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A RECOMINTED PROGRAMM TO DEMOSSTRATE AND PROMOTE
THE COMMERCTAL PRCDUCTION OF TYNTHEIIC FUILE JRUM COAL
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1. INTRCDUCTICN AND SUMMARY

e propoeed $10 tillion energy R&D program, recomended to the
President on December 1, 1973, was concerned with the sgtructuring of an
orderiy and well balanced effort alming to support pear term objectives
while maintaining both mideterm and long-term objectivee in perspective.
This program recommended ceveral large-scale projects to further develop
the production of synthetic fuels from coal, including: (1) an 8 million
ft3/dw second generaticn high-Btu gas demonstirstion plant operatiamsl by
1980, (2) two advasced llguefaction prototype plants operstional by 1978,
and {3) *wo commercial scale pioneer plants using exiating liquefactian
technology far operation by 1580.

In response to more recent developments, thix report provides back-
ground informstion in support of a prupcsed suppi-mentary synthetic fuels
demonstration programm which is & recommended next step of an urgent national
program to build productive capacity for massive qhmtities of liquid and
gasecus fusls from ccal, In view of the transpertation fusls crisis wnd
because cammercial scale production of high- snd low-BEtu gas from coal is
alveady being planned by several utilities, production of ligaid Zuels 1s
assigned high priocrity. '

Tt is the judgment of many experts that synthetic natural gas (SWG)}
fram coal cen and should be produced on a4 cammercial scale uaing the
existing first generation technology. Second generstion proeezses for
SHG production potentially will improve the eccoomics (perhaps by sbout
20%) but these technologles are rot directly required to respon! to the
need for incressed productive capacity. It is alsc & genaral consensus
that the econamics of existing processes for ligquefaction of coel (e.g.,
Bergius and Pischer-Tropsch) are so unfevorable vith respect to those of
the developing processes (e.g., H-Coal and SRC) that it will be preferable
t0 bulld an industry based upcn the new technology vhile conducting s
co-current program to complets the necessary research and development.

The recammendsd synthetic fuels demcnstration program would create
s government-incustry mansgement system with the specific goal of providing
the coarmercial scale development that will be required for & massive
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synthetic fuels production industry in the 1980s. Specific aspects of

this program inciude: {1) removal of govermmental and other obstacles

and provision of incentives to accelerate the preseni and follow-cn
camercial projeets for the producticn of high-3tu gas from coal,

{2} acceleration of the =zyntheti¢ fuels pioneer program with higher
government funding to campensate for the higher risk, and (3) expansion

of the liquefaction prototype plart and sy-thetlc fuels picneer programs

te increase the probability of techmological success. The technology

exists for extraction of the coal that wouls be required as & raw material for
a synthetic fuels industry. Work 1s required, however, 1o minimize the impact
of coal mining on the enviromment and to provide the necessary manpover, materials,
equipment, and services for rapld expansion of the mining industry.

The following sectlons of this report wlll present an assessment of
the status of the technologsy for liquefaction and gasification of coal
and summarize the recammended gymthetic fuels demonstration program.

2. SCOPE AND BASES FOR STUDY

Cne of the objlectives of the present study has been tc evaluate the
technical and econamic merits of the most pramising near-term processes
for liquefaction and gasificetion of coal in sufficient depth tc permit
& preliminary determination with respect to which of these processes
gshould be stressed in an accelerated development program. In general,
+he technical sui econamic data used in these evaluations represented
wide variations in detall, degree of substentiation, and groundrules.

An attempt has been made to present a balanced technical and cost
evaluation, vhepnever possible, through the use of only a few types of
coal and common economir assumptions. In spite of this effort, however,

the indicated ccuipa.ris:ns of the processes may be 1ln error by perhaps
+30%.

Table 2.1 presents properties of several types of coal that are
reasonsbly typical of those fram the large coal fields in the U. S. Moat
of the conceptual flowsheets for this study are based upon (1)} e high-volatile
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cleumirous A coal from the Bastern Interior Region {(Illinois, Indiana,
Lecters Hentucoky,, ‘2, a4 subbitumincus ccal from the Powder River Basin
L e Tepwet ogmow

in &yeming, wmd/er (3) a subbituminous ccal fram the Four Corners Region
in New Mexico.

Table 2.2 presents the economic parameters used in calculating the
capital ccmponent of anrual cost. The reference case, with a debt-equity
ratio of 20/70, is relatively typical in the present petroleum and chemicals
industries. The alternative case, with a 60/1#0 debt-equity ratlio, represents
" & more desirable type of low-risk financing that might become possible if
the synthetic fuels industry were strongly supported by the govermment using
cechenisns such as price supports, subsidies, guaranteed loans, etc. The
assumed interest rate of 5% on long=-term debt is believed reasonsble for
large U.S. corporations with high (AA or AAA) credlt ratings.

A tnird finsncing structure was assumed for estimé.ting the cost of SHG
sroduced by a utility company. This utility financing model (55% debt at
T.75%, 10% preferred stock at 7.75%, and 35% common stock at 1h4) results
in a weighted average cost of money of 10% and a fixed charge rate on
capital of 16.7%.

Other cconcmic ground rules used in this study are as follows:

. 1. Interest during comsiruction was charged at 16% of the total
capital investment, based cn the assumption that plant construction would
be financed by an intermediate term loan at an interest rate of sbout 8.5%.

2. Costs of as-received, mine-mouth, prepared ccal st $7.50/ton for
Eastern Interior Region bituminous coals and $3.00/ton for Westernm strip-
mined coals.

3. All costs are expressed in terms of 1973 dollars.

L. Direct operating labor cost at $5.00/man-hour.

5. Raw and treated water at 0.10 and 0.30 $/1000 gal, respectively.
6

. Electric power at $0,011/kwhr.
. 330 opersating days/year.

T
8

15% contingency on capital costs.



Table 2-2. Ecconomic Parameters for Calculation
of Fixed Charges on Capital

Reference Low Risk

Percent Debt 30 60
Percent Common Equity T0 40
Amcrtization Period, yeers ' 20 20
Interest Rate an Debt, % 8.0 8.0
Earning Rate on Equity, %~ 16.0 16.0
Fixed Charge Rate on Capital, %

Cost of money 13.6 . 11.20

Depreciation? Lz 1.5

Federsal income tax® 5.5 2.3

State Income taa:d .3 0.2

Property taxes 2.3 2.2

Property insurance 0.5 ' 0.5

Total® 23.4% 17.9

Banmusl after-tax rate of return on equity.
bSinking fund éepreciation.

®Federal income tax rate 48%.

Y3tate incame tex rate 3%.

©The ammual fixed charges on capital are determined by
multiplying the fixed cnarge rate by the total capital
investment including interest during <ounstruction.
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3. LIQUEFACTION OF COAL

The development of wviable processes for tke production of clean
liguid fuels from coal har been assigned high priority because 1t has a
savorable probsbility of technicel success with acceptably low impacts ‘
on the environment and is a direct response to the goal of providing
national self-sufficiency in liquid fuels. The recammended rational
program in coal liguefaction will continue the development of several
types of liquefaction processes, gevelop methods for the production and
use of methanol fram cozl as & substitute autamotive fuel, investigate
new types of processes, and generally proviie the support in basic research,
enginzering development, product applications, coal mining, waste menagement,
safety, end soclal and institutional endeavors that will bte needed for a
messive new industry.

Commercial plants for the liquefaction of coal will need to be located
in the vicinity of large coal mines. The principasl envirommental impacts
of such plants will be related to the needs for mining and conveying the
coel, the disposal of solid waste (amounting to between 10%, end 30% of the
coal charged), and supplying the water requirements of the process. Zbout
500 gal of water will be consumed for each ton of coal in the producticn
of sbout 110 gel of liquid fuel. Current information indicates that it will
be feasible to remove all significant quantities of noxicus materisls from
pim‘:. effluents, but centinued research is needed to evaluate the potentisl
industrial hygiene and envirommental problems associsted with the management
of gaseous, liquid, and solid wastes.

Innovative policies will be needed to solve the institutional problems
that will result fram the need to provide government support of the develop-
ment progrems while making equitable use of the propriestary experience and
fapilities of private industry. New legislation will be needzd to solve
problems associated with the substantisl requirenents for capital funds
and manufacturing services that will be required for the buildup of a ceal
liquefaction industry in the 1980s. Some form of government support will
be needed to reduce finmancial riszks to an acceptsble level and thereby
encourage rapid growth ol the industry.

R



Stetus of Tecknology

Present processes for the direct catalytic bydroliquefactiorn of coal
are tecmological evolutions of a process lnvented by Berglus, which was
used in 12 plants during World War II to supply approximately 85% of
Germany's requirerents {zbout 50,000 bbl/day) for aviation guol.i.ne.l Ia
the Bergius process, a slurry of coal, process-derived oll, and a zmall
amount of iron oxlde catelyst was coptacted with Rydrogen in & stirred
reactor at a temperature of sbout 850°F and & pressure of 3000 (with brown
coal) to 10,000 (with bituminous ecoel)} psi. The liquid product {syncrude),
which was separated from the residual char-ash-catalyst solids by distillation
and carbonization, was hydrotreated further to produce high-octane gasaline.
The solids, together with additicnal co2l, were burned to provide process
beat. Hydrogen required for the provess was produced by fixed-bed gasifi-
cation of coal with steam and axygen. The plzaots were shut down after the
war becsuse camparsble gasolines could be produced Ifrag imporied petroieum
at sbout L40% of tke cost. Pyrolysis and Fischer-Tropsch processes for the
production of liquid fucls fram coal were also developed and employed during
the war, but with less success than the Bergius process.

Continued research and develomment of processes for converting coel to
clean liquids has been sponsored since the early 1960's by U.S. Govermment
agencies and private industry. This has included: (1) development of an
jmproved process (H-Coal) for direct catalytic hydroliguefaction: (2) comstruc-
tion of pilot plants to investigate multistage processes (Consal Synthetic Fuel
and Solvent Refined Coal)}; (3) constructior of a pilot plant to investigate s
pyrolysis process (COED); and (4) investigative research cn new processes.

Direct Catalytic g;-&oﬁggefution. = A significant sdvancement in the
direct catalytic hydroliguefaction of coal, the "H-Coel" process, invelving
the contacting of a coal-=cll slurry with a massive quantity of cobalt molybdate
catalyst in a liguid fluidized bed reactor, was adapted in the early 1960's frc
& successful process for hydrodesulfurization of heavy petroleum rra.ctions.g F
canpared with the Bergius process, such & process has »romise of higher net
liquid yields {up to 3 bbJJ ton coal vs 1.5 for the Geruan plants), lawer _
operating pressure {2500 psi vs 10,000 psi for bituminous coals), and signifi-
cantly lower cogtent of sulfur in the liquid product. These technical sdvantap
coupled with the projected escalation of the real price of low sulfur fuels frc



petroles and significant ecoocmies o7 sctkle that can be expected in
com=ercial .~10C,000 »h1/day) liguefaction plantx, fore the Basis of a
Frojeczion that such & proces: zay be econcamicelly acceptadle 1= the mld-

198C' s,

™e direct cathlytic ¥-Coal process L5 the mosi Righly developed of
the recent coal liquefaction unrocesses. The process was developed by
Wrirocsroon Research, Inc., {JRI) under the sponsorship of the OfTice of
Coal Fesesarch from 1955 through 1957 under a 52 million contrsct. Subsequent
development o the present date, at » total cost of about $ millioe, bas
been sponsored by & cemsortium of petroleum companies. Since 1966, a process
development unit having & capacity of 3 to £ tous coal/day and beach scale
unlts with capseity of 25 1b coal/day have bewn operated successDully with
scoveral types of lignites, snd dbitumincus and cubdituainous coals. This
drvelopment, work fusmizhes = gubgtantial 28%a s3de o pRrmii the design of
a large pilot or prototype) plant and indicates & very high probability of
teshnical success.

