EXECUTIVE SUMMARY

SASOL, operated commercially in South africa, represents the
state-of-the-art in Fischer-Tropsch technology. The SASOL process
employs dry =2sh lurgi gasifiers and fﬁst fluid bed Synthol
Fischer-Tropsch synthesis reactots. SASOL technology has a number
of limitations whi ch adversely affect process efficiency and product
cost. Potential improvements in SASOL technology were highlighted
in prior MITRE reports* based on the use of advanced gasifiers and
an advanced slurry phase Figcher—Tropsch configuration (Koelbel).

Mobil 0il has investigated a modified slurry phase Fischer-
Tropsch concept in a continuous bench-scale unit with DOE support.
The Mobil two stage Fischer—-Tropsch procesg incorporates a slurry-
phase Fischer-Tropsch unit closely coupled to a fixed bed zeolite
(ZSM-5) reactor. This was designed to exploit the capabilities of
Z5M-5 to isomerize, alkylate, and aromatize the raw Fischer-Tropsch
distillate and eliminate oxygenated compounds by comversion to
hydrocarbons. The objective was to produce finished high-octane
gasoline with minimal additional downstream refining.

DOE requested that MITRE carry out au assessment of the Mobil
two stage Fischer-Trcpsch program. This would include a review of
Bench scale studies to date. The original slurry phase Fischer~-
Tropsch development by Koelbel in Germany claimed low me thane-e thane
production, high selectivity to gasoline boiling-range hydrocarbons,

and negligible wax make. Subsequently, a number of invastigators

FReference 1, Section 1.0.
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have attempted to duplicate Koelbel's original results without
complete success. Mobil, as part of their study, reexamined this
question.

Fischer-Tropsch catalysts were produced by Mobil. These are
proprietary, precipitated-iron catalysts promoted with copper and
potassium.* The slurry-phase Fischer-Tropsch unit was closely
coupled to a fixed bed ZSM-5 unit to produce a high octane gasoline.

Mobil completed five bench scale runs which ranged.in duration
from 13 to 86 days on—-stream. Three Fischer-Tropsch catalysts were
evaluated. The key process variables wefe explored. These include,
in addition to catalyst composition, pressure, temperature, super-
ficial pas velocity, gas space velocity, and catalyst loading.
Stable operation over extended pev-iods was demonstrate.’, with high
conversion of synthesis gas.

The product distribution claimed in the slurry-phase Koelbel
pilot plant, i.e., very low methane and ethane production with low
wax make, was not duplicated. Two wodes of operation were demcn—
strated with runs of reasonable duration and steady-state opera-
tion. A low wax case produced Cl and C_2 yields of 12 percent,
C3/’C4 ylelds of 32 percert, gasoline ylelds of 48 percent, and
wax yields of B percent. A high wax case wis also demonstrated,
resulti » in a product analyzing 6.8-percent Cl_CZ’ CB/CA
yielé: . 9 percent, gasoline ylelds of 40 percent, and 4” nercent

wax. Utilization of wax requived hydrocracking to diesel! fuel, It

*See reference Section ., Referer e 4, Koelbel and Ralek.
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is estimated that the resulting gasoline—diesel fuel product contained
37 percent diesel., This provides additional marketing flexibility.

Following the detailed assessment of the bench-scale runs, MITRE
carried out economic analyses of commercial-size plants, using the
experimental test run data from the Mobil two-stage SFT/ZSM-5
benchscale unit. These data were scaled tc provide a cdnceptual
des.gn for commercial-size plants with a total coal input of 27,800
tons of as-received Wyoming coal per day. These commercial plants
utilized the British Gas Corporation Slagging Lurgi (BGC) gasifier for
the production of‘synthesis.gas. Predicted therwmal efficiency,
product slate, capital éost, operating cost, annual revenue
requirement, and unit product cost of such commercial facilities are
comparad.to the corresponding figures for the reference cases.

