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Figure 29d
GAS EXIT TEMPERATURE (APPROXIMATE WESTERN COQAL)

| ) |
Gasifler: Model 1
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XII. Pressure Effects

One important variable in our consideration is the
gasifier pressure. 2 significant 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 for the simplified
gasifier of Figures 23a-h. Three curves are given showing the
effects of delivering the products at 50, 200, and 400 psiz.
~The-gubstantial loss in net thermal efficiency for low pressure
gasifiers is clearly shown. On thke other hand, compression of
- the gas from one atmosphere to 1000 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 giver. in Figure 32b. Both

high pvressures and low pressures lead to increased egquipment
cost. The law requires that high temperature equipment be
tested at 200 psia. Thus, at low pressures, the throughput is
low and large volume equipment is needed with practically no
savings in steel cost per unit volume. -At high pressures the
volume decreases but this decrease is accompanied bv 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 lsads 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 other 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 formation is no prenalty, but for
syngas production it is, especially if there are no benefits that
compensate for it. Available data for SNG gasifiers {Synthane
and C0., acceptor process) show no real advantage to operate
a SNG gasifier at pressures above 300 psia.

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. Omne can,
for example, get it from the methanol or Fischer-Tropsch
reactor. If high pressure steam is available, one can superheat
it and expand it t¢ 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 .
psia. : - 97 =
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X1II. Temperature Constraints

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 1B800°F but below the ash melting temperature are used,
the problem of ash agglomeration comes into play.

“Some gasifiérs operate with low coal conversion. Hygas
and Synthane gasifiers are examples of such gasifiers. Incomplete
coal conversion increases the relative importance and contribu-
tion of volatilization to the thermal efficiency of the gasifier
since tke 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 scme 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. = BDec—
Iurgi slagger requires a minimum temperazture s+ ke bottom to
melt the ash whereas the dry ash Lurgi gasifier has a maximum
temperature constraint. A dry ash Lurgi gasifier must, therefore,
operate with high steam to coxygen ratios (5-8}, whereas a BGC-
Lurgi slagger operates at low ratios (1.0-1.5).

- 1lol -




XIV. Real Gasifiers

In the preceding discussion, idealized and simplified
gasifiers have been used to explore the effects of some basic
variables on 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 detall are hard to obtain for pilot
plants for advanced gasifiers and for many of the commercial
- gasifiers. ' Table 7 gives data on-eleven gasifiers that the -
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 wvalues 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 delivexrs 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 ratics (7 to 9). The first
group has H2 o CO ratios less than 1.1 whereas the second
aroup has ratios greater than 2. With three exceptions the
firsce swmun has higher net thermal efficiencies than the
second group as lmpliad bv the lower amount of exit steam.
Columns 7 and 8 show that thie two gagifiers with low thermal

efficiency in the first group —Koppers-Toitzek and Winkler—

are characterized by low pressure. In addition, they have high
exit gas temperatures. The data in Figure 31 show that gasifiers
operating 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. Tabdle 8 gives the breakdown of the
‘components of the net thermal efficiency as % of LHV of net coal.
The columns on work show much larger 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 sevaration 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 ccal 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 S5, They are two~stage entrained bed gasifiers and
gasifiers with separate air combustor. The reason for elimipnating
these gasifiers will now be discussed. :

A. Two-Stage Entrained Bed Gasifier (Modified Bi-Gas)

This gasifier, which is discussed in detail in
References 7, 1ll, 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 evaliuation. In our opinion the extra-
polations of available data as used in other estimates are too
great for our purpose. The present Bi-Gas pilot plant is intended
to werk 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 ané no data are availakle.
The most advanced is the CO, acceptor process that is intended
- for SNG. Its present statud is unclear(8). It could probably
be modified for fuel gas production.

The major advantage of the indirect combustion
gasifier over the direct combustion oxygen blown gasifier is the
savingsof the oxygen plant. ¥or a syngas plant there is the
added advantage that the total amount of CO., to be removed is
smaller. As we showed in the section on st ichiometry, the total
amount of CO, to be removed is proportional to the hydrcgen
content of tﬁe product, and the amount of oxygen fed 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 H»S removal £s more difficult than
when operating close to point A. On the other hand, the indirect
combustion gasifier has to have qu remcved from the stack gas.
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Table 10 gives a comparison of the oxygen requirements
for direct and indirect combustion gasifier and the air recquire-
ment for ‘the indirect comhustion gasifier. In a BGC~-Lurgi
slagger, direct combustion requires 169-190 sc® of oxygen per
1000 scf of syngas produced. If the same heat had been supplied
by air combustion, somewhat more than 760 scof of air would
“"have been needed. However, more héat is neeéded when air 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 raecovered, it still requires more
air to be combusted. Table 10 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 prccesses 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 turbirne, 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 cgasifiers such as the BGC-Lurgi slagger.

