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converted per pass through the reactor), {2) reductior in temperatures
required for conversion, (3) improved methods for separating prc lucts from
unreacted materials that must be :ecycled, (4) improved methods for oxidant
productioa and separatica of meihane from contaminated or dilute feedstocks,
and (5) becter knowlerige of catalyst life and rejuvenation reqiirements.

Some groups, both for direct partial oxidistion to methanol and oxidative
coupling to olefins, have shown promising results in the laboratory, but the
conversion and selectivity achieved in these lab tests must be validated and
improvad. The factorc co. rolling these parameters must be better underatood
before large-scale prccess .avelopment work can be undertaken. Other process
parameters that nded to be understcod include the effects of catalyst type and
oxidant. .

Reduction in temperatures from the high values required for some reac-
cions (600 to 800°C for oxidative coupiing, up to 1,009°C for noncatalytic
convers:ion) would reduce the need for special materiala of construction.
However, the optimum temperature may not be the lowest temparature, since most
oxicative processes are exothemmic :nd excess heat at lov tempiratures is not
as useful as high-temperature heat. A balance between this requirement and
the materials requirement may dictate the optimum temperature for the process.

By-prnducts from partial oxidation reactions include carbon dioxiae, car-
bon monoxide, and water as well as other minor or trace species. For best
process efficiency, methane will have to be saparated from both these o
by-products and the major products and recycled. If methanol is the product,
separation is relatively easy, but if ethylene has to be separated at an
intermediate stage of the process so that it can be passed on to the cther
process stages, cryogenic separation would bYe required. For this reason, some
approacnes snvision coupling a second-stage conversion of light olefias to
“waviez hydcocarbons directly to the first stage without a separacion step or,
possibly, with only water and carbon dioxide removal steps between stages. In
any case, advanced separation processes are likely to be useful as part of any
new conversion system developed. Since scme processes require oxygen as oxi-
dant, any advances in zir separation technology, such as new membrane-based
processes, are likely to improve the economics of conversion technology.

It is being recognized mcre and more that the U.S. and the world have
BmOre gas resources than oil. Conversion of gas to liquids may well be our
most promising long-term source for synthetic fuels. as with all synthetic
fuels, the challenge in converting gas to liquids is to do it on a cost-
competitive basis. Mobil 0il is doing it in New Zealand with its comercial
plant -- converting natural gas to a mixture of CO and hydrogen, converting
that “synthesis qas® to methanol, and couverting the methanol to gasoniine.
The thrust of DOF’'s FE programs, through both METU’s and PETC’s :ompanion
ressarch programs, is to find ways to convert natural gas or ccal directly or
indirectly to liquids, bypassing the raforming stop.
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5.0 ACRONYMS AND ABBREVIATIONS

Atlantic Richfield Company
atmosphere

billion

barrels

British thermal unit

Department of Erergy

enhaaced oil recovery

fossil energy

fiscal year

Gas Rescarch Institute

indirect liquefaction

Los Alamos Nationral Laboratory
Lawrence Livermore National Laboratory
liquefied nwtural gas

thousand cubic feet

thovsand cubic meters

Morgantown Energy Technology Center

NEREEE RAAEERE" 2

™ bbi/d million barrels per day
W@ty million British thermal units -
fRIC Pittsburgh Energy Technology Center
mu process development unit
R4ED ressacch anc development
0410 Standnrd Cil of vhio
SxHL Sancia Natioral Laboratory
- THD to be determined
Tat trillion cubic feet
. Tem trillion cubic mwters

6.C RETARENCES

Gas Research Institute. April 1988. 1989-1993 Research and Development Plan
and 1389 Research and Development Program.

Green, 4., et al., "Converiion of Natural Gas to Transport Fuels," AIC.E
Symposium of Fuels and Chemicals from Natural Gas, Louisiana, March 5 10,
1988.

