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XII. Pressure Effects 

One important variable in our consideration is the 
gasifier pressure. Asignificant penalty is incurred when the 
pressure is close to atmospheric. Figure 31 gives the effect 
of gasification pressure on the net thermal efficiency for 
eastern coal with kinetic constraints and a steam to oxygen 
ratio of 1.5. The conditions are those used cot the simplified 
gasifier of Figures 23a-h. Three curves are given showing the 
effects of delivering ~he produc~s at 50, 200, and 400 psia. 
• ~-u~h~tan~ial loss in net thermal efficiency for low pressure 
gasifiers is clearly shown. On the other hand, compression of 

the gas from one atmosphere to i000 psia will require about 20% 
of the energy contained in the gas. The energy of compression 
required for a specific syngas example is given in Figure 32a 
and the investment required is given in Figure 32b. Both 
hiqh oressures and low pressures lead to increased equipment 
cost. The law requires tha~ high temperature equipment be 
tested at 200 psia. Thus, at low pressures, the throughput is 
low and large vol~me equipment is needed with practically no 
savings in steel cost per unit volume. At high pressures the 
volu~e decreases but this decrease is accompanied by increased 
metal cost per unit volume. For each case there is an optimum 
pressure. No optimization has been done for our study but the 
experience with similar cases l~ads us to the conclusion that 
the cost-pressure relation has a minimum between 200-500 psia 
and is fairly flat in this range. This is obviously only true 
if'kinetic consideration does not require a high pressure. 

For conversion of syngas to methanol, a pressure of 
700 psia or higher is desirable, but for o~her processes under 
consideration, 200-300. psia is sufficient. However, compression 
from 300 to 700 psia gives an energy penalty of only 4%. 

The gasification reaction (reactions (3), (4), and (8)) 
has a Langmuir-type pressure dependence. At higher pressures, 
longer residence times of the gas are needed to obtain the same 
steam conversion. Furthermore, methane formation is increased. 
For fuel gas production methane fo-~nation is no penalty, but for 
syngas production it is, especially if there are no benefits that 
compensate for it. Available data for SNG gasifiers (Synthane 
and CO 2 ac¢eptor process) show no real advantage to operate 
a SNG gasifier at pressures above 300 psi a. 

High pressures also involve other penalties. Oxygen 
is expensive to compress and steam at high pressures has a higher 
value which has been accounted for in our calculations. It is 
much easier to find steam of 300-400 psia in the plant. One can, 
for example, get it from the methanol or Fischer-Tropsch 
rea~tor. If high pressure steam is available, one can superheat 
it and expand it to 300 psia. For pressures up to 600 psia 
presently available lock hoppers can be used to feed the coal. 
For pressures higher than 600 psia, the only presently proven 
feed system is to feed a coal slurry with all the penalties that 
this involves. From these considerations, the best pressure 
range for production of syngas and fuel gas is from 200 to 500 
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XXII. Temperature Constraints 
_ _  m i 

There are temperature constraints for gasifiers. If 
the temperature is much below 1800"F, it is difficult to obtain 
complete coal conversion. On the other hand, if temperatures 
much above 1800OF but below the ash melting temperature are used, 
the problem of ash agglomeration comes into play. 

"Some gasifi~rs operate with low coal conversion. Hygas 
and Synthane gasifiers are examples of such gasifiers. Tncomplete 
coal conversion increases the relative importance and contribu- 
tion of volatilization to the thermal efficiency of the gasifier 
since the residual char is simply subtracted from the coal feed 
in the procedure used in this study. The char produced from 
such gasification is difficult to sell. 

The high steam to oxygen parts of Figures 21, 22, and 
23 are not realistic for non-catalytic gasifiers unless either 
the gasifier is operated at low coal conversion as discussed 
above or some countercurrent exchange is provided between the 
hot products and the cold feed. The latter operation is utilized 
in the dry ash Lurgi gasifier to be discussed in detail later. 

Real gasifiers have other temperature constraints 
depending on design. For example, the top temperature in a 
countercurrent gasifier cannot be too low as otherwise the tar 
will condense on the coal which might cause problems especially 
in a moving bed. Second, the bottom temperature must be high 
enough to allow complete conversion, but must also fulfill other 
constraints that depend on gasifier design. For example. ~ ==c-- 
Lurgi slagger requires a minimum temperature =e ~h~ bottom to 
melt the ash whereas the arm =~n Lurgi gasifier has a maximum 
temperature constraint. A dry ash Lurgi gasifier must, therefore, 
operate with high steam to oxygen ratios [5-8), whereas a BGC- 
Lurgi slagger operates at low ratios (1.0-1.5). 
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XIV. Real Gasifiers 

In the preceding discussion, idealized and simplified 
gasifiers have been used to explore the effects of some basic 
va-riableson the efficiencies and other performance characteristics 
of gasifiers. Let us now see if these observations on the 
idealized and simplified gasifiers can be seen in real gasifiers. 
Reliable data in sufficient detail are hard to obtain for pilot 
plants for advanced gasifiers and for many of the commercial 
~asif~ers. • Table ~ gives da~a on eleven gasifiers that th~-- 
investigators on this project felt satisfied our criteria of 
reliability, amount of detail and relevance to the problem of 
the production of syngas and fuel gas. There is one computer 
estimate in this set of eleven, but all others are derived from 
operating units. 

In the preceding discussion, it was observed that the 
amount of unconverted steam in the exit gas of the gasifier 
has an important effect on the thermal efficiency of a gasifier. 
The gasifiers in Table 7 have been arranged in order of increasing 
amounts of exit steam as given in column 4. The cold gas and 
net thermal efficiencies are given in the last three columns. 
There are two values for net thermal efficiencies recorded: one 
for a gasifier that delivers 400 psia product gas for use as 
syngas and the other for one that delivers 50 psia gas for use 
as fuel gas. These gasifiers split into two classes. The first 
eight have low steam to oxygen ratios (less than 1.6) and the 
last three have high steam to oxygen ratios (7 to 9). The first 
group has H2 to CO ratios less tham. i.I whereas the second 
~roup has ratzos greater th~n 2. With three exceptions the 
firs- ~ has higher net thermal efficiencies than the 
second group as l=~l~e d bv the lower amount of exit steam. 
Columns 7 and 8 show that-uue two ~=Rifiers with low thermal 
effici~_ncy in the first group ---Koppers-Totzek and Winkler-- 
are characterized by low pressure. In addition, they have high 
exit gas temperatures. The data in Figure 31 show that gasifiers 
operatin~ in the 30-50 psia range have substantial lower net 
thermal efficiency than gasifiers operating in the 300-600 psia 
range. This accounts for part of the difference as shown 
by the data in Table 8. Table 8 gives the breakdown of the 
components of the net thermal efficiency as % of LRV of net coal. 
The columns on work show much !after negative values for these 
two gasifiers than any other gasifier in Table 8. This is 
consistent with their low gasification pressure. They also have 
large negative values in the air separation column consistent 
with the higher oxygen demand needed for the high exit tempera- 
ture. Although much of the heat can be recovered, some loss in 
thermal efficiency occurs. The other gasifier with lower 
thermal efficiency in the first group is the Texaco gasifier 
with high water (as slurry in coal feed) to oxygen ratio. The 
thermal efficiency in this case is penalized by the combustion due 
to the high water content in feed and the high exit gas tempera- 
ture. The three gasifiers with large amounts of steam in the 
exit gas show, as expected, the large negative values in the 
steam column of Table 8. Certainly the gross feature of these 
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gasifiers is consistent with the conclusion obtained from the 
study of the idealized and simplified gasifiers in the preceding 
sections. 

Table 9 gives additional data on the eleven gasifiers 
of Tables 7 and 8 and includes other non-catalytic gasifiers for 
which less complete data were available. Representatives of two 
general classes of non-catalytic gasifiers are missing from 
Table 9. They are two-stage entrained bed gasifiers and 
gasifiers with separate air combustor. The reason for eliminating 
these gasifiers will now be discussea. 

A. Two-Staqe Entrained Be d_Gasifier [Modifie d Bi-Gas) 

This gasifier, which is discussed in detail in 
References 7, Ii, and 12, looks reasonably attractive. However, 
at present it is a purely conceptual gasifier and not even 
bench scale data of the kind needed could be obtained to allow 
us to make a reasonable evaluation. In our opinion the extra- 
polations of available data as used in other estimates are too 
great for our purpose. Thepresent Bi-Gas pilot plant is intended 
to work at high pressure to maximize methane formation. If it 
operates as intended, one could probably modify it to study fuel 
gas productions. Until then, any conclusions are premature. 

