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EECENT DEVELOPMENTS IN COAL LIQUEFACTION
TN THE UNITED STATES*

L. E. McNeese, Royes Salmon, and H. D. Cochrza, Jr.

Oak Ridge Nacionmal Laboratory
Oak Rldge, Temnessee 37830

1. INTRODUCTION

Because ¢f the importance of liquid fuels to the economic
healzh of the U.S., production of liquid fuels from coz" is ome of
the major objectives of the U.S. synthetic fuels program. Our
liquid fuels are obtaimed almost entirely from pecrrolevm at prese=zt.
The consumption of liquié fuels in the U.S. is eamormous, about 17
million bbl/day, of which we currently import about halZ. These
imports are ome of the largest coatributors to cur balance of payments
problem and the decline in value of our cuxrency. Over half of the
total consumption of liguid fuels I: in the transportation sector:
a2bout 7.5 milliov bbl/day of gasoline, 1.1 miilion bbl/day of airc.-afc
jet fuel, ard zbout 1.3 million bbl/day of diesel frel. Witchout
revolutionary changes in our transportation systems, there is mno
alterpziive in sighr for liquid fuels in these applicationas. 1In
adéition, large quantiries of liaquid fuels are used by the electric
utility industry and by the industrial, commercial, and residemtial
sectors. Scme conversion To coal in the utility industry is possible,
but there are many plants which would be impractical to convert both
from a cost and an air quality poirnt of view. 3esides residual fuel
cil for boilers, there is a need for ligkter, more highly refinmed
oils for combustion turbine and combined cycle syscems.

n this paper we will discuss some of the recent developments in
the U.S. coal liquefaction program. The order of presentation will be
first, chemistry; cecond, process research and development; and
finally, economics and commercialization.

2. CHEMISTRY

The initial development of processes for coal liquefaction has
teen largely empirical. This has been unavoidable because we have had
vary little koowledge of zhe chemical structure of the substances we
hzve been trying to liquefy. However, it appears that progress is
being made, and that we are ncw approaching the point where knowledge
of chemical structure, reacrivity of linkages, and specific chemical
rezctioms can contribute toward the development of better processes.
Implicit in all this work is rhe -ecognition of the relaticmnship
betveen structure and reactivity, which has been omne of the most
impcrtant advances in modern organis chemistry.

*
Resecarch sponsored by the Fossil Emergy Office, U.S. Department of
Energy under contract W-7405-eng-26 with the Umioz Cacbide
Corporation.
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&£C the 1978 Ccal Chemistry Workshop sponsored by DOE and SRT at
Menlo Park, Czliformia in March 1978, there were three discussion
groups, on2 on coal gtructure and amalysis, one on liquefaction, and
one on gasificarion.! Current views on the chemical structuzz of coal
were expressed by John Larsen, Peter Given, and othexrs. The organic
portion of coal zppears to be z highly complex collection of .:acro-
molecules tied together by relatively wesk linkages. The mzeozomcle-
cules, which have very high molecular weights, are composed o az
alighatic, aromatic, polyaromatic-and substituted polyarcmatic struc-~
tures with a variety of fumctional groups, linked together ir a
variety of ways. The linkages between clusters include ethers and
short methylene (CH:) chains.

Coal liguefaction apparently proceeds irn two stages. There is an
initial ruptaring of the weak Bonds of the coal macrostru:ture which
leads to large molecules that are soluble in pyridine. This Iis
follewed by cracking or hydrocracking reactions in which che large
molecules are attacked at weak points ineluding hetercatcm linkages.
Free radical fragments can be capped off by hydrogen leacirg to the
przcduction of more or less stzble liquids and light gasts. Or chey
can combine with each other leading to larger molecules and ultimately
to coke. In some cases, free radicals can generate hydrogen atoms
(particularly in the presence of gaseous hydrogen) which in tuzn can
attack linkages between aromatic and aliphatic carbons. The relative
»oles of molecular hydrogen znd cdomor hydrecgen in thes: zraccions is a
guestion that has received a great deal of attention. The use of
model compounds such as dibenzyl is helping to elucidste such questions.

Work at Mobil R & D Corpozztion and ExxXon Reseawch and Enginecer-
ing Company has shown that heaving ecoal for az few minutes at 425°C
converts it into pyridine soluble material called asphaltols. In this
way the cozl, which is very difficult to study by cliemical methods, is
converted into a soluble substance more amenable to understanding.
Since the asphaltols are undoubtedly intermediates Zor present and
Zuture liquefaction processes, their discovery and study are important
for the future of this area. Research in various umiversiry, iadus-
trial and natiomal laboratories has been influenced by initial studies
at Mobil on the fractionation and characterization of conversicn
products of asphaltols obtained under typical solvenc »efining condi-~
tioas. This includes work at Oazk Ridge looking at the relative ease
of breakage of bondings of the types thought to link the polynuclear
units togecher in the coal polymer and also. the relative abilities of
various coals to domate hydrogen for capping off the radicals Zormed
in such bond ruptures. Also at Oak Ridge radiczls formed by pyrolytic
bond rupture in pyrolysis of model compounds are being identified for
the first vime directly and iIn situ by electron spin resonance. The
kinetics and mechanisms cf these all important reactions can thus be
followed and derived directly. At Exxon such mechanisrws are bezing
studied by chemical methods.

At Pitcsburgh Energy Technical Center and at the University of
Utah, excellent use of NMR methods has been made in studies of coal
strucrure and reactions. At Utah, for example, NMR methods for
solids, pioneered at MIT and Berkeley, have heer apnrlied with greatc
advantage to coal itself zmd to coal derived liquids. These Investi-
garors find that che carbon skeletal structure of rthe cozl polymer is
substantially preserved in the coal derived liquids. The subzle
differences they see are due to the breaking of the crucial bounds that
allow the coal to be iiquefied. So such studies, now only in their
infancy, have great promise for the future understanding and develop-
ment in this area.

Although the breaking down of the ccal skeletal carbom structuze
occurs in all liquefaction schemes, in supercriticzl solvent extrac-
tion of ccal the molecules trapped in the coal matzix assume a greater
importance. These trapped molecules have been characterized at
Argenne National Laborztory for several coals, including a high
volatile Illinois bitumingus. The main trapped molecules axe found to
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be aliphatic, alicyclic and hydroarcmatic compounds with a small
admixture of heterocyclics. Importantly, the Argonne investigators
studied initial pyrolysis reactiems beginming at 250°C. The compounds
producad by the initial pyrolysis were, in general, similar to those
found in tae trapped fraction with the difference that phemols made an
appearance in abundance under pyrolysis although they were absent in
the trapped fraction.

The Menlo Park workskop gave rise to a oumber of recommendations
for priorities in ccal research. Under coal structure and analysis,
nigh priority was givem to structure-reactivity relatiomnships, liquefac-
ticn and pyrolysis products in chemical reactions, the chemical forms
9f oxygen, nitrogen, and sulfur; znd the use of solid phase '3C and
'H nuclear magnetic resonance techniques in analyzing structure. The
liquefaction discussion group gave cop prioricties to low severity
techniques for breaking the coal struccure into heavy liquids, non-
catalytic methods of liguefaction, mew techniques for removing nitro-
gen from coal liquids, the mechanisms of pyrclysis, the role of
catalysts in the various stages of liquefaction, and the development

of new catalysts having greater tolerance toward coking and metals
poisoning.!