This need not hold for high oxygen consuming gasifiers such as
the Texaco gasifier. .

The CC, acceptor gasifier eliminates the scrubber
roblem but it ifitroduces another problem in that a regenerator
for the dolomite is required. The major problem with this
gasifier is that it is difficult to have a heat balance.

The differential investments for the direct and
indircct combustion gasifiers are given in Table 11. The
specific investment for preparing 160-190 scf of oxygen perxr
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
is $50-$75, the incrementaz cost of the gasifier is $56-$100
and the investment for the compressor plus turbine power recovery
is $80~$150. This gives a differential investment in favor of
the direct combustion route of -$20 to +£195. 1In addition, only
the direct combustion route has the advantaqge of saving the
differential investment for CO2 removal required in case of
syngas production. The incremental CO2 removal investment is $50
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Table 10

Direct Versus Indirect
Combustion Gasification

Direct(a) Indirect(b)
SCF Oxygen/MSCF Syn Gas 160-39C 250-303
SCF aixr/MSCF Syn Gas ~- 1300-1600
Maximum Cold Gas Thermal Efficiency, % a9l ~50-82

@ Based on BGC-Lurgi Slagger Data.

(b) Based on the investigator's own estimaticen.
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Table 11

Investment Comparison of Direct Combustion Gasifiers
to Indirect Combustion Gasifiers

Dollars Daily msef Syngas (1977)

Advantage for

Direct Indirect Direct A

Oxygen Plant | 130-200 Not Needed ~200 to -130
Air Compressor -+

Turbine Power Recsvery Not Needed 80-150 +80 to +150
SO, Scrubber ) Not -Needed 50~75 +50 to +75
Incremental Gasifier Cost - 50-100 +50 to +100
Incremental CO2 Removal

(Not Applicable to Fuel Gas) - 50-70 +50 to +70
Net for Fuel Gas . =20 to +195

Net for Syngas +30 to +265




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 the 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.
Fowever, 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 statewents apply only to non-catalytic gasifiers. 1In
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 comparisen with commercial gasifiers. These are:’

a) The BGC-Lurgi moving ked slaggina gasifier
b) - An agglomerating fluid bed gasifier

c) The Texaco single stage entrained bed gasifier,
with a water-ceal 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
plant though the exact data are unavailable to us ané our
‘evaluation is based on information presented in Reference 18.
The Texaco gasifier really does not f£it our original goal as it
is a high temperature gasifier with a lower thermal efficiency,
but it merits discussion since it has some specifi=z advantages.

1. The BGC~-Lurgi Moving Bed Slaggino Gasifier

One way to evaluate the BGC-Lurgi slagging gasifier
is tco compare it tc its ancestor, the dry ash lLurgi gasifier,
which is the only commercially viable process in operaticn for
over 30 vears. For non-caking coals as well as lignites, the
dry ash Lurgi gasifier at SASOL (South African 0il, Coal and Gas
Corporation) provides a good base case. The combustion reacticns
(Reacticns (1) 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.
ir the dry ash Lurgi gasifier, heat has to ke 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 zons to the gasifica~
tion zone which reduces the temperature in the combustion zZone.
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
a5 it does not require any steam as a heat transfer medium., It
needs only the steam required for the gasification itself. The
concept nes been demonstrated with several coals in Westfield,
Scotland for extended periods with a gasifier about one-third
the diameter of full size gasifiers. TFor 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 cover the dry
ash Lurgi gasifier because of:

a. Lower requirements for steam production
b. Smaller waste water treatment plant
c. Lower ccoling requirements

d. ZIower methane content in the offgas which is
especially advantageous 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 heating value
is higher because methane and H, 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 H,/CO ratio gas.
However, only about 60% of the gas has to be shifted 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-Lurgi slagger operates
well, this is at present the best gasifier for our purpose. If
the mass balances in References 7 and 11 are realistic, the BGC-
Lurgi slagger is a more attractive gasifier for eastern coal than
either the dry ash Lurgi or the Texaco gasifier. Ar estimate
will be given based on the assumption that operation at thne
conditions given in References 7, 11, and 15 can be achieved.
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The data given in Table 2 are from a Westfield run with a Frances
coal from Scotland. This coal is non-caking ameng other properties.
The BGC-Lurgi slagger is 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.
Howaver, data of the Grand Forks moving bed slagging gasifier
operated with North Dakota lignite are reported in Table 9. The
resulta 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 Iurgi 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 brigquette the fines with tar
and feed briqguettes to the gasifier. This solution has no
technical drawbacks but has not been proven in practice. aAncther
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
beer 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 gasifiers, 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 ky hydrocracking similar to SRC liqguids,
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 can be shipped and upgraded by bklending into regular
petroleum feedstocks to a hydrotreating unit. For a smaller fuel
gas unit, however, they might present a problem if there is no
convenient 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 liguor (water) coming from the BGC-
Lurgi slagger, concentrate it, disperse the fines in it, and feed
it together with the tar (or all hydrocarbons) to a Texaco 1
gasifier. The addition of the tar allows us to use a lower ‘
water to coal ratio ac compared to a regular Texaco gasifier with
ccal 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 TexZco
qgasifier, this should be withir the limits that could be accepted
without increasing the €02 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 nydrogen
production. '