B. Indirect Combustion Gasifiers 

The heat required for gasification can be supplied 
indirectly by combusting char or coal in a separate vessel and 
circulating the heat to the gasifier. This is required for 
syngas and medium BTU fuel gas to prevent nitrogen dilution of 
the product. Four gasifiers of this kind were examined briefly. 
The old ICI gasifier was atmospheric and, therefore, does not 
meet our requirements. Exxon developed such a gasifier for SNG 
and abandoned it, as it was non-competitive, but no data from 
Exxon were available to us. Battelle built a pilot plant for 
such a gasifier but it has not operated and no data are available. 
The most advanced is the CO_ acceptor process that is intended 
for SNG. Its presentstatu~ is unclear(S). It could probably 
be modified for fuel gas production. 

The major advantage of the indirect combustion 
gasifier over t~he direct combustion oxygen blown gasifier is the 
savingsof the oxygen plant. For a syngas pla~t there is the 
added advantage that the total amount of CO 9 to be removed is 
smaller. As we showed in the section on stbichiometry, the total 
amount of CO~ to be removed i 9 proportional to the hydrogen 
content of tee product, and the amount of oxygen fea to the 
gasifier. However, the advantage cited on page 15 for operation 
at point A does not apply here. The CO~ content at the outlet of 
the gasifier is higher and H2S removal ~s more difficult tha~ 
when operating close to point A. On the other hand, the indirect 
combustion gasifier has to have SO2 removed from the stack gas. 

.. . 
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Table I0 gives a comparison of the oxygen requirements 
for direct.and indirect combustion gasifier and the air require- 
ment for "the inairect combustion gasifier. In a SGC-Lurgi 
slagger, direct combustion requires 160-190 sc~ of oxygen per 
i000 scf of syngas produced. If the same heat had be~n supplied 
by air combustion, somewhat more than 760 scf of air would 

have been needed. However, m~re~eat-is-ne~ded'when'a~ is" 
used in a separate vessel since about 45% of the heat generated 
in the combustor is taken out by the hot outlet gas. Although 
part of this heat can be recovered, it still requires more 
air to be combusted. Table i0 shows that from 1300 to 1600 scf 
are actually required. Note also that the cold gas thermal 
efficiency is lower. The high cold gas thermal efficiency of 
the direct combustion gasifier is very desirable for syngas 
conversion processes since steam is produced in these downstream 
processes and can be used in the coal conversion step to prepare 
feed. The extra steam produced by the indirect combustor is 
also of questionable advantage in fuel gas production even when 
it can be sold since its production is tied directly to the 
production of the fuel gas and reduces the process flexibility. 

If the hot gases from the combuster could be expanded 
through a turbine, a good thermal efficiency would be obtained. 
However, at the present state of technology it must be cooled 
and cleaned first. Such coal-fired turbines are still far from 
being realized. 

The improvement in thermal efficiency by not having to 
separate the oxygen from the air is approximately balanced by 
the inefficiencies of the air compression and the expansion of 
flue gas when indirect air combustion gasifiers are compared to 
low oxygen consuming gasifiers such as the BGC-Lurgi slagger. 
This need not hold for high oxygen consuming casifiers such as 
the Texaco gasifier. 

The CO 2 acceptor gasifier el~minates the scrubber 
problem but it_introduces another problem in that a regenerator 
for the =o-om~ue is requirea. The major problem with this 
gasifier is t~hat it is difficult to have a heat balance. 

i n d i r e c t  o ~ e  d i f f e r e n t i a l  investments  f o r  the d i r e c t  and 
.ummusulon gas~r~ers are given in Table ii. The 

specific anvestment for preparing 160-190 scf of oxygen per 
day is $130-$200 including the boiler. On the other hand, the 
investment to scrub the SO~ from 1300-1600 scf of air per day 
as $50-$75, the incrementa~ cost of the gasifier is $50-$100 
and the investment for the compressor plus turbine power recovery 
is $80[$!50. This gives a differential investment in favor of 
the direct combustion route of -$20 to +$195. In addition, only 
the direct combustion route has the advantage of saving the - 
differential investment for C02 removal required in case of 
syngas production. The incremental CO 2 removal investment is $50 
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Table i0 

Direct Versus Indirect 
Combustion Gasification 

Direct (a) indirect (b) 

ScF Oxygen/MSCF Syn Gas 

SCF Air/MSCF Syn C~s 

Maximum Cold Gas Thermal Efficiency, % 

160-190 

91 

250-300 

1300-1600 

~80-82 

(a) Based on BGC-Lurqi Slagger Data. 

{b) Based on the investiqator's o~ estimation. 
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Table ii 

Investment Com.parismn of Direct Combustion Gaslfiers 
to_Indirect Combustion Gasifiers 

Dollars Daily m sol S)mgas (1977) 

0xygenPlant 

Air Compressor + 
Turbine Power Recovery 

S02 Scrubber 

Incremental Gasifier Cost 

Incremental C02 Removal 
{Not Applicable to Fuel Gas) 

Net for Fuel Gas 

Net for Syngas 

Direct 

130-200 

Not Needed 

NOt.Needed 
q 

Indirect 

Not Needed 

80-150 

50-75 

50-100 

50-70 

Advantage for 
Direct 

-200 to -130 

+80 to +150 

+50 to +75 

+50 to +i00 

+50 to +70 

-20 to +195 

+30 to +265 
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to $70. No removal is required for fuel gas. 

The total differential in our estimate varies from a 
potential advantage of $195 per daily million BTU for the direct 
combustion oxygen blown gasifier to a disadvantage of -$20. 
Even if ~he latter is true, it is too small a difference to 
compensate for lower cold gas thermal efficiency of the indirect 
combustion gasifier. 

Such a gasifier might compete with a Texaco gasifier. 
However, no indirect combustion gasifiers are at a stage of 
development to allow a judgment to be made. It is felt that it 
does not offer as good a development potential as the direct 
combustion oxygen blown gasifier. Consequently, it was dropped 
from our study. However, it should be pointed out that the 
above statements apply only to non-catalytic gasifiers. In 
catalytic gasifiers the problem is more complex since the 
presence of oxygen is detrimental to methane formation reactions. 
Consideration of such gasifiers is outside the scope of this 
study. 

C. Differential Evaluation of Gasifiers 

Three gasifiers were chosen for the final evaluation 
and comparison with commercial gasifiers. These are: 

a) The BGC-Lurgi moving bed slagging gasifier 

b) An agglomerating fluid bed gasifier 

c) The Texaco single stage entrained bed gasifier, 
with a water-coal slurry feed. 

None of these gasifiers is completely developed. For 
the BGC-Lurgi slagger, a semi-commercial unit has been success- 
fully operated. The Texaco gasifier has operated in a pilot 
plan% though the exact data are unavailable to us and our 
evaluation is based on information presented in Reference 18. 
The Texaco gasifier really does not fit our original goal as it 
is a high temperature gasifier with a lower thermal efficiency, 
but it merits discussion since it has" some specific advantages. 

i. TheBGC-Lur~i Movin~ Bed Slag$in, Gasifier 

One way to evaluate the BGC-Lurgi slagginq gasifier 
is to compare it to its ancestor, the dry ash Lurgi gasifier, 
which is the only commercially viable process in operation for 
over 30 years. For non-caking coals as well as lignites, the 
dry ash Lurgi gasifier at SASOL (South African Oil, Coal and Gas 
Corporation) provides a good base case. The combustion reactions 
(Reactions (i) and (2)) are much faster than the endothermic 
gasification reactions (3) and (8). Therefore, a very high 
local temperature is obtained where the combustion takes place. 
Xn the dry ash Lurgi gasifier, heat has to be removed if the 
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temperature is to be kept below the melting point of the ash; 
thus, a large excess of steam is used as a heat transfer medium 
to transfer this heat out of the combustion zone to the gasifica- 
tion zone which reduces the temperature in the combustion zone. 
If the coal is more reactive, reactions (3) and (8} proceed more 
inside the combustion zone, and the resultant cooling of this 
zone reduces the steam requirements (see Table 12). Therefore, 
the dry ash Lurgi gasifier is better suited to reactive coals. 

The BGC-Lurgi slagger offers a substantial improvement 
as it does not require any steam as a heat transfer medium. It 
needs only the steam required for the gasification itself. The 
concept has been demonstrated with several coals in Westfield, 
Scotland for extended periods with a gasifier about c~e-third 
the diameter of full size gasifiers. For fuel gas it reduces 
the steam requirements by a factor of five and, therefore, has 
a considerably improved thermal efficiency over that of the dry 
ash Lurgi gasifier. It offers substantial savings over the dry 
ash Lurgi gasifier because of: 

a. Lower requirements for steam production 

b. Smaller waste water treatment plant 

c. Lower co~ling requirements 

d. Lower methane content in the offgas which is 
especially advanuageous for syngas conversion 
processes 

e. Higher throughput per gasifier (by a factor of 
two to three) 

f. Higher thermal efficiency. For fuel gas there is 
the added advantage that the lower b~ating value 
is higher because methane and H 2 content are lower. 