HRI, in cooperation wit: several energy compenies, 23 prdposed & joint
progras with the Office of Ccal Research to desig:, construct, and cperate &
100=t0-700 ton coal/day pretotype plant to further develop the HeCoal process
for production of syncrudes asd boller fuel from cosl. An extenalve conceptual
desiin has been completed for this prototype plant. This plant is considered
to provide the cptimal next stage [2IfSis Gummercialiization) of scaleup of the
process based upon “he fallewling consicderatiions;

{1} It represents a low risk and technically fessible scaleup of &
factor of 100 sbove the present process development unit.

{2) The plact is large encugh to utilize the types of equipment {vessels,
PUmDS, CURpressers, heat exchangers, fillters, etc) that would be
enplcyed ir s cocmercisl plant and would require s scaleup to single
trains of full-sized camercial planis by Zactors of cnly 10-to-20.

(3) As opposed to the direct scaleup to the first train of & commercial
unit (about OO0 to 10,000 tous coal/dsy) the prototype nlant
provides for {a) considerably less technological risk, {b) lower
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capital Savesizest adoul 0 malllios v $150 milltee), ie) faxter

camreticn parheps IO moaliy vi X moaths), and (4] grester
rroillty v raplidly saxing fecessAly process And egulismest
modt Mot iong.,

{k! Sgen & prototype plant will Be required during the operatiom of a
commercial plant to provide & tesling ground for process lsncvee
tions and efTecis of & variety of iypes of coal. '

Extraction-Frircrenation Procezses. - Another recent process for production
of licuid foels from coal i & modificatice o7 the Solvent Refised Coal [SRC)
pmccu.3 Tuis process was developed origisally by the Plilshargh asd Widwey O
Campary for the production of & low-gulfur, ashless, piteh-like sclid Tael. It
nov being considered as & process for liquid fuels productlon Through the s4QitS
of & sqcond stage of Ndrogenatios. Thir sodified process L1z now sicllar o th
two-stage CS7 process At was pilot-plisnted &t Cresap, West virgiala, fres 19€7
th 1OM,  Iv memuiwes Alssolutics Tf the zoe) i o Mdragenatad oll. zeparstion
sclids fro= the liculds, and further catalytic Rydrotreatisng of a porticm of i
Howlds to schievw derlPurization Aad & stable liquid product. The process 1o
prizarily intended o produce besvy fuel oils suitable Tor industrial bollers w
pover plant use. A primary uncertalaty with Tespect to this type of process re.
to the as-yet undescnstrated avallability of & tachalcally and ecosamically fes:
zetrod Zor separaiing the fine ashb-—char salids from the viscous and zastable 2
extrect thal results Trom the dissclution ztep.

Two pilot plants Tor develomment of the EBT mrazers =z Ziscood Tor (Silia
cperation in 1774,  2oth planis, a 6-ton/day unit in Wilsceville, Alabasa (spon
by EFXI and & consortius of private utilities) end o 50-ton/day unit in Tacoma,
Weshingtion [zponsored by OCR) are presently designed to produce & de-saled, low
sulfur 2olid product meliing point 200F) but should provide da%a that will pe
a Better assessment of the technical and econaelic Teasitility of ithe reguired s
liguids separstions. These Pilot plants are presently equipped to test Zrecowl
and rotary Tilters as zethods Jor sccamplishing the nacessary solid-liquic Zepk
tion. Tians ATe alsc Deing =ade For future tests of potettially morTe viadle sSo
liquid separation zteps (e.g., hydroclones and sgglomeration-precipitatics) and
eatalytic hydrogenation of the product o procuce liguid boliler Nuels.
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211 Zen Soal Company, Standard Tll of Shlo, Consalidatlion Coal and several
siner iniusiriai Iponscre bave recestly proposed a joint program with the ETRI
Al S3F to desigm, conitrict, And operate & OO ton coal/day extractlica-hydrogenation
srstotims ar demonstration) plamt et & SOIZO refinery near Toledo, orio.? his
s1lant w&s 3ized Lo provide sultable precommercial scale development cf process
erimment and o provide sufficlently large quastitiez of product to fecilitate
tezting in large utility bollers.

Zrxon Corporsticc has also announced plans to coostruct and cperate &
“large pilot” (or prototype) plant for cocverting 300 ton/day of coal to liquid
products by & varistion of the extraciicn-dissclutioz process at & refinery
tite & Jaytown, Texss. Dxxon currently Iz testirg, at the process development
scale of 0.5 tons of coal per day, s process thet utilizes a high severity (nigh
te=persture, high hydrogen orerpressure) extractioa step o produce an extrsct
that permits solid-liquid sepsrstions by distillation or carbonization.

Pyrolysis Processes, - A third main type of liquefaction provess - Tué
CCZD process for multistage, fluidized bed pyrolysis of cofl - has been developed
iz & .ton/day pilet plant uncer the speasorship of the Cffice of Coal Research.s
Tue pilct plant has experienced a high degree of technical success, Products
frez the pilot plant consist of about 20% clesn gas, 20% clean liquids, and S0%
2ighezulfur solids. BDecause of their high sulfur conten:, the solids are useful
orly Ter the production of high-Btu or low-Buu ges, cambusticn in bollers with
suitur conirol effectsd by siack gas treatment, or "clean” cambuxtien in flulcd
beds. This type of process cannot be fully responsive to aaticaal requirements
wecguse of the low yleld of ligquids. The process has potential for technical and
ecozamic visbility, howeve:s, especially if sn oil absorptioa procedure for avoiding
tue peceszity of & solid-liquid separation proves feasible apd if a companion
srocess for econcnicslly producing high-3tu gas Irom tie high-sulfur solids is
developed. Pyrolysis processes sizilar W0 the CCED process are being developed
tniependently by TOSCO {25-tom/day pilot plant) and the Garreit Corporatiocn
{0.5=%0n,day process development unit}.

teher types of pyrolysis, or "nydrocarbonization, " processes are being
developed By U.S. Steel and inion Carbide Corporatiocn. 4 potential modification
of whe U.E. Steel "clean coxe” proce::o would produce (1) a desulfurized char oy
earbonization of Coal at moderately hich pressures in a partial atzosphere of

A==,




mydrogen, and (2) a low-guifur liguid fuel by direct or two-stage hydroligus
racticn of a second coal fedd stremm. Such s tyoe of Drocess has the advant
that %he hydrogen for the hydroliquefasciion unit would be produced ir the
carbonizer, thus eliminating the stesm-oxygen-chss gaslification step that is
needed for the types of processes that produce only s liquid producs.

The Union Carbide hydrocarbonizaticn process has been developed through
s scale of 18 toms of coal per dqr.7 This zrocess exploys hydrocarbocizatic
in a single fluidized bed to produce up to 1.5 bbl of & desulfurized liguid
fuel and the equivalent of about 1.0 bbl of high-Stu gas per tom of coal.
The char 1s gasified to produce the hydrogen required for the hydrocarboni-
zation and subaequent hydrotreating steps. This type of process bas The
zarked advantage of relatively low-presszure cperatice.

These types of hydrocarbonizaticn processes will not be congiered in
further detall in the following sections because of the rather limited data
svailable in the open literature. The Unian Carbide process, Lowever,
potentially bas been sufficlently developed 0 permit immediste scale-up
t0 a precamercial plant.

Fischer-Tropsch Process. - A Flscher-Tropech process for the catalytic
production of gasoline and other products fram & coal-derived syathesls gas
is currsntly being utilized in & cammercial plant in Scouth Arx-ic-..s At pres
this type of process does not spear to be campetitive with the foregoing
liquefaction processes under U.S5. conditiims of coal costs. Although the
process has the advantage of established technology, 1t appears to require
& very large capital investment and tc be relatively inefficient (~25%
efficient, corresponding to a gasoline yield of about 1 bbl/ton of coal).

Other Frocesses. - Several other potential processes for liquefaction
of coal are in an'ea.rly stage of development. Processes for direct catalyti
hydroliquefacticn in turbulent fixed beds are being tested at the deach scal
by Gulf Oil and the Bureau of Hi:es.g Processes for nydioliquefaction in
molten chloride salts are beirg investigated by Shell 0il and Consolidation
Coal. Processes for "{lash hydrogenation,” rapid beating of coal in contact
with hydropen, are being investigated at the bench sr:u.'!.v.e.m'l"L Finally,
engineering studiez are under way to investigate the feasibility of producic
methanol from coal by cambining processes to produce synthesis gss from coal
with already availsdle industrial processes for producticn of methansl from

synthesic gas..
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13
3.1 Direct Catalytic Bydrelicuelaction H-Coal)

The H-Coal process Las been ceveloped by Hydrocarbon Research, Inc.
\HRI}, under +ponsorship of the OCR and a group of oil compenies. Currently,
it is being studied izn a process development unit at HRIs lsboratory at
Treatcn, New Jersey. Flowstheets have been developed for the production of
a syncrude product or, alterpatiwvely, a lov-gulfur fuel oil product. The
degree of hydrogenation of the «oal determinex the type of product that
i3 produced.

3.1.1 Process Description

A flowsheet of the H-Coal process is shown in Fig. 3.1-1. t:_:oal is
crushed, ground, dried, and mixed with a coal-derived solvent at a
solvent/coal weight ratio of about 1/1. After heating, the slurry i=
fed to an ebulleting (fluidized) bed reactor, where it is contacted with
a cobalt molybdate catalyst and hydrogen. Operation of the bed at a coal
feed rate of about 32 1b per hour per cubic foot, & temmerature up te 850°F,
and & pressure up to 2700 psig ylelds a product consisting of gases, a
range of distillale products incluling nephtha, middie distillates, and
higher boiling fractioms suitable for fuel oil plva some undissclved char
and ash. This method of cperation is referred to as the "synerude” flow-
sheei;. Increasing the coal throughput rate to about 93 1b per hour per
cubic foot decreases the degree of h:yd:ogenition, which results in a product
containing a lower naphtha and middie distillate content and more fuel oil
than the syncrude flowsheet.

The upward passage of the salids, liquids, and gases in the ebullated
bed fluidizes the catalyst particles. However, the relative sizes of the
catelyst and undissolved coal are such that a diserete level of catalyst can
be maintained and the products leaving the %top of the resctor ere essentially
free of catalyst solids. Catalyst is edded to and removed from the bed con-
tinuously in order to maintain a desired level of activity. Effluents from
the reactor include toth s gas phase and a liquid phase. The gas phase is
separated into hydrogen {for recycle) and light hydrocarbon products in an
absorption system. Liquids fram the reactor are separated, by distillation,
into naphtha, fuel oil, slurry oil for recycle to the reactor, and a residumm
Iraction.

The unreacted coal and ash which end up in the residuum fraction can be re
moved by either of two procedures. The residuumesolids mixture can be ecarboni:

1
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{coued? to produce distillate fuel cil plus char-ash solids. The solids can b
gasified to provide plant fuei gas or hydrogen for recycle. Alternatively, th
sciids can be filtered froo the residuum fraction and then gasified. In elthe
cage 1t will be necessary to scrub the gasex produced from the char since

they will contain high levels of. i-'.zs..