At the same meeting, the Coal Science Prog=am of DOE's Office of
University Activities was described. This Office is spomsering
university studies of coal characterization, structure, and chemistry,
coal process appiicatioms, ard the chemistry of coal liquids and
gases. One of the large efforts is the Femnn State coal sample and
data bank project, which by the end of this year expects to have 1300
well-characterized samples, with data in 33 categcries for each
sample. Under structure and chemistry there are projects at seven
universities; studies of new analytical techniques and separation
methods are being supported at a mumber of universities; and process
development applications including kinetics and mechanisms of coal
process reactions are under investigation at Auburm, Penn Stace,
Colorado School of Mines, and other locations. Other impertant areas
currently being studied are catalyst development, upgrading of coal-
derived liquils, and solid-liquid separations.’®

We can expect that such studies will have an increasing impact on
the development of improved liquefaction process sequences.

3. COAL LIQUEFACTION PROCESSES

For the purposes of this discussion, coal liquefacrion processes
will be divided into four categories, as stown in Fig. 1. These are
(1) the direct liquefaction processes, cypified by SRC-I and II, H-
Coal. and Exxon Donor Solvent (EDS), in which a s-urry of coal and
solvent is subjecte2 to high severity iiquefaction comditioms; (2) two-
stage liquefaction, such as Conoco's CST process, in which an initial
dissolution at mild conditions is followed by a more severe catalytic
hydrogenation-hydrocrackiag step; (3) pyrolrsis and hydropyrolysis
processes, such as COED, Cities Service, and kocketdyne, in which :oal
is carbonized to produce liquids, gases, ard char; and (4) indirect
liquefaction, such as Fischer-Tropsch and methanol synchesis in wiich
coal is firsc gasified to produce a synthesis gas which is cthen
recombined to produce liquids.

3.1 Process Descriptions arnd Status

5.1.1 Direct liguefacticn

Simplified block flow diagrams for the SRC-I, SRC-II, H-Coal, and
EDS processes are shown in Fig. 2 through 5. It sheuld be moted that
while these flow diagrams represent reasonable conmceprial configura-
tions, none of these processes have yet operated in a completely
integrared fashion, and thezefore,. variations in practice may be
pursued for technical or econemic reasons.
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These processes are all sizilar in that a slurry of coal in
process-derived oil is subjected to fairly severe liquefacrtion condi-
ticns in the presence of hydrogen. The SRC-I and II processes use no
catalyst, except that which is in the minerzl matter of the coal,
while the H-Coal and EDS processes rely on catalyrtic hydrogenation.
E-Coal employs direct catalytic hydrogemarion of the coal slurry in an
ebullated bed reactor. The EDS process uses catalytic hydrogenation
of the donor solvent, which is a distillzre fracticn, and thus avoids
having the catalyst contact the heavy asphaltenes and tars and the
mineral portion of the coal.

The SRC-I process is aimed at preoducing a fuel that can be burned
by urilities for electric power generation. In additiom, the SRC-I
product is a building biock from which liquid fuels and industrial and
metallurgical coite can be produced. The reduction cf sulfur centerr,
nitrogen content, and particulate matter to regulatcry levels are the
prinecipal process objectives.

In the SRC-I process (Fig. 2), the coal is sluzried with =2
process-derived sclvent and is pumped through a prehkeater iato a
dissolver. Hydrogen is added anezd of the prehearer as well as down-
stream of the preheacer. There is no added catzlyst. Licguefacrion
conditions are in the generzl range of 800-900°F, about 2000 psig, and
a residence time of 20-60 minutes.

A series of liquid-vapor separaticn steps provides recycle
hydrogen, and disrillation provides the recycle solvent. The solid-
liquid separation step separates che main SRC product from cthe umre-
acted coal and ash. The carbonacecus porzion eof the wrzzidue is zasi-
fied to produce hydrogen for the process. The SRC product is 2
miform, low-sulfur, low-ash solid material with a softening pecint of
about 300°F and 2 heating wvalue of zbout 32 million Etu/ton (15,000
Btu/lb). It can be pulverized and burned like coal, or it can be
melted and burned iike oil.

The SRC-II process (Fiz. 3) is simiiar except that the hydrogena-
tion severity is greater, the separation of selids and ligquid is by
vacuum distillacion, and 2 slurry is recycled rather than = solvent.
The main fuel o0il products are distillate rather tham residual mate-
rials. Because of the higher severity, the gas make and the hydrogen
consumption are greater. But, becausz the products are lightez, the
troublesome solid-liquid separatica step can be azccomplished by
distillation, which is a relarively simple operation. Also, the
sulfur and nitrogen countents of the fuels are lower than in tke SKC-I
product.

It is apparent that the minerzal matter in rhe coal provides
importont catalyric activity (particularly for solvent hydrogemation
reactions) in both SRC-I and SRC~II processes. It appears also that
the solids recycle in the SRC-II process results in a higher inventory
0f catalyrically-active mineral matter in the dissolver. This, as
well as an increased residence time for the less volatile fraction in
e dissolver, contributes to the higber degree of hydrogemation in
this process relative to SRC-I.

Both SRC-I and SRC-II fuel products have undergone combustion
tests ip utility boilers with satisfactory results. Ia Jume 1977,
3000 tons of solid SRC-I fuei were burned successfully in a 22MW umic
at Georgia Sower Company's Plant Mitchell me.xr Albany. Gecrgiz. Tke
puiverizers asnd ‘zcal feeders worked well after minor wmodificatiems,
and showed a 25% increase in capacity and a 25% reduction in power
consumption for a given electriecity preoductign. Stack emissions were
reported to be within EPA limits. Boiler efficiexcy was the same as
that obtained when f£firing coal.

In 1978, 4500 barrels of SRC-II liquid was burmad successiully at
a Consolidated Edison power station in New York City. WNOy levels from
175 to 300 ppm were obtainmed with a fuel nitrogen content of 1%, This
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is well within the proposed mew source performance standards of 400
ppa for coal-derived liguids. Sulfur oxide and particulate emissions
also were satisfaztory.

In the B-Coal process (Fig. 4), coal is slurried with a process-
derived oil, pumped ro reactor pressure, mixed with recycle and
mzkeup hydrogen, and fed through a preheater to the ebullated bed
reactor. The reactor feed and an internal liquid recycle stream
enter the bottom of the reactor and cause the catalyst bed to excaad
and fluidize. Typical operating cenditioms are 2500-3000 psi 2nd
850°F. An advemtage of the cbullated bed is the high degree of
backmixing which gives a2 more uniform temperature acd makes i:
easier to comtrol the exothermic heat of reactionm. The reactor
products leave the bed and are separated in a vapor-liquid separator
for subsequent processing. The cobalt-moly on alumina catalys:c
renzins in the bed, except for a portion wanich is wichdrazwn and
replaced to maintain cthe desixed level of catalyst activity.
Catalyst consumptica is estimared by HRI to be about 1 lb pez ton rf
coal feed. A portion of the reactor effluent is hydrocloued zo
reduce its solids content and prepare a low-solids liquid stream for
recycle to the feed slurry preparation tank. The remainder of rhe
ligquid procuct is vacuwm distilled zo produce naphtha and distillate
fuel oil products plus a2 boutoms stream which goes to a gasifier for
hydrogea productiom.