A ~ quantitative evaluation of these advantages will be given later. 
If methanol is the desired product, the advantage will be reduced 
since the syngas has to be shifted to higher Hg/CO ratio gas. 
However, only about 60% of the gas has to be s~ifted and the 
medium grade steam from the methanol and shift reactor is 
available for this process. The advantages of lower gasifier 
capital cost, smaller waste water treatment and lower methane 
make can still be maintained. 

For those coals with which a BGC-Lu=gi slagger operates 
well, this is at present the best gasifier for our purpose. If 
the mass balances in References 7 and ii are realistic, the BGC- 
Lurgi slagger is a more attractive gasifier for eastern coal than 
either the dry ash Lurgi or the Texaco gasifier. An estimate 
will be given based on the assumption that operation at the 
conditions given in References 7, ii, and 15 can be achieved. 
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The data given in Table 9 are from a Westfield run with a Frances 
coal from Scotland. This coal is non-caking amon~ other properties. 
The BGC-Lurgi slagger as reported to have operated with western 
coalsand lignites. Specific western coal data are not available 
because it was obtained with private sector funds, but it is 
reported to us that the results are similar to Frances coal. 
However, data of the Grand Forks moving bed slagging gasifier 
operated witch North Dakota lignite are reported in Table 9. The 
results are indeed very similar to the Westfield data with 
Frances coal. Table 9 also includes a, recent successful run with 
Pittsburgh No. 8 coal at Westfield (15~ 

All Lurgi-type gasifiers, dry ash as well as slagger, 
produce tars and oils. Coal fines are formed during coal 
grinding that cannot be fed directly to a regular Lurgi gasifier. 
There are several potential uses for fines. The tar and part of 
the fines can be fed to the boiler supplying the power to the 
plant. An alternative plan is to briquette the fines with tar 
and feed briquettes to the gasifier. This solution has no 
technical drawbacks but has not been proven in practice. Another 
use for fines is to feed premixed tar and fines with the coal 
into the top of the gasifier. This has been reported as having 
been successfully accomplished in Westfield but no data were 
available to us. Other sources available to us discuss feeding 
the tar to both types of Lurgi ~asifiers, and this task has been 
accomplished at Westfield. Depending on location, the fines can 
be sold to power plants and, if the power plant is close by, 
they need not be compacted for shipment. The tar could be up- 
graded to liquid fuel by hydrocracking similar to SRC liquids, 
but this is outside the scope of our study and it will be 
assumed that the tar is fed back to the gasifier. 

The naphtha and oils are potentially useful products 
that c~n be shipped and upgraded by blending into regular 
petroleum feedstocks to a hydrotreating unit. For a smaller fuel 
gas unit, however, they might present a problem if there is no 
conven/ent refinery as it is hard to justify an upgrading plant. 

Another way of usefully disposing of the tar and fines 
would be to take the gas liquor (water) coming from the BGC- 
Lurgi slagger, concentrate it, disperse the fines in it, and feed 
it together %-ith the tar (or all hydrocarbons) to a Texaco 
gasifier. The addition of the tar allows us to use a lower 
water to coal ratio as compared to a regular Texaco gasifier with 
coal water slurry feed without losing too much in thermal 
efficiency. Since only about 15% of the total heating value of 
the coal feed is involved, the lower thermal'efficiency of the 
Texaco gasifier is not a major problem. The oxygen would come 
from a common plant and the gas produced would be fed to the 
same gas cleaning plant. This operation would increase the CO, 
content of the gas. Again, since only 15% gas is from the Texaco 
qasifier, this should be within ~he limits that could be accepted 
without increasinq thee 032 separation costs. In a fuel gas 
syngas complex, all or part of the product from the Texaco 
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gasifier could also be separately quenched and used for hydrogen 
production. 

The economic advantages of the BGC-Lurgi slagger over 
the dry ash Lurqi ~asifier areshown on Table 13 by comparing 
the BGC-Lurgi slagger with Frances coal to the dry ash Lur~i 
gasifier with western coal from Reference 6. The major economic 
advantages of the BGC-Lurgi slagger over the dry ash Lurgi 
gasifier arise as follows: 

a. Lower steam requirements - Table 3.3 shows that 
the largest saving ($240 per daily million BTU) 
is in the steam plant. This is consistent with 
the discussion of idealized and simplified gasifiers 
and with the data of Tables 7, 8, and 9. 

b. Higher throughput - The throughput for the slagger 
reported in Reference 9 is more than twice as much 
as that for the dry ash Lurgi gasifier reported in 
Reference 6 for western coals. ~owever, there are 
claims that SASOL has achieved a 75% higher throughput 
than that given in Reference 6. This would almost 
cancel the advantage of $200 per daily million BTU 
given in Table 13. The reduction in gasifier costs 
is not directly proportional to throughput since more 
lock hoppers are required to feed the coal for a 
single gasifier. 

c. Gas cooling - The next largest item is $ii0 per daily 
million BTU for gas cooling and waste heat boiler. 
Again the lower excess steam for the ~GC-Lurgi slagger 
contributes greatly to the reduced investment. The 
exit gas from the dry ash Lurgi gasifier contains a 
large amount of steam as shown in Table 7 from which 
heat must be recovered. Waste heat boilers are 
expensive and the value of the heat recovered is low. 

d. H2S Removal - The combined items H2s removal and 
sulfur plant account for $60 per daily million BTU. 
The BGC-Lurgi slagger product gas contains much less 
CO~ and it is, therefore, easier and cheaper to • 
reJ~ove the P.gS, as discussed earlier in this report. 
This allows ~ cleaner fuel qas with lower 
investment cost. For syngas preparation, the 
same amount of CO2 would have to be removed after 
the syngas conversion (Reference I} but this removal 
would be cheaper. Not only is there no H2 S present, 
but also the volume of gas to be treated ls much 
smaller. For some snygas processes, it might even 
be possible to forego the removal of the CO2, as the 
offgas has properties of a medium BTU fuel gas. 
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Table 13 

Investment Comparison of BGC-LuI Slagger 
_ to DrY A~h_Lur~i Gasifie ~ ..... 

Dollars per Daily Million BTU (1977) 

Coal Handling and Prep. 

Gasifier, including Coal 
Feed and Ash Removal 

Gas Cooling and 
Waste Keat Boiler 

Gas Liquor Separation 

Phenol Removal 

Ammonia Removal 

Waste Water Treatment 

B2S Removal 

Sulfur Plan% 

Oxygen Plant 

Steam Boiler + 
Superheater (including 
BPW _mrepa'-ation) 

General Offsltes 

Total Direct Investment 

D=y A~L BGC-Lurqi 
Lnrgi Slagger 

Gasifier with 
Western Prances 
Coal Coal 

J , ~  | | , 

180 160 

470 270 

Advantage 
of Slagger 

÷20 

+200 

170 60 +ii0 

52 30 +22 

40 30 +i0 

53 35 +18 

72 25 +47 

80 50 +30 

80 50 +30 

300 360 -60 

560 320 +240 

200 200 0 

2257 1590 +667 
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e° Gas Liquor Separation, Phenol and Ammonia Removal, 
and Waste ~qater Treatment - These four items account 
for $97 per daily million BTU of investment 
differences. The BGC-Lurgi slaqger has 5 to i0 times 
less liquor to process because of the low amount of 
steam in the exit gas. This small amount of liquor 
of the slagger permits evaporation, feeding back to 
the gasifier and combusting the organic components 
in the concentrated liquor. This reduces the 
environmental problems. The same can be done for the 
dry ash Lurgi gasifier but at a much higher cost. 

The advantage of the BGC-Lurgi slagger for eastern coals 
is larqer than that for western coals as the investments in Table 
14 show.. In the dry ash Lurgi gasifier, eastern coals are harder 
to gasify than western coals. On the other hand, it is claimed 
that eastern coals are better for the BGC-Lurgi s!agger than 
western coals. 

One problem with eastern coal is its tendency to cake 
and agglomerate. In the recent trials in Westfie!d this 
prob!emwas succes§$~ly overcome for a highly cakinu coal 
(Pittsburgh No. 8)~ ~; Operation with this coal reuuired the 
addition of about 15% (wt) blast furnace slag as a flux. The 
results in Table 12 indicate that the addition of a flux in such 
quantities does not result in a significant penalty for oxygen 
requirements or thermal efficiency. 

Solution to this problem requires large scale trails 
for each specific coal. Some mechanical modifications of the 
unit have also been proposed, and the high attractiveness of the 
BGC-Lurgi slagger as a gasifier for fuel gas justifies further 
development in this area. 

The investments in Tables 13 and 14 were computed from 
the design and investments (field construction costs) given in 
Reference 6. The values in Reference 6 were reduced by a factor 
of 0.8 to bring them in line with DOE guidelines (Gulf Coast, 
1977). No contingency and no special expenses for a labor camp 
are included. The steam used in the study given in Reference 6 
is generated by a boiler fired with coal fines, phenol, tar and 
oil with a scrubber. Alternatively, fuel gas produced in the 
plant could be used to fire the boiler. This slightly reduces 
the overall thermal efficiency of the plant, but especially in 
the case of the BC~-Lurgi slagger might be preferrab!e as it 
s!m~plifies the overall plant, and eliminates the problems 
associated with scrubbers. 