Six cases are examined in this report. Three of these cases
involve various versions of Mobil's two stage SFT/ZSM-5 process. The
other three cases ars provided for comparison purposes and include a
SAéOL—like or SASOL(U.S.) case which uses a dry ash Lurgl gasifier and
Synthol synthesis units, a BGC/Synthol case, and a slurry-phase
Fischer-Tropsch case identified as the BGC/Koelbel case. The latter
three reference cases have already been examined in MITRE's report
HTR—80W325. The three casés all include refining of raw Fischer-
Tropsch gasoline to market grade, high octane gasoline and alkylation
of C3-C4 olefins to additional gasoline. Marketable diesel fuel
and fuel oil are produced. To maintain 2 common basi:z of comparison,
the cost data for all these cases are adjusted to 1983 dollar
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value and their thermal output is calculated on the .ower heating
value basis.

The three versioms of the Mobil conceptual two stage SFT/ZSM-5
design exaained in this report include a Mobil low wax case, a MiTRE
version of the Mobil low wax case, and a MITRE conceptual design of a
Mobil high wax case.

In the Mobil low wax case, the zeolite reactor produces high
octane gasoline supplemented by additional alkylation of C3.c6
olefins. The small quantity of wax is marketed. In the MITRE
veraion, a more conservative process efficiency was obtained and a
_ product distribution, more consistent with the beach-scale data, was
utilized. In the higﬁ wax case, hydrocracking of wax to a maximum
diesel fuel make was iccluded. Hydrocracking product distribution was
based on publiohed data by Dry of SASOL.

The results of the economic analyses ére summsrized in Tables 1
and 2. The product cost is based on 100 percent equity financing with
a DCF of 12 percent. Plant and product output in terms of amounts and
thermal efficiency are highlighted. In these tables, each case 18
evaluated for two modes of operation: the m?xed output mode (Table 1),
in which both SNG and 1iquid fuels are produced, and the all-liquid
output mode (Table 2), where the SNG is reformed back to syntheais gas
and recycled to the F-T reactor.

In additjon, the unit product cost 1s expressed in Tables 1 and 2
on two bases: the thermal basis and the msrket basie. In the thermal

basis, all products are assumed to have equal thermal unit value. On

xvi




-ga% aemfpe 01 OTy¥3-a yo 3cc pue wyiydeu 137378e¥ Jo (S4H Of9'T BUIPMIIew
<3gun J-4 p¥q PIATI-389) [oqInds v yaga 19731eed jBan] @o3zoq {ip ¢ S3IuiqmOTy

89'1 99°i €t 19°T 16" T 1 4 IuaTeafnbs JuroRe)

uorTed g ‘siewg 13nxey
(€8°T1) TE°T  (£2771T) T2°1 (0-TIEET 6°11) T£°1 (r°z1) 3¢°7 (1°91) £5°T (MINHY) TF3/§ ‘syewR [emIdyL

T30y 1onpoad Iiua
-- 007°t W'y — -- - LAvp/1q8) X
- - — gT9 059 6781 (A»p/198) 10401V
- - - 8oL 106 ie9 (A9P/IqE) 110 1904 Aaway
y9z' Tl - - 128'¢c vt L0€°2 (Aep/Tad) TT0 198954
529 1] sez't - 414 99[ (Awp/Lq8) 70
VA4 ¢ 9Z0°¢ SISy "Wo'e 09°T Lot 1 (4wp/194) 0
06" 0t 1098z €8z's? 99¢°0¢ LE1°61 08s'€T we(AWp/1q0) 2ujTCIVD
13844 911 1241 6 6471 £ELT (Q4OSHW) INS

T a3el§ 3Impolg
6 8¢ 9 (19 (s L1 (ANT) 3 ‘A2ua1213J3 1vsaay
769°964° 01 L oret 1 L L26° 5 (3131 66 THCCT 000" 78S°TT (314/91q4) Juageajnby aujiose)

ov1 262" 68 00Z'661"L8 0zL'9L2'8 0£5°5€6°98 085°cL6'SB 000°€9T° 12 (AHT ‘14/NLIEWH)

