favorable performance of the Kolbel system. The results of the work
of the IIT and the University of Tokyo come cldsest to confirmidg this
favorable performance.
The DSIR catalyst experienced a fairly rapid decline in
activity (and selectivity change) thfoughout the run period
necessitating reactor temperature increases to ﬁry'to regain
activicy. In‘addition, catalyst attrition occurred so that very
émali particles (= 1 micron) were produced. They followed the change
in composition of the catélyst with time and noted that raising
the temperature“increased "free carbon' formation. This increased
the slurry viscosity and drastically decreased the gas hold ué.
. Eventually the run was terminated because of gelaticn of the slurry.
-The USBM also experienced catalyst deactivation but neither the
Germans ﬁor the IIT workers addressed the issue of catalyst deactive-
tion. Kolbel estimated that his catalyst life was apprbxiﬁately
400-500 kg hydrocarbons/kg catalyst. Regeneration was cited as
being easily achieved.

6.4.2 Operaticnal Results

Table VI-2 shows the main process parameters used by the four
groups to study the performance of the slurry reactor. The tempera-
ture and pressure regimes were similar and the space velocitles again
were comparable except for the lower GHSV used bv the workers at
the IIT. The longest run time was achieved by the USBM. The DSIR

experiment was terminated after 19 days because cf slurry gelation.
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Table VI-3 show; the performance data obtained by these
workers. The Kolbel data taken at the Rheinpreussen-Koppers pilot
plant are an average of the 38-day run. The other data were obtained
after a certain number of hours on stream.

Kolbgl and IIT achieved high single pass conversions of synthesis
gas, DSIR never obtained high activity and the convegsions remained
low throughout the run. The USBM maintained an activity between tﬁese
extreme§ with a CO + H, conversion of approximately 60%. Kolbel
obtained by far the highest space-time yield of 930. This compares
with 1250 for the Arge reactor and probably double that for
SYNTHOL reactor. |

The rate constant concept was used by the DSIR to assess the
catalytic activity of their slurry (first order chemical reaction
assumed). The relative activity of the slurry was almost five times
higher in Kolbel;s case than in the DSIR experiment.

Although th; scale of the reactors used for this comparison
is very different, Kolbel has shown that little difference in overall
performance results from bench scale to pilot plant, a scale up factor

2 .
(25) The bench scale reactor that Kolbel used for his com-

of 1:1666,
parison had the same slurry volume as the IIT reactor.

6.4.3 Operating Differences

Table VI-4 lists the main operating differences between the four
groups of workers. The most notable of these are the catalyst

composition, slurry concentration, catalyst loading and feed HZ/CO
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ratio. These differences obviously make it extremely difficult to
critically compare the results of these four investigations. One
must assume that Kolbel's work at the large pilot plant level has
manéged to adjust @any of the operating parameters such that high
activity and ease of operability were obtained. Whether Optimization,
even in Kolbel's case, was reached is uncertain as Kolbel claims that
compressor output limited his catalyst loading to”approximately three
liter/gm hr and this could have been doubled. All other parameters
being the same this would have increased the space'velocitf to about
600 which is greater than the ARGE fixed bed process. The high
catalyst loading in the DSIR case may haﬁe resulted in premature
deactivation by over carbonization but if Kolbel's claim is correct
this is unlikely. Kolbel claims that the high 803 cogtent of the
catalyst (a2 catalyst ?oison).may be responsible for its low activity.

The very low slurry concentration used by the DSIR may have
resulted in insufficient catalyst being available for possible
surface adsorption by synthesis gés especially at higher, gas holdups
of ~45%. This can be seen by the experimental fact that although
gas hold up dropped from 45 to 15% from periods four to thirfeen the
conversion of synthesis gas only’dropped 1%Z.

The difference in feed HZ/CO ratio is also very significant.
Kolbel used a low ratio of 0.67 comparable to the raw off gas from
a Texaco‘gasifier. The DSIR did not specify their feed ratio but
reported it to be low. The USBM and IIT used quite high feed ra£ios

especially in comparison to the usage ratio.
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The effect of catalyst composition in respect to different levels
of promotion and preparation has already been discussed and may well
be the key to the differences in performance experienced by the four

groups of experimenters.