The cost of the gas produced can be estimated from the 
d~--~ec~--u-ves~ment costs in Tables 13 and 14. In engineering 
e~¢iuaCes, almost all operating costs and other investment- 
=e!a~_d~arges are estimated by a ~actor multiplying the 
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Table 14 

Investment Comp&rison of BGC-Lurgi Slagger 
_ ...... to DrVAsh__LurgiGasifier___fEas__tern Coal) 

Dollars per Daily Million BTU (1977) 

Coal Handling and Prep. 

Gasifier, Including Coal 
Feed and Ash Removal 

Gas Cooling and 
Waste Rear Boiler 

Gas Liquor Separation 

Phenol Removal 

Ammonia Removal 

Waste Water Treatment 

H2S Removal 

Sulfur Plant 

Oxygen Plant 

Steam Boiler + 
Superheater [including 
~FWpreparation) 

General Offsites 

Total Direct Investment 

BGC-Lurgi 
Slagger 

With 
Frances 

Coal 

160 

270 

60 

30 

35 

30 

25 

50 

50 

360 

320 

200 

1590 

Dry Ash Lurgi 
Gasifier With 
Ill. ~To. 6 

Coal 

200 

520 

250 

70 

50 

65 

i00 

80 

80 

430 

750 

250 

2845 

Advantage 
of Slagger 

+40 

+250 

+190 

+40 

+15 

+35 

+75 

+30 

+30 

+70 

+430 

+50 

+1255 
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investment costs. After studying a large number of such 
calculations, the factor of 5.6 was determined for utility 
financing (EPRI guidelines) to give the production cost 
exclusive of coal costs. Thus, the production cost includinw 
the depreciation of investment, interest, construction, profits, 
taxes 8nd all operating costs is given by, 

production cost per unit = 5.6 x direct investment per unit 

The direct investment per unit is defined as the direct invest- 
ment per unit of daily production divided by the plant life of 
6600 days. The BGC-Lurgi slagger using Frances coal with a 
direct investment of $1590 per daily million BTU gives a direct 
investment per million BTU of $0.24. For the BGC-Lurgi slagger,the 
production cost per million BTU is then $1.35. The total coal 
cost is the price of coal per million BTU multiplied by the 
reciprocal of the net thermal efficiency. Table 12 gives the 
net thermal efficiency of the BGC-Lurgi slagger as 79%. Thus, 
the cost of gas (1977 dollars) produced by the BGC-Lurgi slagger 
is given by, 

Cost of gas 
per million BTU 

Cost of coal 
= 1.28 x per million BTU + $1.35 

In the same way, the cost of gas (1977 d~l!ars) for the dry ash 
Lurgi gasifier for western coal is given by, 

Cost of gas 
per million BTU 

Cost of coal 
= 1.39 x per million BTU + $1.92 

For the dry ash Lurgi gasifier with eastern coal, 

Cost of gas 
per million BTU 

Cost of coal 
= 1.64 x per million BTU + $2.41 

On the same basis, SNG production from western coal using a dry 
ash Lurgi gasifier, which requires an investment of $3,150 per 
daily million BTU and has an efficiency of 63%, gives, 

COSt of SNG = 1 59 x COSt of coal + $2 67 
per million BTU " per million BTU " 

The BGC-Lurgi slagger, for those coals for which it 
operates, provides a clean industrial fuel at a cost below either 
the dry ash Lurgi gasifier or the conversion of coal to SNG. The 
problem is that we do not know for which coal it operates well. 
More data are needed. Although some of the required data exist, 
they were not accessible to us. One problem might'be that, if 
the temperature in the top of the BGC-Lurgi slagger becomes too 
low, tar can condense and cause serious problems. This is 
aggravated by highwater content coals. Such coals might have 
to be dried which could i~troduce problems with the strength of 
thee coal. On the other hand, the data for the slagger at Grand 
Forks, North Dakota show excellent results (see Table 12) with 
North Dakota lignite. Unfortunately, the runs were of relatively 
short duration (4 hours at steady state). 
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2. Texaco Gasifier 

The Texaco single stage entrained bed gasifier (7' 18,19) 
is included in the detailed study for several reasons: 

ao It provides a potential alternative for eastern 
cca!s if they cannot be processed by a BGC-Lurgi 
slagger. 

b. It can generate high purity hydrogen for snygas 
conversion processes. 

c. It might be used in a complex to process the coal 
fines and the tars obtained from other coal 
conversionprocesses such as the BGC-Lurgi slagger. 

d. It provides another reasonable economic comparison 
to the BGC-Lurgi s!agger. 

Table 15 gives t%-o sets of data for the Texaco gasifier 
reported in References 7 and 18. This table also includes data 
for a comm.ercially proven single stage entrained gasifier-- 
Koppers-Totzek. The first case is rather optimistic since it 
has coal slurried in a ratio of 1 part of water to 2 parts of 
dry coal. This may be limited to specific coals with special 
grinding techniques. Both geometric arguments and experience 
with other systems indicate that a two peaked size distribution 
of the coal is probably required. However, the oxygen recfuire- 
ment increases and the thermal efficiency decreases as the water 
content rises as shown in Table 15. Figures 33a and h give 
data from a simplified hypothetical gasifier calculation that 
also illustrates these effects. In this simplified gasifier, 
the methane reacts in the gasification zone and is reformed to 
CO and H 2. The differences in thermal efficiencies between a 
water to dry coal ratio of 0.5 and 0.85 are consistent with the 
differences shown in Table 15 although the absolute values of the 
thermal efficiencies are higher for the hypothetical case. 

The cold gas thermal efficiency of the Koppers-Totzek 
gasifier lies midway bet%~en the two Texaco cases in spite of 
the fact that the coal converted in the Koppers-Totzek is only 
95%. The Texaco has an advantage over th~ Koppers-Totzek 
gasifier in that At has a high net thermal efficiency and a 
potentially more reliable feed system for high pressure 
operation. 
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Table 15 

Texaco Gasifie F yersusKoppers-TotzekGasifier 

Texaco Texaco 
(Ill. #6) (Ill. #6) 

Reference 6 

~ater to Dry Coal Ratio 0.5 

Feed Slurry 

Pressure, psia 600 

ib Steam/mscf syngas 1 

scf Oxygen/mscf Syngas 330 

H2/CO Ratio 0.68 

Cold Gas Thermal Efficiency, % 75 

Net Thermal Efficiency, % 72 

18 

0.85 

Slurry 

800 

m 

400 

0 . 8 7  

68 

68 

Koppers-Totzek 
(TVACoal) 

17 

0 

Dry 

Atmospheric 

12.7 

340 

0.64 

71 

58 
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Table 16 gives a comparison of estimated investments 
required for the Texaco gasifier and the BGC-Lurgi slagger. 
Two estimates are given for the Texaco gasifier ----one for an 
optLmistic water to coal ratio (Reference 7) and the other for 
a higher ratio (Reference 18). The BGC-Lurgi slagger has a 

lower investment cost per daily million BTU (1977 dollars% than 
either of the Texaco cases. In the optimistic case ~t is $550 per 
daily million BTU l~wer and for the other $899. A cmmDarison of the 
data in Tables 13 and 16 shows that the investment for the 
optimistic Texaco is approximately the same as that for the dry ash 
Lurgi gasifier for western coals. The investments and net 
thermal efficiencies in Tables 15 and 16 lead to a gas cost 
(1977 dollars) formula given by, 

Cost of gas 
per million BTU = 1.33 x 

Cost of coal 
per million BTU + $1.82 

for the optimistic case and, 

Cost of gas 
per million BTU 

Cost of coal 
= 1.49 x per million BTU + $2.10 

for the higher water content case. 

Table 16 shows that the Texaco gasifier has advantages 
over the BGC-Lurgislagger (a) in the low gasifier cost because it 
is a simpler unit, (b) an requiring no waste water treatment, 
and (c) in producing no phenol, oils and tars that require gas 
liquor separation and tar removal. A smaller steam boiler is 
required since the Texaco gasifier produces a large quantity of 
sensible heat. On the other hand, the heat recovery in the 
waste heat boiler ~ s expensive. The Texaco generates more usable 
heat than the energy required for the preparation of the oxygen. 
However, this heat is not easy to recover because the hot gases 
from the gasifier contain molten slag, which makes the heat 
exchanger design difficult. The raw gas could be quenched to a 
temperature below the melting point of the slag, for example, 
1600°F. Then the design of the heat exchanger ~uld not present 
as much of a problem. HOwever, quenching the raw gas to 1600~F - 
shifts the quality of the steam produced so tha~ too much low 
pressure steamand not enough high pressure steam is produced 
to supplythe oxygen plant. This reduces the net thermal 
efficiency of the gasifier. The method of heat recovery could 
not be determined from the reports available to us, but Reference 
19 implies that a solution without quench is being developed. 
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The problem arising from quenching the Texaco gasifier 
effluent is illustrated in Figure 34. Four curves are shown in 
this figure. The ordinate is the heat measured as % of the lower 
heating value of the clean dry gas produced and the abscissa is the 
temperature. Two of the curves give the heat required for the 
production of the amount of 1500 psia steam needed to prepare the 
oxygen for ~asification in the Texaao gasifie=. The curve marked 
.---_- ....... is for saturated ste~_ and the curve marked --- --- - 
• s zor steam superheated to I000 F. The vertical portions ~f 
these curves give the heat required to vaporize the water a~.~d 
left portions give the heat needed to raise the temperature of 
the water to the boiling point at 1500 psia. The right portion of 
of the superheating curve --- gives the heat needed to 
superheat the steam to 1000°F. 

