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SYNOPSIS
The status of commercial technology f-or indirect liquefaction, as
exemplified by SASOL facilities in South Africa, is reviewed. The im-
pact of substituting more advanced gasifiers and synthesis systems 1is
then investigated.
Slagging/BGC/Largi, Westinghouse, and Shell gasifiers were substi-
tuted for the dry ash Lurgl units used at SASOL.  SASOL Syathol synthe—
8ls units were replaced by slurry phase Fischer-Tropsch units employing
technology pioneered by Kolbel. /
The advanced systems were found to have a highly favorabie'impact
ou plant efficiency, product distribution and gasoline cost. If all the
Projected technical inp:ovanents can be realized for indirect liquefuc-
tion, the_ yields of refined transportation fuels per ton of coal will

approach those anticipated for direct liquefaction processes.

INTRODUCTION

The analysis described in this paper was undertaken at the 3
Tequest of DOE to assist in their coal liquefaction R&D planning.
Conversion of coal to liquid fuels via Fischer-Tropsch remains an
important option representing the only modern comzercially demon-
strated technmology. The basic SASOL‘ptOcesB is over 25 ye‘ars cld.
Wkile significant improvements bave been made by SASOL during SASOL
I operaticn and incorporated in SASOL IT and ITI, many of the limi- -
tations of the techmology still persist in thesa latest plants. 7

Progress has been made in the development of coal gasifiers,
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advanced synthesis processes and Improved product upgrading .
methods. While these improved versions are in the pilot-plant stage
and have not been integrated into operating Fischer-Tropsch units,
the effect of such integration into hybrid Fischer-Tropach processes
can be evaluated by analysis.

This paper first investigares the potential of a full-scale
U.S. .;;hnt employing proven commercial technology as implemented in
South Africa. These findings a::;: then used as a basis for evaluat-
ing the potenﬂ#l of more advanced recknslogy gasifiers and synthe- ’ >
sis systems to improve technical and econoumic perfomznce of |
indirect coal conversion processes. The gasifiers were selected on

the basis of their advanced sztage of development; zil have had suc-

cessful large pilot plant operation.

SASOL TECENWOLOGY

SASOL II employs dry ash Lurgi gasifieis of Germin design, and
fast félnid (entrained recirculating) bed Synthol Fischer-Tropsch
synthesis reactors developed by SASOL and Kellogg U.S. Tke Luorgl
gasifiers at SASOL II have been considerably improved because of the
extensive operar_f.:.:g experience at SASOL I. The Synthol reactors,
initially developed by Xellogg, have been redesigned and greatly
improved by SASOL because of extensive problems with the o::l.ginal-
design. The combination of Lurgi dry ash gasifi=rs with éynthol
synthesis reactors is capaltle of delivering clean fuels and petro-

chemicals with an efficiency approachin; 60 percent. However, 19
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percent of the carbon ia the coal leaves the dry ash Lurgi as
methane. When the H, and CO in the synthesis gas are reacted in

the Synihol cnits, about 25 percent of the output is methane. -
Additional light gases are formed when the synthesized liquids are

upgraded to specification fuels. When operating at peak efficiency

the dry ash Lurgi/Synthol combination yields over S0 percent of its

thermal output a3 Sycthetic Natural Gas. At SASOL II-, these gasges

are reformed by partial oxidation te yleld additional CO and E,, .
which is then synthesized to yield an all-liquid output. Asl a
result, the overall thermal efficiency of the SASOL II plant is less
than 40 percent.

The output of the Synthol reactor in the gasoline boiling range
(Cg - 180°C) has a low ‘octane cumber and requires substantial
refining to meet U.S. fuel standards. ' ‘