6.4.4 Reactor Operabilify

During the éourse of the expefimental runs using the slurry F-T
reactors, some operational difficulties w;re experienced by some groups.

Operation of the Rheinpreussen—Koppers plant apparently proceeded
without mishaps worthy of documentation during the 38-day run. Liquid
slurry level was maintained by either filtering off some of the high
beiling liquid through a pressure filter or by adding quantities of
high boiling synthesis products. No details of decline in catalyst
activity are given and no problems concerning the fluid dynamic
-behavior are mentioned. |

The experience of the DSIR was different. Fairly rapid initial
decline of the catalyst occurred, which may have been due to catalyst
overlocading or SO3 poisoning. Then throughout the next 400 hours of
the run there was a gradual decline in conversion from 50% to 45%.
Evengually the viscosity increase in the slurry, due to free carbon
formation, caused the experiﬁent to be terminated. At this point,
conversion of synthesis gas had dropped to 35%Z. Speculation as
to the cause of this behavior concluded that an unsuitable catalyst
was the prime cause. Why the DSIR did not use a catalyst of more
similar composition to Kolbel's is not certain, but is believed

to be the result of proprietary limitations.
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The USBM experienced operatibnal difficulties in maintaining
slurry circulation through the recycle line, but besides these
mechanical problems the catalyst experienced a slow continual de-
activation due to surface carbon buildup under the prevailing
conditiens. After 1200 hours on stream total yield of C; dropped
from 105 g/m3 to 90 g/m3, but during this period a reactivation
using hydrogen at 275°C and one atmosphere pressure was attempted.(3l?
Apparently catalyst deactivation was confined to carbon buildup on
the eatalyst surface and no free carbon was produced iﬁ the slurry.

As a result the slurry did not increase in viscosity as occurred in
the DSIR case.

-Some~initial difficglties of catalyst settling in the slurry
recycle line were experienced at the IIT. This was rectified and
apparently other unspecified operational problems necessitated the
use of a 10-foot reactor. Their overall conclusion with respect to
reactor operability was that reactor performance was highly satis-
factory in regard to slurry agitation, temperature control and product
removal, ‘

6.5 Product Distribution

Table VI-5> shows the product selectivity cbtained from different

reactor systems. Three slurry reactor system results ares compared

(4)

to the distribution obtained at SASOL and to the distribution

(1

cited by MRDC for a SASOL~type operation.
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ST,

The results of the Kolbel supervised work at Rheinpreussen
show the'highest selectivity to gasoline and a low selectivity to
methane comparable to that achieved by the ARGE reactor. The SYNTHOL
reactor shows the next highest selectivity to gasoline but over 10
wt % methane production. fhe Mobil baseline éase is very close to
the SYNTHOL case although the gasoline selectivity is lower for Mobil.
The Kolbel yield of CS—IBOOC fraction is the optimum allowable from
Shultz—Flary probability coﬁsiderations.

The significant change in product distribution for perieds four

and thirteen in the DSIR work could be a combination of the temperature

differential and the effects of an aging catalyst. If it is
temperature that caused the considerable shift from high boiling
products (AT=15°C), then this implies that product distribution is

extremely sensitive to temperature changes in the reactor..

6.5.1 Chemieal Class Analvsis of F-T Products

The USBM produced 27 wt % product boiling in the gasoline
boiling range. However, 44 wt % of the light oil product contained
oxygenates, This high yield of oxygen containing compouﬁds may have
been due to the high concentration of copper proﬁotor, but this
product is not a very desirable gasoline feedstock. Kolbel estimated
that weight percent of oxygenates in his liquid product to be around
17Z.