The other two curves give the heat that can be recovered 
from the hot raw gases from the gasifier as a function of tempera- 
ture. Again, %~%is heat is measured, for convenience, as % of the 
lower heating value of the clean gas from the gasifier. One 
curve, designated by the solid line, is for the raw gas with no 
water quench and the other given by -- -- • is for the gas 
quenched by water to 1600 oF to solidify'the molten slag. The 
quench has the effect of transferring the heat recoverable at 
high temperatures to heat recoverable at a much lower temperature 
as shown by large amounts of heat recovered below 400 ~ for the 
curve for the quenched raw gas. In order to exchange the heao~ 
with the raw gas, a temperature differential of at least I00 
is needed to keep the heat exchanger size reasonable. The 
points along the unquenched raw gas curve lie %0 the right of 
the corresponding heat values of the steam production curves. 
Except for a very narro= region, all points are =_t least 100°F to 
the right. Thus, if the heat from the hot raw gas containing 
molten slag could be recovered, sufficient heat is available to 
prepare the oxygen for the gasification process. This is not true 
of the quenched case since a substantial portion of the curve 
....... lies to the left of the steam production curves and, 
therefore, there will not be enough heat at certain temperature 
to prepare the amount of steam required bv the oxy_gen plant. 

The data in Table 16 clearly show that the advantages 
of the BGC-Lurgi slaqger over the Texaco are brought about, for 
the most part, by the lower exit temperature of the exit gas. This 
lower exit temperature req~lires a much smaller gas cooling and 
w~ate heal recovery system in the slagger. ~_Iso, a smaller oxygen 
plant is needed for the BGC-Lurgi slagger. The additional oxygen 
~hat the Texaco gasifier requires goes in part to supplying the 
heat for t_he hiaher exit temperature and ~=---t is used to convert 
the slurry water to stea~ in" t.he gasifier. This slurry water is 
the principle source of steam for the Texaco gazifier. The total 
investment differences for these two items provide $180 per daily 
million BTU advantage to the BGC-Lurgi slagger to offset the 
smaller steam boiler, the simpler conversion unit and the absence 
of tar and other undesirable products associated with the Texaco 
gasifier. The net advantage for the BGC-Lurgi slagger is $550 Per 
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daily million BTU over the Texaco of 0.5 water to dry coal ratio. 

As we noted in Table 15 and Figures 33a and 33b, the 
oxygen requirements amd thermal efficiency of the Texaco gaslfier 
tronglydepend_on the water content of the coal slurry fed to 
ne.~aszz~er. For a coal or low BTU ~ontent per unit volume, the 

gas~raer wou~= surfer a szmz~ar effect as ~ .... =eases ~he amount of 
water that has to be evaporated and treated per unit of syngas. 
We have no data for the dependen:e of thermal efficiency on coal 
properties but our results allow an approximate estimate of the 
thermal penalties that might be involved. 

On the other hand, Texaco gasifier could be useful for 
gasification of tars, oils, and fines obtained from other 
gasification processes as discussed earlier. The addition of 
one gasifier to a complex containing many o~ner "gasifi~rs 
should cause no problems. 

3. Fluid Bed Gasifiers 

An important deficiency of the BGC-Lurgi slagger is that 
it cannot use coal fines as feed. The mining operation may yield 
as much as 15 to 40% of the coal in a size range too small to be 
used in either the BGC-Lurgi slagger or the dry ash Lurgi gasifier. 
In addition, it is not known how suited the BGC-Lurgi slagger is 
for western coals or lignites. Both of these problems could be 
solved by using an appropriate fluid bed gasifier. It should be 
possible to develop a fluid bed gasifier that meets the basic 
requirements established for the most thermally efficient medium 
BTU fuel qas and syngas gasifiers: 

a) 

b~ 

The gasifier should operate in ~.e neighborhood of 
point A established in P. 23 of this report. 

The gasifier should possess a gasification zone with 
a temperature sufficiently high for essentially 
complete conversion of the coal. 

c) The gasifier should provide a second zone with a 
lower temperature appropriate for devolatilization. 

d) The gasifier should provide heat exchange between 
regions of combustion, gasification and devolatilization 
to improve the thermal efficiency. 

In their present state of development, the fluid bed 
gasifiers, Hygas, Snyth~ne and Winkle=, do not satisfy our 
criterion and are not competitive with the dry ash Lurgi gasifier. 
However, the experience that has been gained with these gasifiers 
leads us to the conclusion that a thermally efficient fluid bed 
gasifier could be developed. Such a gasifier would have the 
advantages of a BGC-Lurgi slagger, provide a method of disposing 
o~ tars and fines: and, as ~ience with the Synthane gasifier 
has shown, could gasify western coal without presenting caking 
problems. In addition, such a fluid bed gasifier should be easier 

- 127 - 



to operate and require less highly skilled personnel. Although 
the fluid bed gasifier probably would not lead to less investment 
~han the BGC-Lurgi slagger, it would probably cost approximately 
the same if properly designed. Such a gasifier is really a third 
generation gasifier since no pilot unit satisfying the required 
conditions is close to operation. 

A gasifier, which is under, development, th~ight 
satisfy the conditions is the Westznghouse gasifler shown in 
Figure 35. However, no data were available to us on its 
performance. 

Am appropriate fluid bed gasifier might be designed having 
the various zones contained in a single vessel. Such a potential 
design is shown in Figure 36~ Steam and oxygen are introduced 
into a narrow bottom zone at high velocity to create a well-mixed 
region with high velocity reoirculation. This provides an 
agglomerating zone. Above this is the gasification zone at lower 
velocity in which essentially complete gasification of the coal 
takes place. This is followed by a dilute devolatilization zone 
into which coal is introduced at the top (into the freeboard). 
This top zone provides heat exchange between the incoming coal 
and the exit gas. There will be some mixing between the 
devolatilization zone and the gasification zone but it should not 
be enough to destroy too much of the product from devolatilization. 
Such a separation into zones exits in'presently operating fluid 
bed gasifiers. 

If the coal is introduced directly into the gasification 
zone, the disadvantage of high exit temperature is obtained and 
methane is reformed as discussed previously. The data given in 
Figure 28 provides a basis for assessing the effect of methane 
reforming. The higher oxygen required and lower thermal 
efficiency caused by the methane reforming are clearly shown. 
Additional oxygen is used to provide for the higher exit gas 
temperature, which further lowers ~he thermal efficiency, since 
not all the energy used in preparing the additional oxygen 
can be recovered as useful heat. Nevertheless, such reforming 
of methane has advantages when clean hydrogen is to be produced, 
when low methane containing syngas ~s needed, and when methane 
cannot be sold as fuel gas. In this case it is cheaper to reform 
the methane in the gasifier than in a separate step since no 
cooling and heating of the methane between units is required. 

A single staged agglomerating bed operating between 
1900 and 2000°F with coal fed into the ~ottom of the reactor 
gives a gas almost free of methane. Such a gasifier would have 
a higher thermal efficiency than the Texaco gasifier and could 
operate with coals not suited for the Texaco gasifier. Further- 
more, it would yield a gas having a lower CO 2 content. If a 
cold gas thermal efficiency of 80% could be achieved, ~he 
agglomerating single stage fluid bed gasifier~uld be very 
attractive for syngas processes requiring a gas containing less 
than 3% methane. 
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Figu re 35 
SCHEMATIC WESTINGHOUSE GASIFIER 
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Let us look at some of the properties of current fluid 
bed gasifiers and examine some of the reasons that they fall 
short of our goals. The IGT and Synthane gasifiers(4, 13, 14} 
fail to utilize one of ~he major advantages of a fluidized bed -- 
namely, good heat dispersal by rapid solid mixing. Like the dry 
ash Lurgi gasifier, these gasifiers have to rely on excess steam 
to control the maximum temperature. The amount of steam used 
is in excess of ~hat originally planned and is even in excess of 
that required by the dry ash Lurgi gasifier. The Westinghouse 
gasifier prevents this problem by using high velocities in the 
inlet region to promote mixing. 