Makeup hydrogen for the reactor can be provided from ome of two internal
process sources. Light hydrocarbons (cl to 03) renovered from the reactor
gases can be reformed with steam to generate hydrogen after the H,35 and other
sulfur campounds have been removed. The second hydrogen source resu.lté fram t
gasification of the char-ash residue as described above. However, 2 pres-
surized gasifier with oxygen feed would be required for this step. If the
char-ash mixture is used only for the production of plant fuel (hydrogen
produced by reforming of the reactor off-gases), air could probably be used
and the gagifier could be opernted essentlally at atmespherlc pressure. The
HeCogl process ylelds fuel o0il products having sulfur concentratiocns below
0.5%.

The H-Coal process has been under development for the past eilght years.
However, %the ebullating bed reactor has besn nsed on a commercisl s__cale for
mary years to upgrade heavy residual oils (H-Oil process). The H~Coel bench=-
scale uni%s have been operated for approximately 1200 on-stream days, and
the process development unit (capacity =3-8 tons/day of coal) has been cperatbe
for 90 days since 1967. Bituminous, subbituminous, and lignite coals have
been tested in the bench-scale equipment.

Severel mejor areas of development wemain before the economies of the

process ean be accurately ascertained. These areas include:

2. 5o0lids Seperation. — Methods of s¢lids separation that bhave been
investigated include centrifugation, magnetic separation, ﬁltrétion,.
and hydrocloning. Filtration appears to be the most promising
method, but the rates achieved were quite low {30 1b/hr- 2% or
filter area). For the production of synthetic crude, concentration
of the solids in a vacuum tower followed bty carbomization (coking)
and gasification of the resulting char appeers quite rromising as
a solids separation procedure.

b. Char Gasification for Hydrogen Production. — Suitable methods must
be developed for production of hydrogen from the undissolved coal

| o
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solids or carbonized char in order to establish the econamic
feagiPility of %he process. Several types of gasifiers have been
suggested for this service; HRI has proposed a gasifier design
based upon their experience in coal gasification development.

c. Catalyst Develcyment. — Hydrogenation catalyst consumptlon is
quite high when compared to normal refinery oll hydrogenation
axperience. Development of procedures for reducing the cetalyst
poisoning or regeneration of spent catelyst would substantlally
enhance the economic suitability of the H-Coal process.

d. Weste Treatment Facilities. — Demonstration of efficilent waste
treatment procedures for the gaseous and agueous wastes from the
H-Coal process will be a necessary part of the development program.

e. Materials of Construction. — long-term testing of the materials of
construction with respect to corrosion, erosicn, ard hydrogen
embrittlemaent will be an essential part of the development program.

Based upon the development studies to date, the H-Coal process eppears
t¢ be technically feasible and ready for scale-@ to a large pilot plent or
prototype plant size. The yields of synthetic coal liquids (2-3 bbl/ton of
dry cosal) and process efficlency are accepiable. The projected econcmic
snalysis appears favorsble. '

3.1.2 Characteristics of Conceptual Protobtype, Demonstration,
and Commercial Plants

'H,v,rdrocarbon Research, Inc. has prepared conceptual deszigns for a peries
of facilities inecluding: (1) a 250-700-ton coel/dsy prototype plant for
producing syncrude or fuel oil products, (2) a LOOO-ton coal/day demonstration
plant for producing syncrude, (3) a 26,000-ton coal/day commercial plsat for
producing syncrude fram Illinois No. 6 coal, and (4) & 30,000-ton coal/day
camercial plant for the productiar. of syncrude from Wyoming Wyodak subbitum-
inous coal. Material and energy balance data for representative plant designs
based upon the HRI data are shown in Table 3.1-l. The yields of liguid from
coal increase in the larger scale plants due to the increased efficiency and
the utilization of by-product char in the production of hydrogen (for cases 2,
3, and 4). The lower yield for the Wyodak plant 1s due in part to the high
moisture content of the Western coal. The ylelds cthown here for the
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¥-Coal process equal ¢or surpess those for other proposed liguefacticn

processes.

The efficlencies of the H=Coal plants vary between 60 and Ti% (effi-
ciencies are expressed as the ratio of product heating value to total coal
feed heating value). Again, the lower efficiencies are due to cperation in
2 smaller plant or consumption of coal with a high moisture content. The

efficiensy results of 60-74% coampare favorably with other coal liquefaction

plants and surpass those estimated for substitute natural gas plants.

The estimated capital investments required for the ccopceptual H-Coal
plants are tabulsted in Table 3.1-2. These invesiments are for grass-roocts
plants esnd include all the required facilivties except an electrical genera-
tion plant. It was assumed that power wou.d be available from & nearby
more efficient central station. A 15% cortingency has been added to the
HRZ estimates to c-over uneerteinties in the costs of ltems such as filters
and gas gemerators. working capital has been estimated at 10% of fixed
cepital investment. The data shown in Table 3.1-2 are for 1973 and have
not been ccrrected for escalstion to the actual purchase or installation
dates. The cost of the ccal mine is not included.

Annusl operating ocsts are presented in Table 3.1-3. These estimates
were besed upon HRI informatiom corrected for the ecopamic ground rules of
this study. The annual revenues required to match the annual operating
costs were used to estimate the unit production costs for the llguid
products. The high-Btu gas produced in the commercial plapts was costed
at the same price as the liquid products per unit of heating value. -

Mampower and critical resource estimates for the H-Coal plants are
shown in Table 3.1-4. Design ané construction manpower requiremeits were
scaled up from estimates prepared by The Ralph M. Persons Compaxy for their
study of & 10,0 "-ton/day demonstiration plant for clean boller mels.s
Operaticns personnel were estimated from direct and contract maintenance
costs developed by HRI and persomnel requirements listed by HRI for the
prototype pia.‘nt.
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Table 3.1-2. Estimated Capital Investment (1973 dollars) for

Conceptua’ H-Coal Prototype, Dexonstratlon, and Comseercial Flants

Case No. 1 2 3 4
Plart Type Prototype Demonstration Commercial —Commercls
Coal Type I1l.No.6 I1l.No. 6 I11. Mo. € Wyodak
Reference 2 3,8 1 1
Capitel Costs, $ millions
On=Site
Coal Preparation 1.78 5.5
Hydrogenation 11.27 36.0
Reforming and Ha
Compression 2.73 21.0
Coking : 1.60 6.5
Coal=-Char Gasification 13.90 32.0
Cas Clean-up 0.33 3.0
Waste Water Treatment 0.78 1.6
~ Sulfur Manufacture 0.92 3.4
33.31 109.0 36.5" 1. 3°
Off~Site
Pilities 1.50 k.7
Buildings 1.3 1.7
Tarkege Q.56 4.1
Electrical Substations 1.57 5.0
Land and Land Rights
Site Preparztion
Miscellsneous 0,75 2.1
5.69 17.6 66.0° 65.5°
Engineering a a a 8
Taxes 1.35 4.39 15.10 17.93
Fees a a & a
Catalysts and Chemicals 0.10 0.70 4.9 4.8
Contingency at 1% 5.87 19.10 65.7 77.9
Start-up Costs 1.96 5.93 28.6 23.1
Interes: During Construce 7.72 25.08 87.6 162, 2
ticn
Initial Working Capital L.50 4.6 50.4 59.8
Total Capital Imvestment®  60.5 196.4 685.2 800.5

8pngineering snd fees included in on-sites and off-sites.

“Breakdown not available,
CCost of coal mine is not included.
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c5.2 BPefarence:

Hydrocarber: Resesrch, Inc., The H-Coal Process, Laboratory Repoart
No. P-T3-505-P (Jume 15, 1973).

Rydrocarbon Research, Inc., Protoiype Plant Program: 250-T00 Tons ver

with HRT Coal Gasification, Laboratory Report No. P-T3=-505-5G
EJune 15, 19?35

Hydrocarbon Research, Inc., Prototyne Plant Program: LOCO Teons ver
w'th HRYI Coal Gasification and Refinery Gas, laboratory Report
gz, P-73-505-1G (June 15, 1973)- — i

Hydrocarbon Reseu-....;, Ine., "Synthetic Fuels from Coal, " unpublished
report {1973).

"Demcnstration Fiaat, Clean Boiler Fuels from Coal, Preliminery Design/
Capital Cost Estimate,” R&D Repcert No. §2, Interim Report Fo. 1, Val. 1,
Drepared by The Ralph M. Parsons Compeny for the U.S. Department cf the
Intarior, Office of Coal Research.
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3.2 Extracticn - Hydrogensiion

Process developpent effcrt has been directed toward the production
of clean solid and liquid boilsr fuels froz coal by m combinsticn of nem-
catalytic disselution (or "extracticn”) in a Mydrogenated process derived
0il and a second stage of catalytic Nydrogesation. Two prroposed projects
far expleoitation of this type of process sre discussed .o this sectioz.
These ar: the Clean Puels from Coal project (CFU) proposed by the Qid Ben Coa
Corporaticn and the Clean Boiler Puels from coel project (CBF) that has been
propozed by the Ralph M. Persons Compazy.®

3.2.1 Proceas Description, Fvaluation, and RED Neede

—

The projects discussed in this section are similar {n concept although
they differ in specific detafls. In genersl the process can be subdivided
into the following major sections. '

Cosl Preparation

Coal Liguefaction
Sclid-Liguid Separaticn
Liguid Prodect Distillotion
Product Hydrogenatiocan
Gasification

Gas Treatment

Sulfur Recovery

Vaste Treatment
As an illustration of the arrangement of these sections, a achematic flow
diagram ir shown in Fig. 3.2.1 for the CBF project. The coel is dried, grouc
and mixed with a recycle solvent. 7The c¢oal-szolvent slurry is fed to a reactg
where liguefaction is accompliished by direct hydrogemation and by hydrogen
transfer by salvent donstion., Variations in product distribution can be
achieved by adjusting the severity of conditions to echieve greater or lesse:
hydrogen input. The operating tempersture is in the range of 7T50°F to BS50O°F
and the cperating pressure may vary fram 1000 psi to 2000 psi.
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Two zmetizods have been proposed for the solid-liguid separation. Tas
CFC project proposes the use of hydroclones to sccomplish this separation.
There i3 some concern that incomplete separation may result in sufficient
carryover of sclids to canse plugging problems in subsequepnt processing
equipmpent. The CEF project utilizes rotary precoat filters for this
separation besed cn FMC Corporation's experience. There is saue concern
about the effect of operating parsmeters an filltration rates and the
ability to scale experience on small units to large equipment sizes.
An alternate to filtraticon may be s stripping procedure; however, noc
details on this method are currently available.

The CEBF project utilizes two stages of hydrogenatiocg. In addition
0 the liquefzcticn step, the naphtha and fuel oll streams are further
hydrogenated to improve preduct qnllity.' The CFC project utilizes
hydrocracking of the extract to increase production vhere liquid fuels
are the desired product.

The CBF project uses a slagging, suspensiop-type gasifier that is
a modification of the Bi-(Gas unit presently under development by the
Bituminous Coal Institute. Several problem areas that may exist with
this type unit are slurry feeding, overhead dust removal, slag removal,
and refractory degradaticn. It appears that there is sufficient industria
experience vith these problem areas %0 permit the design of the gasifier
units., The ltetter-developed Lurgl gasifiers would not be suitable for
‘the CBF process without extensive additional equipment. Xoppers-Totzek
gasifiers could be used but this would require a large number of units.