Iz the Zxxon Donor Solvent (EDS) process (Fig. 5), the coal is
slurried with a recycle donor solvent whick has ceem catalycicalliw
hydrogenated to improve its hyd-ogen donor properties. The siurrz
is prehbeated and goes to the reactor along with recycle and makeup
hydrogen. The rezctor operates at about 2000 psi and 800-900°F;
there is no added catalyst. The reactor effluenc is distilled to
obtain the recycle solvent which is then rehydrogenated in a fixed
bed catalytic reactor. The liquid products are distillates; um-
reacted coal and ash are removed as botrtoms from a vacuum distilla-
tion column and go to a Flexicoker/gasifier umit for recovery of
additional liquids and production ¢f fuel gas. Makeup hydrogen it
producsd by reforming the light hydrocarbon gases produced during
liquefaction.

Status of direct liguefaction projects. The SRC-I process has
been operated im a 6-1FD pilot plLant at Wilsonville, Alabama, and in
a 50-TPD pilot plant at Fort Lewis, Washington. The Fort lewiz
plant has also operzted in the SRC-II mode, in which case izs
throughputl is reduced to abourt 30 TPD. The Fort Lewis plant is the

largest operational ccal liquefaction plant in tke U.S. at this
time.

Demonstration plants for both SRC-I and SRC-II ara in the
preliminary engineering stage, although it is possible that only one
of these may be builc. The SRC-I design is based on 6600 tcas of
coal per stream cday, while the SRC-II desiga is based om 6670 toms
ver streat day, both using a 907 capacity factor. Im 1978, DOE
signed comtracts with Southern Company Services and the Pitusburg &
Midway Coal Mining Ccmpany for the preliminary design and cost
estizaricn work on these plants. However, in late 1978 OMB decided
to limit funding to only one of these projects. The outcome of this
decision is still -mresolved. At present, both Southern and P&Y are
proceeding with design and development studies.

Exxon is ipvolved in an integraced R&D program which includes
bench scale studies: 50 lb/day, 100 lb/day, and 1 T/day pilot
plants and eagineering and design studies. The program includes
operation of a 250 I/day liquefaction pilot plant which is undex
construction and operation of a 70 T/day FLEXICORING prototjpe umit,
both of whick are located in Baytown, Texas. The research and
development program includes evzluavion of lignites and subbituminous
and bituminous coals as liquefactior feedstocks: coal liquids
product testing and evaluzation, engineering technology studies aimed
at special ecuirment d2sign features, and desiga stdies for a
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conceptral commercial plant. Exxon includes studies of vacuum towaz
bottoms urilizacion which includes both FLEXICOKING and partial
oxidation for process fuel gas and hydrogen production.?>*

Developmenr and demonstration of the H-Loal pxocess has been
carried out in bench-scale wmits processing 25 1 of coal per day
anc in a2 process development wmit handling 3.5 toms/day. IFourteen
coal types bave been evaluated, with a total of over 52.0060 hours of
operating experience. A lazge pilot plant is under comu.truction at
Catlettsturg, Kentucky that will have a capacity of 600 TPD in the
boiler fuel mode or 200 TPD in the syncrude or high severity mode.®

Fig. 5 summarizes the schedules for the large pilot plants and
demonstrztion plants of the direct liquefacrion processes. The H-Coal
pilet plant is scheduled to be comrleted in October of this year, and
operations in both the boiler fuel ané the syncrude mode will take
place inm the following two years.®

The 250-~-TPD EDS pilot plant at Baytown is now undeT construction
and is expected to he completed by the end of 1979. Operacions have
been scheduled through the middle of 1982.°

Both the SRC-I ard SRC~II demonstration plants were scheduled to
be completed by the end of 1983. Phase zero conceptual design studies
are underway for both plants. As indicated earlier, it is mot certain
thac boch will be built.

3.1.2 Two-stage ligqueiscrion

In the two-stage approach to ligquefaction, an inicial dissolution
step is followed, afrer removal of most of the solids, by a more
severe hydrogenation to break dowm the large molecules and heteroatom
compounds. A simplified flow diagram is shown in Tig. 7. As men-
tioned previously for the other processes, integrared operation has
not yet been demonstrated.

Two-stage liquefaction is typified by Conoco Coal Development
Company's CSF process, although a number of othex companies are also
dcing work or the two-stage approach. The CSF process was piloted in
a 20-TPD unit at Cresap, West Virginia, for several years, bur pilot
plant operation was dJdiscontinued around 1970. Waile the CSF Pilot
Plant did not lead to plans for further development, demonstration, or
commercialization, the potential of two-stage liguefaction remains
high, and important developments in this area of liquefzerion tech-
nolegy may be anricipated in the neaxr future.

The ratiorale beliind Comoco's two-~stage aprroach is that the
first stage extraction conditions can be relatively mild - about 360~
300 psi, 700°F, with no catalyst or gaseous hydrogen. This step,
therefore, is =elatively inexpensive. Recycle solvent and conor
solwent are used to achieve the initial dissolutior or extwraction.
The depth of extraction is purposely limired so that subseguen:c gasi-
ficarion of unmextracted residue will satisfy hydrogen requirements.

ter extraction, a rough separation of soiids is achieved by sertling.
The settler overbead, containing about 17 solids, then goes to the
second stage which is & high severity catalytic ebullated bed hydro-
genaticn step using molecular hydrogen. Thus the expensive ccbalt-
moly catalyst is nct exposed to most of the mineral marter and un-
weacted coal. This should tend ro reduce catalyst consumption and
meke it easier to maintain catalyst activity although further experi-
ments are still required to confirm the quantitacive effects. Recent
studies by the Bricish National Coal Board and by Oak Ridge National
Laboratory have imdicated a significanc furtker advantage of low
severity initial extraction. If che extenr of extraction is limited
o below about 385 wt %, the original coal particles largely retain
their inregrity, mirimizing the production of fines and greatly
easing the solid-liquid seperation step. Products from the second
stage are distilled, and the vacuum tower bottoms go to gasification.
In the flowsheet used by Fluer in theix recent evaluarion of the CSF
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process, the setuler bottoms go to a low-temperature carbonizer for
recovery 9o liqu.ds, and the char from the carbonizer goes to a
gasifier for hydrogen production.®

3.1.3 Pyzolysis processes

Liquid, gaseous, aad solid fuels can be produced from coal by
low-tewperature pyrolysis or carbomization processes. With the use of
increased hydrogen pressure such precesses are generally termed hydro-
pyrolysis or hydrocarbonizaticn processes. Pyrolysis processes are
principally cthermal processes and are gemerally conducted in gas-solid
contacting systems; fixed bed, fluidized bed, recirculating bed, and

trained I{low systems have been utilized. GCoal pyrolysis processes
in fixed beds bave a lomg history; recent developments have fccused on
fluidized, recirculating, and entrained systems and on hydropyrolysis
conditions. Coal pyrolysis zechnology is reviewed iz chree subsections
that follow — focusing on the rapid pyrolysis/hydropyrolysis processes,
fluidized-bed hydrocarbonizacion processes, and carbomization/gasifica-
tion processes.