The economic advantages of the BGC-Lurgi slagger over
the dry ash Lurqgi gasifier are shown on Table 13 by comparing
the BGC~Lurgi slagger with Frances coal to the dry ash Lurgi
gasifier with western coal from Reference 6. The major economic
advantages of the BGC-Lurgli slagger over the dry ash Lurgi
gasifier arise as follows:

a. Lower steam reguirements - Table 13 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. Hicher 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. THowever, there are
claims that SASOL has achieved a 75% nigher 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 $110 per daily
million BTU for gas cooling and waste heat beoiler.
Again the lower excess steam for the BGC-Lurgi slagger
contributes greatly to the reduced investment. The
exit gas from the Ary ash Lurgi gasifier contains 2
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. E,S Removal - The combined items H,S removal and
sulfur plant account for $60 per ddily million BTU.
The BGC~Lurgi slagger produact gas contains much less
CO, and it is, therefore, easier and cheaper to '
refiove the -E,S, as discussed earlier in this report.
This allows % cleaner fuel gas with lower
investment cost. For syngas preparation, the
same amount of CO2 would have to be removed after
the syngas conversion (Reference 1)} but this removal
would be cheaper. Not only is there no H3S present,
but also the volume of gas to be treated is much
smaller. For some snygas processes, it might even
be possible to forego the removal of the CO,, as the
offgas has properties of a medium BTU fuel gas.
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Investment Comparison of 3GC-~Lur

Table 13

Slagger

to Drv Ash Turgi Gasifier

Dollars per Daily Million BTU (1977)

Coal Handling and Prep.

Gasifier, including Coal
Feed and Ash Remcval

Gas Cooling and
Waste Yeat Boiler

Gas Ligquor Separation
Phenol Removal
Ammonia Removal

Haste Water Treatment
B3S Removal

Sulfur Plant

Oxygen Plant

Steam Boiler +
Superheater (including
BFW nrepasation)

General Offsites

Total Direct Investment
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TV ASia BGC~-Lurgi
Lurgi Slagger
Gasifier with
Westexrn Frances 2dvantage
Coal Coal of Slagger
180 leéo0 +20
470 270 +200
170 60 +110
52 30 +22
40 30 +10
53 35 +18
72 25 +47
80 - 50 +30
80 50 +30
300 360 . -60
560 320 +240
2¢0 200 0
2257 1580 +667



e. Gas Ligquor Separation, Phenol and Ammonia Rermoval,
and Waste Water Treatment -~ These four items account
for $97 per daily million BTU of investment
differences. The BGC-Lurgi slagger has 5 to 10 times
less liquor to process because of the low amount of
steam in the exit gas. This small amount of liguor
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 bunt at a much higher cost.

The advantage of the BGC-Lurgi slagger for eastern coals
is larger 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 harnd, it is claimed
that eastern coals are better for the BGC-Lurgi slagger than
western coals.

Cne problem with eastern ccal is its tendency to cake
and agglomerate. In the recent trials in Westfield this
proklem was succes?fg}ly overcome for a highly caking cozl
(Pittsburgh No. 8). Operation with this coal required 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
guantities does not result in a significant penalty for oxygen
requirements or thermal efficiency.

Solution to this problem reguires 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
cf 0.8 to bring them in line with DOE guidelines (Gulf Coast,
1977). ©No contingency and no special expanses 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
©0il 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 BGC-Lurgi slagger might be prefexrrable as it
simzlifies the overall plant, and eliminates the problems
associated with scrubbers.

The cost of the gas produced can be estimatved from the
Eirect investment costs in Tables 13 and 14. In engiuneering
estizates, almost all operating costs and other investment—
Trelatel charces are estimated by a factor multiplying the
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Table 14

Investment Comparison of BGC-Lurgi Slagger
to Drv Ash Lurgi Gasifier (Fastern Coal)

Dollars per Daily Million BTU (1977)

Coal Handling and Prep.