‘andang TRy TEnuy

Fouayot3z3 [waaay] oue nding luel
(311 920°1 101 €0 Y 01 F1i0 1UWIINbIY INUIAIY Twnuuy
(18] (11 9] (o1) (o1) 1) (0T) INLIAIY 1INPOIJ-Ag
z - _— -— - — 1805 1SAIPIR) JUMIEIIIOIPAY
S 4 S - - - IM0) IATEIF) G-WSZ
15 . 192 144 e 092 (Y44 1m0y Buyawaadg
€L £2 €l €’ €L 144 180y [rO)
143 (374 oL 144 (171 508 lamy) [eI1de) TEnULY
NQHN T4 899°Z (1Y 3 178°2 1e0'e 1m0y [e3jder [WI0]
172 ¢ 100°Y 8L9°T 612°1 841 016‘T 180D UOTIINIINUC) [¥IO0L
£86T '§ WA

‘INVIAIY PUR BI1E0) U]

xep-y¥ Xy, EWA-_AOT] T9qT20%, 094 T043345/054 ("5 1)TOSVS swa1] 9, 13vIwdea)

TI90H/008 T195H/008 FRLIN W

. (4Q0W 1Nd1N0-QIXIH)

NOISEd INVId TVNIdIONOD $~WSZ/1dS TIGOW ;

T 314Vl

Y04 FONVWNOANId JH1DIATEd JO XUVHKAS FATIVEVIWOD



N

“wyaydeu 131359 3o gsdu ogr'1 Buipnpoug,

081 181 €1 ot 7 292 uoreSyg ‘srewg 1anaey
(€°CT) €2°T  (16°61) 22£°1 (®'st) ¢2°1 (Z6°¥1) 99°1 (98°£1) 86°1 €2 12) B2 (MIgg) 199/ “syeweg Tvmaay;

%0 I5npoig 13
- 111 cre's - - - (Aep/1gR) xep
-— - - c1e sy L0 (Aep/1qe) 1oyoayy
— - — £2¢ e 1 69€'T (Avp/TaR) T30 T Aamay
80°L1 - — sto's 90L‘S e0‘s (4397199} T30 (amapy
(1L ] L' ”e't — 9¢ e (Acps1qe) ¥
1181 ®e'y Y'Y $S0°y 8EL'? iYL (Awps1qyn €9
S2¢ 92 (12417 695 °¢¢ $96°6t yig' I 060°82 w(A%p/1qg) suptowey

B[S LINpoly
o< 1] iy 1% 9y 1y (AH1Y T "43uagap3j3 [wmaayy
029°90%°S1 Y y66° 41 IY1°Tys ‘el €€L'e50’ 91 L0S 6T 91 000°:. ZT  (14/0199) ualwaIndz. sujjocws

oCy 002°5s 008°'8s£ e 0TL'0T0" 12 oYt 'ovs 9, 000°£55°69 000°800°Z9 (ANT “34/00ENN}

‘Inding yemady) jenuuy

LETFIEYRFY] Tewaayr pus Inding uepy
6911 T 1 (1488 § mna € 62¢'1 s nbay muasay renuuy
(o) (01) wn) (o1) o1) 1) IUIAFY IInpoag-Ag
z -— — - - - 1003 MA[RIN) VIMINITI0IpAY
s p " - -— — 1803 184TRA¥) (52
314 692 9T Te4 L0 9zt 1s0) Yupiniadg
€ £f 7] . € € €L 180y [0y
918, 108, 684 108 98 0%6 W1y [wifdes [wouuy
620°C yZo'c 16°7 120°E T0¢'¢ 0y§'e is0) Teardey [w30)
%6°T Z06' T et 006°Y 9.0°2 L't 180) uoTIoNIIsuDg TRI0]
ES6Y ' W4

*INUIAIY pue 2180) jURlg

xep-qViH XWA-AO0T XBR-A0] T8q10Y o¢ ToqIuls /509 ("S°n)10svs #m21] Jaj3ivivdec)

1149%/00M THON/OM TULTH ey

(240K Indlnc AINdIT-TIV)
NOIS3d INVId TVALIIONOD S-KSZ/14S TIGOMW
804 IDNVHWY04¥dd QIIDIAIAd 40 XWVWHAS FATLIVIVAWOD

¢ 314Vl

xviii




the market basis, however, all procucts other than gasoline are priced
according to their relative thermal gasoline 2quivalent indicated in
Table 3.

The thermal efficiency improvement over the conventional dry ash
Lurgi/Synthol system (SASOL U.S.) in both versions is apparent. In
the mixed output cases, over 40 percent of the output energy 18 SNG.
The iamprovement 1ﬁ gasoline output and gascline plus diesel fuel
cutput over SASOL(U.S.) and BGC/Synthol is apparenmt in both mixed and
all-liquid versions.