Ragid g§olzsis and hydrooyrolysis processes. These processes
generally employ entralined-fiow reactors to permit minimal exposure of
volatile liquid products to the severe pyrolysis envirommer.t. Fig. 8
shows a simplified block flow diagram for hydropy-clysis. Again it
should be noted that the integrated, conceptual flowsheet hac act beex
demonstrated. The principal effort in this area is the 1 TPH prccess
development reactor operated by Rocketdyne Divisiom o0f Rockwell Inter-
national witk support from the U.S. Department of Energy. Others
involved with rapid pyrolysis and hydropyrolysis prccesses include
Cities Service, Occidental, IGT, City Uziversity of New York, PETC,
BNL, and ORNL. The most significant recent development in this

field is the successful performance or the Rocketdyme reactor.’ The
4-ip.~diam, 1-TPE reactor has achieved sustained operation for about
an hour and has successfully handied caking bituminous coal.

Rockwell's process is based on the concep:t that high liquid
vields are favored when coal is allowed to react with hydrogen at high
temperature Icr a short period of time followed by rapid quenching.
Reacticn temperatures of about 1400-190C°F are achieved by mixing the
coal with Lhydrogen prehezzed to abour 2000°F. Overall carbou conver-
sions of zhour 50-65% have been obtaired. Rockwell indicates that
tney nave achieved carbon conversion to liquid products of about 30-
35%. and cexversion te gases cf about 20-30%. The liquid products
bave a2 uigh BTX content, amd the gaseous products ‘contain a highk
pTSEortion of methane. In a commercial plan: design. it is expected
that cthe imreacted char would be fed to a gasifier to produce hydrogen
and/cr fuel gas reguired oy the facility.

Througk correlation ¢f rapid nydropyrolysis yield —esul:ts from
Recke-Z2yne and Cities Sorvice, Bechtel® has demonstrated the absence
of sigzificant reacter size effects.

Fividized-bed hydrocarbcmization processes. All effcrt has been
curtailed ¢ tha Iniom Carvias/Coalcon fiuldlzed bed hvdrocarbonization
demonstration planr.? The fajlure of this large project is generally
atrripurad to uw:certainties related to the handling of caking coals.
che possible meed for hydretrearizg of the liquid products, and the
ovex>ll process wzcomomics which showsd no clear advantage over the
slurry bydroliguefaction processes. Significant techmological develop-
nents rel.red to I{luidized-bed hydrccarbomization processes in the
U.S. include succassful testing of two reactor concepts with caking
coals — tko Westinghouse recirculating bed reactor®® and a proprietary
Union Carbide reacinr.'' Alsc, ORNL has demomstrated!? that caking
coals pretrzazted itk ~lkaline salts present no caking problems, show
atrractive hydrocarvonization yields, and retain the alkali salc
catalyst in che caar. All =tfort funded by the U.S. Department of
Energy in fluidized-bed hydroscarbonization has been curtailed.
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Carbonizztion/gasificarion processes. The COED!?® multistage
carbonization process developed by FMC with gasificarion of the chaz,
called the COGAS process, is one of two processes under consideration
for a large (2200 TPD) demonstration plant to produce pipelime quality
gas from coal. The COGAS plant if bullc will produce nearly half of
the heating value of its products as liquid fuel. The other contender
is the Conoco Coal Development Company's proposal using the British
Gaz Corporation-Lurgi slagging gasifier. A decision regarding the
demonstration plant has been postponmed by the U.S. Department of
Energy at the time of this wriring. Otherwise there has been little
siznificant recent develcpment in the pyrolysis portion of the COED
process.

3.1.4 1Indirect liquefaction

Indirect liquefacticn, shewm in Fig. 9, is carried oac by first
gasifying che coal to produce a syngas, which after purification can
be caralyrically recombined to produce liguid products.

Two routes to indirect liquefaction are currently receiving
accention. The first iz Fischer-Tropsch synthesis, which produces a
wide variety of liquid products. The second is methanol synthesis.
Both of these are in commercial operation in South Africa.

The recent development of thkz Mobil-M process has created new
interest in the methanol syothesis rcute. In this process, metlhanol
is converted to gasolinz using artificial zeolire catalysts of con-
trolled pore size.'"

Mokil Research znd Development Corporation has made process
development studies of this process in fixed and fluid bed bench-
scele wmits. Two reactors were used in che fixed bed vmit. Methanol
was dehydrated to an equilibrium mixrvre of methanol, dimetkylecther,
and water in the first reactor. The merhanol and dimethylether were
converted to high octane gasolime and some lighter hydrocarbens in
the second reactor. Over 200 days of successful operation were
achieved in the fixed bed umit. A single reactor was used in the
fl*;idl'ged unit, and a catalyst aging test of two menths duration was
made.

process development studies Zu the Fixed and fluid bed bench-
scale wnits indicated some advantages for the fluid bed over cthe fixed
bed. Comsequentiy, a 4-BPD fluid bed pilot plamt was designed, built,
2nd operated mnder a follow-on DOE contract in 1976-1978. Scartup and
operation of this uzit weTe reported by Mobil to be very successful.

The fluid bed pilo:t plant operates at temperatures of 730 to
§03°F and pressures cf Z0 o &40 psig. thanol conversion is over
99.5%, producing about 44% hydrocarpbons and 567 water. Of the hydro-
carbons produced from the reactor, the Cs+ gasoline fraction is about
60%. The C; and C. olefins and isobutane produced are in about the
right proportions for alkylarion, which brings the total 9 psi Reid
vapor pressure gasoline yield up to 88% of total hydrocarbon yield.
The Research Octane Number of this gasoline, unleaded, is 96. Yields
from the fluid bed process are significantly kigher than from the
fixed bed unit. Thermsl efficiency of the methanol conversion process
is about ©95%.!6::7.18

Planning is currently umderway for 2 100-bbl/day fluid bed pilot
plant spousored by DOE, the Federal Republic of Germany, German
industrial participants, and Mobil.

At present there zppear to be no active DOE plans to demonstrate
Fischer-Tropsch technology in the U.S. liquefaction program. The
economics of this route reportedly are less attractive than the
methanol-Mobil-M scheme for U.S. applications.!®'?
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3.2 Process Problems in Coal Liquefaction

There are a rumber of process areas in coal liquefacticn on which
development work is required and iz most cases is going om. Some
difficulties are common to almost all of the processes for coal lique-
factior while others are more specific to particular processes or
process rypes. Generic problem areas will be described firsc; then
problems specific to tiae various classes of processes will be dis-
cussed. While the focus of this secticn is on problem asreas in coal
liquefaction, it should be kept in miad cthat orgoing development
efforts appear capable of sciving these problems in a timely fashion.