In a2 study conducted for the U.S. Department of Energy in 1978, .-
¥obil Besearch and Development Corporation (MRDC), with the assis-
tance of Lurgi, prepared a preliminary design of a U.S. plant’ ‘
employing SASOL technology. This design has been used as the Base
Case for the present study.l The flow chart for the SASOL (U.S.)
Base Case 13 shown in Figure 1. The flow chart shows two aiterna—
tive processing modes; ome in which light ends from the Synthol unit b
are methanated to produce SNG, and one in which they are auto- :'
thermally reformed to produce additionzl synthesis gas for recyecle °

tc the Synthol reactor. The two modes of operation are further
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described in Figure 2. When opzrated in the all-liquid mode, about
10 percent of the recycle stream must be purged to prevent buildup
of inert products (principzlly methane) in the Synthol reactor.
These gases are burned in the boiler to generate the additional
steanm required to produce oxygen for the autothermal reformer. Only
about 61 percent of the energy in the SNG produced in the mixed
product case is recovered as liquid output in the all-liquid case.
The Base Case plant includes a sophisticated upgrading systan[,
incorporating virtually every process nsed in a modern petroiélm
refinery, to maximize the yield of specification motor fuels f’ron
the Synthol products.

Table 1 shows pertinent data for the Base Case plant when
operated‘to produce liquid fuels and SNG as coproducts, and when
operated to produce an all-liquid output. In the mixed product
mode, the daily plant ocutput is 4.91 M Nn3 for SNG and 19,591
barrels* of 1iquid fuels from 25.22 metric tons of coal. Thermal
efficiency (BHV) is 57 percent. Operatiom in the all-liquid mode
more than doubles the liquid ydeld to 41,320 B/Day, but efficlency
is reduced to 44 percent.

Econoulc assessments are based on a 20-year plant life and 100
percent equity financing with a 12—-percent Discounted Cash .Flov

(DCF). The required selling price (i.e., cost) for gasoline

*1 barrel is equivalent to 42 U.S. gallons = 159 litres.
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reported in Table 1 has been computed under the assumption that the
producrs other than gasoline are priced in accordance with the
schedule indicated in this table.

The data show that the mixed output plant produces cheaper
gasoline than the all-liquid (0.46 $/litre versus 0.53 $/litre).
Hovever, the cost of gasoline from the mixed output plant is pro—
foundly affected by the price of SNG. MRDC derived a price of $5.85

per GJ (1977%) from a design study which showed that SKG could be

produced for this cost from a single product SNG plant using dry ash

Lurgi technoiogy. The cost of gasclirme from the x.nixed output pla.nt
would be greater than the allliquid plant cost of 0.53#/11:1_-: if the
SNG price fell below $5.12/GJ. We therefore believe that the all:-
1iquid gasoline costs are more realistic.

The coal used in the postulated SASOL-U.S. plant is a
28-percen£ moisture Wyoming subbituminous having an assumed cost of
$7.72/MT and a higher heating value of 19,792 kJ/kg. The coal cost
is thus 39¢ per GJ. At this price, coal accounts fot-only 9 percent
of the product cost. Cosl costs could more then double without
raising the prbduct :cosl: by more than 10 percent.

Capital charges account for 65 percent of the product cost.

The remaining 26 percent of cost is dominated by maintenance costs
and other factors which are proportioned to plant construction cost.
Thus, the gasoline price is approximately linearly related to plant

construction cost; e.g., a l0—percent increase in construction cost
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would result in an increase in the gasoline selling price of almost
10 percent.

The estimates of comstruction cost give# in Table 1 are from
the MEDC report. An independent verification of these estimates is
beyond the scope of this study. In using the estimations, which are
highly detailed in Reference 1, we have formed the judgment that_the
cogts determined by MRDC are soundly derived, and provide a sound
basis for estimating the incremental costs associated with ’:he modi~-
fied plants considered in this study. While we caution against the
use of any absolute cost data, we feel the comparative ranking of

the processes is valid.

ADVARCED GASI.FIERS

The dry ash Lurgi gasifiers are the only large—scale pressur-
ized gasifiers v.hich have extensive commercial expérienne. Thelr
major disadvantages in an indirect liquefaction complex are the
relatively high quantities of methane which they produce, and a high
Process steam requirement which results in a low overall thermal
efficiency. Other disadvantages include inability to process coal
fines and reduced efficiency when modified to process highly caking
coals.