Research and development efforti is needed in several areas to facili-
tate commercislization of the extraction-hydrogenation process. The probl
associnted with solid-liquid separation techniques have been menticned
previously. Experience of commercial size equipment is needed to determin
the extent of the problems and 1o develop any solutions that may be requir
Operaticnal experience with the slagging, suspension-type gasifier is
needed to demonstrate that it can be successfully used with the CBF
process. Product evaluation is needed to determine the severity of
hydrogenation required and the subsequent refining needs before ultimate

*If desired, hydrotreating of the naphtha and fuel oil products could
alsc be done at a petroleum refinery rather than at the CBF plant.
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disposition. Evaluation of waste treatment requirements and meterials
of construction will be required in the developnent prograam.

Baged on current technology, it appears feasible to proceed with
a peotgtype plact. Alternative processing opticns &ppear to exist Lor
the major problem areas, and the major councerz is to establirh vhere these
alternatives will be requived for viable commercial plants. In view of
these considerntions azd the desire to expedite commercial develomment of
the process, it appears desirable to proceed with a prototype plaxt
(similar in size to the Qld Ben Coal Company proposal) rather ihan a very
iarge demonstration plant. It is also recommended that the Wilsonville
and Tacoma pilot plants (due for initlial operationm in 1974) be modified
as necessary to permit development of altermative sclid-liquid separation
procedures, methods for performing the second stage of eatalytic kydrogena-
tion, and methods for hydrogen generation by gasification of the separated
salids.

3.2.2 cCharacteristics of Conceptual Frototype, Demoustration, and
Coammercisl Flants

Table 3.2-1 gives the estizated raw materials, utilities, and products
f¢r seversl cases. Shown are conceptual design mmbersz for & 900 T/D CFC
plant producing prirarily s low.sulfur distillate and for a similar plant
producing primarily a clean solid fuel. Also shown are canceptual design
numbers for & 10,000 7/D CBF demonstraticn plant and a commercial CBF plant.
The capital investments required for these cases are g:l.ve_n in Table 3.2-2.
The capital invesiment numbers for the commercia) size CEF plant were obtain=d
by scaling costs established by Parsens® for the 10,000 1/D plant. The scale
factors (exponent for the ratioc ¢f plant cepacities) were estimated for each
equipment category. The resulting average scele factor was C. 75. Estimated
snnual operating costs and revenues for the conceptual plants are given in
Table 3.2-3. Table 3.2-4 1ists the estimated manpower and steel requirements
for these plants,

T ame
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3.2.3 References

- "Prospectus for Clean Fuels from Coal Demonstration Project,”

Cid Ben Coal Corp.

"Demonstration Plant, Clean Boll:r Fuels from Coal, Preliminary
Design/Capital Cost Estimate,”™ R&S Report No. 82, Interim Report
No. 1, Vol. 1, prepared by The Ralph M. P..rsona Company for the
Department of Interior Office of Coal Resgearch.
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3.3 Fischer«Tropsch Process for Gasoline

Since the deseription of the hydrogenation of CO to form methane in

1902 by Sabatier zad Senderens and subsequent improvements in the early

1920s by Fischer and Tropsch of the Kaiser Wilhelm Institute for Coal
Eesearch, an enormous amoumt of research and development has been expended
on commercialization of varicus versions. of what came to be known as the
Fischer-Tropsch process. The economies continue to be elusive, yet the
steady interest in the process may be readily explained by its versatility
and adsptsbility to varying econamic needs and conditions of raw material
supply.

Initiel interest in Germany was expressed by the Rubhr Coal Syndicate
in the early 1930s for the purpose of developing a market for surplus ccke.
Subsequentiy the emphasis charged to the menufacture of gasoline and synthetic,
oil for the wer effort. However, direct hydrogenation of coal provided the
majar portion of the need with Fischer-Tropsch synthesis suplying much
maller emounts of gasoline and oil. Up to 1939, nine Fischer-Tropsch
plents were erected with a total rated cspacity of 7LO,000 metric tons/year
and supplied 8% of Germany's home prcduction.:' Of these, four are evidently
st111 in operatior (three in East Germany) supplying coal chemicals; the
remainder were destroyved in wartime bambings.

Interest in the U.S. in the 1930s centered arcund finding a use for
the surplus natural gas which was a by-product of petroleum proc'!uc‘t:i.c:\.n.2
Toward this objective Carthage Hydrocol built a Fischer-Tropsch plant at Browns-
ville, Texas, which was completed in 1950, with a rated cap'acity of 360,000
tons/year of gasoline and fuel cil. The process chosen was one which had
been under development at the M. W. Kellogg Company since 1937 and differed
fras the German process in the mesns of effecting the contact between
synthesis gas snd salid E:a.ta.:.z,'st. The Kellogg process suspends the catalyst
particles in a gas s%resm which simplifies heat removel whereas the Arge
reactor (developed by Lurgi) employs a fixed catalyst bed. The Brownsville
plent was initially plagued by technical difficulties and changed ouwnership
twice. By 1957, the technical difficulties (described in ref. 3) were
overcome and successful cperatlon was claimed. However, by that time the
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price of natural gas had rizen to the point where the process could not be
opersted econcmically arnd the plact was shut down,

The Synthetic Liguid Fuels Act of 15Uk authorized the Buresu of Mines
to conduct research and development on the production of oll from coal and
oil shale, including the building of demonstration plents. An $87.5 million
expenditure was authorized over ar ll-year pericd. The progran included
coal hydrogenation, coal gasificstiom, purification of synthesis gas,

ischer-Tropsch synthesis, and mining and retorting of oil shale., The
work conducted during this period on basic Fischer-Tropsch chemistry and
catelyst selection is described by Storch. 10 Process development work
related primarily to the "oil circulation process.” A demonstration
plant based on this process was ccmpleted in 1950 at Louisiana, Mo. One
hundred days' cperaticn during the period 1951-1953 produced 40,000 gal of oi
The systenm was not considered to show promise. The Synthetic Liquid Fuels
Program ended in 1955, and Fischer-Tropsch synthesis work has been carried

out at the Bureeu of Mines since then at & much lower rate of expenditure.u

Cost estimates mede in 1952 by a committee of the Nationsal
Petroleum Council, using data supplied by the Buresu of Mlines, showed =
unit production cost of 29.1 ¢/gal for Fischer-Tropsch gasoline produced
at a scale of 3800 tons/day coal utilizatiom. At 1973 levels, this amounts
to about 75¢/gel (31.45 $/obl) assuming en inflation rate according to

-~

Nelson's Iz’ +lon Index.

_ The unique situation in the Republic of South Africe set the stage

for the lergest Fischer-Tropsch syrthesis plant presently in existonce,

tue so-called SASQOL plant located 50 miles south of Johannesburg. South
Africa has no commercially exploitable pétroleum and only limited supplies
of high-quality bituminous ccal. The large quantities of highe-ash, sub-
bituminous copal which were available were evidently thought unfit for
direct hydrogenation to liquids by processes available at that time,

i.e. s the late 10u0s. Thus a process based on gasification of the availa
able high-ash coals to cbtain synthesis gas and Fischer-Tropsch synthesis
to yield useful liquid ﬁrodm:ts was decided upon. The project was camplete
in 1955 and now supplies about 20% of South Africa's gasoline. Apprexi-
i:za-tel:,r 4900 bbl/day of useful product are produced, of which T6% is gasoline
The yield is 1.1 bbl liquid/ton m.a.f. coal.
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A sxma:,ys of cammercisl plants for the production of liquid fuels
via Fischer-Tropsch synthesis 1s presented in Teble 3.3-l.

3.3.1 Process Description and Evalustion

Process Chemistry. - The initial step in the process is the produc'!;ion
of clean synmthesis gas frosm coal with the desired H.z/co ratic. This is
identical with the initial step for metharol production which effectively
is & variant of the Fischer-Tropsch synthesis reaction. The prineipal
gasification reaction is

C+ 320 = CO + Hz »
which is highly endothermic, the cnergy being supplied by the reactions
C+ 02 = coz:
C + 1/2 0, = CO,
and slso the oxidation of volatile matter In the coal. If steam ls present
in excess, as it is in the Lurgi gesifier in order to keep the ash below

its softening point, some quantity of toxic phenols is produced &s well
as additional I-I2 via the water gas shift

H.20+C0=C02+H2

at temperatures above ~1500°F. If the gasifier pressure is significsntly above
1 stm, direct methanstion occurs in low-temperature zones (<1000°F)} of the
gasification reactor: ‘

' cC+ 2 H2 = CHLI-'

The Lurgi gasifier makes sbout 9% methane? which is completely inert to
synthesis and must be converted by reforming.

The Fischer-Tropsch hydrocarbon synthesis resction may be thought of
as manufacturing CHZ' groups via

(1) =iz H,+ co)] = n[CHz] + o0, and
(2) n.[]-!2 + 200) = n[CHz] + nCO,.

[
'
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It should be emphasized that the above reactions are only two of many
involving the reactive ca:néounds 1{2 and CO. Meny of this class of reactions
form oxygenated compounds, such as methanol. £1]l are syubolic representa-
tions of net products since the true chemical steps invalved in Fischer~
Tropsch synthesis remain o'bscure.T

wWhether synthesis occurs vlie reaction (1) or (2) or both is determined
by the H,/CO molar ratio in the feed. For en B,/CO ratio greater than 2,
syntkesis occurs solely via resction (1); if the Hp/CO ratio is less than 0.3,
synthesis is entirely by reaction (2)-5 If the feed is of intermediate compo-
sition, both reactians take place, and both Oy and an are produced.

Process Description. - The nature of the products depends on the
catalyst and conditions in the reactor. Figure 3.3-1 {from ref. T)
indicates the range of possible catalysts and products.

The Kellogg Synthesis Process (also termed Synthol) appears to offer
the highest gasoline yield relstive to by-product production. The Kellogg
Symtr- cis Process i3 carried out at 630°F and 295 psig on sintersd iron
catalyst entrained in the gas stream. A typical yield fur & 25, 500-bbl/dey
plent is given in Teble 3.3-2.° As noted gasoline (including sbout 5%
ethanol) comprises 73% of the product.

A block diagram for manufacture ¢f gasoline by Fischer-Tropsch Synthesis
using the Kellogg Process is shown in Fig. 3.3=2. This is closely related fo
the SASOL flowsheet; however, it is important to call atterticon to .several ;
najor differences. First, process stean and power are produced using i
deswlfurized fuel gas made on site to corply with air pollutien regulatiocms, ;
wherens SASOL simply burns unprocessed coal. Hence, by comparison on an egqual
basis with SASOL, the flowsheet in Fig. 3.3-2 would show a relatively higher
gasifier capltal cost. additionally, SASOL utilizes a fixed bed synthesi
(Arge synthesis) to manufacture pproximately 20% of the total product,
principally the heavier hydrocarbon fractions. A third point of departure
'4s the sbsence in the Fig. 3.3-2 flowsheet of the degree of downstream
chemical processing of by-product materials which exists at SASCL, e.g.,

SASOL manufactures ammonium nitrete using a quantity of ammcnia beyond that
normally preduced in the gasifiers. )
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Teble 3.3-2.

Gasoline from Cosl via Fischer~Tropsch
Synthesis Using the Kellogg Synthesis Process (Synthol)

Distribution of Products?

Product Rate,

Material bbl/dey
Gascline 25, 500
Diesel cil 1,230
Waxy oil 930
Propane-LEPG 2,990
29,660
Acetone 230
Methanol 30
Propanol L1z
jso=Butanol 4
n-Butancl 136
MEX 6
n-Pentanol 32
oliz
Aromatic solvent 158
Creosote 1,430
Coal tar fuel 1,860
Crude tar acids T60
L, 208
Sulfur 183 1¢/4
Amzoniea 366 t/a

See Tzble 3.3-3, Case l.