3.Z2.1 Generic problem arczas

As shown Iz Fig. 10, areas of difficulcty chat are gemeric to coal
liquefaction include the foilowing: (1) measurement and coatrol of
process streams, (2) measurement and correlation of stream proparties,
{3} materials and components, (4) gasification, gas cleznup, and
recycle, (5) heat recevery from dirty procese streams, (6) healch and
safety, and (7) waste treatmenc.

Measuremer= and ccatrol of flowrates of process streams containing
solids is a problem for all liguefaction processes as are liquid level
detection and control. On-stream ana.ysis of chemical and physical
characteristics of process streams is impertant for several processes.
Mezsurement of temperature, pressure, and differential pressure is
conpliczted by the dirty and severe direct liquefaction environment.
Dynamic control cf complex processes with limiced capabilirty for
holdup requires careZul systems design.

Design of demomstration or commercial-size scale liquefaction
planzs wiil require estimates of properties of the process streams at
process conditioms. Particularly important are the rheological, heart
transfer, and vapor-liquid equilibrium properries of process streams.
Fragmentary data are available for most of these properties, amd
correlations from the pertroleum industry are being extrapoiated
although it is recognized that petroleun-based correlaticns may have
significant deficiencies fox this appli:acionm.

Almost all liquefaction processes involve service conditions that
place severe demands on components and materials of coustruction.
Erosion, erosion-corrosion, sulfidzrion, and stress-corrosion cracking
are generic difficulties. Capability for design and fabrication of
very large, heavy-walled pressure vessels is presently one limitation
o~ the size of iiquefactior trains. Concerns relarted to materials and
cowpounents also impact plant maintezamce requirements and associated
plant service factors. A coordinated developmernt progrzam for materials
and compocents in eoal liquefaction appears to te emerging.

Almost all liquefaction processes involve the use of gasificatiom,
most commonly for the production of hydrogen. The gasificaticn
processes themselves have development needs that are beyond the scope
of this paper. But gasification with associated heat recovery. gas
cleanup, separatiom, and recycle is a very costly part of the overall

liquefaction plant and presents problems and opportunities for furcher
development.

High concentrations of polynuclear aromacic hydrocarbons (PNA)
and other compounds which are suspecred of causing cancer in humans
are known to te presant in meny coal liquefaction process streams,
products, and wastes. These mzterials requize special precautions Zor
protzcting the health and safetry of workers in coal liquefaction
plants, althougk ocher health and safety considerzrions are generzlly
similar zo those found, for example, in the petroleum industry.

Federal law will require the use of best available ca:hnology for
tTeating the wastes from ccal liquefacrion plants. Commercially
available technmology is generally applicable to treating aqueous
wastes and gaseous amissiors. The treatment and disposal of solid
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wastes may present new problems of significance as EPA implements che
Resource Couservation and Recovery Act of 1976. Development and
demonstration of the best available waste treatment technologies will
require sezious attention from government and industry. Commercizally
available technology is generally applicable to treating aqueous
wastes and gaseous emissions, but the performance of such techmology
on coal-derived wastes is generally unknown.

3.2,2 DProblem areas in direct and two-stage liquefaction

Fig. 1l shows some of the problemc common to direct liquefaction
processes. These processes 21l require slurry mixing, pumpirg, 2nd
preheating. High pressuce pumps are available but tkeir short valve
life is 2 diffiexlty. Design of a fired heater for pzzheating the
slurry to Teaction temperature is difficule because of (1) nighly
visesus gel formarion with some cocals, (2) lack of adequate pressurs
drop and heat tramsfer data, zmd (3) potential coking problems, espe-
cially at heatr fluxes grezater than the very modest omes (<10,000
Btu/hr ££?) that have bean used so far.

Flow distribution and stabilicty in the liguefaction reactor have
been identified by Exxon, Gulf, and Air Products as possible areas of
difficulty. High-pressure letdown valves in slurzy service have shown
rapid wear and short life due to the zrosive action of the siurry at
high velocities. In a commercial plant, replacing these valves during
operation couid present design and operational complexitiss. Iz
cztalytic direct and indirect liquefaction processes, catalyst activizcy
and life are also concerns.

Solid-liquid serparation is parcicularly troublesome, especially
for those processes such as SRC-I in wkick the product is too heavy to
be taken overhead in a2 vacuum colum. Recert results with the U.S.
Tilter at the Wilsonville Pilet Plant, however, have been very encour-
aging, and filrration mzy prove to be wiable for solid-liquid separa-
tions. Approaches such as Kerr-McGee's crirical solvent process and
Lumnus anti-golvenc deashing process aiso show promise and these
pracesses are being tested at Wilsonville and elscwhere. When a
acvum distillation column is used, as in SRC-II and EDS, chere may
still be design difficulrties ro avoid coking in the preheater and
entrainment of solids in the distillate and provide zeliable pumpizg
of the high-solids content bottoms from the columm into a hign pressure
gasifier. Another possibie source of diZficulty is =zchieving the
necessary flow control when the vacumum bottoms is fed to an entrained
flow gasifiex.

Most of the liguefaction processes require a gasifier for produc-
tion of hydrogen or fuel gas from the unconverted coal residue.
Dezveloprent of a high pressure gasifier fcr this application carries
wirh it its own set of comcerns, such as the pressurized feed system,
nozzle design, and ash or slag removal.

In some processas, use ¢f a high-preszure, low-temperature,
fluidized bed carbonizer is contemplated as a means of recovering
liquids from settier bottoms. Thus far, ouly near-atwospheric opera-
tion has been demonstrated.

Heat rezovery from reactor effluent will de a difficuit task.
Shell and tute exchangers in high pressure slurry service cam be
expected to have an extremely high tendency toward fouling and coking.
if this oeccurs, the removzl of a tube bundle during operation could
pose significant safety hazards. There is no easy solution in sighr
for this problem, other than cwmitring the heat recovery and taking a
~hermal efficiency pemnalty.
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3.2.3 Problem areas for pyrolvsis processes

Fig. 12 lists problems which are specifiec to the pyrolysis
processes. Among these are the handling of dry solids at elevated
temperatures and pressures. In particular the pressurized hydro-
pyrolysis processes face difficulties with pressurizing and feeding
d-y coal. Lock hoppers are the best available technclogy for pressur-
ization, bdut they are costly and inmefficient and frequently experience
erosion, particularly with the valves. Several advancad, pressurized
coal feeder concepts are under develoomen:, but the status of concinued
development and testing is umcertain at this time.

Rockwell, Westinghouse, and Union Carbide appear to have devel-
oped me:thods for bhandling caking coals in pyrolysis reactors. Large-
scale demonstration has not yet peen attempted for ary of these
approaches, however.

Providing process hear te pyroliysis reactors impacts the process
thermai efficiency. Burning of hydrogen with oxygen is 2 very costcly
approach. Multistage pyrolysis processes address this concern by
combustion and/or gasification of char. The use of char combustiot
for process heat in the rapid hydropyrolysis processes is an important
objective which is currently receiving lirtle attention.