The Synthane pilot unit has demonstrated that tars and 
phenols hydrocrack to hydrogen, methane, and char when coal is 
introduced into the bottom of the top bed when its temperature 
is about 1400 ~. However, the synth~ne pilot unit operates at 
a high pressure (600 psia) and uses a large excess of steam. 
It is not known how much cracking of tars and phenols would occur 
in the absence of this high pressure steam. The elimination of 
the tars would improve ~he quality of the recoverable heat since 
no quench is needed to prevent tar condensation in the heat 
exchanger. 

The problem of feeding almost any kind of coal to a 
fluid bed at 400 psia has bean solved in the Synthane pilot plant. 
Eastern coals require pretreatment, unless they are fed to a 
high velocity zone. However, the fluid bed gasifier probably will 
show the most advantage over the BGC-Lurgi slagger for processing 
coals with high reactivity and high moisture content such as 
western coals, lignites and peat. 

The fluid bed gasifier can have a problem with fines 
different from that of feeding coal fines to the reactor. Very 
non-reactive char fines can be formed in the gasification process. 
These fines are recirculated to the unit by the cyclones and their 
concentration can build up to such an extent that a substantial 
lowering of the effective density of the bed occurs. This problem 
is well known in the history of the fluid bed gasifier. For 
example,the Synthane and W~n~!er gasifiers have this problem. 
It was solved in the Winkler by introducing some oxygen near the 
top of the bed to combust these fines. This decreases the thermal 
efficiency of the Winkler gasifier. 

The problem might be solved by reintroducing the fines 
into the hot combustion zone of the gasifier. Also, if the 
gasification zone was operated sufficientl~ hot, the problem 
might be avoided. This would require an agglomerating bed. The 
original design of the Hygas gasifier contained such an agglomera- 
ting bed and was based on and is similar to the design used in 
the U-Gas gasifier. The agglomeratQ~4~re removed through the feed 
nozzle for the steam-oxygen mixture' "o It is well known that 
solid removal from a reactor must be independently adjustable 
and must not be strongly dependent on particle size distributions 
o~erw~se, it will cause ~i~-Eicult control problems. Such is not 
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true for the above design and we, therefore, have strong 
reservations about it. However, such adjustability and size 
independence has been achieved in the Westinghouse pilot plant. 

If we solely look at the performance that could be 
achieved by various gasifiers, a well designed fluid bed gasifier 
has the best potential to become the versatile workhorse of the 
industry. It would have to overcome first several development 
problems, the most critical of which is an agglomerating bottom 
zone that permits high conversion. However, in terms of its 
present status the fluid bed gasifier is less advanced than 
either the BGC-Lurgi slagger or the Texaco gasifier, and the 
chance that such a gasifier will actually be developed is 
uncertain. Its high potential would justify a strong effort in 
that direction. 

The fluid bed gasifier has the best development potential 
of all the gasifiers considered except the BGC-Lurgi slagger. 
It still awaits good engineering development, however. The most 
important item to develop is a good agglomerating bottom zone 
that gives high conversion. 

The data in Table 17 summarize the costs for fuel gas 
and syngas production from the various gasifiers that have been 
considered in detail and are at a stage where sufficient information 
for cost estimates exist. The BGC-Lurgi slagger clearly offers 
the lowest cost and most efficient operation if low H9 to CO ratio 
gases can be used and if the desired coal can be gasified in it. 
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xv. The Use of External Shift with Low H 2 to CO Ratio Gasifiers 

Some of the syngas conversion processes for the produc- 
tion of liquid fuels such as the SASOL Fischer-Tropsch and 
methanol synthesis require syngas with H 9 to CO ratio greater 
than two. On the other hand, some synga~ conversion processes 
can produce high quality transportation fuels from synthesis 
gas with much lower ratios of H 2 to CO. The slurry Fischer- 
Tropsoh conversion process requares a ratio of only 0.6 and 
dimethylether production with subsequent conversion to high 
octane gasoline by the Mobil process requires a ratio in the 
neighborhood of unity. 

The slurry Fischer-Tropsch process requires little or 
no additional external shift of the CO with steam to produce 
additional H~ when coupled with gasifiers that operate near 
point A (H2~o CO ratio near 0.5). While the dimethylether 
process requlres some additional shift, the production of 
methanol and the SASOL-type Fischer-Tropsch require considerable 
additional shift. The question then arises as to whether ornot 
the advantages obtained by the use of low H 2 to CO ratio 
gasifiers disappear when an external shift reactor is employed 
with the low H2 to CO ratio gasifier to obtain high H 2 to CO 
ratio syngases. The answer is that for many cases considerable 
advantages can remain while others are approximately a break- 
even proposition. 

The differences in steam requirement will serve to 
illustrate the situation. The two dry ash Lurgi gasifiers of 
Table 9will be compared to a BGC-Lurgi slagging gasifier coupled 
with an external shift reactor. One of the dry ash Lurgi gasifier 
examples in Table 18 uses eastern coal and produces a syngas with 
a H 2 to CO ratio of 2.6. The other uses western coal and produces 
a ratio of 2.1. Because of the difference in reactivity of the 
coals, the eastern coal requires considerably more excess steam 
than the western coal. The eastern coal requires 2.6 ibs steam 
per ib of dry ash-free coal while the western coal requires only 
1.6 ibs of steam per ib of dry ash-free coal. 

On the other hand, the BGC-Lurgi siagger produces a 
syngas with a H 2 to co ratio of 0.5 and requires only 0.35 ibs 
of steam per ib of coal. The amount of steam required to shift 
the syngas to a ratio of 2.1 is 0.85 Ibs steam met Ib of dry ash ~ 
free coal; and to a ratio of 2.6, 1.0 ibs of steam per ib of 
coal is required. This requirement already allows for an amount 
of excess steam in the shift reactor equal to that converted to 
suppress the Boudouard reaction (Reaction (8)). Thus to produce 
a H2/CO ratio of 2.6 requires 1.35 Ibs of steam per ib of coal 
for a BGC-Lurgi slagger plus external shift reaction while the 

dry ash Lurgi gasifier requires 2.6 Ibs of steam per Ib of coal 
for eastern coal. This represents comsiderable savings. On 
the other hand, for the more reactive western coal, the situation 
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is more nearly even: 1.2 ibs steam vs. 1.6 ibs of steam per Ib 
of coal. Thus, the situation needs to be determined on an 
individual basis. 
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Table 18 

Effec~c of Use of External Shift with Low _H2/C0 - Ratio~ G asif~ers 

Gasifier H2/_CO 

Eastern Coal 

Steam Required 
ib/lb DAF Coal 

External ~hift 
Steam Required 
ib/Ib DAF Coal 

Total Steam 
Requ£ red 

to Produce 
H2/CO of 

Dry Ash Lurgi 2.6 2.6 0 2.6 

~GC- 
Lurgi Slac~er 0.5 0.35 1.0 1.35 

Wgstern Coal 

DE~ Ash Lurgi 2.1 

BGC- 
Lurgi Slagger 0.5 

1.6 1.6 

0.35 0.85 1.2 
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XVX. Summary, Conclusions and Recommendations 

The operability of a gasifier is the prime consideration 
since a gasifier that operates poorly or not at all is of no use 
no matter how thermally efficient or cost effective it is in 
principle. ~evertheiess, in the search for practical gasifiers, 
consideration of basic scientific and engineering principles can 
serve as a guide as to the operating conditions that give the 
best thermal efficiency and lowest potential cost if gasifiers 
can be made to operate practically in the manner required. The 
examination of the basic stoichiometric, thermal, equilibrium 
and kinetic constraints that apply to all gasifiers (Section If! 
to VII) shows that the most thermally efficient operations are 
obtained with gasifiers that operate at low steam to oxygen 
ratios and give low H~ to CO ratios (point A of Figure 20a]. 
Such gasifiers give t~e best utilization of the steam. However, 
the thermal efficiency will be decreased if the low steam to 
oxygen ratios are obtained by feeding excess amounts of oxygen 
to the gasifier so that the temperature of the exit gas becomes 
high and the gasifier becomes, in part, an oxygen-fired coal 
combustor that supplies heat for steam generation. It is more 
thermally efficient to obtain steam by a high-efficiency boiler 
using air. 

For syngas production, operating at too low a pressure 
has both a thermal efficiency and a cost penalty. The major part 
of the poorer thermal efficiency [Table 7) for the low pressure 
Koppers-Totzek and Winkler gasifiers is caused by the compression 
losses required to compress the gases to 400 psia (Figure 32). 
Too high a pressure has an increased cost penalty also. The best 
range of pressure appears to be from 200 to 500 psia. This 
pressure range for the coal gasification is also the best for 
fuel gas production delivered at 50 psia, if a power recovery 
turbine can be used to expand the gas from 200-500 psia to 50 psia 
(Figure 31). 