Product costs for the various caséa highlight the improvemont
‘made possible by the Mobil two stage results. When the BGC/Mobii in
the low and high wax versions 18 compared to SASOL(U.S.) a 27 to 30
percent reduction in product cost is observed in the mixed outprt
mode. A reducticn of 13 percent in product coet is calculated when
compared to the reference BGC/Synthol configuration in the mixed
output mode. Comparing product costs in the all-liquid output cases,
BGC Mobil shows a reduction of 26 to 27 percent compered to
SASOL(U.S.) and 13 percent over BGC/Synthol.

The conceptual commercial plant, using Mobil experimental date,
from the high~wax mode, approaches the Koelbel product cost results
within 6 percent. The cost of gaecline from the high wax Mobil plant
configuration 18 shown in Table 2 to be slightly lower than from the
low wax plant configuratrion. This cost of gasoline from the uigh wax

plant is sensitive to the relative value of diesel and gasoline which
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TABLE 3

GASOLINE EQUIVALENT FACTOR*

Barrels of Gasoline

Product _ Value Fguivalent Btu Equivalent

SNG (MMSCF) 96.5 .5

sasoline 1.0 1.0

Cy 0.758 1.0

Cy 0.861 1.0

Diesel 0il 0.95 : : - .89

Heavy Fuel 01l 0.57 .50

Alcoliol 0.73 1.0
vax ~ 0.62 .50

*In order to calculate product costs, the volumes of each fuel are
adjusted bas:d on their vaiue versus gasoline, uging factors listed in
Column 1. The SNG conversion is based on MMSCF. The total number of
adjusted barrels of all fuels in gallons is divided into the required
revenue to calculate dollars/gallon of equivalent gasoline in Tables 1
and 2 for the market basis values.
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1s assumed. The data presented in Table 2 for the market basis cost
analysis assume that diesel is valued at 95 percent of the value of
gasoline on a cost—-per-barrel basis. Any escalation of the cost of
diesel relative to gasoline will preferentially reduce the gasoline
cost from the high-wax Mobil configuration. If diesel and gasoliue
are assumed to be equivalent on a $/Btu basis, the computed cost of
gasoline from the Mobil high wax piant would be $1.64/gallon--
plightly lower than the cost of gascline from the BGC/Xoelbel
reference plant. Pricing diesel and gasoline at equivalent values
on a Btu basis is consistent with future pricing projections. Thie -
is particularly true for the high cetane diesa2l produced from
hydrocracking of wax.

In the high wax BGC-Mabil case, the product distribution from
the Fischer~Tropsch-.eolite two stage upir ue=d ia this study was
calculsted by extrapolation of experimental data. The results were
confirmed in a later experimental run of limited duration.
Hydrocracking of the wax imn the overall refining process wich its
high sele#tivity to diese’ fuel (80%) and gasoline (15%) was not
demonstrated to date by Mobil on the actual wax fraction but
predicated on published Aata by M. Dry for an Arge wax produced at
SASOL. This aspect must be confirmed experimentally. Inherent in

the process analyses contained ia . his report are the following

additional assumptions for the BGL/Mobil two stage preceas:
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® Suptainable single-pass conversion of synthesis gas of
85 percent

® Recycle of Fiacher-Tropsch catalyst from a wax scparatcr
systez with acceptable activity

® Catalyst removal from product wax to a level acceptable for
fixed bad hydrocracking

Experimental veriiication of the above items is required in
addition to the scaleup of the elurry phase Fischer-Tropach reactor
with the projected throughput and conversion.

In any_analysia of relative product costs arising from a
comparison of SASOL with advanced gasifier-synthesis, we must
remember that the selection of the gasifier is important. Ir an

all-liquid product slatc is desired, it is very important to

minimize the formation of methane in the gasification process. 1n

the all-liquid mode, the use of a Sheil gasifier in pilace of the 3GC
slagging Iurgl would result in all-liquid product cost reductions of
abcut 10 percent over those shown for both the obll two stage and

the BGC-Koelbel plant.
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