Gasifier, Including Coal
Feed and Ash Removal

Gas Cooling and
Waste uwoz+ Boiler

Gas Liguor Separation
Phenol Removal
Ammonia Removal
Waste Water Treatment
HZS Removal

‘Sulfur Plant

Oxvgen Plant

Steam Boiler +
Superheater (including
BFW preparation)

General Offsites

Total Direct Investment

BGC-Lurgi
Slagger Dry Ash Lurgi
With Gasifier With
Frances Ill. No. 6 Advantage
Coal Coal of Slagger
160 200 +40
270 520 +250
60 250 +190
30 70 +40
35 50 +15
30 65 +35
25 100 +75
50 80 +30
50 80 +30
360 430 +70
320 750 +430
200 250 +50
1590 2845 +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 including
the depreciation of investment, interest, construction, profits,
taxes and 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 o Cost of coal
per million BTU 1.28 per million BTU + $1.35
In the same way, the cost of gas (1977 ¢-llars) for the dry ash
Lurgi gasifier for western coal is given by,

Cost of coal
per million BTU

Cost of gas

per million BTU = 1.39 x

+ $1.92

For the dry ash Lurgi gasifier with eastern coal,

Cost of gas - Cost of coal ' |
per million 870 = 164 ¥ per million Brg * ¥2-4L

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 -

Cost of coal
per million BTU ~ -39 X + $2.67

per million BTU

The BGC-Lurgi slagger, for those coals for which it
operates, provides a clean industridl 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-Lurgl slagger becomes too
low, tar can condense and cause serious problems. This is
aggravated by high water content coals. Such coals might have
to be dried which could introduce problems with the strength of
the 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:

a. It provides a potential alternative for eastern
ccals if they cannot be processed by a BGC-Lurgi
slagger. :

b. It caa 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
conversion processes such as the BGC-Lurgi slagger.

d. It provides another reasonable economic comparison
to the BGC-Lurgi slaggex.

Table 15 gives two sets of data for the Texaco gasifier
reported in References 7 and 18. This table also includes data
for a commercially proven single stage entrained gasifisr.
Roppers-Totzek. The first case is rather optimistic since it
has coal slurried in a ratioc of 1 part of water to 2 parts of
dry coal. This may be limited to specific coals with special
grinding techniques. Both geonetric arguments and experience
with other systems indicate that a two peaked size distribution
of the coal is probably required. However, the oxygen recquire-
ment increases and the thermal efficiency decreases as the water
content rises as shown in Table 15. Figures 33a and k give
data from a simplified hypothetical gasifier calculation that
also illustrates these effects. 1In this simplified gasifier,
the methane reacts in the gasification zone and is reformed to
CO and H,. Tre 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.

L The cold gas thermal efficiency of the Koprers-Totzek
gasifier lies midway between the two Texaco cases in spite of
the fact that the coal converted in the Koppers-Totzek ig only
95%: _The.Texaco has an advantage over the Koppers-Totzek
gasifier in that it has a high net thermal efficiency and a

potentially mcre reliable feed system for high pressure
operation.
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Table 15

Texaco Gasifier versus Koppers~Totzek Gasifier

Texaco Texaco Koppers~Totzek
(I1l. #6) (I11. #6) (TVA Coal) -
Reference 6 18 17
Water to Dry Coal Ratio 0.5 0.85 0
Feed Slurry Slurry Dry
Pressure, psia 600 800 Atmospheric
lb Steam/mscf Syngés - - 12.7
scf Oxvgen/mscf Syngas 330 400 340
nz/co Ratio 0.68 0.87 ' 0.64
Cold Gas Thermal Efficiency, % 75 68 71
Net Thermal Efficiencv, % 72 ¢ 68 | 58
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Table 16 gives a comparison of estimated investments
regquired for the Texaco gasifier and the BGC-Lurgi slagger.
TwO estimates are given for the Texaco gasifier — one for an
optimistic water to coal ratio (Reference 7) and the cther 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 it is $550 ver
daily million BTU lower and for the other =829, & comrarison 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 = Cost of coal
per million BTU = 1+33 ¥ por mitlion myy * $1-82

for the optimistic case and,

Cost of gas  _ Cost of coal
per million BT - 1°%° ¥ por mitlien mry * $2-10

for the higher water content case.

Table 16 shows that the Texaco gasifier has advantages
over the BGC-Lurgi slagger (a) in the low gasifier cost because it
is a simpler unit, (b) in reguiring no waste water treatment,
and (c) in producing no phenol, oils and tars that reguire gas
liquor separation and tar removal. 2 smaller steam boiler is
required since the Texaco gasifier produces a large cquantity of
sensible heat. On the other hand, the heat recovery in the
waste heat boiler is 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 gquenched to a
temperature below the melting point of the slag, for example,
1600°F. Then the design of the heat. exchanger would not present
as much of a proklem. However, guenching the raw gas to 16007F -
shifts the quality of the steam produced so thaz too much low
pressure steam ‘and not enough high pressure steam is produced
to supply the 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 f£rom cuenching 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 gasification in the Texaco gasifier. The curve marked
smmmmee———- 15 for saturated steam and the curve marked = = — -
is for steam superheated to 1000°F. The vertical portions cf
these curves give the heat required to vaporize the water -and
left portions give the heat needed to raise the temperature of
the water to the beiling peint 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. AaAgain, this 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 F to solidify the molten.slag. The
quench has the effect of transferring the heat recoverable at
high temperatures to heat recoverabie at a much lower temperature
as shown by large amounts of heat recovered below 400 °F for the
curve for the gquenched raw gas. In order to exchange the heat
with the raw gas, a temperature differential of at least 100 F
is needed to keep the heat axchanger size reasonable. The
pcints along the unguenched raw gas curve lie to the right of
the corresponding heat values of the steam production curves.
Except for a very narrow region, all points are 2+ least 100°F to
the right. Thus, if the heat fxom the hot raw gas containing
molten siag could be recovered, sufficient heat is available to
prepare the oxygen for the gasification process. This is not true
of the guenched case since a substantial portion of the curve
——+—s-—e—lies to the left of the steam production curves and,
therefcore, there will not be enough heat a%f certain temperature
to prevare the amount of steam reguired by the oxvger plant.