There are alten;ative 3a'sif1ers now In late stages of develop~-
ment which circumvent some of the limitations of the dry ash Lurgi.
The impact on plant output an.d product cost resulting when these

advanced gasifiers are substituted for the dry ash Lurgi -has been

9-10
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evaluated in this study. Gasifiers considered include a slagging

. modification of tke dry ash Lurgi design developed by the British

Gas Corporation (BGC) and Lurgl, an agglomerating-ash fluidized bed

gasifier developed by Westinghouse, and an entrained flow gasifier

under development by Shell (Koppers).

The performance predicted for the Westinghouse unit was specif—
icall.y generated by Westinghouse for the assumed t:c:a.l.2 Perfor-
mance for the BGC/Lurgi and Shell sasifie;s with the assumed coal ;
was generated by making minor thermochemical adjustments to

o4 The Westinghouse

published data from tests with similar coala.3
projections are somewhat more conservative, relative to theory, than
are the other two units.

Outputs of the dry ash Lurgl are compared with the outputs of
the three advanced gasifiers in Table 2. The highe:-..'efficiencies of
the advanced systems are evident. It is also evident that the
advanced systems produce a synthesis gas having an azl CO ratio of
about 0.5, as compared-to_2.1 for the dry ash Lurgi. Conventional
Fischer-Tropsch synthesis reactors, such as the Synthol reactor,
require an uzlco ratic of about 2.5. The output of t-he advanced
gasifier must thus undergo considerable external water-gas shift as
part of the gas preparation step. Our ana.lysi; reveals that this
penalty is small compared to the eff:l;iem:y gains of the :advan:ed

gasification systems.
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Additional comparisons of gasifier output are shown In Figure
3. 7The bars show the composition and energy content of each stream
as a percent of total coal input including coal used for steam pro—
duction. Note that tars, oils and phenols, as well as coel, aTe
used for steam production for the dry ash a.nd BGC Lurgl gasifiers.
When tke Westinghouse or Shell gasifiers are used, most plant steanm
Lequirements are met by waste heat boilers which capture the high
sensible ‘heat of the product gas. Very efficier: waste heat
recovery systems are assumed. Achieving the required high eff/i—
ciency of hear recovery from exit gases cmtaining molten chg Jia
one of the major develofméntal challenges of bigh temperature
entrained flow gasifiers. .

Figure 4 15 a graphical presentation of the impact of Athz

advanced gasifiers on piant construction cost. Steam piant costs

for the Westinghouse and Shell systems are reduced because the T2ste

heat Tecovery system serves as the main steam boiler, and is charged

to the gasifier.  Flue gas desulfurization systems are also elimip-

ated. The potgen:ial saving is largely absorbed by the requirement
for substa.ntm.ly larger 6xygen plants. Ou balance, al.l of the all-
liquid plants fall within a construction cost range of 5 percent.
The plants are similar to the SASOL-U.S. Base Case except for
minimal c’hanges':in process flcvs andequipm: size required to
accommodate the advanced gasification sy.stens. Plants £fully

optimized to take advantage of the advanced gasificarion system

9-13
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would be expected to offer slightly higher technical and econcmic
performance. Table 3 shows partinent data for indirect liqeefaction
plants employing the advanced gasification systems to produce an
all-liquid product output. .

This table shows that the reduction in gasoiine cost resultinag
from the use of advanced gasiﬁ.er.s 1s quite substential, amounting
to about 18 percent in the case of Westinghouse and BGC gasifica~
tion, and about 23 percent for Sheli.

Ail cost estimates produced in this report are in October 19773
in order to maintain consistency with baseline data froam Re.ferénée
1. Angust 1980 product prices shown in Tables 3 and 5 are approxi-
wations which were calculated by applying Nelson Refinery cost
indices to the computed 1977$ results. Capital costs are cscalated
by 1.26. Operating costs, including coal, were escalated by 1.38.
This results in an adjusted 1980 coal price of $10.67/MT, which is
believed to be reasonable for the coal assumed.

In arriving at the capital costs for plants using EKolbel - .
reactors, MITRE assumed that the construction cost of the slurry
Teactor system would be 20 percent higher tban the Synthol reactor
system for equal syngas throughput. Because of lower catalyst
costs, lower catalyst preparation plant costs, and lower throughput -
resulting from less reformed methare, the costs for_Slurry Phase and

Synthol gystems were approximately equal.
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Subsequent work by UOP/ SDC5 bas shown Slurry Phase reactor
systems to have substantially lower construction costs than the

Synthol reactor system.