Ruo, J.C. August 1987. Evaluation of Direct Methane Conversion to Higher
Qxvgepates: Final Report. 218p. DOE/FC/90009-3. NTIS/
88003812, v

O’Hare, T.E., R.S. Sapisnza, D. Muhajan, and G.T. Skaperdas. 1986. Low
Temperatura Methznol Process. Paper presented at Industrial and Enginewring
Chemistry Division Symposium, June 15, at American Chemical Society, Marco
Ialand, Florida.

311




Proceecings of the Indirect Liquefaction Contractors’ Review Meeting. 1988.
December 8~9, 1988, Pittsburgh, Pennsylvania.

Studer, D.W., et al. 1986. An Update of the LaPorte Ligquid Phase Methanol
Program. (Catalysis Reviews. -- Science and Engineerjpg, 28(1), 13-88.

Summary Report. 1987. Sixth DOE Catalysis and Surface Chemistry Research
Conference, October 14-16, 1987, Gaithersburg, Maryland. CONF-§710136.

Taylor, C.E.,and R.P. Noceti. 1987. Conversion of Methane to Gasoline-Range
Hydrocarbons, Paper presented at the Symposium on Hydrocarbon Oxidation,
American Chemical Society, August 31-September 4, 1987, New Orleans,
Louisiana.

7.0 BIBLIOGRARHY

Danen, N.C. 1986. Plasma Chemistry Initiation. Catalvsis Reviews. --
Science and Engineering. 28(1): 13-88.

JE Office of Policy, Planning, ard Analysis. May 1988.

_the Upited States. 202 p., DOE/W/31109-H1,
NTIS/DEZ6010612.

France, J.E., A. Shamsi, 'L.C. Headley, and M.Q. Ahsan. 17388, OCzidative-
Coupling Catalyst Research for the Conversion of Natural Gas to Liquid

Fuels. Eneygy Procress. 8(4): 185-188.

Guthrie, H., and J. Bitchelor. 1588. Chemical Conversion of Natural Gas in
the United States. Paper presented at the International Energy Agency Meet.-
ing on Chemical Gas Conversion, Oslo, Norway.

Hunter, N.R., H.D. Geaser, L.A. Morton, P.S, Yarlagadda, and D.P.C. Fung.
1987. The Catalyzed Conversion of Methane to Methanol at High Pressure.
Paper presented at the Amarican Chemical Society Symposium on Hydrocarhon
Oxidation, August 3l-September 4, 1987. New Orleans, Louisiana.

Klier, K., and R. Pitchai. 1986. 2artial Oxidation of Methane. Catalvsis
Reviewa. -- Science and Engineering. 28(1): 13-88.

312



104 1-G¥10-68A

S13N

-- MAIAIDAQ UY --

sjan4 pinbi 0} sep) jeinjeN

313




1eu0s.9dNos|4 o

18N} [ENQ o

way) asn jeij

S8Jo1ydA 30 uononpoud ay) sebe.inoouy

seb |einjeu passaidwon
jouBylg e
JOUBUION o

:j0 Juawdojanap peaidsapim sabeinoduy -
8861 JC 1OV Sian4 10]CiN BAljeUIBllY e

pajoeus uonejsiba -
uaAup Ajj2luswiuoiiaug -
sleak Q| uyim
ucljeyodsued) ul sjany sAljleuIslie 0 JIUS e

uonjeuodsuel | uj spual] MmN ©] Si

Lybisug

314



931 4a-SiLLi-681

BN
AN

(i

HHH)

...«._:hmanz_

AMFWW

mmE..:.: JL03AN3

N f

O Aﬁ:z« __

[nmUmm
Nei /
L 1 N
Jmlim) - PAaq N 2
JVIOHINROD NOLLY1HOJSNYHL
OGNV TVLLN3QISIH SaInon
ol

313N

)
N
Ay

1H3IANOD

$30HNOS3IY SYD
TYNOLLNIANOD

315

£ 1 B
L & ﬁpwEE.ﬁ

S3ULN

o133 TYLLNIAQ'S3H

E:.FL.