Hezt recovery from reactor effluents is of greater comcern for
pyrolysis processes than the direct and two-stage processes because of
the nigher temperatures generally employed. Furthermore, the rapid
pyrolysis processes require a rapid queach o the reactor effluent
which complicates heat recovery.

Finally, in order to minimize the carryover of unreacted solids
with the liquid product, pyrolysis processes will demand efficient
gas/solid separatiou probably using cvclones and peraaps other tech-
niques. Little effort is currently focused on this area.

3.2.2 ?Pzoblems in indirect liquefaction

As indicated in Fig. 13, the main problems in indirecr liquefac-
Tion are those comnected with the gasifier. Sas cleanup, shifc, and
merhanol synthesis technology are fairly well escablished. Mobil's
fluidized bed reactor for che Mobil-M process may present some diffi-
culties i scaling up to commercial size.!®

3.3 Product Upgrading

Product research and testing have escablished that coal-Zerived
liguids ir the naphtha range make excellernt feedstocks for
vpgrading to high octame gasoline bleading stocks. Above the naphcha
boiling range, coal liquids appear to be best suited for industrial or
ucility fuel oil use rather than for jet Suel or diesel fuel. This is
because of the highly arcmatic natuze of coal-derived liquids and the
bigh cost of bydrotreating theam tc jert fuel or diesel fuel specifica-
tions. Shale oil, whick produces a more parafZinic mid-barrel materi-
ail, is probably hetter suited thar coal for jet fuel and diesel fuel
proeduction.

Fant and Barton of Exxon have reportad®® on the properties and
end-uses of the naphtha and fuel oil products from the EDS prozess.
The nariitha can be hydrotreated by convenrional fixed-bed technology
to very low levels of sulfur and nitrcgen (1 prm or less) suirable for
a feedscock to catalytic reforming. The severicy lavels required in
bydérotreating are greater than for petroleum-Zs-ived napithas but are
well within the range of coaventiomal tecmmology. ter hydrortrzer-
ing, the naphtba can be catalytically reformed to very hign octame
levels. Reforving yields are shown in Fig. la. Liquid yields are
higher than for petroleum-derived stocks due to the vzry high oropor-
tiom (87%) of aromatics, asdhthenes, and cyclo-olefins. For example,
a vield of 887% (liquic volume) of s+ reformate was obtained at a

-
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Research Qctane Number of 103 clear. Wich the current octane diffi-
culties being experienced by refiners due to the phase-out of lead,
the availability of high-octane unleaded reformate from coal naphtha
could be extremely wvaluable. Another favorable point is that the
combination of naphtha hvdrotreating and catalytic reforming showed a
aet positive hivdrogen production of 1250 scf/bbl.

Another possible goute for upgrading heavy coal-derived dis-
rillace ligquids is catalyric hydrocracking. This route was chosen by
Fluor in their recent study of the Conoro CSF process.® Fig. 15 shows
a greatly simplified block flow diagram for the hydrocracking-catalytic
reforming steps. It is well known in the petroleum industry that
highly aromaric distillaces make good hydrocracker feedstocks. The
main questions to be rescived relate to the hydrotzeating and cut
point condicions nzeded To prepare the vacuum distillate for hydro-
¢racking and whether the overzll hydroezeatirg-hydrocracking operation
will be economical in terms of yields, hydrogen consumption, and
catalysc life.

Upgrading, of course, will imply some loss in yield and reduction
of energy efficiency. However, it has been accepted for a long time
in petroleum refining technology that yield must frequently be
sacrificed to improve gquality. The yield-octame curve in catalytic
reforming of naphtha to high-ocrane reformate is a good example of
this. Another is the yield loss in converting mid-barrel stocks to
gasoline by fluid czc cracking.

Therefore, if the energy efficiency from coal is lower when
producing gasciine than when producing fuel oil, we should not allow
this to imfluemce unduly our thinking about what products should be
produced. If energy efficiercy were the only criteriom, the petroleum
refining industry would be selling fractions right off the distilla-
rion ccitmm — or perhaps the crude oil itself. But tkis is not what
is needed in rhe markerplace. Our zpproach to coal liquefaction
sheald ba guided by what products are ne=Zled and the quality specifica-
tions that have to be wmet, and the costs of upgrading should be
included in ocur econcmic evaluarioms wherever the end use demands it.

4. ECONOMICS AND COMMERCIALIZATION
4.1 Recert Econcmic Studies

Most receat studies seem to indicate that the cost of syucheczic
liquid fuels from coal in 1978 dollars will be about $25 to $35 per
barrel. This, of course, can vary rather widely depending om the
nature of the preducts and the type of fimancing.

Economic comparisons among various processes are difficult and
are frequentcly misleading because (1) different degrees of comservatisz
are used in design and cost estimation, (2) different finaneizl groumd
rules zre used, and (3) often no ailowance is made for the fact that
the processes may produce products of widely diffexing properties and
and uses. The assumptions used in providing steam and electricity te
operate the facility can have a comsiderable effect on the overall
thermal efficiency and the product cost. Keeping these warnings in
mind, some recent studies will be discussed.

As shown in Fig. 16, a design and economic study of the EDS

srocess by Exxon resultzd in an initial selling price of $29/bbl in
1978 doilars for the liquid prcducts. This was based on a 24,000-TPD
plans producing 60,000 bbl/day of liquids froc. Illinois No. 6 coal.

The net ligquid yield thus is about 2.5 bbl/ton. Capital investment is
$1.6 billion in 1978 dollars, or $27,000 per stream day barrel. Over
h21lf of the product price is due to the charges on capital investment.
Overall thermal efficiency is 63% with sulfur and ammonia included.®?’?3

12



ENERGY TECHNOLOGY Vi

Exxon also compared the costs of liquids from SRC-Ii, H-Coal, and
EDS, and concluded that the costs of products Zzom all three appear
to be within + 107% of ezach other. 1In this study, Zxon used publisned
conceptual designs and economic studies for SRC-11 anc H-Coal and
adjusted them tc the same basis Exxon used f£or EDS.??

