TITLE: QUANTIFICATION OF PROGRESS IN INDIRECT COAL
LIQUEFACTION

AUTHORS: David Gray. Abde! ElSawy, and Glen Tomlinson

ORGANIZATION: The MITRE Corporation, 7525 Colshire Drive, McLean, VA 22102
CONTRACT NUMBER: 69-8416

PERIOD OF PERFORMANCE: 3 April 1990 - 3] July 1991

OBJECTIVE:

The objective of this study is to quanuty the economic and technical impact of
incorporating various advanced technologies into the indirect coal liquefacnon sysiem.
These advanced technologies include entrained flow Shell gasification and slurry-phase
Fischer-Tropsch (F-T) synthesis. This obj=crve was accomplished by substitut'ng the Shell
entrawned coal gasifier system for the Lurgi and the advanced siurry F-T reacter for the
Synthol and ARGE F-T svstems in a SASOL -type indirect liquefaction facility.

ACCOMPLISHMENTS AND CONCLUSIONS:

The indirect lige -faction of coal is practiced commercially in Soutr. Africa and
produces about half of the country's gusoline and diesel fuel. The SASOL Operation Consisis
of three plants: SASOL I is a small facility bur SASOLs 11 and 111 ire Luge complexes that
together produce over 100,000 barrels per day of transportation fuels. These fuels are high
quality specification gasoline and diese! and are marketed at all service station outlets
throughout the country, ‘

The indirect coal liquefaction techinciog . -1sed at SASOL consists of dry-bottom Lurg:
fixed-bed gasifiers and predominently Synthol circulating fluidized bed (CFB) E-T svnthesis
untts. SASOL I also uses some fixed-bed ARGE F-T reactors fo: the production of high
quality waxes.

Research and development in F-T technology over the pest forty vears has
demonstruted that three-phase bubble column reactors, also coiled slurry reactors. potentially
have many advantages over both the fixed-bed ARGE and the: gas-phase fluid bed reactors.
These reactors have rapid heat ransfer characteristics because of the hquid sluiry medium,
cun prwess low hydrogen o carbon monoxide gases such a; are produced from advanced
crtrined gasifiers, and can operae in a mperature regim-: favoring production of heavier



hvdrocarbons and hence very low methane and ethan yields. To overcome the selectivity
limitations inherent in the F-T process that are described by the Schulz-Flory-Andenson
probability model. production of heavier hydrocarbons like high molecular weight waxes
followed by mild selective hydrocracking to dist:ilate has proven to be a very effective
strategy. These reactors are also structurally sirnple and thus they should be relatively
INEXPensive.

Prior to the commencement of this task, MITRE had developed an indirect coal
liquefaction mode! that simulated the production of liquid fuels from lllinois coal using Shell
gasification and slurry-phase F-T synthesis. This model was used to estimate the costs of
coal-derived liquid ransponation fuels. This model has also been used as a research
guidance ool 1o investigate the impacts of research and development advances on the
economics of these processes. [n order to meet the objective of this current task, MITRE had
o extend this model 10 include Lurgi gasitication in place of Shell, and Synthol and ARGE
F-T svntheses in place of the slurry sysiem. Since the Lurgi system could not readily be
used with a caking bituminous coal such as lilinois #6, the coal feedstock in the model was
changed to a non-caking Wyoming subbituminous coal. Incorporating the significantly
ditterent Lurgi system necessitated considerable changes in the infrastructure of the
conceptual plant compared to the previously developed model. However, as far as possible.
the plants were configured with the sume engineering CoNsisiknCy so that a fair companson
could be made.

Five conceptual indirect liquefaction plants were developed and investigated in this
analvsis. A SASOL type plant using Lurgi gasification and Synthol F-T synthesis,
designated LURGSYNW; a plant using Shelt gasification and Synthol designated
SHELSYNW: an advanced echnology plant using Shell gasification and sturry-phase F-T
svnthesis, designated SHELSLUW; a plant using Lurgi gasification and ARGE synthesis
designated LURGARGE: and a plant using Shell gasification and ARGE synthests
designated SHELARGE. Wyoming subbituminous coal was used as feedstock in all of the
Cases

The Synthot reactor system uses a fused iron F-T catalyst while the ARGE system uses
a silica promoted precipitated tron catalyst. They slurry F-T system uses a precipitated iron
cataly st

The moisture 10 the run of mine coal was 2R percent on an as-received basis. The coal
was gasified in the Lurgi gasifiers with this muisture content. However, when the Shell
casification system was used, the coal moisture was reduced to 12 pervent.