There is no gain in thermal efficiency over the 
operation in the neighborhood of point A in promoting direct 
methane formation from the carbon of the coal (Section VIIZ and 
Figures 25c-e) even though simple stoichiometric considerations 
indicate a higher efficiency (Section ZII}. The ~.igh excess 
steam requirements imposed by equilibrium constraints are 
responsible for this decrease in thermal efficiency. On the 
other ha~d, the methane formed during devolatilizaticn is 
obtained with little thermal penalty. When it can be used or 
sold, it should not be reformed to CO and H~ since reforming the 
methane lea~s to a decrease in thermal effi~ienoy (Section X 
and Figure 28). Thus gasifiers with a good devolatilization 
zone are more thermally efficient. 

- 1 3 7  - 



The tars and phenols present problems when devolatiliza- 
tion zones exist. To take full advantage of the presence of 
devolatilization zones, better methods of handling these 
materials are needed. 

The reactivity and other properties of the coal can 
restrict the operating conditions so that the best thermal 
efficiency may not be obtainable for certain designs. An exampie 
of this is the need for large amounts of excess ~team for 
eastern coals with the dry ash Lurgi gasifier. 

Examination of the characteristics of gasifiers for 
which sufficient reliable data exist shows ~at real gasifiers 
follow the pattern of behavior required by the basic stoichiometric, 
thermal, e uuilibrium and kinetic constraints developed in this 
study (Section XIV). Furthermore, the pattern s of the sources 
of decreased thermal efficiency are reflected in correspondent 
patterns of increases in cost (Tables 7, 8, 12, 13, 14, and 16). 

There a r e  syngas conversion processes ~_hat can use the 
low H 9 to CO syngas with little or no further shift. The 
slurr~ Fischer-Tropsch typically can use a ratio of 0.6 and the 
production of dimethylether for conversion to gasoline by the 
~.~ohil process can use as low a ratio as unity. For processes, 
such as conversion to methanol and SASOL Fischer-Tropsch, 
considerably higher ratios are required. In many cases this 
can be most efficiently and cost effectively supplied by the 
thermally efficient low H2/CO ratio gasifier with an external 
shift reactor. 

The BGC-Lurgi slagging gasifier, which is presently close 
to commercialization, conforms closely to the basic requirments 
and potentially could produce syngas at a low production cost 
relative to other gasifiers such as the dry ash Lurwi gasifier. 
The H~ to CO and steam to oxygen ratios of this gasifier are about 
0.5 aBd 1.3, respectively. These values are very close to the 
best theoretical values of 0.45 and 1.6 .respectively. 

There is considerable evidence from the data obtained 
from fluid bed gasifier pilot plants that a ~ulti-staged fluid 
bed gasifier could be developed which operates at low H 2 to CO and 
steam to oxygen ratios required by the basic concepts. However, 
a better concept~al design withconsiderably further development 
is required before the nulti-staged fluid bed gasifier £s ready 
for large&scale pilot plant tests and commercialization. 
~otentially such a gasifier could operate on coals not well 
suited for the BGC-Lurgi slagging gasifier. 

For syngas containing no methane, the Texaco gasifier 
closely approaches the basic requirements bu~ has a high oxy_gen 
d~and ~ha~ T~u~ - i ~  ~h~zm~al ~fficiency an~ ~ncreases the 
cost over that of gasifie=s such as the BGC-Lurgi slagger. 
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The results of this study show the need for an aggressive 
effort to complete the development of the BGC-Lurgi slagging gasifier. 
The BGC-Lurgi slaggermust be shown to be scalable to commercial 
size and to be operable for long periods of time. The range of 
coals~or which it can be used needs to be established. The 
development of other gasifiers such as multi-staged fluid bed 
gasifiers that operate in the high thermal efficiency region 
should be very actively pursued. Such gasifiers would not only 
be the thermally most efficient but would also provide the most 
cost effective route to the production of ~high quality clean 
transportation fuels as well as clean industrial fuel gas. 
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APPENDIX A 

GUIDELINES FOR GASIFiER THERMAL 

EFFICIENCY CALCULATION 



I. 

7I. 

TII. 

Objective 

TO calculate gasifier thermal efficiency in a realistic 
and consistent way. 

Process Scheme Cuideline 
J , , • ...... 

To compare different gasifiers, it is essential to have 
a consistent process scheme that eliminates the variation 
of processing steps attached to each gasifier and that 
reflects a realistic picture on the energy inputs and outputs 
of the system. Eypothetical process schemes were thus set 
up fQr this purpose. Depending on the raw gas pressure 
after its cooling, two schemes were constructed: 

Case IA - Low and Medium Pressure Gasi~ier, (Raw Gas Pressure 
After Cooling <460 psia}. 

Case IB - High Pressure Gasifier (Raw Gas 
Pressure After Cooling ~460 psia). 

These schemes are given as Figures A-I and A-2. The 
important points incorporated into these schemes are: 

i. Oxygen is available at 1 AT51 and I00 ~. 

~. Clean gas at 400 psia and 100eF is the final product. 

. It takes 60 psia pressure drop to drive the ra~: gas 
through the purification stage. 

. For clean gas at a pressure higher than 400-psia, 
energy is recovered by beatdng the gas to 320~F and 
then expanding it to 400 psia in a siDgle stage 
expander. 

Thermal Energy Ca lculati?n G_ui_delines 

To reflect a realistic thermal energy con~ent for all 
input-output streams, the following guidelines were given for 
their calculatior~. 

i. Chemical energy from coal, syn gas, tar, and other 
chemicals----use low heating value (LLTV) at 77=?, 
1 A~I. 

2. ~igh sensible heat.--heat above 700°F for output 
streams and 600=P for input streams. 
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. 

. 

. 

. 

Low sensible heat in output streams --all heat between 
350 to 700°F, including heat of condensation. Multi- 
ply this neat by 0.45, i.e., discounting it by 55% 
to make this low potential heat equivalent to the 
high potential heat. For input streams, the low 
sensible heat covers 250 to 600°F. 

If there is tar in the gasifier effluent, skip 
Items 2 and 3 since the stream must now be quenched 
to remove the tar. The water condensed from the 
effluent is used for this quenching. For the present 
purpose, assume that the re~cledwater temperature 
is 50°F below the dew point. If this dew point is 
above 3509, go to Item 3 to calculate the amount of 
low sensible heat. 

Thermal energy used in producing oxygen at 1 ATM-- 
170 BTU (LRV fuel) per SCF oxygen. 

State of oxygen for gasifier (if not given) --same 
pressure as the pressure at wh/ch the steam is 
delivered to the gasifier, and the temperature as ~he 
discharge temperature f=om the oxygen compressor. 

7. Compression work-- 

. 

Calculate the theoretical work required by 
limiting compression ratio ~t each stage 
at < 3. 

• Calculate the fuel ETU equivalence of the actual 
work by assuming 25%efficiency° 

State of steam for gasifier (if not given) -- 

Pressure = 25+ gasifier pressure if gasifier 
pressure >50 psia. 

Pressure = 20+ gasifier pressure if gasifier 
pressure <_50 psia. 

9. Thermal Energy for steam -- 

• Calculate the maximum Work extractable from 
isentropic expansion of the steam ~o 2 psia. 

• Calculate the fuel BTU from the useful work 
using 37% efficiency. 
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I0. Thermal energy from. expan.sion work obtained from 
clean syn gas 

Take dry clean gas at 320°F and at a pressure 
60 psia less than the pressure of the raw syn 
gas after cooling. 

Calculate the theoretical work recoverable from 
this qas by expanding it to 400 psia in a single 
state expander. 

11. 

• Calculate the thermal energy in fuel equivalent 
basis from this work using 37% efficiency. 

Normalize the heat loss to 0.5% of the net coal LIrV 
feed. 

12. No utility consumption for raw gas purification is 
accounted for. 

The treatment in Item 9 provides one way of differentiati~g the 
steams of different quality. Ztem I0 gives the minimum work 
recoverable from the gas expansion. 

IV. Definition of Three Thermal Efficiencies 

Many types of thermal efficiencies cad be used for 
gasifier calculation. Three types of efficiencies most often 
used are defined as follows: 

Clean Gas Eff. LHV Clean Gas 
Net~dal L~,~ 

Clean Fuel ;,~f. - LEV {Clean Gas + Naphtha + Oil} 
Net Coal LE~ r 

~let Elf. =-All energy Output [1) _ _impurity L~: - All energy input (1) 
'Net Coal LKV "~ 

where net coal LHV = LHV coal - LEV (Char + Tar + Phenol). 

(i) Excluding recycle streams at exit state. 
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APPENDIX B 

SUMMARY OF DATA FROM 

GASIFICATION CALCULATIONS 

~° 



Unless specified o~herwise, the following basis and 
conditions were usee in all calculations, 

I00 Ibs of raw coal or char 
steam and oxyge~ at 700°r 

gasifier pressure at 400 psia 
no methane made other than from devolatilization 

Also, only two types of coal were used. An approximate eastern 
coal is represented as 65% (wt) fixed carbon, 15% volatile 
material, 10% moisture and 10% ash; while an approximate western 
coal is represented as 50% fix.ed carbon, 10% volatile material, 
and 30% moisture. ~or both coals, the volatile material is 
appr.oximated by methane and accounts for 25% of the coal LHV. 