]

8coal feed rate 37,670 tons/day as received.

p m e e e A
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Block Diagram for Menufacture of Gasoline by

Fischer~Tropsch Synthesis Using the Kellogg Process.



Resesrch and Develczment Needs. - Two rrincipal steps in the process
are coal gasification and Fischer-Tropsch synthesis which together directly
and indirectly acccunt for about 70% of the installed caplital expenditure.

The cost of synthesis (including product recovery) is the smaller of
the two, accounting for approximately 20% of the total cost. There appesars
¢ be very little in the way of improvements in this step of the process
that may be anticipated fram addlitional develcpment effort. The yield ol
gasoline plus diesel oil (now about T7% of the total product ) cannct be -
expected to improve significantly employing tihis cemplex synthesis reaction.
Provision exists for recovery of heat produced in the synthesis reactor.

A significant reduction in the cost of catalyst may not be expected. The
iron catalyst, msde from waste mill scale or iren ore, is the result of an
extensive trial-asnd-error search.

In contrast, anticipated improvements Iin cozl gasificstion will have
e significantly favorable impact on the process. Kellogg's view 1s that
Iurgi gasifiers must be used in any present-day design employing their
synthesis method. These possess the following drawbacks:

1. Limited svailable size and throughput necessitate multiple parallel
installatien. Thus, SASOL has 9 Lurgi gasifiers in parallel, and the Kellogg's
25, 500-bbl/day design has 30 parallel units each in the gasifier and fuel
ges sections. Scale-up econamies cannct be anticipated.

2. Only nop-caking, bitumineus coals may be used without pretreatment. This
1imits the use to western coals; eastern coals may be used with pretreatment;
however, the exact nature of the pretreatment has not yet been determined.

3. Excess steam is employed in the feed to keep the ash below its
elinkering temperature of sbout 1500°F. The excess steam Is made frao
fuel gas manufactured on-site; hence the excess requirements represent
sddition of capital and operating costs involved in coal processing and
fuei gas manufacture. Additionally, the excess steam 13 an added heat
load in the gasifier which must be compensated for by oxidation of coal within
the gasifier, thereby further increasing coal and cxygen usage. Finally,
the excess stemm contributes to phenol formation sxnd hence requires a
larger phenol recovery unit and larger effluent treatment facilities.

- - o
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Kellogz estimates that a capital cost savings of about 35% could be achiet
emnloying a recond-generaticn gasifier such as the Synthane or Bi-Gas gasifiers
instead of the Lurgi gasifier. Additicnally, the process efflclency 1s expecte
to significantly iImprove due to an estimated reduction in coel feed of
approximately 34%.

3.3.2 Cheracteristies of Fischer Tropsch Gasoline Manufacturing
Tlants of Demonstration £ . Commercial Size

The followlng four cases have been consldered:

Case 1 - Demenstration plant producing 25,500 bbl/dey of gasoline
employing Lurgl gasifiers and purchesing deep-mined coal
at $£7.50/ton.

Case 2 -~ Cammercisl plant producing 100,000 btbl/day of gasoline
employing Lurgl gasifiers and purchasing deep-mined coal
at $7.50/ton.

Case 2A - Same as case 2 except that strip-mined coel at $3.75/ton
' is assumed.

Case 3 = Cammercial plant employing & meore efficlent gasifier than
the lLurgi snd purchasing strip-mined coel at $3.75/%ca.

The results presume utilization of the Kellogg Symthesls Process shown
in Fig- 3.3-2, and are based on 8 dempastraticn piant study perzrormed by
the M. W. Kellogg Company for EPA.9 Capitel costs for the camercial size
plant {Case 2) were estimated as follows: Those portions of the demonstration
pla.ﬁt where econcmies of scale mzy be anticipated were scaled accerding to
the 0.6 power law. Many sections of the plant (primarily the cxyger
manufacturing section and the gasification section) consist of paralleled
units of paximum aveilable size. These were scaled proportionately. It
is estimated that econamies of scale are not availsble for approximctely
half the capital equipment items.

Discussions at the M. W. Kellogz Cowpeny clearly indicated the effect
of inefficient gasification via the Lurgl gasiflers to be pervasive, affesting
the cost of mmercuas capital items as well as the efficiency of the process wn
iz reflected by increases in the coal camponent of the operating <costs. Thus



. Case 3 is of interest even thougl it doss nos conform to present ground
rules which presume use of presently-available gasifiers. Case 3 presumes
use of either Bi-Gas or Synthane gasifiers which are being tested but are
not yet cormerclally avallsble. KXellogg estimates capital esnd operating
cost savingsof ~34% i< second-gemeraticn gasifiers are used instead of
Lurgl.

Tus Case 3 represents an estimate of the lowest realizable cost of

gascline via Fischer-Tropsch synthesis utillzing neser-terc but not presently
cammercial technology. '

Raw materials and production rates are shown in Table 3.3=-3. Estimated
capltal requirements for the four cases studied are given in Table 3.3-4.
Estimated somual operating costs and unit production costs of gascline are
given in Table 3.3~-5. All costs are presented in terms of 1973 dcllars.
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Table 3.3-2. Pav Materlsls, Uiilities, end Products for Fischer-Tropsch
Gasoline Demcnatration and Cammercial Flants

Case Ho. b3 2 3
Plant Tyoe Demanstration Compercial Commercial®
Coal Navaho Nevalis Navaho
Gagifier Largl Inregl Hew Gasifier
Rew Materials and M1lities
As=recelved coal, tons/dsy 27,670 147,700 9T, 500
Dry coal, tona/dmy 31, 460 123,400 81, koo
Catalyst, ® tons/day ™ 302 3c2
Eleotricity
ater mmptim.,b e 43,000 168, 000 111,000
Energy input, 109 Btu/day 662.2 2,597 1L,72h
Products
Gasoline, bbl/day 25,500 100, 000 100, 000
Diesel oil 1,230 L, 823 L, 823
Waxy oll 930 3,647 3,647
e . 2,000 _ 7.843 7,543
Sub~total, bbl/dey 29,660 116,313 116,313
Acetone, 'b‘blfw 230 Q02 902
Methanol 30 , 18 118
Propancl 412 1,616 1,616
isc-butanol Le 180 180
n~butancl 136 533 333
MEK 56 220 220
h=pentancl 32 125 125
Subetotal, bbl/dsy gh2 3,694 3,694
Arcmatic solvent ‘ 158 620 620
Creosote L 430 5,608 5,608
Cosl tar fuel 1,850 Ty 294 7»290
Crude tar acids 760 2,80 2,800
Sub-total, bbl/day : 4,208 16,412 16,412
Sulfur, tans/day ) 201 790 ]
Amronia, tons/day 366 1,435 950
Waste Streams
Tall gas, tous/dsy 7,840 30,740 £0, 300
Ash, tons/day 7,670 30, 100 18, 900
Waste vater, g 7,160 28, 100 18, 500
Progces: efficlency based an z2.1% 22.1% 33.5%
total coal®
Process eftic:l.eu&y based an 50, b 50, 4d ~55%

coal to gasifier

f111 scale.

b!.‘vl.porttiou + process water.

“Heat of ecambustion of all hydrocarbons/HHV total coal.

%Beat of combustion of &ll hydrocarbons/HAV of cosl to gasifiers.
“Based oo an sssumed veduction in coal conswmmption of WL,



Tabie 2.3-k. Estimated Capital kequirements. Fischer-Ircpsch
Cascoline Demcrstration and Cammercial Plants

Case No. 1 2 2A 3 }

Flant Type Demonstration Cammercial Coammercial Commercial®

Coad Navaho Navaho . ¥Navaho Navsho

Gasifier Lurgi Gasiflers Iurgl Gasif. Lurgl Gaslf. New Gaslfiers
Costs, $ Millions

Op-Site

Coal Preparation
Coal Gasificstion
Gas Purificatlon
Methane Splitting
Synthesis

Product Recovery
Chemical Recovery
Ho & Catalyst Mfe.
xygen Production
Fuel Gas Mfg.

Steam and Power

Gas Liquor Treatuent
Ash Disposal

Eff. Water Treatment
Sulfur Recovery

Raw Water Treatment
Cocling Water

On-Site Total

Off-Site and Genersl

Engineering
Contingency

Total Plant Investment

Interest during con-
struction

Startup costs
Working capital

Total Capital Requir. —ent

3k.55
39.24
33.L41
8. 365
43,42
23.00
6.535
6.951
59.92
64, 05
31.656
10.92
6. 869
3.26
7. m
h.64
21.875

Lo6.053
32,484

43.854
_65.751

5""8. ll+2
87.70

27.33

17.93
681.10

78.42 T8.42
153.8¢2 153.82
130. 97 130.97

18.99 18.99
176.17 170.17

52.20 52.20

1483 1L.83

15.78 15.78
234.89 234.8%
251.08 251.08

T1.85 71.85

4z. 81 2,82

15.59 15.59

7.h0 7.Lo

16.79 16.79

10.53 10.53

L9.65 49.65

1435.76 1435.76

78.27 78.27
121,40 151.%0
227.10 227.10

1852.53 1892.53
302.80 302. 80
171.62 57.76

70. 3 39. 8s

2367.25 2292.94

Detsll
~ot

933.2L
50. 63

g8, 41
1u7.61

1230.11

1%6.8¢

L1.6k

1497.57

2411 costs are based on 1973 dollars with no allowsnce for escalaticn.

bP.oughl;v,r estimated.



Table 3.3-5. Estimated Annual Operating Costs and Fixed Charges for Demonstration
and Commerclal=-Size Fischer-Tropsch Gasoline Production

Case No. i 2 2A 3
Casoline Producticn, bbl/lay 25,500 100, 000 100, 000 10G, 000
Type Plant Demonstretion Commerclal Camercial  Commercial
Type Coal Deep-Mined Deep-Mined  Strip-Mined Strip-Mined
Type Gasifier Lurgl : Lurgl Iyrzi Zew Gasifier

Annuali. Costs, $ Millions

Rew Materisls & Utilities

A= received coal? 93.2 365.5 146,22 96,53
Electricity? e - - -
Catalyst 0.25 1.00 1.00 1.00
Treated water 2.0h 7.98 7.98 5. 27
Labor and Administration
Operation 8.3 2u.T7 24.77 2477
Maintenance 8.22 28.39 28.39 18.45
Supervision 2.49 7.97 7-97 4.48
Admind stration 11.4z 36.69 36.69 29.82
Supplies
Operating 2.49 7.43 T .43 7.43
Maintenence 8.22 28.319 28.39 18,45

By-Product Credit

Amcnia @ $25/ten (3.02) {11.83) (11.83) (7.81)
Diesel oil @ l5¢gal {2.560) {10.04) {10.04) {10.04)
Feavy oil @ 30¢4MMBtu (0.52) {2.0L) (2.04) (2.04)
LEG @ $1.20/MMEtu 2,24 (12.69) {12.69) {12.69)
Amn. Operating Cost 127.29 k71.52 252.19 175.62
Fixed Charges @ 23.4% 159.38 553.94 536.55 35C.43
Total Cepital Requirement
Total Operating + Fixed -286.67 1025.46 788.74 526.05
Charges
Production Cost of Gasoline .
$/10° Btu 6. 46 5. 89 k.53 3.02
$/tbl 3k, 06 31.07 23.90 15.94
¢/egal 81.1 74.0 556.9 38.0

&Deepemined coal @ $7.50/ton; strip-mined coal @ $3.00/ton.
b;:ll power produced on=site. Alr compressors driven by stesm.
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3.4 Methanol from Coal

The manulzciure of methanoll from cozl jnvolves the three prineipal
operations of (1) coal gasification to produce & raw synthesis zas,
{2) adjustment of the composition of the synthesiz gas to yield .ae
proper stoickiametric ratic of hydrogen to carbon monoxide (2:1), =nd
(3) production of methancl from CO and Hs by catalytic synthesis
(Fig. 3.4=1}. Tke sulfur (as st) releascw during the gasification of
coal snd the excess COZ produced during CO shift conwversicn sre removed
immediately before methanol synthesis. In the following, a brief
deseription is given of the existing cammereclal technology for each

~of the gperstions shown in Fig. 3.4-1. It should be noted that intensive

efforts are under way to develop new processes for coal gasification and,
to a lesser extent, methanocl synthesis. FHowever, in keeping with the
objectives of this project to dezcnstrate the use of existing technology,
subsequent discussion is limited to cammercially proven processes.