THE LURGUSYNTHOL (LURGSYNW) CASE:

This case represents the SASOL-type baseline plant and Figure t shows a block flow
diagram of the Lurg/S*'nthol (LURGSYNW) case. The basis for this case is 1aken from the
Mobil Research and T slopment Corporation (MRDC) report(*. Run of mine Wyoming
subbituminous coal is | . pared for gasification in coal handling unit 228. The mechanical
properties of the coal are such that crushing produces 83.5 percent 2” 1o 1/4" particles
suitable for gasifier feed and 16.5 percent minus 1/4" fines. Sufficient fines are sent to the
steam plant (unit 222/223) to provide the required steam and utilities for the balanced plant
when they are burned together with the tar, oils and Fhenols from the Lurgi gasifiers.

Table ! shows the properties of the feed coal.

The purified fresh teed gas from the Rectisol unit is combined with the recycle streams
i the F-T synthesis loop and passed through the Synthol reactors. e reactor effluen; is
cooled and the water containing the alcohols is separated from the liquid hydrocarbous. The
uncondensed hydrocarbon gases and unconverned synthesis gas stream is split and a
percentage 1s recycled to the F-T reactor and the remainder is sent 1o the hydrocarbon
recovery unit (210) where a low iemperature heptane wash is used to handle the g7 singe il
coniains carbon dioxide. The overheads from unit 210 g0 to carbon dioxide removal
(Bentield unit 213) and the effluent gas containing the methane, ethane, ethene and
unconverted synthesis gas is split so that a small stream goes (0 2 Pressure Swing Adsorptior
(PSA) unit (211) 10 recover hvdrogen for refining and plant fuel gas. The remainder of the
stream is sent 10 the autothermal reformer where the methane is reformed 1o hydrogen and
carbon monoxide with oxygen. This reformed stream is then recycled to the Syntho! F-T
units where it meets the fresh gas feed from gasification/ gas purification. Using this recycle
configuration, all of the methane and ethane are converted to synthesis gas and the plant
output is only liquids and propane and butane liquified petroleum gas (LPG),

The raw F-T products are fractionated in unit 252 where the Cyand C; components
contaming about 75 percent olefins are sent 10 polymerization and alkylation (units 2537, 25y,
259). The Cs+ product is hydrotreated to remove olefins (unit 253) and fructionated to give a
Cu/C, stream for isomerization (unit 256) and a C--Cy, stream tor catalyvtic reforming (unit
255). The various components of the gasoline paol are blended in unit 270. The diesel
component, the LPG and the alcohois are also products from ihe plant.

The plant also includes all other off sites necessary for integrated operations. These are
bouler feed water (BFW) preparation, cooling water make-up preparation and cooling warter
IOWETS, wistewater treatment etc. A swam boiler that uses coal, and Lurgi produced oils,
tars and phenols is included in this contiguration w© provide process steam for the gasifiers
and other plant units.
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Table 1. Study Coal Properties
(Wyoming Subbituminous Coal)

Dry and Ash
Proximate Analysis, wi. % As Received Free (DAF)
Moisture 28.0
Ash 5.1
Fixed Carbon 338 50.5
Volatile Matter 331 95
100.0 100.0
Ultimate Analvsis, wt.%
C 74.45
H 5.10
O 19.25
N 0.75
S 045
100.00
Calorit“ic Value, Biu/lb
High Heating Value (HHV) 8.509 12,720
Low Heating Value (LHV) 7.893 12,236

—
1~
xn




Figure 2 shows the details of the gas flows around the F-T synthesis loop. This ioop
includes the Synthol reactors, hydrocarbon recovery, carbon dioxide removal, autothermal
reforming and hydrogen recovery PSA. As can be seen from figure 2, the fresh feed joins
both the autothermal reformer recvele loop (stream #2) and the Synthol internal recycle loop
(stream #3).

THE SHELL/SYNTHOL (SHELSYNW) CASE:

Figure 3 shows a block flow diagram of the SHELSYNW casc. In this case the Lurgi
gasifiers have been replaced by advanced entrained flow Shell coal gasification reactors.
Wvoming coal is pulverized and dried to about 13 percent moisture and then gasified in the
Shell gasifiers with oxygen. The raw gas is cooled with recycle gas to just below the ash
defonnation temperature and then passed to waste heat boilers to recover the sensible heat in
the hot gas stream. After washing 1o remove particulates, « portion of the gas is raw shifled
to adjust the molar hydrogen to carbon monexide ratio and then the gas is sent to the
downstream gas purification systems that include COS hydrolysis, acid gas removal, and
residual sulfur removal. The clean gas is combined with the recycle streams from the
Syntho! and from the autothermal reformer loop and sent to the F-T Synthol reactors. The
raw F-T product is upgraded in the same manner as shown in figure 1.

