerslike alcoholsor ethers. The diesel fractionis excellent, has a
cetaneof over70 and zero aromaticsandsulfur. Theserefined productscanexceed
currenttransportationfuel specificationsandtl_ir use will have a positiveeffect on air
quality. The pamJTmicindirectnaphthacanbe blendedwith the arommJcdirectnaphtha
to _ the amountof refiningrequired.Similarly,the aromaticdiesel fromdirect
liquefactioncanbe blendedwiththe pamffinicdiesel fromindirect. Thusa hybridplant
conceptwherebothdirect andindirecttechnologies aresited atthesame locationmay
have considerablemerit.

CONCLUSION:

Coal and naturalgas canbe usedas resourcesto producespecificationliquid
transportationfuels thatmakeuse of the existingliquidfuels refining, distributionand
end-use infrastructure.Althoughthe costs of these fuels arehigherthancurrentcrude



dependingonthecostof thenaturalgas,canremhtm a _owerreqmre¢,_ lx_e o_'tae
coal derived transportationfuels. A sensitivityanalysis of the equivalentcn_; lmce I
versus naturalgas price for this case, where gas is used to Irodece hydrogen in the direct
coal liquefaction plant, shows that using naturalgas can result in lower costs for coal
liquids up to a naturalgas price of about $4 per million Bin ($4.22 per GisaJoule).
Using naturalgas for hydrogen productionalso has a significant pmitiveingot on the
carbondioxidegeducedpergeductbarrel._ quantityca,,bemtucedfromabout
0.42tonnesperproductbarrelwhencoalisusedforhydrogento0.21tonnesinthe
naturalgas case.

Economics of ftutelsproduction from coal and natural gas:
At the MITRE Corporation, computerized simulation models of coal andnaturalgas
based liquefaction technologies have been developed as part of our funding support from
Sandia National Laboratories andthe United States Delxu_nt of Euergy('/,8). In these
models, test data from ongoing research and development is used to develop conceptual
conunercial plants for direct and indirect coal liquefaction, and naturalgas based plants.
Construction and capital costsof the plantsareestimatedtogetherwith operatingcosts.
Using a constant set of economic patmneters the required selling price of liquid fuels can
be calculated. This price is then adjusted to an equivalent crude price. _

Quality and environmental impact of'coal.derived transportation feels:
Direct coal liquefaction produces an all distillate product thatcan be refined using
conventional hydre4reafing,hydrocracking, fluid catalytic cracking, and reforming to
yield high octane gasoline, high density jet fuel and 45 cetane diesel. Indirect
liquefaction produces a paraffinic gasoline whose octane cambe adjusted by refraining or
by adding octane enhancers like alcohols or ethers. The diesel fraction is excellent, has a
cetane of over 70 and zero aromatics and sulfur. These refuted products can exceed
current transportationfuel specifications and their use will have a positive effect on air
quality. The pamffinic indirect naphthacan be blended with the armnaticdirect naphtha
to minimize the amount of refining required. Similarly, the aromatic diesel from direct
liquefaction can be blended with the pamff'micdiesel from indirect. Thus a hybrid plant
concept where both direct and indirect technologies are sited at the same location may
have considerable merit.

CONCLUSION:

Coal and naturalgas can be used as resources to pmcluce specification liquid
transportationfuels thatmake use of the existing liquid fuels refining, distribution and
end-use infrastructure. Although thecostsof these fuels are higher than current crude
prices, they can be competitive with crude oil at about $30 to $35 per bmel. The United
States Energy Information Agency (EIA)(10) hasjust published its latest World oil price
(WOP) projections. In their reference scenario, the WOP is expected to reach $35 per
barrelby the year 2015.

(This work performed st The MHIIE Corporationwas supportedby Sandia National
Laboratories, which is funded by the U.S. Department of Energy under contract
DE-ACI)4-94AI_5000.)
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