The data in Table 16 clearly show that the advantages
of the BGC-Lurgi slagger over the Texaco are brought about, for
the most part, by the lower exit temperature of the exit gas. This
lower exit temperature requires a much smaller gas cooling and
waste heat recovery system in the slagger. 2lso, a smaller oxygen
p-ant is needed for the BGC-Lurgi slagger. The additioral oxygen
that the Texaco gasifier reguires goes in part to supplying the
heat for the higher exit temperaturs and part is used to convertc
the slurry water to steam in the gasifier. This slurry water is
the principle source of steam for the Texaco gacifier. 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 ver
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daily million BTU over the Texaco of 0.5 water to dry coal ratie.

As we noted in Table 15 and Figures 33a and 33b, the
oxygen requirements and thermal efficiency of the Texaco gasifier
strongly depend on the water content of the coal slurry fed to
the gasifier. For a coal of low BTU content per unit volume, the
gasifier would suffer a similar effect as it incresases the amount of
water that has to be evaporated and treated per unit of syngas.

We have no data for the dependencze 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
gasiiication of tars, oils, and fines obtained from other
gasification processes as Giscussed earlier. The addition of
one gasifier to a complex containing many other ‘gasifiers
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 gas and syngas gasifiers:

a) The gasifier should operate in the neighborhood of
point A established in P. 23of this report.

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

¢) 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.

Ir their present state of development, the fluid bed
gasifiers, Hygas, Snythone and Winkler, 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
of tars and fines, and, as experience with the Synthane gasifier
has shown, could gasify western coal without presenting caking
problems. In addition, such a fluid bed gasifier should be easier
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to operate and require less highly skilled personnel. Although
the fluid bed gasifier probably would not lead to less investment
than 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 reguired
conditions is close to operation.

A gasifier, which is under development, th?EOTight
satisfy the conditions is the Westinghouse gasifier shown in
Figure 35. However, no data were available to us on its
performance. :

An 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 welle-mixed
region with high velocity recirculation. 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 methare reforming are clearly shown.
Additional oxygen is used to provide for the higher exit gas
temperature, which further lowers the thermal efficiency, since
not all the energy used ir 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 metkane containing syngas is needed, and when methane
cannot be sold as fuel gas. In this case it is cheaper to reform
the methane in the gasifier thar 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 inte the bottom 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 O, content. If a
cold gas thermal efficiency of 80% could be ichieved, the
agglomerating single stage fluid bed gasifier wonld ke very
attractive for syngas processes requiring a gas containing less
than 3% methane.
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Flgure 35
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Let us look at some of the properties of current f£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 the major advantages of a fluidized bed -—
namely, good heat dispersal by rapid solid mixing. ILike 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 what 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
intrcduced into the bottom of the top bed when its temperature
is about 1400°F. However, the synthane pilot unit operates at
a nigh 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 the 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 been 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 Winkler gasifiers have this problem.

It was solved in the Winkler by introducing some oxygen near thne
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. Aalso, if the
gasification zone was operated sufficiently 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 agglomerat?f4?re removed through the feed
nozzle for the steam~oxygen mixture « It is well known that
solié removal from a reactor must be independently adjustable
and must not be strongly dependent on particle size distribution:
‘otherwise, it will cause difFicult 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 £luid bed gasifier
has the best potential to become the versatile workhorse of the
industry. It would have to overccme first severali development
problems, the most critical of which is an agglomerating bottom
zone that permits high conversion. BHowever, 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 oiffers
the lowest cost and most efficient operation if low H., to CO ratio
gases can be used and if the desired coal can be gasi%ied in it.
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XV. The Use of External'shift with Low Hz 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, to CO ratio greater
than two. On the other hand, some syngag conversion processes
can produce high quality transportation fuels from synthesis
gas with much lower ratios of E, to CO. The slurry Fischer-
Tropsch conversion process requires 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 (H, fo CO ratioc near 0.5). While the dimethylether
process reguires some additional shift, the production of
methanol and the SASOL-type Fischer-Tropsch require considerable
additional shift. The question then arises as to whether or not
the advantages obtained by. the use of low H, to CO ratio
gasifiers disappear when an external shift reactor is employed
with the low H, to CO ratio gasifier to obtain high H, to CO
ratio syngases. The answer is that for many cases colisiderable
advantages can remain while others are approikximately a break-
even proposition. .