ADVANCED SYNTHESIS

One purpose of this study is to analyze the' combination of Rol-
bel synthesis with advanced gasifiers to determine if this coupling
has significant economic and technical impact on the indirect lique-
faction-procesa. Although no commercial Kolbel synthesis units ‘are
in operation, there are sufficient data from the operation of a
demonstration Kolbel plant at Rheinpreussen, Germany from 1933-1953
to analyze the system in some detail.6 There are also data con-
firming the experience of the Rheinpreussen work from other investi-
gators using bench scale equipment.

The second 4generation at_lvance& gasifiers discussed in this
repon; all produce a synthesis gas with a nzlco wolar ratio very
much lower than that produced by the dry ash Lurgi gasifier. The
conventional Synthol reactor requires a gas having a Hzl CO ratio
of 2.5. The gas from the advanced gasifiers will therefore require
considerable water-gas shift to make it compatible with Synthol
operation requirements. The Kolbel reactor, using a three—phase
liqu:i'd slurry process, can synthesize liquid hydrocarbons from a gas
having a low Hy/CO ratio. This means that little or no external
vater-gas shift will be required for synthesis gases produced from

advanced gagifiers 1f they are coupled to a Kolbel synthesis unit.

9-18




The most significant advantage ¢i the Kolbel reactor is the
product distribution. Product selectivizies (Table &) show that the
Kolbel unit produces much higher fractions in the gasol:.f.ne/diesel
range, and substantially lower fractions in the cl, !.:2 range
than does the Synthol unit. Both units produce relatively high con-=
centrations of Cj3. These are of lesser consequence since 80 per-
cent are unsaturated and can be combined by polymerizatiocn and

alkylation to yield products for gasoline blending.

TABLE 4

PRODUCT SELECTIVITY FOR SYNIHOL AND KOLBEL
FISCEER-TROPSCH SINTHESIS REACTORS

An additional advantage of the Kolbel unit is a conversion per
pass of about 90 percent compared with about 50 percent for Synthol.
With Synthol, a recycle to fresh feed ratio of 2:1 is required to
achieve the 85 percent corl:xveraion assumed in the Base Case. With

the Kolbel unit, an overall comversion approaching 99 perceant can be

9-19

PRODUCT
BT % OF TOTAL FOLBEL SYNTHOL
HYDROCARBONS
CL+C 6.8 2.8
& - . 22.6 . 15.3
Cy 5.1 | 10.6 ]
¢s - 320°% 63.6 46.6
'] 3200¢ 1.9 4.6
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achieved by recycling only the purge gases which remsin after hydro-

carbon recovery.

The impact of Kolbel synthesis on the overall process scheme is
shown in Figure 5. The ‘upper bars show the composition and energy
content of streams at several points in a plant employing Shell
gasification 'a.nd Synthol synthesis. Note that the Synthol output
contains 15 percent Hz and CO, and ibout 20 percent Cl and c2.

SNG produced from :heée constituents make up about 40 vercent of the
Tefined cutput ia the mixed product case. High losses 1ncurre:l When
these products are further processed to yield an all-liquid product
reduce the overzll plant efficiency from 55.8 percent to 51.5 per—
cent when the plant is operateﬁ in the a2ll-liquid mode.

The lower bars in Figure 5 show similar data for a »lant
employing Kolbel synthesis. <he Kolbel output contains less energy
because of the higher syuthesis gas conversion (98 percent versus 85
percent). However, the iolbel output 1s far more suitable for the
production of liquid fuels. The resulting refined output of the .
mixed product plant has an energy content comparable to the corres—
ponding Synthol plaut output, and is primarily liquid. Additional
losses in the Kolbel case to produce an all-liquid product are small.
The overall efficiency of tkhe all-liquid Kolbel ;lant 1is thus higher
(58.7 percent), and the yield of liquid fuels is 14 percent greater -