Table ?1—6 shows the percentage of compound type in F-T products

(3>

from SASOL and two slurry reactor operations. The SYNTHOL reactor
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produces a very similar chemical class distribution to the slurry
éeactor especially in the high clefin ccnﬁent of the CS-C10 fraction.
Both SYNTHOL and the DSIR produced more oxygenates than the Kolbel
experiment. Gasoline production presented as the weight % of C; is
higher in Kolbel's case but closely foilowed by the fas; fluidﬁbed
reactors. The intermediate octane rating of the raw gasoline

(26)

prodﬁced‘from the Kolbel reactor was 73.

6.6 Process Potentials and Implications

It is impossible, in view of the conflicting evidence provided
by the operating experiences of the four groups of workers involved
in F-T slurry reactors, to unequivoéally predict slurry reactor
performance in F-T synthesis, However from the pilot plant data
provided by Kolbel and substantiated to a large extent by work at the
ITT and the University of Tokyo it 1s possible to identify certain
implications pertaining to the process potential.

If the Kolbel pilot plant data can be duplicated then the likely
positive benefits from using a slurry phase F-T reactor are:

@ good selectivity to gasoline boiling range hydrocarbons.

The product distribution to gasoline could be better than
that obtained by the SYNTHOL reactor and would be at or close
to the theoretical Shultz-Flory maximum

@ much lower production of methane than obtained in the

SYNTHOL reactor. This is due primarily to the heat
transfer characteristics of the Kolbel system and the
lower operating temperatures. This has positive benefits

when optimizing on all liquids output from a plant (see
Section 7.0).
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The most significant disadvantages of the slurry reactor, apart

high single pass conversion would probably mean that
recycle would be unnecessary. SYNTHOL requires a lower
conversion per pass to handle heat transfer requirements

capability to accept s synthesis gas feed with a low
H2/CO ratio eliminating the need for external water gas
shift. Not using an external shift has the potential to
achieve a higher overall thermal efficiency

probable need for considerably less catalyst

charge than the SYNTHOL reactor (apprecximately 55 tons/
reactor as compared to ~120 tons/reactor for SYNTHOL).
Also there should be no problems arising from catalyst
attrition as micron size particles are quite acceptable
for Kelbel. A lower size limit may, however, be dictated
by the need to filter off the catalyst when withdrawing
excess slack wax.

implicit in the design of the reactor is the ability
to remove heat of reaction more efficiently than in -
a fast fluid bed gas/solid reactor. '

avsrage hydrocarbon vield per Nm3 of fresh feed inlet
gas is approximately the same as for the SYNTHOL reactor.

(SYNTHOL 0.165kg/Nm> fresh feed gas, Kolbel 0.160kg/Nm> gas.)

from its non-commercial status, appear to be:

Space velocities and space-time yields are low, even
lower than the ARGE fixed bed and considerably lower
than SYNTHOL. Thus larger reactors or more reactors
are required to handle the same throughput.

The effective lifetime of the slurry catalyst is un-
known under synthesis conditions. From Kolbel's data

the effective catalyst life is in the order of 34 days
(compare 49 days for the SYNTHOL catalyst). In additionm,
no data on -ease oi regeneration are available.

The residence time of product speciles may be difficult

to control because of backmixing in the slurry, however
from the Rheinpreussen pilot plant data no detrimental

eifect on gasoline selectivity was observed.




Problems may result in removing liquids and filtering
off fine catalyst particles from the slurry if high
boiling liquids accumulate rapidly irn the slurry
reactor. In this respect it is probably easier to
operate a two phase system (SYNTHOL) rather than a
three phase system.