IVIDHINWOD | TVIHLSNAN

_ﬂ i :.::__

9L 98

1.1
i

-

>
4

-

ISR

- |10 pajiodul

201pay

st et swan  ams———

$32UN0S3Y SY9
T¥NOLLNIANOONN

ino?) juawdojonaq 92.Inosay onsawoq papuedx:y -

spinbiq 0} sey jeinjeN




631 2Z-8vvi-i81

J13N

uol2N}is ueysejy
Yum siquedwosci

Aouejoyjje

uoplonpoid 13m0
peJinbe.

ssed0id xejdwod eiop

swe|j

a|qisia jo yoe|/Ayoixo)
Ayisuep ABiaus mon

10 yum

aujjadid-09 ouuen
jo)se

uojjeriodsues} ujelieduq)

s1anpoud

antza ybiy jenusiod
“suondo- ssesoud
pue Bupeysew aiop

“auyedid u)

110 8pNId Yum o|qIdsin
swejsAs Hupexsewyhjddns
juasaid yym ajqpeduto)

Adue121)4® uocponpoid ybiy
" SUOISSIWe MO
jen} suiqin} pooy

$420}SPas (e WeYD

sejejjlisip/eujjosen

joueyia iy

sabejueapesiqg

sabejueapy

suondQ 1onpoid

S19NpoId UOISIBAUOY djqestsaq 1SOW

ale sajejjiisig/ouljosen

316



101 2-G¥10-68A

J13N

- ¢ @bels suo u; A))oauip alejisip

/auljosed ayeuwl 0} punoj aq sisAjeled ,uolouny fenp, ue)
¢1ONPo.d leuly se asuas ayelu jouzyiaw S80(]

¢ (Jouop uabAxo ‘Co ‘1ie) JuepIXo 1saq SI JeyM

¢panosdw Ajueoyiubis aq AjAIIDB|9S/UOISIOAL0D URY)
sjoaye Jusuisaueyua/buiuosiod -

sjuswalinba: uonessusbai jsele) -

sjonpoldAg -

ALAIIO8|9S/UOISIOAUO)) -

¢, SOlISILIBJORBIBYD UOISIBAUOD jesl, Sie JeU

¢, senbiuyos)

8J0Ad8. pue uonesedss E:voasﬁbo:noa 1S8Qq a.e Jeyp
¢,S9lwouooa ,poab, 10j sjuswalinbal [eoIUYDS) 8Ie 1BYM
¢, SUOIHPUOD ,1S8Q, 1B 9|JelOAE)} SOILLOU0DD By