The differences in steam requirement will serve to
illustrate the situation. The two dry ash Lurgi gasifiers of
Table 9 will 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 B, to CO ratic 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 1lbs steam
‘per 1k of dry ash-free coal while the westarn coal requires only
1.6 lbs of steam per 1lb of dry ash-free coal.

On the other hand, the BGC-Lurgl siagger produces a
syngas with a H, to CO.ratio of 0.5 and regquires only 0.35 lbs
of steam per 1lb"of coal. The amount of steam required to shift
the syngas to a ratio of 2.1 is 0.85 lbs steam per 1b of dry ash-
free coal; and to a ratio of 2.6, 1.0 lbs of steam per 1lb 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 H,/CO ratio of 2.6 requires 1.35 1lbs of steam per 1b of coal
for“a BGC-~ILurgli slagger plus external shift reaction while the
dry ash Lurgi gasifier requires 2.6 lbs of steam per 1b of coal
for eastern coal. This represents corsiderable savings. On
the other hand, for the more reactive western cozl, the situation
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is more nearly even: 1.2 ibs steam vs. 1.6 lbs of steam per 1b
of coal. Thus, the situation needs to be determined on an
individual basis.
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Table 18

Effect of Use of External shift with ILow H_./CO Ratio Gasifiers

Gasifier

Steam Required
ib/1lb DAF Coal

Eastern Coal

brxy ash Lurgi

BGC-
Lurgi Slacger

Western Coal

Dry Ashk Lurci

BGC~-
Lurgl Slagger

H,/c0
(-2

2.6

0.5

0.5

2.6

0.35

0.35
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Steam Regquired
1b/1b DaF Coal

0.85

Total Steam
Required
to Produce
HZ/CO of

Bry 2Ash Lurgi

2.6

1.35



XVi. Summary, Conclusions and Recommendations

The operability of a gasifier ic 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. Nevertheless, 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 requireé. The
examinaticn of the basic stoichiometric, thermal, equilibrium
and kinetic constraints that apply to all gasifiers (Section IIT
to VII) showsthat the most thermally efficient operaticns 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 tﬁe best utilizatiocn of the steam. However,
the thermal efficiency will be decreased if the low steam to
oxXygen ratios are obtained by feeding excess amounts of oxygen
to the gasifier so th2t the temperature of the exit gas beccmes
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 nigh 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 prometing direct
methane formation from the carbon of the coal (Section VIII and
Figures 25c-e) even though simple stoichiometric considerations
indicate a higher efficiency (Section IIT). The high excess
steam requirements imposed by equilibrium coastraints are
responsible for this decrease in thermal efficizncy. On the
other hand, 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 leads to a decrease in thermal effiéiency {Section X
and Figure 28). Thus gasifiers with a good devolatilization
zZone are more thermally efficient.
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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 steam for
eastern coals with the dry ash Lurgi gasifier.

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

There are syngas conversion processes that can use the
low E, to CO syngas with little or no further shift. The
slurry Fischer~Tropsch typically can use a ratic of 0.6 and the
production of dimethylether for conversion tc gasoline by the
¥Mokil process can use as low a ratio as unity. For processes,
such as conversion to methanocl ané SASOL Fischer-Tropsch,
considerably higher ratios are required. In many cases this
can be most efficiently and cost effectively supplied Ly the
thermally efficient low H,/CC 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 Lurgi gasifier.
The H, to CO and steam to oxygen ratios of this gasifier are about
0.5 and 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 a2 multi-staged fluid
bed gasifier could be develcped which operates at low H, to CO and
steam to oxygen ratios required by the basic concepts. “However,
a better.conceptual design with considerably further development
is required before the multi-staged fluid bed gasifier is ready
for large-scale pilot plant tests and commercialization.
Potentially such a gasifier could operate orn coals not well

. suited for the BGC-ILurgi slagging gasifier.

For syngas containing no methane, the Texace gasifier
closely approaches the basic requirements but has a high oxvgen
‘darard that reduces its thermal efficiency and increases the
cost over that of gasifiers such as the BGC-~Lurgi slagger.




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 slagger must be shown =0 be scalable %o ccmmercial
size and to be operable for long periods of time. The range of
coals for which it can be used needs to be established. The
development of other gasifiers such as multi-staged £luid 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 TEERMAL

EFFICIENCY CALCULATION
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III.