3.4.1 Coal Gasification Processes

Three cammercially proven processes for the gasification ¢f ccal,
whlch basically differ only in the design end cperating conditions
of the gasifier, are the Koppers-Totzek, Winkler, and Lurgl processes.
The tradiitional use of the product gas froam these processes has been
either as an intermediate~Btu fuel for industrial heating or power productl
Oor &5 & synthegis gas Tor the manufacture of ammonia. Coal~produced geas
has not been used for methanol production in the U.S. because of the
svallsgbility of low-cost natural gas.

Koppers-Totzek. - The Koppers-Totzek gasifier is a refractory lined
steel shell wherein ocxygen, steam, and pulverized coal (70% at 200 mesh)
are brought together in opposi»7 burner heads spaced 180° (2 heads) or 90°
{4 hesads) apart.3 Although no gasifiers of the latter design heve as yet
beeu coammercizally tested, two cammercial plants now under construction by
Koppers will use them exclusively. Upon entering the gasifier at approxim

‘atmospheric pressure the reacticn mixture is gasified immedistely at

temperatures on the order of 1650°C. Gaseous hydrocerbons released figs
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the coal are rapidly decamposed tc CO, COZ, and EZ' At this high
temperature no coal licuids are formed, and approximately 50% of the
ash is fused to s molten slag which drops into a quench tank under the
gasifier. The remainder of the ash is recovered downstream.

With respect 1o tke sultebility of coal feedstocks for gasification,
the Koppers-Totzek gasifier is the most versatile of the three gasiflers
under conslderation. Its hlgh temperature operaticn allows it to process
coal of eny rank in addition to a varlety of hydrocarbon liquids and gases.
However, such operation may require psylng a severe penglty in oxygen
consumption, although this can be scmewhat compenssted for by an increwsed
production of process steam in +the shell of the gasifier. The low pressure
cperaticn of the gasifier also provides for relstively uncomplicated
cperating equipment and madntenance, but this does necessitate more
downstresm campressicn of synthesis gss.

Winkler. ‘- Gasification of coal (=3/8 in.) in the Winkler gasifier
takes place in a bed fluidized by Injected cxygen and stem.k Although
the operating temperature of the fluid bed ranges from 800-1000°C, dependin
on the ask fusion temperature of the coal, even higher temperatures are _ -
reached above the bed during a secomd gasification Initiasted by an additior
injection of oxygen and stemn. This second rezetion zone 1is needed to
gasify the unreacted cerbcn emirained in the lerge amount of ash {~70%)
uﬁich escapes from the fluld bed. Tt also prevents formation of ay
liquid products end limits CH, production to 3% (volumetric, dry). 4
radisnt boiler c¢cols the gas approximately LOO°F before lesving the
generator, thereby preventing ash particles from melting on the refractory
walls of the exit ducts. The operating pressure of Winkler gasifiers in
existing cammercial installations is 1.5 atm, but operation at 3 ate has
been stated to be femsible.™

Although same bituminous coals have been processed, the Winkler gasifl
wes designed primarily to handle noncaking, high~-volatile lignite. The
relatively hisn reactlivity of this type of coal helpé. to minimize the escayg
of unreacted carbon fram the secondary gasification zone, Satizfactory

*Private cammnication, Davy Powerges, Inc., Lskeland, Florids, Jan. 8, 19"




earbon utilization in this zone also requires careful flow control om the
secondary injecticn of oxygen and steam. In general, the c¢peration of
the Winkler gasifie: appears scmewhat more cooplicsated than that of the
Koppers=Totzek gesifier, but it does result in reduced oxygen consurpticn.
It can be anticipated that the cperation and maintenance of a pressurized

Winkler would be even more complex, but this might, of course, be compensated
for by improved performance.

Iargi, = The Lurgl gasifier is a reactor for the countercurrent gasifi«
cation of coal (1/L « 1-1/2 in.) in a moving bed at pressures ranging fram
20 to 30 a.tn.s This pressurized opersticn mékes Largi the most camplicated
of the three gasifiers to operste snd maintain. External, pressurized lock
hoppers for botk coal feed and ash withdrawal are required in addition to
pumerous moving internal parts, However, the elevated pressure does permit
gesification temperatures to be lowered to a maximm of spproximately 8oo°c
with a residence time of about cne hour. In addition tc increasing methane
production to approximately 10% (volumetric, dry), this reduced temperature
results in formaticn of liquids such as ters, heavy oils, and phenols
which must be removed in & scrubbing cooler. Opinions i the desirabﬂity
of producing these materials vary. Some regard them as valuable by=-products
to be marketed, or as medium Btu fuel to coampensate for the reduced produc-
tion of process stesm due to the rela.tiveiy low operciing temperature of
_ the gasifier. COthers cansider the added processing and handling of these
matorisls as very undesirable camplications, particularly if the overall
objective is to produce chemical synthesis gas.

Of the three gasifiers under considersticn, the Lurgi is also th. most
restrictive with regard to accepisble characteristics of the coal feedstock.
In addition to the constraint on particle size indicated sbove, the swelling
index and moisture comtent of Lurgi coals generally must be less than 4.5
and 20%, respectively, in order to ensure setisfactory cperation of the
moving bed of coal. Thus, lurgl gasifiers have traditionally proecessed
only sized, noncaking coals. However, experiments ere mow under way to
test, and if necessary to modify, the Lurgl gasifier to prucess caking
American t'.'<.';a.1.s.6 Successful results have alresady been achieved with the

mildly caking Illineis No. 6.
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3.4.2 Cormercial Methanol Synthesis Processes

One common method for classifying processes for conversicnm of CJ aad
Hp to metharol is as & high pressure or & low pressure process.7 Bazic
flowsheets for the two processes are esgentlally the same; the dlfference
in opersting iaressure is relsted to the type of catalyst used. The olier
high pressure process uses & catalyst containing zinc oxlde and chromie
oxide in variocus proportions with or without other metal oxlides as promot
The sctivity of the zinc oxide-chramic oxide catalyst with or without ott
metal oxides shows & maximum st texperatures of sbout 350°C. The activit
is such that in order to yield sdequate single-pass coaversions under
preveliling reactor conditions, the reactor pressure must be in the range
of 200-350 atn. In 1967, Imperial Chemical Industries (ICI) introduced ¢
copper-based catalyst speclally designed for methanol synthesis st or el
100 atm and 300°C. The activity of the comventional zinc-chromivm oxide
catalyst would he unscceptable at these conditions. In sddition, this
copper-based catalyst is more selective for methanol than zinc-chramium
formuletions, but the letter are more tolerant of sulfur {~3-5 ppm) in
synthesis gas. )

The manufacture of methanol starts with the preperation of a symthe:
gas such as that produced by the gesification of coal. The feed to the
copverter, designated as the mskeup gas, is a combination of synthesis g
and recycle gas fram a high pressure separator. The camposition of this
mzkeup gas varies with the design, but its overall camposition xust be
adjusted to make the ratio H,/(CO + 1.5 CO,) slightly greater than 2.0.
The converter effluent is somewhat cooled by heat exchange with the make
gas, is further cooled to condense the methanol product, snd then enters
& separator vessel. A portion of the gas from the separator 1s purged
to remove impurities and irerts introduced with the synthesis gas or
produced fram side ree.ct'ions in the converter. The remainder of the gas
from the separator is recycled to the converter. The condensed crude
methanol is dewatered in an atmospherie distillation tower, Depending
on the desired purity in the final product, additional refiring of the
crude methanol to remove kigher alcohols mey be requrired. For use as an
gutomotive fuel, the higher alcchols are deslrable and need not be remov

Temperature control of the exothermic methanol sinthesis reection i
essential. As shown in the schematic flow diagram, ooe method of

temperature comtrol is to introduce portions of cold makeup gas

-~ wuA¥
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directly intoc the coenverter at several points, thus providing a quench
or "cold shot" type of cooling. Additional temperature control is
provided if CO2 is present in the synthesis gas. CO, is converted to
methanol aceording to the following equatiom:

CO, + 3 H, - CH;OH + HO .

However, the excthermic heat of this reaction is less than that released
by the conversion of CO. Thus, the aversge rate of heat generation if
both carbon oxides are present in the feed is less than that when pure
CO is used. Temperature moderation is particularly important for use
with the copper catalyst since it is much more susceptible to sintering
than the zinc-chromium oxide catalyst.

3.4.3 CO Shift Conversion and Gas Purification

The composition of the gas leaving the gasification section is
determined by the operating conditions of the gasifier. The technology
for adjusting the HZ/ CO ratio of this gas for subsequent processing :I.,s"‘
well developed. It i1s based on the CO shift conversion reacticm, using
edditionel steam to convert CO to H2 and COZ. Early catalysts for shift
conversion consisted of iron oxides with c¢hromium promoters for cpereation
et high 1:e::ra1:»eJ:'atu.res.8 Low tempersture catalysts were later developed by
replacing the chromic oxides with those of copper and zimc. In either
ecase the activity of the iron oxides was substantially reduced by st in
the synthesis gas. The invention of catalysts containing sulfided cobalt
and molybdenum oxides, however, has eliminated the need for upstiream
desulfurization of the synthesis gas.” This switch provides for better
conservetion of sensible heat during shift conversion, and reduces the
requirement for make-up Steam.

There are several acid-gas removal systems on the market todey that
couid be used for the purification of coal-derived gases. The estimates
in this section are based on the use of the Rectiscl process.lo Thls

progess utilizes & methanol solvent at spproximately -h0°C to remove
poth st and CC)2 from the gas stream. Regeneration of the solvent yields
a coz stream which may be vented and &n st stream which goes to a
conventional Claus plant for sulfur recovery.
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Twenty-two cof the twenty-rive methanol plants planned or bullt world-
wide since 1967 are under license from Imperial Chemical Industries, sll
of ther with the Cu catalyst for cperation at low temperature snd pressure.
The last high pressure methanol synthesis plant was built in 1968 by DuPont
2t Bearmont, Tewas. In this study of possible processes for manufaciturisg
methanol from coal, the low pressure process for methanol synthesis was
selected because it appeared to be the one preferred by most recent methanal
manufacturers. In addition, the low pressure process has certain techknical
advantages over the high pressure process due to its lower compression
regquirements and capital investment. However, 1t should be pointed ocut
that e greater percentage of higher alcohcls (C3-~C,) can be produced with
the high pressure process because the zinc-chromivm catalyst, as previocusly
discussed, is less selective for methanol. The higher alcohols are desirsble
components in blends ¢f methanol and gasoline becsusc they lnerease the amoun
of water that can be tolerated without phase separation.