than the yield of the Synthol plant. -
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Table 5 summarizes the results of the analyses for the combina—
tion of Kolbel synthesis reactor and advanced gasifiers in plants
pProducing an all-liquid output. The most significant features of
the analyses are the higher gasoline ylelds obtained using the
Rolbel reactor, the higher overall thermal efficiencies of the plant
and the lowv=r capital cost and hence, gasoline costs. The
lo—percent increase in thermal efficiency from the S-ASO'L-U.S. Base
Case to .the Shell/Kolbel plant is highly significant and demon-
8trates the efficiency advantages obtained by bath gasifier a:’n:l syn—
thegis substitution. A comparison of the Shell/Synthol plagt,'with
an overall efficiency of 53 percent, shows that the further increase
sttributable to the Xolbel synthesis unit is 5.6 perceatage points,
which €quates to an output increase of 11 percent. As noted in the

discussion of Figure 5, this thermal efficiency increase originates

from the lower s2lectivity to lighter gases and the higher selectiv-

ity to gasoline boiling range hydrocarbons obtainable with Kolbel
synthesgis. }

The 57-percent iancrease in the yield of gasoline for the Shell/
Rolbel case over the Base Case is a considerable process advantage.
The increase in product oﬁtput:, combined with an overall decrease in
capital cost for the Shell/Kolbel case, accounts for the low cost of

gasoline (32 cents/litre).
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CORCLUSIONS

This paper has investigated édranced gasification systems and
the Xolbel liquid slurry phase reactor as alternatives to dry ash
Lurg! gasification and fast fluid bed Syathol reactors used at SASOL.
This combination has shoun in ccucept the potential for significant
advantages in output, product cost, plant construction cost, liquid
product selectivity and overall plant thermal efficiency. Perfor-
mance data for the advanced components have been derived from pilot
scale opef.a::lons. _ / -

If the assumed level of component performance is achieved>i; a
plant designed for all-liquid outpﬁt, advanced gasifiers offer an
increase in output with no increase in capital costs. This perfor—
mance trg;slates to an 18-percent decrease in gasoline production
cost. Advanced gasifiers plus Kolbel synthesis offer an increase in
output averaging 36 percent, resulting in a decreage in gasoline
Production cost approaching 33 percent.

Much recent R&D in coal gasification has been directed toward ‘
the producrion of fuel gés and SNG. Gasifier R&D for the Synthape,
Bysgas, co2 Acceptor, Bi-Gas, and Exxon Catalytic processes kas
been directed toward maximizing the methane content of the product
gas. Methane productiomn in gasifiecation for 1iquid synthesis is a ‘ ’ -
disadvantage since it must subsequently be reformed if only liquid -
Products are to be produced. Gasifiers optimized for SNG production

are thus not well suited for indirect liquefaction.
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The slight advantage of the Shell gasifier over the other
advanced’ gasifiers stems primarily from the absence of methane in
the product gas. This advantage is lost in plants desigped for a
combination of liquid products and favorably priced SNG. It 1s also
notable that the Shell umit, bécan_se of its high operating tempera-
ture, 1s the unit most likely to be compromised by technical
problems related to liner integrity and heat recovery.

We would recommend that all three gasifier types (slagging,} .
fixed bed, fluidized-bed, and entrained) be thoroughly evalu;qed '
before making a final selection of gasifiers for 4-1 commercial plant.
The starus of development of c#ndidate gasifiers would undoubtedly
be a major comsideration in the final selection, as it has been at
SASOL.

The efficiency advantage; offered b7 advanced gasifiers in
plants employing conventional Fischer-Tropsch reactors can be fur-
ther improved by combining the advanced gasifiers with an alterna- .
tive synthesis system such as the slurry phase Kolbel reactor. This
additional ﬁp:ovenent stems partly f;:on a synergism which results
from the ability of the Kolbel reactor to accept the low BZICO
ratio synthesis gas produced by the advanced gasifiers. However,
the most significant advantage of the Kolbel reactor stems from its
greater selectivity :oﬁ:d the synthesis of gasoline.

These advantages are clearly worth pursuing by supporting R&D

in the synthkesis area in ‘slurry phase reactors, slurry compatible
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catalysts, scaling characzeristics and modifications ir poduct out-
Put towards diesel and jet fuels. The 3uccesgful demonstration of
this slurry technolog& would confirm the attractiveness of this

Fischer—-Tropsch option. : -
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