In full-scale units large cross-sectional area reactors

have uniform gas distribution problems. Kolbel states
that "The hydrostatic equilibrium is disturbed, the

residence time of the gas becomes non-uniform, and

this results in a rolling motion o6f the liquid with
vigorous back mixing." Bulk liquid rolling movement can
be prevented by means of intermal baffles or honevcombs
that effectively divide the bulk of the slurry into
separate compartmerts. (For a superficial gas velocity
of 10 cm/sec the reactor diameter necessary to receive

a gas throughput of 150,000 Nm3/h is at least 15 feet.)
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7.0 ADVANCED GASIFIER - SYNTHESIS COMBINATION PROCESS EVALUATION -

7.1 Process Evaluation for Combination of a BGu Lurgi Gasifier
with a Kolbel Synthesis Unit

Coal ut;llzgtion patterns are_different when using adVancedQ:
gasifiers. In the Sasol-U.S. casé 4,976 tons/SD of coal were Segt o
to the boiler plant for steam raising. The BGC-Lurgi has a greatly
reduced steam requirement tﬁus more cdal can be gasifiéd. In
addition, because of the verf small shift requirement for the Kolbel
reactor, additional éoal can be gasified rather than be'usedffo;'
shift steam. It should Be cautiohed that the BGC. Lurgi still réquiré;
sized coal and unless a certain quantity of fines can be injected:
and gasified along with the sized coal, the coal utilization pattérﬁsﬁ
based on steam requirement may have to be compromised. The coal-
sent for gasification in this case is 2,100,000 1bs/hr (25,200 t/SD).
The remaining coal (2592 t/SD) 1s sent to .the boiler. 1In addition
to this coal, tars, oils and phenols produced in the gasifier are ‘:
ugsed for plant steam production. Thus a total of 27.8 M t/SD of
coal is fed to the plant as 1s alsoc used in Sasol-U.S. case.

Table VII;l shows the préducts‘from gasification of this quan-
titﬁ of coalvin the BGC-slagging Lurgi gasifier. All units are in
1b mole/hour.. This gasifier output is cémpared to the output from
the Sasol-U.S. case using the dry bottom Lurgi. The 1b moles of
gas shown are for clean shifted gas ready for input into the
respective F-T synthesis reactors. In the BGC case the HZ/CO ratioc
is adjusted to 0.67 for feed to the Kolbel unit while for the Sasol-

U.S. case the ratio is 2.54 for use in the Synthol reactor. 1In practice

[ rwa——y

Preceding page blank
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the raw gasifier ratio. of 0.5 could prcbably be used with no shift but
since Kolbel data are for an input gas of ~0.67 HQ/CO ratio. (25)for
comparability this ratio is uéed as input to the Kolbel reactor
throughout this report.
The considerably higher total 1b moles/hr from the BGC unit is
attributed to the use of 107% more coal in tﬁe BGC gasifier and
also to the fact that the synthesié gas from the Sasol-U.S. case
has already been shifted and has rejected a comnsiderable quantiry
of COZ’
Table VII-2 shows the products from tﬁe Kolbel synthesis unit
obtained from thelBGC gasifier output tabulated in VII-l. For
comparison the output from the Synthol reactor in the Sasol-U.S.
case is also tabulated. Also shown on this table are Lhe primary
gasifier products from thé two Lurgi systems demonstrating the much
higher methane make in the dry-bottom system. Details of how the
Kolbel raw product distribution was obtained are given irn Appendix B.
The energy loss through the Kolbel F~T unit in relation to
total heat of combustion of synthesis gas to heat of combustion of
synthesis derived products is 2751 MM Btu/hr (see Appendix B) giving
an overall efficiency for the process of 76.6% (Theoretical 78.1).
This compares to 30% for the F-T Synthol unit in the Sascl-U.S. case
(Theoretical 81.0). The Kolbel unit must necessarily be less efficient

because it must, in addition to undergoing the highly exothermic F-T

reactions, also undergo the exothermic water gas shift reacticn internally.
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The raw F-T derived gasoline product emerging from the Xolbel
synthesis units does not meet consumer product specifications and
must be upgraded. The raw primary gasoline fractiom (25—190°C) from
the Kolbel‘synthesis has a Reid vapor pressure of 0.55 atmostheres
and an intsrmediate cctane rating of 73.(25>
values of 55 are given for the octane rating of the raw F-T gasoline
produced at SASOL.(B) The diesel fuel fraction (190—3100C), however,
had a solidification peint of -13% and an-ignition value of over 70
(cetane number).