Conceptual flowsheets for each of the three gasifiers, combined with
2 low pressure methanol synthesis plant, have been developed. One type of
elternative represents the combination of either a Koppers-Toizek gasifier
or a Winkler gasifier with a methanol synthesis step. The sequence for
these cases is gasification, followed hy gas cleapup. The particulate-free
gas is fed to a shift converter where additional hydrogen is formed through
the reaction of CO and steam. The gas from the shift converter is sent to
a purification step (e.g., Rectisol‘) whére all the HZS and most of the \’.':02
is.removed. The gas coming from the acid gas removel step iIs sent to
methanol synthesis.

Because the Lurgi gasifier produces approximately 1729, methane, it is
proposed that a Iurgi baged methanol synthesis process manufecture methanol
and substitute natural gas (SNG) as co-products. This type of flowsheet

provides for crude gas cleanup and scid gas removal before s single pass

through a methanol converter. Elimination of the conventional methamol
recycle loop also permits delaying CO shift until after methancl is removed




Sk

as a product. Following a second acid gas removal trestment, a 30% CH,
feedstock is upgraded to SNG by cstalytic methanatieon. This last process-
ing step may not be considered coampercially proven at 100 atm, but current
development efZcrts are so Intense that 1t 1s gnticipated to be so0 in-

the near future.

In order o compere these three proposed flowsheets, material balances
were derived for producticn of 5000 tons/dsy of methanol. It is a genmeral
consepnsus that, for a single module of producticn, this capacity will fully
utilize all the required equipment, including in particular a single train
of campressors. These material balances are shown in Tedle 3.4=1 along
wvith an estimate of the edditional coal required to produce enough inter-
mediate Btu fuel gas to provide all the power reguired for utlillities and
off-sites. Cases 1, 2, and 3 represent cecnceptual demonstraticn plants
using the Koppers-Totzek and Winkler gasifiers. Case Y4 represents a
conceptusl camercial plant using a Koppers-Totzek gasifier and a western
coal. Case 5 represents a conceptusal commercial plant using a Lurgl gasi-
Pier and a western cosl for co-production of 5000 tons/dey of methencl end
185 million £t3/day of SNG.

Estimates of the required capital investment for these plants are
presented in Table 3.4-2. The estimated operating costs, revenues, and
unit production are shown in Table 3.L4-3. Menpower and steel requirements
for the Case S5 plant for co-producticn of methancl and SNG mre shown in
Tsble 3.L-k. '

In all three of these processes, sulfur Is a by-product. INo credit
has been taken for this production, however, because of the ungertainty
in its future supply and demand. Credits for other materials also were
not taken. For example, the plant in Case 5 produces coal iars, Fhenols,
etc., which are probably'more valuable as chemical raw materisls then as
the fuel for which they were considered. Large quantities of carbon dioxide
are produced in all three cases. There is & potential demand for coz in
large quantities as & pressurizing medium for secondary recovery in oll
Melds 1T it is supplied under pressure. However, such a market for this
meterial is ‘also uncerteain at thls time.
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Table 3.4-4. Estimated Manpower and Steel Requirements for e Case 3

Plant Producing 185 MM SCFD SNG and 5000 tons/dey Methenol from Coal®

Item

Requirements

Gasi

fieatlion Plant

Heme Office, man-hour

Field Comnstruction, man-hour
Shop Pabﬂ.ca.tion, man-hour

Qperations, man-year

Steel, tons

Toal Mine

Hame Office, man-hour
Field Construction, man-hour
Shop Febricaticn, man-hour

Steel, tons

Methanol Synthesis Plant

Home Office, man-hour
Field Construction, man-hour
Shop Febrication

Operations, man-year

‘Steel, toms

200,000
700,000
2, 400, 000

Lo, 000

250, 000
1,356,00C
750,000

7,500

(y.u«..u R T



3.4.5 OQther Considerat.ons

For a first demcnstreation plant, taermal effiglemcy and economlces are
not overriding comsiderations for choosing & nrocessa. More important
consideratiéns are felt to be the length of tixe requirad to design,
coostruct, and cammission the plant, and the assurance that rellable
cperation can be obtalned. To comserve coal, It is desirsble that the
thermal efficiency of = commerclal process for converting coal to methanol
be as high as possihle. Mowever, msximm thermal efficiency does not
necessarily mean minimm product cost.

The capacity recommended for the demcnstratlon plsnt, 5000 tons of
methenci per day, requires same comment. At present, there is no
© 5000-ton/day methanol plant in cperation, either single~traln or
multiple train. However, all campoments of such a plant have been
reported 0 be operating under conditions similesr to these experienced
iz methanol producticn. There are no integraited methancl-from-ccal
plants in operation, but the technology used in existing ammonia-frome-
coal plants 1s sipdler and has been demonstrated.

The coal used in s large methanol-from-coel piant will probatly be
obtained from a mine close to the plant site. Although all of the gesifiers
considered are cammercially availeble, the selection of the gasifier depends
on the %type of coal availsble at a8 particular site. For this reascn, all
of‘ the gasifiers discussed are potentially eligible for use in the demon-
stration plant.
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4. PRODUCTION OF SUBSTITUTE NATURAL GAS

The Western Gasificaticn Compeny (WESCO) ard the E1 Paso Natural Gas
Campary (EPSG) currenily are seeking authorizations to complete engineer-
ing and construct 250 million standard £t5/dey SXG plants in Northwest
Bew Mexico. Initisl production of SKG in these plants is expected iz
late 1577. Other similar cammercial plants are planned by these companie:
as well as several other gas utility companies.

The WESCO and EPNG plants will utilize the Lurg! high-pressure coal
gacification process. Since 1936, the Lurgl process has been used commer-
clally in 19 plasts (50 gasifier units) in many perts of the world, inciw
Germany, Scotland, South Africa, and South Karea, Adaptation of the basi:
Iurgi tecimology requires the additicn of a "methanstion” step (catalytic
reaction to comvert CO to CHy) to producs 920-350 Btu/scf CO-fre- gas
reqiired in the United States. Although there are no current camercial
Plants precticing large-scale methanation of coal gas, the technology of
methanation hag been widely practiced in other applications. Lurg! engin
have made extensive studies of coal gas methanation technology and cataly
on a pllot-plant scale. They are confident that the successful extensicn
of these studliex to cogmercial practice is technically and econcmically
fesszible at this time. To supplement Lurgi work in this area, WESCO, in
combination with several major gas companies, has undertaken independent
Pllot-plant and engineering studies for large-scale coal gas methanaticn.

The following presents a capsule description of certaln features of
these projects, including: estimated raw mteriﬁ.s, utilities, and produy
(Table 4-1); a flow diagram and zaterial balance around the gasificeticn
system (Fig. U4=1); a flow diagram and material balance for water (Fig. L-
a diagram and characteristics of the sulfur dispocition systems (Fig. U4-3
estimates of the required capital investment (Tsble L4-2); and estimates o
annual expenses and revenues (Table L-3).

The advice of the Fluor Corporation is thet a total of & yesrs shoul
be allowed for the steps of (1) comceptual design, (2) Title I engineering

T e el TN S .
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mahle L-1. Estimated Raw Materials, Utilitles, and Products

of Ccmmercial Flants for Producting S5EG from Coal®
El Pas¢
WESCO Hatural Gas
Raw Materials and Utillties
As-received coal - gasifiers, tons/day 21, 860 25, 94T
- steam boller, tons/day 3, 760 -
Electricity, k¥ 28, 500 -
Water, gm 5,100 6, 200
Total energy, 10° Btu o 460
Output
migh-Btu zas, 107 £t3/day 250 250
, 10° Btu/aay 238 238
, tome/dey 5, 5ho S, 02
Suifur, tons/day 17h 148
Phenols, tons/dxy 105 1z2z
Tars, oils, and rephthe, toms/day 1,475 1,737
0ff-gas, ‘tons/day T92
CO, gas, tons/d=y 15,631
Ash (dry basis), tons/day 6,433 4,730
Water, zom
to atmosphere 3,550 L, 700
to mine with ash 1,030 150
Process Efficierncy, %b 67 63

8 jestern strip-mined coal.

bEfficiency is expressed as thermal energy of SRG product divided

by thermal energy of coal feed.
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Table L-2. Estimated Capital Investment (1973 Dollars) for
the WESCO end El Pasc Natural Gas FPlents for
Production of Synthetic Natursl Gas from Coal

Capitel Cost, $ millions

WESCO EPNG
Process Units
Gas Production 6h. b5
Crude Gas Shift Cooversion 7.68
Gas Cooling and Purificaticn 48.72
Mesthane Synthesis 18.55
Product Compression and Dehydration 5.66
Liquids Separation and Purification 18.65
lock Cus Storage and Campressico 1.52
Sulfur Recovery 8.16
Total ‘ 146.7 I73. 7S
Utility Units
Fuel Gas Production, Cooling, and Treating 26. 9%
Alr Compression . 2047
Stesm and Power Generation 30. 20
Oxygen Production and Cempression 28.93
Raw Water and Cooling Water Systema 12.52
Miscallaneous Utilitles E.G’T
Total 0. 357 124,73
Off-Site Units
~ Ash Dewatering and Storage - 6.32
Raw dater Pumping snd Storage L.70
Raw Water Pipeline 12.5% 9.51
Geperal Plant Facilities 34,72
Total 60. 3518 55.25
Initial Catalysts and Chemicals © 2.802 L.0ol
State Taxes 11.375 -
Engineering Fees and Licenses 21.595 -0
Start-Up Costs ' 3.925 L.83¢
Contingency at 10% 3h. 216 .26
TOTAL DIRECT CAPITAL COST 3T7. 477 398,07
SNG Plpeline to Utility 19. 746 -d
Interest During Construction :_:2.27’-& LG 78
TOTAL <T97 455,65
Norking Cepital 5.203 S.13
%sreakdown not availsble, Cadded to EPNG estimates.
bJ'.m:l!.t.xcle«.‘l in above. duot ineluded.
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Table L4-3. Estimated Annual Operating Expenses and Revenuss far
the WESCQO and EFNG Plants for the Production of SKG from Coal

Coste, $ millions/vyr
wEsco® EFNG Model Plant®

Annual Operating Costs
Salarles

Supervisicc and staf?f 2.05
Process operators 3.02
Maintenesnce mechanics k.58
Materials and Utllitlies
River water 0.22
River pump bouse power 0.31
Catalyst an.d chemicals 1.5
Feed cosld 23.26
Maintenance materials 7.02
Supplies 105
Consultant fees .21
O3M for transmission 0.033 -
Administrutive and general 3.355 6.10
Total O3M 60,946 kg, 32 55.13
Depreciation, Taxes, Interest 68.5605 80.92 76.15
ard Return on Equlty
Total Annual Expense 129.551 130.24 131.28
Revenue
SNG 120.153 118.55 120. T4
By-products 9.398 11.69 10.54
Total 125.551 130. 2L 131.28
Gas Production Cost, $/IL06 Btu 1.53 1.51 1.54
, $/103 scr 1.46 154 1.6

Brpcludes transmission over a distance of 67 miles to an exdsting
na.tural gas pipeline.

P\ ssumes production o2 78.4 x 1012 Btu/yr of SNG (250 x 106 ft3/d.ay)
(330 operating dsys/yr) (S50 Btu/ft3).

CCcapital $456 million including working capital, 16.7% fixed charge
rete on cepital.