UOISIBAUOD PBOUBADY UO SPasN eleq

317




931 V-SiLi-68l

QL3N

uopesado eimesadwal wooy -
jousyiay o)
aueylap 1aAU0) swisjuefiQ -

uojiepixQ |edjBojolg

UOJIB|I0SS|( BUISE|d/108dT -
£10j083Y [BwaYL -

spoyisi dfejeg-uoN

89||(ejetouetiQ -
uopesedo eunjesadwe] pinbyy -
@s8yd pinby -

s}sfjeje) snoausbowoy

sdwaj ybiL o} ejeiapoly -
SUOJ}OBAY B3BMNG -
aseyd plos/sen -

7

s}s/je18) snoaualboussioy

sey
jeinjeN

- §59001d UOISI9AUOY) 8y} 8)eIa]200Y 0} Yosuvasay >mo_o:._._om L -

spinbj 0} sey |einjeN

318



b4 d-5v10-68D

—— —e

ssoue)os AB1eu3 oiseg 300
sisfje1e) jje1ewouebiosnosusbowoy
Bupsesuifiu3 ofisuen/sewAuz rexBojorg
. \ UOHNZIINOLIRYD SOMOSeY
8L [FUOHIUSALIODIUN surmBosg
HOI #%M sey 134
yosuosey peyjddy Buissadoad-0 jwo) T e
20556004 UOHRIIUEY) PIY]L ABojoirgoe] uvonjesedes
Q%Y Uojjeisdes N
Pnpoid pue spesy - u\ t
_sopnig uojeiBeguy 388..
suos1ediios) SpuIoUoYy sisAizuy sueisis
\ sjoni seB pessexduicd
Sjon) UoQIeIONT
f BYE ] wieiBoid
1199 (en4 vojieseusBod uaezRn
g INYY 155 304
sessavosd eunjeiedie) moy -\ spinbry o1 Uofs.eAuoD JnAeIeD-UoK
jdeouo)-jo-jooig a7y eapesedoa) @W \ -nzgwascﬂnb.ﬁmtu e
889800014 Uojieieue) pauL
: u..._-oooaao ~,
A\N . 013 - Ho3 - ausog payddy Ea/
uofiezZjjedIeunstos; $5J018poe) jWOpusy) - sjonj Uoqie™NHNT -
g sjen: £Sseuc ybiy - sjan) Areus by -
(ie3 fen} uopieieuebon - 11#3 jen} uoyivieusbo) -
sujjoseB/jousyjepy - uojionpo.d jousyjews opikimeauoy -
atijjosnBousiAyyy - susiAyie o) Bupdnod eajtepixo -
PAqq sUO asd ~wjieedoo) Qe Ansnpuy Kmyeiadosgd
1desuo)-jo-jooid sAfRIedoo)) \\
80880301 UO|IRISUD !.oo“m\

uoneziisdeunL0)

v6 Ad E6Ad | Z6Ad I6Ad | 06 Ad 68A4 | 88As

319




(sewsejd/siase]) UOISIaALIOD DilAjeleo-uou aiebilsaaul
suoiedldde enusjod 104 Asjsilualjo dljjelauicuebio ssassy
saje|jnsip/auljosed o} uoisiaauod abejs ajbuis -

s15Ajejes ,uonouny [enp, pasueApe :ojdx3

UOISIBAUOS

- auljoseb «-susjAyia 10} sisheie2 , abe)s-puooss, ssassy
uoisodwod seb 8johoal 0] anp sYiys uonoesy -

seb jeinjeu ui spunodwod aueyaw-uoN -

swsiueysaw Bujuosiod 1o onsibiauAs jenuajod Apmis
swisiueyoaw ‘sonpoldAq ‘AllAnoajas ‘pialA sulwiale( -
SaIpNIS |ouBIjlaW 3|qISSOd -

SaIPNIS J11SIUBYDOSUI 80BJINS pUB SUONDIB8] MO| -
Spuewwod adAl-ausjAyle sz1seydw3y -

sanbiuyoa) onAjeled panoiduli ayebiisaaul

SPodN yoieesay AlojeiogeT

320



131 02-S¥10-68A

O13N

QL3N ‘SOIWOU0I8 UOISIBAUOD JO UONEN|BAT -
sisAjeue swajsAg

dgl 'sos5800.id/sidaou0d Mau JO uoijeniead -
yoseasal JsAjeied 'edbo|ong

TNV ‘uoisiaauod paonpu!t Ajjewiay) Jo Juswidojsaa( -
ysieasal onAjeieoucy

"AlUN Yybiys ‘sisA|eled xopai [enp jo SisAjeuy -
INTIT ‘sisAjeled oiayiuAs jo wawdojeas( -
013N ‘uonenjeas pue uonoatas onkmen

yoreasal olAjele)

sjued|ojued pue SaillAoY _._Emmmmm waung

UoISIBAUO) SPINDIT G} SBX) SjeinjeN

321




| Aisiwayo
10J0BAJ pUR SS820.d UOISISAUTD JO |9pOouWl Uoie|nwIS dojaAd(d e

Ansiweo aseyd-seb wouy ANARosies jo fenuajod sulwislsg e
uoljoesl

oleniul 0} sisAjojoud Jase] jo jenualod ayl 8lenjeA] e
10/ JO Londuosaq

UOISIOAUOD) D1A[BIBOUON Paleliu| Ajjewusy |

322



01 e8-G¥10-68A I

3

sisAjeleo 0160j01q J0 9sn jenuajod ay) alenjeAd e

~idineyaq 9uA[eled ay; pue 10joeal 3y}
10 LoNeINW!S dOBASP puk SUOIjoRa) 8y} 9ZLIBIOBIELYD

323

sielsjew paseq-eoljis padop jejow
JO SisAje1es UoISIaAU0D Se asn |enualod sy slenjeAs .