Table VII-2 illustrates the considerable difference in the
product distribution obtained from Kolbel and the Synthol reactors.
The light gases, methane, ethane and ethylene account for only 6 wt%
of the total products in the Kolbel case whereas they account for
over 21% in‘Synthol. This diiference has obvious implications when
considering an all-liquid output plant as, in the Kolbel case, far
less reforming of C1 and C2 hydrocarbons will be required, resﬁlt—
ing in aAhigher overall efficiency. The high selectivipy of C3
hydrocarbons obtained from Kolbel also has a beneficial impact on
the gasoline yield. Eighty percent of these C3‘s are olefinic and
can be processed via catalytic polymerization to form gasoline
boiling range hydrocarboﬁs. This source of polygasoline plus very
positive benefit for a synthetlc fuels plant whose objective is
optimizatioﬁﬂof gasoline.

The details of the refining scheme used to upgrade the raw
Kolbel synthesis products is the same as the U.S5.-5ASOL case and

151
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has already been discussed in Section 4 of this report. The differenée
in the product distribution from Kolbel as ﬁompared with the U.S.-SASOL
Synthol case necessitaﬁed that ﬁhe upgrading of the individual com-
ponents be considered in detail in order to take advantage of the
favorable raw product distribution from the Kolbel reactor. The
details of the Kolbel product refining are contained in Appendix B.

The refining analysis is not strictly rigorous as hydrogen and
steam requirements for the refinery are not identified. In addition,
many of the light gas étreéms that are either recovered or used
internally as fuel gases are not fully identified. However, the
uncertainties in these seéondary streams were resclved by assuming
the overall refinery efficiéncy to be identical to‘the 94.47% achieved
in the Sasol-U.S. base case (see Figure 7-1). This may, in fact, be
conservative as the fraction of the Kolbel product already in the
gasoline range 1s higher than that of the base case.

Table VII-3 shows the final product slate obtained from the
. refining of the raw Kélbel products. For the mixed'output'case the
finished products consist of SNG, gasoline, C3 LPG, diesel, fuel oil
and alcohols. The small amount of butane producea is blended in with
the gasoline fraction. Table VII-3 also shows the products cbtzined
from coupling the BGC Lurgi with a F-T Syﬁthol synthesis reactoer and the
Sésol~U.S. dry-bottom~-Synthcl base case for comparison. The Kolbel-BGC

system produces a finished product slate containing less SNG and a far

greater quantity of gasoline. The Kolbel system produces 39% more

[
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liquidvprodﬁcts than the BGC-Synthol system and 977 more liquids
than the Sasol-U.S. dry-bottom Synthol system. The (HHV) efficiencies
based on teotal coal i$put to plant are similar for the BGC-éynthol
and Kolbél coupled systems and are three efficiency points higher
than the base case. Total liquids expressed as barrels per ton of
dry coal for BGC-Kolbel are double that of the Sasol-U.S. case. It
ghould be emphasized that the figure of 1.78 barrels of liquid
products/ton dry coal represents barrels of finished consumer grade
products and not barrels of a synfhetic crude oil that hag to be
further refined.

Figure 7-1 schematically represents the system energetics for
the BGC-Kolbel mixed produét case. The overall efficiency expressed
as a ratio of the Btu flux crossing the synthesis input to the
Btus leaving is .817. Because this plant configurstion produces
SNG and 1liquid fuels,.both a F-T synthesis unit and a methanator are
unit processes in thersynthesisvsection. The F-T synthesis (Kolbel
unit) is 76.3% efficient which compares to a theoretical efficiency
for the unit of 78%Z., The c, and C, hydrocarbons formed during
the.synthesis are sent to the methanator unit, The Ci hydrecarbons
are inert while the C2 hydrccarbons are converted predominently
to methane. The methanation of unconverted carbon monoxide to methane
is only a minor fraction of the total flow to the unit, hence the
overall efficiency of the unit is 99%. The refining and upgrading
section contains the liquids upgrading and the SNG train. The overall
thermal efficiency of the section is 95.B% with the liquids refinery
being 54.4%.
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