" d'Hestem strip-mined coel.

. |
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and preparaticn of envircmmental impact reports, {3) defirnitive
engineering end construction, end (4) process startup end shakedown.
This schedule allows for sn estimated "dead time” of 2 years after
Title I design for reviews snd permits from agencles such as the

(1) EPA, {2) Burean of Mines (cosl mining permits), (3) Carps of
Engineers (water), Bureau of Indian Affairs {land and land rights),
and state govermments (building permits, rallroscs, pipelines, water
and air quality, etc. ).

A minismm recommended project duration - which might be asccorplished
if legislaticn were available o proceed on an emergency basis - is
spproximately 4.5 years, including (1) 6 months for canceptual design
and site selectior, (2) 1 year for Title I engineering end envirommental
reviews, {3) 2.5 years for definitive engineering and ccastruction, and

(%) € mcoths for plant startup.

JETRerE
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5. ALTERNATIVES AND RECCMMENDATICKS

Tables 5-1 and 5-2 preseat a summary of pany of the jimportant physical
and ecorcmic characteristics of four types of ligquefaction processes that are
believed to have =zignificant potential for Industrial-scale implementsation
by the early 1530s. Several conclusions have been drawn fram these data,
together with other consideratlons expressed in the previous sections:

1. The processes for production of syncrude cr boller fuel ‘dy direct
catalytic hydrogenaticn or extraction-izydrogenatlicn appeer to have significant
potential for commercialization with relatively low technical and economic
risk. For each type of process the recamended next scale of development
would be a prototype plant with a capacity of 300 to 1000 toms/day of coal.
The prototype scale of development could begin immediately for these two
types of processes (and perhaps one other, depending on results of further
studies) singe:

Such projects alreedy have sponscrs who will provide a

substantial fraction of private funds.

b. Ma.chine.‘;.v exists within the govermment t¢ begin projects

' of this seale.

¢c. The prototype plants comstitute a logicel next step in
scale hefore pioneer full-scale cammercial plants, but
are sufficiently small to minimize envirommental impacts,
permit flexibility in design, and reduce the consequences
of technological failure.

P

2. Tt appears that the Fischer-Tropsch process for produetion of
gasoline will be too expensive to arouse industrial interest.

3. The dats indicate that methanol from coal as a substitute automotive
fuel will be less expensive than gasoline from Fischer=Tropsch but probably
will be more expensive than gasoline derived from syncrude produced by

" catalytic hy“roliquefaction of coal. The most importent adventage of

methanol from coal is that the required technology is availshle now.
Thus production on &n Iindustrial scale could proceed with a minjimum of
delsay.
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Teble 5-2, Estirmated Effects of Type of Process,
Type of Coal, Cost of Coal, &nd Capital Fixed
Charge Rate on the Cost of Producing Several
Syntketic Tuels from Cosl

Coal
Capital Fixed

Coet Charge Rate Eroguct Cost
Product Process Type Tca % b7 ;.95 Btu ¢
Syzerude® H-Coal Bituminous 7.50 23.% 1.57 §
Bituminocs 8.50 23.kL 1.63 <
Bituminous 7.50 17.9 1.37 5
Subbituninous 3.00 23. 4 1.59 {
Subbituminous &.00 23.4 1.68 €
Subbituminous 3.00 17.9 1.3 f
Boller Fuel SRC, Consol Bituminous 7.50 23.4 1.79 L
Bltuminous 8.50 23.4 1.85 i
Bltuminous 7.50 17.9 L% ¢
Gasoline Fr-Lurgs Subbitumincus 3.00 23,4 L, 58 i
Subbituminous .00 23.4 4. 87 21
Subbituwrinens 3.00 17.9 2.85 2
FT-BiGas  Subbituminous 3.00 23.4 . 1¢
Subbituminous 4,00 23.4 3. I
Subbituminous 3,00 17.9 2.60 1
Methanol KT-ICT Subblituminous 3.00 23.L 2.06 :
Subbitwminous k.00 23.4 2.16 !
Subbituminous 3.00 17.9 1.74 .
Lurgl-SNG  Subbituminous 3.00 23.4 1.87, !
Subbltuminous &.00 23.4 1.7 i
Subbituminous 3.00 17.9 .67 :

suG Lurgi 23.4 1.93

7.9 1.61

16.7 1.54

®Gasoline produced from this materiel would be higher In cost by about

$2.0 to 2.5/bbl.
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Recomrended Temonstraticn Program. - ™e recommended schedules and

meapremental funding for .. joint govermment-industiry progrem to demcnstrate
liquefaction techmology are presented in Tables 5-3 and S-4. Specific
cbjectives of this program are &8 follows:

1. Comnduct ioint progrsms from July 1974 to July 1977 to desigm,
construct, and shakedown three prototype {cepacity 300 to 100G tons
coal/dey) plarts — H-Coal Symcrude, SRC-Bydrogenation for boiler fuel, and
a third type (a modified CSF or hydrocarbonizaticn}. These plants are
believed to represent the optimum size to provide the fastest end minimum
risk path from present development work to cammercisl plants. Such proto=-
type plants are generally favored by industry and substantial {perhaps 1/3)
irvestment of private funds can be expecied because of the relatively low
{sbout $6C million) capital costs of these plants.

The present rlan is thet these prototype plants would be built at
sites that are already highly industrialized {petroleum refineries, petro-
chemical ccmplexes, or large power plants) and, thus, will heve small
incremental enviranmental impact. These sites will have (a) trained
personnel, (b) technical services, {e) supplies of coal end/or other raw
materials, =nd {d) facilities for testing of the products.

2. Conceptually design, collect base line éata on sites, end prepare
generic envirommental impact statemenis for two picneer hydroliquefaction
plents (~50,C0C tons coal/day) in the peried July 1974 to July 1976.
Design, comstruct, end shakedown thes= two pioneer plants in the period
July 1976 to July 1979. Government funding of aboit 20% of the capitel
costs of these plants may be required because there is same risk that
engineering funds would be wasted since the eagineering would begin before
operation <f the prototype plants. It may also be necessary to waive the
formsal enviromnmental impa.c;t review for tnese plants.

3. After detailed zonceptual design snd siting studies, engineer,
construct, and shakedown a pioneer commercial (~5000 tons MeOH/dsy plant
in the period Jeavary 1975 to January 1979.

Detailed reccmmendaticns on the production of methanol from coal have
been formulated and are contained ino & separate report.
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Tenle S-3. Ineremental Gevermment Findire for the Reccormended
Program fer Demcnstrating the Produstlen of Synthetic
Fuels from Coal.

Plscal Year Costs, $Millions

ER & T Pregram for Coal

Coal Liquefaction . 75 75 75 75 75 375
R&D, Other Operating Expenses (57) (48) (43} (46) (S55) (246)
Oonstmction—SRf‘ Pilot Plant (4) - - - - (4)

Direct Hydrogenation _ .
Prototype rlant (8 (20) 1B (3 - (49)
Advanced Process Prototype :
Plant . 2 (8 (23) (20) (53)
Multiple Process Pilot
Plant (6) (8} (6) (3 - (23
Two Synthetic Fuel Pleneer
Plants 100 150 55 50 50 55
High Btu Gasificaticn 35 75 92 81 57 3ho

RiD, Other Opereting Expemses (18) (25  (47) (493 (53} (188)
Construction-Hygas Plliot

Plant (2) 2} ) (2} - 1)
- C0., Acceptor Pilet

Plant {2} - - - - - {2)
- Syrthane Pilct Plant (B) {n 2y = - an
-~ Bi-Gas Pilot Plant 9y 112 - - - {21)

- Demonstration Pilot
Plant (28) (39) (30 (4 {101)
Mirning b5 57 64 T7 82 325
Direct Combustion k¢] 35 ho H 51 200
Low Btu Gasification 30 37 L2 43 43 200
Envirormental Central Techmwology 70 50 k2 45 53 260
Supporting R&D 20 22 2 27 27 120

Recormended Incremental Furding for ko5 451 434 Lay L38 <175

Syntnetic rusls Demonstration

Program
Ccns’cmction-a-'/
Direct Hydrogenatlon Prototype
Plant 2 5 -13 -3 -9
Extraction/Hydregenation Iooto- _
type Plant 10 25 5 40
Thire Prototype Plant 10 23 -3 =23 =20 -13
Methanol Pioneer Plant g c o] (8] 0 a
Second Ploneer Plant o Q 150 J 0 is0
Third Ploneer Plant 0 0 150 0 0 159
FischerTropsch Design Studies 5 15 - - - 20
First Generation SNG Producticon 5 20 20 10 16 65
Supporting RiD, Operations 5 20 27 k- 25 oo
47 55 336 19 15 525

2/ Assumes governent provides 2/3 and 2C% of capital far prototyre
and piconeer plants, respectively.

ﬂ ' I . l,‘ 1" -y




Tabla 5-4. Avcommndcd 3chedulas

Peoul Your

gra

1960

Tapk 1. H~Coul Praduction
Process Dewelop. Uait (3 voms/dey)
Operatian
Pretotype Plent {300-TO0 tome/day)
Conceptusl Design end Beview
' Epginesring snd Procupemsat
Comgtruction and Shaksdown
Operation
Plooesr Commrcial Plant
Comceptual Desigh mod Review
Enginesring and Procurement
Cotatruction and Shakedown
Operation

Tesk 2.  SHC Boller Puel Produetion
Wilsonvills Pilov Flant {6 tons/day)
Casplets Constructicn, Shaikadown
Opareticn
Tecoms Pilot Plant (50 tons/day)
Complets Comstructian, Shaked

IF

Fetrofit for Hydrogenation
Operatian

Prototype Plamt (900 tona/dsy)
Concaptasl Design and Beviev
Engineering asd Frocurssect
Copstzuction and Shekedown
Operation

Plonser Cammercial Flat
Conceptual Design mnd Review
Engineering sod Procuressmt
Constructicn arl Shekedown
Operation

Task 3. Alternate Lisuefaction Process

Prototype Flant
Comceptusl Design mnd Raview
Engineering and Frocurement
Construction mnd Shakadows
Operatic

Task 4. PFischer~Tronoch
Ploneer Commercial Plant
Conceptusl Design
Title I Engiosering
Task 5. Methancl
Pioncer Canmercial Plmt
Conceprual Design and Review
Pusl Application Dencostratica
Enctioecering and Procurement
Construction and Shajkedown
Cperation

Task 6. Substitute Naturel Ges
Premote Industrislization

Task 7. Sitire, Health, and
[T R T T XY § )
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4. Conceptually design and perform Title I ergineering of a commercial
Fischer-Tropsch gasoline plant in the period July 1974 to July 1976 for
reference and standby constructlion.

5. Accelerate the pace of supporting research and development of
liquefaction as s coordinated extension of the $10 billion energy R&D
Program.

The recamended synthetic fuels development progrem alse includes
provisions for accelerating the development of the industry for the
production of SNG from coal. The recommended activities include
(a) engineering develcpment of a slagging Lurgi gasifier, (b) engineering
development of a high-pressure Koppers-Totzek gasifier (to permit wider
use of coals), (c¢) site studies {collecting base line dats cn potential
commercial sites), {d) preparation of generic envirommental impact
statements, (e) accelersted resesrch in envircmmentsl effects, (f) develope
ment of advanced materigls, catalysts, snd equipment components,

(g) sdditionsl development of the methenaticm step, (h) institutional
research, (1) development of services and cepebilities for process vessel
manufacturing, and (Jj) develomment of standerds to minimize the routine
design requiremenis.