Objective

To calculate gasifier thermal efficiency in a realistic
ané consistent way.

Process Scheme Cuideline

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 preccess schemes were thus set
up for this purpcse. Depending on the raw gas pressure
after its cooling, two schemes were constructed:

Case 1A - Low and Medium Pressure Gasifier, (Raw Gas Pressure
After Cooling <460 psiaj.

Case 1B - High Pressure Gasifier (Raw Gas
Pressure After Cooling 2460 psia).

These schemes are given as Figures A-1 and 2-2. The
important points incorporated into these schenmes are:

l. Oxygen is available at 1 ATM and 100 °F.
2. Clean gas at 4C0 psia and 100°F is the final product.

3. It takes 60 psia pressure drop to érive the raw aas
through the purification stage.

4. PFor clean gas at a pressure higher than 400-psia,
energy is recovered by heating the gas to 320°F and
then expanding it tc 400 psia in a2 single stage
expander.

Thermal Energy Calculation Guidelines

To reflect a realistic thermal energy content for all
input-output streams, the following guidelines were given for
their calcuvlaticens.

l. Chemical energy from coal, syn gas, tar, and cther

chemicals ——use low heating value (LIV) at 77°F,
1 ATM. .

2. Eigh sensible heat.— heat above 700°F for cutput
streams and 600°F for inout streams.



Low sensible heat in output streams — all heat between
350 to 700°F, including heat of condensation. Multi-
ply this heat 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 gquenching. For the present
purpose, assume that the recycled water temperature
is 50°F below the dew point. If this dew point is
above 350°F, go to Item 3 to calculate the amount of
low sensible heat.

Thermal enérgy used in producing oxygen at 1 ATM
170 BTU (LHV fuel) per SCF oxygen.

State of oxygen for gasifier (if not given) — same
pressure as the pressure at which the steam is
delivered to the gasifier, and the temperature as the
discharge temperature f£rom the oxygen COMpressoer.
Compression work ——
e Calculate the theoretical wark required by
limiting compression ratio at each stage
at < . 3.

® Calculate the fuel BTU 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.

Thermal Energy for steam —

® Calculate the maximum work exXtractable £from
isentropic expansion of the steam &o 2 psia.

® Calculate the fuel BTU from the useful work
using 37% efficiency.




10. Thermal energy from expansion 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 gas by expanding it to 400 psia in a single
state expander.

¢ Calculate the thermal enezgy in fuvel equivalent
basis from this work using 37% efficiency.

1l. HNHormalize the heat loss to 0.5% of the net coal LHV
feed.

12, No utility consumption for raw gas purificaticn is
accounted for.

The treatment in Item 9 provides one way of differentiating the

steams of cifferent quality. Item 10 gives the minimum work
recoverable from the gas expansion.

Iv. Definition of Three Thermal Efficiencies

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

LEV Clean Gas

Clean Gas Eff. = Net Coal Luv

= LEV (Clearn Gas + Naphtha + 0il)
Clean Fuel Eff. = et Coal TV

Net pff. = 2All energy Output (1) _ impurity LEV -~ 211 energy input(l)
T Net Coal LHV

where net ccal LEV = LEV coal - LEV (Chaxr + Tar + Phenol).

(1} Excluding recycle streams: at exit state.
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APPENDIX B

SUMMARY OF DATA FROM

GASTIFICATION CATCULATIONS




Unless specified otherwise, the following basis and
conditions were used in all calculations,

100 1lbs of raw coal or char
steam and oxygen at 700°F
gasifier pressure at 400 psia
no methane made other than from devolatilization

Also, only two types of coal were used. AR 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 508 fixed carbon, 10% volatile material,
and 30% moisture. Tor boith coals, the volatile material is
approximated by methane and accounts for 25% of the coal LHV.

The cases with kinetic constraints were calculated with
all the gasification reactions at equilibrium except for the
carkon-steam reaction which is given by pseudo~equilibrium
cornditions in which the pseudo-equilibrium corstant is a fraction
of the actual equilibrium constant. This fraction is 0.1 urless
it is specified otherwise. '

-

Z. Model 1 Gasifier (Single Staged, Adiabatic and Cempletely
Mixed) with the Approximate Fasterr and Western Coals

Tables B-I~-1 and -2 show the cases with th ilibri
j § e
constraint for the approximate eastern and western coafg?lllbrlum

respectively. The similar cases with the kinetic constraint
were given in Tables B-I-3 and 4. Table B-I-4 also includes a

case at 0.63 steam/oxygen ratio in which the methane formed
during devolatilizaticn is reformed further during gasificaticn.