:y10Mm Jo uonduaseqg

UoISIBAUQ) d1lAele ) paseg-eal|Is




~OUEYIaW PUB SUOG!EI0IPAY ©5 ¢y 0} suBYlaW JO UOIEPIXO
~ 8n)o9)es 10y jenualod sy) &m:_msm 0} si mmca:a UL e

SUOIINjOS PIOR puB 8seq Ul SUCIOEa! (XOJaY) UOIBPIXC pue
LOIIONPAJ PAUIGLIOD JO WBJSAS B 8pnijoU] |im Sjuswiiadxy e

181ua) JuswdoAaa pue YyoIeasay UoXX3 pue saiojeloge
Aisianiun ybiya wog je sjuswiiadxe Jo S8as B WioH3d e

WOM Jo uonduosag

sisAielen xopay [eng 10 UoepIXO dUBUIB

324



131 BOL-GPLO-68A | O43N

s10)oe31 jedibojoiq
UliM pajeioosse sud|oid PioAE [jim INq ‘sawAzuad
[ea160jciq o1wiw jjiim yoiym ubisap 1sAeied e apincid e

s|joyooje 0} sauryjje 1ybi| jo uoiepixo
-1l 1081Ip ay} 10} 1sA|eled e azisayjuis pue ubisaqg e

sjenj uoi}
-epodsued) pinbyy 0] saseb sueMie Jybi| 10 UOISIBAU0D
10941p 8y} 10§ ssao0ud juainyje ‘sjdwis e dojonsp 0]

325

MJOM JO uonduosaqg

sideouo aAlleAouu|




sisAjejeo uonosuny paulquInd
Se 4ons s}daduod [saou sjebiisaaul pue 'swsiueyoaw
pue sa)is aAljoe ajebiisaaul (aouewopad jsAieled ussidg

S}onpoid uls|o alelpawialul 0! 8Lieyiaw USAUO0D
0} sisAjeled uciiepixo jeied paaoidwi 1s8) pue dojeAs( e

'340M }JO uonduosa(g

UOISIBAUOD) SUd|O 0] BuBYlSW

326



101 BC1-SP10-68A

013N

Aianedwos [eioIewwoo o} S}So9 UOISIBAUOD 80NP8al PjNoo
Juswdojanrap pue yoseasas ABojouyos] aloym seale Ausp|

swelsAs ssa201d uoisIBAUOD [eyuajod
PUE JUSLING 8y} O} SAE|SI SOILLIOU0DS By} BUILLBIBT e

E)SE|Y SE LONS SEaJe 8j0Wa) Woy
seb Jo 1s00 uoneuodsuel; jo sjewnss Areujunieid e apircld

:MJOM JO uondiiosaqg

327

uoljenjeAy OiWicu093 pue sWwelsis

-




N 1sAjeled
[2o1Wwayo 10j m_nﬂ_um apixo Jijjeldw ybiamiybin

.- SI1SayjuAs i1sAjeieo 10j pasn
S[elielew psseq-edilis pue sapixo dljjelsw Jo Aiauea y

UONBIPR.I 19Sk| AQ |OUBHI3W JO LOIeW IO} pajensuows(

aoueuuouad
1sAe1ed Euluaaios 10} padojaAap 1010B3] MO} VY

9,0/ 1e AlAIj08]as S8)ESipUI [8pOoW o131y 81nssaid Mo

|opow uolejnuils uonoeal-g6 € padojans(

sjuawysidwoody Jueoyubis

spinbiq 0] SeY) [einieN JO UOISIBAUO)

328