The plant configuratior in this case differs from the previous LURGSYNW case in
several aspects. Since the Sheli gasifier can utilize all of the coal and does not produce oils.
tars and phenols, no steam generation plant is used in this case. High quality steam is
produced in the Shetl gasifier waste heat boilers. This steam is used for air compression in
the oxygen plant and for other plant uses. The gas purification process is also simplified in
this case because no s etc are produced. The acid gas removal system (Selexol) is also
different in this case since no liquid gasifier naphtha is produced. Once the clean synthesis
gas has been procuced the rest of the plant configuration is similar 1o the previous cuse.

THE LURGIARGE (LURGARGE) CASE:

The Lurgi/Arge piant configuration is the same as case LURGSYNW (figure 1} excepr
that the Synthol reactors are replaced with ARGE fixed-bed units. Use of the lower
temperature ARGE process results in a different F-T product distribution from the Synthol
case. With ARGE about 45 percent by weight of the F-T raw product is wax. Thus the
addition of a wax hvdrocracker is required 10 produce diesef and gasoline. A~ with the other
Lurgi plant, this plant also requires a steam plant to burn the Lurgi byproducts and to raise
process steam for the gasifier and other units.
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Bechtel @ has investigated an ARGE F-T design case for DOE and has conceptually
designed a larger version of the SASOL ARGE fixed-bed reactor. This reactor has a
capacity three times greater than the SASOL ARGE reactor with respect 1o total feed
thioughput and catalyst volume. The Bechtel design has 9602 tubes of 1.5 inch o.d. and has
a diameter of 15.75 feeti.d. and a tangent to tangent length of 43 feet 9 inches. MITRE has
used this Bechtel design in this analysis and has used the reactor Cosis estimated by Bechtel
in their report. In the Bechtel design. 8 fixed-bed reactors were used to process 166 thousand
pound moles per hourt MMPH) of total feed. In this case, 1080 MMPH of total feed is fed to
the F-T reactors. This requires 52 reactors. The Bechtel design assumed that the fixed-bed
units were packed with an active cobalt cotalyst having a per pass synthesis gas conversion of
37 percent at a total feed space velocity of 1900 hour!. This study assumes an iron-based
catalvst having a per pass conversion of 26 percent at the same total feed space velocity.

THE SHELL/ARGE (SHELARGE) CASE:

The Shel/ARGE plant configuration is the same as in the Shell/Synthol plant case
(SHELSYNW), see figure 3, except that ARGE reactors replace the Synthol F-T reactory.
The ARGE process produces a raw product distribution containing 45 percent wax so again &
wax hvdrocracker is required to produce the final diesel and gasohne product slate. A gas
fired superheater has been included in this design to produce sufficient plant steam to
minimize electric power purchases.

THE SHELL/SLURRY (SHELSLUW) CASE:

The ShellSlurry F-T plant configuration is the same as the Shell/Synthol and
Shell/ARGE cases except that the F-T synthesis unit is the slurry-phase system and this is
used in place of the ARGE and Synthol systems. The slurry reactor raw F-T output is 48
percent by weight wax and this is hydrocracked to produce diesel and gasoline. Details of
the design of a Shell/Slurry F-T case can be obtained from un earlier MITRE report™.

Bechtel ™ has alse investigated slurry-phase reactor designs for the DOE in their recent
report. MITRE has used the Bechtel reactor dimensions and costs in this study. The slurry
reactor dimensions are 15.75 feet i.d. and 46 feet 3 inches tangent to tangent hesght.
However, in the Beciitel design, a superficial gas velocity of 13.6 cm per second was used.
In this study, it is assumed that the allowable superficial gas velocity is the 9.5 cm per
second recommended by Kolbel, Using this limitation, this case requires 51 slurry reactors
o process the total feed of 235 MMPH,
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COMPARATIVE ANALYSIS OF THE FIVE INDIRECT LIQUEFACTION
CONFIGURATIONS:

Table 2 summarizes the results of the analyses for the five indirect liquefaction
configurations investigated in this study. The configurations are shown in order of
decreasing required selling price (RSP) from the SASOL-type Lurgi/Synthol plant 1o the
advanced Shell/Slurry reactor plant.

The plant coal feed varies from 54458 TPD (as received) in the SASOL-type case
LURGSYNW 10 42707 TPD for the advanced SHELSLUW case. This difference in coal
required to produce the same total plant output of about 83,500 barrels per strean. day
(BPSD) is reflected in the improvement in overall plant thermal efficiency that increases
from 44 10 59 percent (HHYV basis) in going from LURGSYNW o SHELSLUW. The
Synthol plants produce mostly gasoline while the ARGE and Slurry plants produce about
half gasoline and half diesel.