The caseswith kinetic constraints were calculated with 
all tb.e gasification reactions at equilibrium except for the 
carbon-steam% reaction which is given by pseudo-equilibrium 
conditions in ~zhich the pseudo-equilibrium constant is a fraction 
of the actual equilibrium constant. This fraction is 0.I unless 
it is specified otherwise. 

I. Model 1 Gasifier {Single Staged, Adiabatic and Completely 
~ixed) with theApproximat e Eastern and Western Coals 

Tables B-I-I and -2 show the cases with the ~uilibrium 
constraint for the approximate eastern ana ~2esrern coals, 
respectively. The similar cases with the kinetic constraint 
were given in Tables B-x-3 and 4. Table B-I-4 also includes a 
case at 0.63 steam/oxygen ratio in 9zhich the methane formed 
during devolatilizaticn is reforE, ed further during gasification. 

If. Isothermal Indirectly. ~eated Gasifier wie~ Equilibrium Constaint 

Cases with and without methane formation ~'ere calculated. 
They are given in Tables B-II-I and -2, r~spectively. 
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III. Mode! 1 Char GasifierLwithEquilibrium Constraint 

Cases with and without methane formation were calculated. 
They are given in Tables B-III-I and -2, respectively. 

IV. Model 2 .Gasifier 

Tables B-IV-I and -2 include the cases using the 
approximate eastern and western coals, respectively. In the 
gasification zone, the kinetic constr&ints on the steam-carbon 
reaction was assumed. The calculations to simulate the equili- 
brium methane made in the gasification zone at the zone tempera- 
ture of 1600, 1800 , and 200Q ~ are summarized in Table B-IV-3. 
Table B-IV-4 gives the cases using the approximate eastern coal 
with equilibrium constraint in the gasification zone. 

V. Model 3 Gasifier 

Tables B-V-1 and -2 include the cases using the 
approximate eastern and western coals, respectively, with the 
kinetic constraint assumed in the gasification zone. 

VI. Model land Model 2 Gasifier Using Approximate Western 
Coal with an Additional 15% (wt) Volatile Material as 
Carbon Monoxide 

m • , J . m  . . . . . . . . . . . . . .  

Tables B-VI-I and -2 show, respectively, the results 
from Model 1 and Model 2 gasifier calculations. 

VII. Simulated Texaco Gasifier with Various Coal Slurry 
CQmp0sitionS_ 

_ , , . . . . .  

Calculations were done only for the approximate eastern 
coal. The gasifier temperature is at 2360°F by varying the 
steam-carbon reaction conversion. The result is summarized in 
Table R-VI-T-I. 
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APPENDIX C 

SUMMARY ON GASIFIER INFOR~L~TION 

' I.~2o ° 



Gasifiers 

Battelle/Carblde 

BGC-Lurgi Slagger 

Dry Ash Lurgi 

Texeco 

Fluidized Bed 
Sy~t~ne 

IGT-U-Gas 

~GT-Hygas 

Winkler 

Bi-Gas, High Pres. 

Analysis Done (b) 

2(45) ,51,53 

112) ,4,17,26,42 

Reference Indexes (a] 

45,58 

5,5,21,44(32),56 

1 

38,54,~5 

52 

3,3,21,23 

Med. Pres. 17,25,4.5(2) 

Others 

Combustion Engrg. 1 

Koppers-Totzek 26 

Insufficient 
Data for 
Analysis. 

9,11,12,19,24, 
33 

• ° 

12,13,16,18,49 

9,10,12,14,19, 
20,21,27,28,29 

6,9,10,12,13 
15,19,31,36,37,43 

9,17,19,34,35,36 

9,11,13,14,19, 
36,37,39,40,43 

9,15=19 

9,11,14,19,20, 
37,43 

8 

13,15 

-9,11,14,19,22, 
36e37,39,40 

41,50 

[a) In quoting the references given in this Appendix, the reference 
indexes will be preceded by a capital letter "C". 

(b) The reference within the parenthesis contains design data that 
are so similar to those of the reference preceding the parenthesis 
that no preliminary analysis was done. 
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MATERIAL AND ENERGY BALANCES, 
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APPENDIX E 

INTERVIEWS WITH PROCESS LICENSERS, CONTRACTORS 

AND PILOT PLANT OPERATORS TO OBTAIN GASIFIER INFORMATION 



I. Visit to Electric Power Research Institut~ 

Dr. C. D. Prater and Professor R. Shinnar visited 
EPRI (Electric Power Research Institute) at Palo Alto, California 
on January 23 and 24, 1978. Their disuussion with EPRI personnel, 
Drs. A. Gluckman and Nolt and others, contains the following 
highlights: 

I. They supplied us a recent report comparing 
a Modified Texaco Gasifier to a BGC~Lurgi Slagger 
and a Combustion Engineering Gasifier for the 
purpose of combinedcycle power generation. 

. The heat recovery from the slag containing 
effluent gas of the Modified Texaco Gasifier 
has been demonstrated. 

II. Visit to Synthane PDU and Pilot Plant at Pittsburgh 
Energv Research Center 

Professor R. Shinnar and Dr. J. C. W. Kuo visited PERC 
(Pittsburgh Energy Research Center) at Bruceton, Pennsylvania 
on February 2, 1978. Their discussion with PERC personnel, 
W. P. Haynes and J. P. St~rkey, on the subject of the Synthane 
Gasifier covered the following highlights: 

I. They supplied us two recent reports on 
Synthane PDU data, one report on Synthane 
Process assessment based on a set of data 
from the Synthane Pilot Plant, a draft 
report on the computer simulation of 
Synthane PDU data, and some additional PDU 
test data. 

. 

. 

The Synthane Gasifier has the advantages of 
stable operation, no tar and low phenol 
formation. It, however, has the disadvantages 
of low conversion, low gas linear ve!ocity~ 
highsteam and oxygen consumption, and the 
requirement for pretreating the caking coals. 

The Synthane Pilot Plant is designed for 
600-1000 psi, operation; while 300-400 psi, is 
probably more optimal for Mobil's processes. 
PDU data at 300 psia show higher conversion, 
higher H 2 + CO selectivity, but lower throughput 
and higher tar yield. To run the pilot plant 
at ~00-400 psi, would probably require 
modifications. 
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. One of the major problems in the Synthane Pilot 
Plant operation is clinker formation. To 
prevent its formation, more steam and oxygen 
than those used in the PDU must be used. The 
clinker formation may be due to poor gas feed 
distributor design, low gas linear velocity, 
and local overheating. 

They also toured the Synthane PDU and Pilot Plant, 
and discussed the pilot plant operation with plant manager, 
R. Lewis. 
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ESTIMATION OF PRODUCT COST BASED ON DIRECT INVESTMENT COST 



In the text we assumed that we can estimate the product 
cost based on utility financing by using a single factor that 
multiplies the direct investment per unit produced. This gives 
an estimate for all the costs associated with production, such 
as depreciation of investment, interest during construction, 
maintenance and insurance, operating cost of plant (exclusive 
of raw materials), repayment of loans, return on investment and 
taxes. This factor changes with the method of financing and 
the return of investment required. It should also change with 
the type of process, as different processes have different 
requirements for maintenance and operating personnel. ~hi!e 
the estimates made by large engineering companies claim to have done 
that the end results are remarkably similar for different 
processes. We give in Table F-I the results of different EPRI 
and DOE studies using utility financing. 

In the following table the cost of raw materials per 
unit is defined by taking the total raw material cost subtracting 
from it the value of by-products and dividing it by the toZal 
number of units produced. 

The direct investment cost used here is obtained by 
taking the total direct plant cost, including engineering and 
contractor's fee but exclusive of interest during construction 
and working capital and dividing it by the total number of units 
produced over 20 years of plant life. 
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Table F-I 

Estimates of Total Cost 
Based on  Direct Z nyestment Cost 

C a s e  
m 

U n i t  U s e d  

DLre~t 
Investment 

P e r  U n i t  

Fuel Gas from 
BGC-Lurgi Slagger 
(Reference 21) 

Total "Cost" 
Per Unit 

Excludln~ Coal* 

1 MMBTU 0.234 1.31 5 . 6  

Coi.4 

Comb~/~ed Cycle 
Power " Plant 
Based on Texaco 
Gasifier 
{Reference 19) 

Fuel Gas from 
Dry/~h 
Lu~gi Gasifier 
(Eeference 12) 

KWH 0 . 0 5 2  0 . 2 8  

0.54 3.17 

5.4 

5.8 

Coal' Fired 
Boiler with 
Stack Gas 
Scrubber 

(.Reference 7~ 
KWH 0.51 0.28 5.5 

* By-product value subtracted from coal cost. 
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