Fig. 17 sumarizes the results of a study by Eydrocarbon Reseazch
Inceorporated showing an estimated cost ¢f abour $17/bvbl for H-Coal
liquids, with a capital cost of $14,800 per daily barrel. HRI also
quoted an estimate by Ashland Oil of $20,000 per daily barrel in 1977
dollars for a piomeer plant,.?*

As indicated in Fig. 18, a comparxrison of che direct and imndirec:
approaches to liquefaction was made by Barmey, Mills, and Joseph.
They concluded that the cost of g2soline made by the methanol-Mobil-M
rocte is only marginally highexr than that made by the H-Coal process.
At a 50/3C debt-equity ratic, ths costs were $1.02/gal for Mobil-M and
$0.59/gal for H-Coal, or about $42/bbl. As z convenience, the fuel
oil produced in the E-Coal process was given the same value as the
gasoline. The estimared capital investments in 1977 dollars for
50,000 bbl/day plants were $1.64 billion for the H-Coal route and

1.76 billion for the methanol-Mobil-M route. These correspond to
§32,80C and $35,200 per daily barrel respeczively.!®

A ‘study by Max Schreiper and others of Mobil with assistance Zrom
Lurgi indicated that Mobil-M is superior o Fischer-Tropsch from the
standpoint of thermal efficiemcy and product cost. The resulcs are
briefly summarized in Fig. 19. Escimated total facility costs for the
methanol-Mobil-M system were about $41,500 per calerdar day barrel or
about $37,300 per stream day barrel in 1977 dollars. The plants used
about 27,000 tons/day of Wyoming subbituminous strip-mined coal.
Products included both iiquids and SNG, about 477 liguids and 53% SNG
on a thermal basis for the fluid bed Mobil-M route. Wich SNG and LPG
valued at $6.17/million Btu, the gasoline cost was 92¢/gal cr about
§7.60/million Btu using equity financingz at 12% rate of returm after
taxes and a coal cost of $7/ton. Thermal efficiency for this case was
63%. Capital investment was about $1.7 billion, and gasoline produc-
tion was 23,000 bbl/day. Doubling the coal cost would raise the
gasoline price by about 8¢/gal. TFor the Fischer-TIropsch case, the
gasoline costs were from 10% to 407 higher depending on the allocation
of costs amorng the products.?® It should be emphasized that upgrading
of the gasoline to U.S. quality specifications was ome of the require-
ments of the study.

Fig. 20 summarizes another study of the indirect route. Badger
Plarts Division made a conceprual design and economic analysis of a
plant producing 415,000 bbl/day of methyl fuel and metharol from
74,000 TPD cf bituminous coal. They estimated a plant ccst of $3.1
billion and a product cost of 18.8¢/gal on a 1977 basis with inflatiens
at 6%/year. 1If inflatiom is eliminated, this works out to 24.5¢/gal
on an instant plant 1977 dollar basis. The fact that eliminating
inflation makes the price go up is a little confusing but basically it
is because the same nominal rate of return on investmenr was used in
both cases, and the effect of inflation is to reduce the real rz:ie of
return on investment. Badger's investment cost ccrresponds to $7500
per daily barrel of methyl fuel. If this is adjusted to fuel oil
equivalent on a Brtu basis. it corresponds to aboutr $17,3CC ver caily
barrel of fuel oil equivalent.?® The overall therma' efficiency of
the Badger conceptual facility was 59.2%. This is not much lower chan
the overall efficiencies estimared for direct liquefactien. 1If
correct, this study indicates that earlier estinates of efficiency for
the coal-to-methanol route werze much too pessimistic.

As indicated im Fig. 21, the economics of the Comoco CSF process
were investigated in 2 conceptual design study by Fluor Engineers and
Comstrucrors. Their design showed 66,000 bbl/day of gasoline, 15,000
bbl/day of LPG, and 78 million scf of SNG produced irom 30,000 TPD of
coal. Estimated plant investment was $1.7 billion excluding the coal
mine, and gasoline price was $24/bbl in 1977 dollars.® The plant
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capital corresponds to 321,000 per daily barrel of liquid products.
The design and cost estimate imclude the upgrading facilities needed
zo produce high quality gasoline. This was an “nth" plant design
rather than a first plant, and included projected cost reductions due
to the "learnming curve" esffect.

4.2 Commercialization

It seems clear thar liquid fuels from coal zre not yet competiciva
t%':.:h ;:;mported petroleum, which now costs about $15/bbl including ocean
reight.

One widely held view of commerciazlizationm is that the cost of
imported o0il will rise more rapidly than the cost cf ccal liquids, and
that at some point in the future there will be a crossover, at which
poinc it will become ecomomically feasible tc build plants for pro-
ducing liquid fuels from coal. Current zesearch and development
programs are aimed at reducing the costs of these fuels, therefore
hastening the point at which economic competitiveness is achieved as
well as ensuring that technically feasible processes will: be available
at that time.

However, just when this economic crossover will occur is not
clear. a&round 1973 and 1974, there was a massive readjustment in the
orice of Middle East oil, reflecting the realities of the marketplace
and the deminant pcsition of OPEC inm world petroleum supply. But
since that readiustment, additiomal price Increases have been largely
keyed to the general inflacion which kas eroded the value of the
dollars we pay to the Middle East nationms.

Regarding che Tecenr amnouncement by OPEC of a graduated 14.5%
increasz ir oil prices, the 0il and Gas Journci reported this year an
analysis by the Organization for Economic Cooperation and Development
which states that even after this increase, oil prices in real terms
will still be below the levels of early 1977.2°%

Inflation is also driving up the price of moal. Projectioms of
the marginal mine-mouth costs of coal by Data Eesources Incorporated
indicace Western coal costs increasing at 8%/yx and Eastern medium-
and high-sulfur coal inecreasing at about 97./2':. Their projected price
for Illinois coal was about $65/ton in 1990.27 In fairmess, it should
be said that noz all forecasters agree that cozl prices will escalate
this rapidly. Howzver, coal prices will at least follow the rate of
genaral inflation and in addition are pushed upward by environmental,
health, and safety regulations and by decreases in average productivity.
Ailso, che growth of a2 coal ligquefaction industry cannot occur without
a considerable expansion of the coal mining industry, <nd this expan-
sion of demand will probably induce an appreciable rise im price.

The estimated costs of building synthetic fuel plants alsc have
been going up rapidly. 4&nd, as pointed cut by Krasts and Henkel of
Conoco, *? the rate of inflation of capital goods is higher than the
rate oi general inflztion, because of loag-established government
economic policies. Moreover, when inflatvion is high. cthe rates of
return demanded by lending institutions and other investers go up
correspoudingly, leading to still higher costs for capital-intensive
synthetic fuels.

Another point to be considered is that inflation tends to generate
a climate of uncertairncy which discourages large capital investments,
especially in a aew industry.

A syntheric fuels industry of appreciable size (say 2 wmillion
bbls/day) will probably take at least 15 years to build. And this
time does mot start 20w - it starts after economic competitiveness 1s
achieved. Also, this is without comsideration of possible regulatory
or environmental restrictioms that could hamper the rate of growth.
The expansion of the coal mining industry to provide the necessary
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feedstock will also bave to take place during this same time period,
and will ccampete for investmen:z funds.