The plant construction costs arc disaggregated by major plant scction as shown in
table 2. Gasifier costs for Lurgi dry-ash units were obtained from Mobil Research and
Development Company (MRDC)™ and for Shell units from Florida Power and Light
Company's study o! Shell-based gasification-combined cycle power plants.® The cost basis
for the F-T synthesis processes were also identified carlier. The Synthol reactor reference
cost was from MRDC, the ARGE and Slurry reactor costs were from Becktel. The balance
of plant includes the following units: instrument/plant air, boiler feed water preparation,
cooling water p-eparation, cooling towers, wastewater treatment, blowdown, storage,
interconnecting oiping, infrastructure and miscellaneous.

The lower costs of the Lurgi gasifiers compared to the entrained Shell gasifiers are
compensated by the higher costs of the gas cleaning for the Lurgi sysiem. The Shell system
also climinates the requirement for expensive steam generation facilities. The reforming
loop costs are a function of the relative sizes of the unit operations in the recycle/ reforming
loop. The details of the raw F-T product refining have also been given previously. The

Synthol sysiem does not require wax hydrocracking, whereas both ARGE and the slurry
systems do.

Costs for F-T catalyst preparation are based on the MRDC report that Assumes the
Synthol catalyst life is 50 days and the make up rate is 2480 pounds per hour for the
synthesis gas conversion of 56000 MPH. In this report, F-T catalyst preparation costs are
based on the quantity of synthesis gas converted for the Syntho! and ARGE cases. For the
Slurry case that has a much smaller catalyst inventory based on a catalyst loading of 18.5
weight percent, the F-T catalyst preparation unit cost is based on the actual catalyst make-up
rate required for a S0 day life.
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Table 2. Improvements in Indirect Coal Liquefaction

CASE

CONFIGURATION:

Coal Feed (TPSD AR)
Gasifier

Swsam Plant
TOTAL Piant Coal

Enetg, Input tMMBUH}
Coc!
Eoctricry

TOTAL

Piant Ouputs (BPSD)
Alcohois
Propane LFG
Butane LPG
Gasokng
Digsel

TOTAL

Output Energy (MMBILL )
Overall Efficeoncy (HHV%)

Plant Construction Costs
($MM 1989)
Gasihcanon
Shit
Gas Cioarsng
Syngas Ra'orming Loop
F-T Synthese
Raw Prody ¢t Retining
F-T Catal,s1 Preparation
Onxygen Plant
Coal Handiing/Dirying
Power Gen and Dis!
3taam Generabon
Aalance of Plant
“MTAL Constructon Cost
TOTAL Capitai Required
NET Annual Operating Cost

Agquired Salkng Price ot
Products ($/bbl)
Gasolina/Diesal
Dwita Percent Change

Summary Table

mmmmmmmmnsw

Lurgl +
Synthol F-T

46.489
1964

54,458
38,618
38,635
4,444
T.146
4
59,607
83,561

16,960

Lurgl «
ARGEF-T
42337

52,448

arwe
37.107
1,762
4,467
$,403
3545
83501

1792

54 65

776

el +
Synthal F-T

43197

L

43197

W63
30,968

4 586
T 426
4957
58,701

83.504

16.967

72053
101.15

273“
409 29
300 91
123921
507.4%
244,53
11920

1304 52
$.189 11
41286

54 32
508

Sholl «
ARQEF-T
47742

47.742

2635
33,880
1.836
4037
32 404
83,508

18,022

4788
€15

ﬁlul:ﬂ..r-‘_-t

42707

42,707

714 80

1980
177.52
212
3347
23975

459.50
24258
8605

288317
4,406 45
350 68

42 48
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The tota! plant constuction costs for the five configurations in $1989 vary from
$3995MM for LURGSYNW to $2883MM for SHELSLUW a decrease of 28 percent.
Capital costs and gross and net operating costs arc also shown. The required selling price
(RSP) of the final gasoline and diesel products are calculated from standard economic
parameters and by assuming that the relative prices of alcoho!s and LPG retain their levels as
of September 1988 (38 percent of the price of gasoline and diesel on a $ per barrel basis).
The standard economic parameters arc: 75:25 debt to equity ratio, 25 year project life, 34
percent income tax rate, no price escalation above general inflation, 3 percent gencral
inflation, 15 percent retum on equity, 8 percent interest on debt and 5 year consuction
period.

This comparative analysis of the five plant configurations has shown the potential
reduction in the RSP of gasoline and diese! by using an entrained coal gasifier with a
slurry-phase F-T synthesis system and advanced raw product upgrading to be about 28
percent compared to a SASOL-type plant. However, the performance of the slurry F-T
process has only been demonstrated at a small scale. Larger scale operation is essential to
demonstrate the performance of a slurry unit with respect to both hydrodynamics and
catalyst kinetcs.

PLANS:

MITRE will continue to evaluate those factors that have the potential to improve the
technology and economics of slurry-phase reactor systems for the production of
hydrocarbons and oxygenaics.
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