Coasiderations such as these tend to make us wonder whether we
cugat not tak2 a more searching look at the mechanisms by which wa
expect the syntharic fuels industry to develop. It is not at ail
clear that natural marketplasce foreces will be able to build the
industry rapidiy enough to meet the demands we expect in the next 20
to 30 years. The need for govermmental initiatives has been widely
discussed. We wish to emphasize bere the need for careful considexa-
tion of the demand-time curve for synthetic liquid fuels and of the
length of time required to build an industry of the size needed.
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Fig. 1

CLASSIFICATION OF COAL LIQUEFACTION PROCESSES

1. DIRECT LIQUEFACTION
.® SRC-I
® SRC-1I
e H-COAL
® EXXON DONOR SOLVENT (EDS)

2. TWO-STAGE LIQUEFACTION
® CONOCO CSF

3 PYROLYSIS AND HYDROPYROLYSIS
e CITIES SERVICE
¢ ROCKETDYNE
e COED

4, INDIRECT LIQUEFACTION
® FISCHER-TROPSCH
¢ METHANOL AND MOBIL-M
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Fig. 10

GENERIC PROBLEM AREAS IN COAL LIQUEFACTION

L)

INSTRUMENTATION AND CONTROL

ESTIMATES AND CORRELATIONS OF STREAM PROPERTIES
MATERIALS AND COMPONENTS

GASIFICATION

GAS CLEANUP AND RECYCLE .

HEAT RECOVERY

HEALTH AND SAFETY CONSIDERATIONS

WASTE TREATMENT
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Fig. 11

PROBLEM AREAS IN COAL LIQUEFACTION

NIRECT AND TWO-STAGE PROCESSES

SLURRY PUMP .

SLURRY PREHEATER

REACTOR FLOW DISTRIBUTION

HIGH PRESSURE SLURRY LETDOWN VALVE
SOLID-LIQUID SEPARATION

VACUUM COLUMN

GASIFIER

LOW-TEMPERATURE CARBONIZER

HEAT RECOVERY
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Fig. 12

FROBLEM AREAS — PYROLYSIS AND HYDROPYROLSIS

]

PRESSURIZED DRY COAL FEED SYSTEM
FEEDING CAKING COALS TO REACTORS
PROCESS HEAT SUPPLY TO REACTORS
HEAT RECOVERY AT HIGH TEMPERATURES
REMOVAL OF SOLIDS FROM GASES
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Fig. 13

PROBLEM AREAS — INDIRECT LIQUEFACTION

® GASIFIER AND GAS CLEANUP

¢ FLUID BED REACTOR SCALEUP
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CATALYTIC REFORMING OF EDS NAPHTHA
SCURCE: B.T. FANT AND W. J. BARTON,
MAY 1978 (REF. 21)
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Fig. 16

EXXQN DONOR SOLVENT COMMERCIAL PLANT STUDY DESIGIN?

COAL TYPE ( ILLINOIS NO. 6
COAL FEED RATE; 7PD 24,000
YIELDS, B/SD

Cy — C4 LPG 3,000

Cg — 400°F NAPHTHA 72,000

FUEL OIL (0.5 wit % S) 20,800

TOTAL LIQUIDS : 59,800
CAPITAL INVESTMENT, $ BILLION (1978) 1.6
INITIAL SELLING PRICE, $/bb! (1978)° 2
OViERALL THERMAL EFFICIENCY 63%

"SOURCE: REFS. 22,23

bBASIS: 100% EQUITY AT 15% DCF RETURN, 5% COST INFLATION,
G% PRODUCT PRICE INFLATION,




Fig. 17

ESTIMATED H-COAL COSTS

CAPITAL COST, $/DAILY BARREL (1977)

Liauid PRODUCT COSTS
COAL
OPERATING
MAINTENANCE, TAXES, INSURANCE
BY-PRODUCT CREDIT
TOTAL

BASIS: COAL AT $i5/ton WITH 10% MOISTURE
65% DEBT AT 8%
45% EQUITY AT 10%
20-YEAR LIFE

YSOURCE: REF. 24.

ORNL-DWG 79-155

14,800

$/bbl
5.84
7.54
1.31
(0.46)
$16.83
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COMPARISON OF H-COAL AND MGBIL-M
{ALL COSTS IN 1977 DOLLARS)Y

H-COAL MORBIL-M
GASGLINE, $/gal
T B/E=0/100 1.23 1.27
D/E = 26/75 1.10 1.14
D/E = 50/50 .64 1.02
D/E = 75/25 . 0.80 .92
TOTAL CAPITAL, BILLION $ 1.04 1.76
ECONOMIC PARAMETERS:
COAL COST $1.00/million Btu
INTEREST RATE ON DEBT 9%
RATE OF RETURN ON EQUITY 12%

230URCE: REF. 19,




Fig. 19
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ECONOMIC COMPARISON OF MOBIL-M AND FISCHER-TROPSCH4
BASED ON WYOMING 3tiBBITUMINQUS COAL

AND LURGI GASIFIERS?

COAL FEED RATE, TPD

PRODUCTS, B/SD

GASOLINE
SNG
C3 LPG
Ca
DIESEL FUEL
FUEL OIL
ALCOHOL
TOTAL FUEL OIL
EQUIVALENT, B/SD

OVERALL EFFICIENCY, %

CAPITAL INVESTMENT,
$ BILLION (1977)

PRODUCT COST, $/million Btu®

GASOLINE COST, $/gal

9SOURCE: REF. 20.

MosIL-M
(FLUID BED)

27,300

23,085
162
1,790

45,560
63
1.68

6.80
0.83

FISCHER-TROPSCH

27,800

13,680
173
1,107
146
2,307
622
610

44,950
58
1.89

7.78
0.93"

o ALL PRODUCTS VALUED EQUIVALENTLY ON Btu BASIS,
©100% EQUITY FINANCING, 12% RETURN ON INVESTMENT. ALL COSTS IN

1977 DOLLARS.
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Fig. 20

ECONOMIC EVALUATION OF COAL TO METHANOL
CONCEPTUAL COMMERCIAL PLANT?

COAL FEED RATE, TPD 74,000
PRODUCTS
METHYL FUEL, B/SD 386,000
METHANOL, B/SD 28,700
THERMAL EFFICIENCY, % 59.2
CAPTIAL INVESTMENT (1977) $ BILLION 3.1
PRODUCT COST, ¢/gal?
WITH 6% ESCALATION, 1977 BASIS® . 188
WITHOUT ESCALATION, 1977 BASIS 24.5

SOURCE: REF, 25, '

b65% DEBT AT 9%, 35% EQUITY AT 12%. COAL COST $25/ton. PLANT LIFE
20 YEARS. :

¢INITIAL COST IN FIRST YEAR OF PRODUCTION (1987) IS 33.6c/gal:
DEFLATING THIS TO 1977 GIVES 18.8c/gal.
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Fig. 21

ECONOMIC STUDY OF CONOCO CSF PROCESS WITH
PRODUCT UPGRADING?

COAL FEED RATE, TPD

PRODUCTS
SNG, MILLION scf/day
LPG, bbi/day
GASOLINE, bbl/day

°PLANT CAPITAL iNVESTMENT, $ BILLION?
$/DAILY BARREL

GASOLINE PRICE, $/bbl€
$/qal®
$/million Btu®

9S0UNCE: REF. 6.
bEXCLUDING COAL MINE. ALL COSTS IN 1977 DOLLARS.

30,000

78

15,000

66,000

1.7
21,000

24
057
4.70

COAL PRICE APPROXIMATELY $25/ton; 65% DEBT AT 9%, 35% EQUITY AT
14% BEFORE TAXES; SNG VALUED AT $3/MILLION Btu; LPG VALUED AT

$4/MILLION Btu,
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