IXI. Isothermal Indirectly Feated Gasifier with Ecuilibrium Constaint

Cases with and without methane formation were calculated.
They are given in Tzbles B~-II-1l and -2, respectively.
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Table B-II-1

Isothermal Indirectly Heated Char Gasifier,

rium Constraint with Methane Formation
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Table B~II-2

Isothermal Indirectly Heated Char Gasifier,
Equilibrium Constraint Without Methane Formation
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III. Model 1l Char Gasifier with Equilibrium Constraint

Cases with and without methane formation were calculated.
They are given in Tahkles B-IIX-} and -2, respectively.

IV. Model 2 Gasifier

, Tables B~IV-1l and -2 include the cases vsing the
approximate eastern and western coals, respectively. In the
gasification zone, the kinetic constridints on the steam~carbon
reaction was assumed. The calculations to simulate the equili-
brium methane made in the gasificatior. zone at the zone tempera-
ture of 1600, 1800 , and 2000 F are summarized in Table B-IV-3,
Takle B-IV~-4 gives the cases using the approximate eastern coal
with eguilibrium constraint in the gasification zone.

Ve 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 zonme.

vVI. Model 1 and Model 2 Gasifier Using Approximate Western
Coal with an Additional 15% (wt) Volatile Material as
Carbon Monoxide

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

VII. Simulated Texaco Gasifier with Various Coal Slurry
Compositions '

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 B-VII-1.
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Gasifiers

Reference Indexes

(a)

Insufficient
(b) Data for
Analysis Done Analysis
Battelle/Carbide - 9.,11,12,19,24,
33
Dry Ash Lurgi 1(2),4,17,26,42 9,10,12,14,19,
20,21,27,28,29
Texaco 45,58 -
Fluidized Bed
- 5,5,21,44(32,56 6,9,10,12,13
Synthane 5,5,21, ' 13,i9,§1,§6,37,43
IGT_U-GaS l 9:17119'34135'36
IGT-Hygas 38,54,E5 9,11,13,14,19,
36,37,39,40,43
Winklexr 52 ©,15.19
Bi-Ga.S, High PJ‘.‘ES. 3'3'21923 9,11'14;19;20)
37,43
Med. Pres. 17,25,45(2) 8
Others - 13,15
Combustion Encgrg. 1 9,11,14,19,22,
36,37,39.,40
Koppercs-Totzek 26 41,50

(a) In quoting the references given in this Appendix, the reference
indexes will be preceded by a capital lettexr "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 donme.




10.
1l.
i2.

13.

14.

PB 237-694, June 1974.

References on Gasifier Information

Kimmel, S., E. W. Neben, and G. E. Pack, "Econocmics of
Current and Advanced Gasification Processes for Fuel Gas
Production,” 'Fluor Eagineers and Constructors, Inc., EPRI
AF~244, July 1976,

Jones, C. H., and J. M. Donohue, "Comparative Evaluation of
High and Low Temperature Gas Cleaning for Coal Gasification -
Combined Cycle Power Systems,” Stone & Webster Engineering

"Preriminary Economic Analysis of BCR Bi-Gas Plant Producing
250 Million SCFD High-BTU Gas from Two Coal Seams: Montana
and Western Kentucky," Bureau of Mines, Morgantown, W. Virginia,

"Preliminary Economic Analysis of Lurgi Plant Producing 250
Million SCFD Gas from New Mexico Coal," Bureau of Mines,
Morgantown, W. Virginia, ERDA 76-57, March 1976.

"Preliminary Economic Analysis of Synthane Plant Producing
250 Million SCFD High-BTU Gas from Two Coal Seams: Wyodak
and Pittsburgh,” Bureau of Mines, Morgantown, W. Virginia,
ERDA 76-59, March 1976.

Kalfadelis, C. D., and E. M. Magee, "Evaluation of Pollution
Control in Fossil Fuel Conversion Processes. Gasification,
Section I: Synthane Process," Esso Research & Engineering
Co., PB 237-113, June 1974.

Shaw, H., and E. M. Magee, ibid., Section I: Lurgi Process,"
Jahnig, C. E., ibid., Section 5: Bi-Gas Process, PB 243-694,
May 1987S. :

"Handbook of Gasifiers and Gas Treatment Systems," Dzavo
Corp., FE-1772-11, February 1976.

Fourth Synthetic Pipeline Gas Symposium, Chicago, 1972,
Fifth Synthetic Pipeline Gas Symposium, Chicago, 1973.
Sixth Synthetic Pipelire Gas Symposium, Chicago, 1974.
Seventh Synthetic Pipeline Gas Symposium, Chicago, 1975.
Clark, C. F., et al., "Evaluation of Processes for the
Ligquefaction and Gasification of Sclid Fossil Fuels,

Volume XZ: Coal Mining and Conversion," Stanford Research
Institute, January 1975 (Client Private).
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15.

ls.

17.

18.

19.

20.
21.

22.

23.

24.

26.

27.

28.

29.

30.

Symposium Proceedings: "“Environmental Aspects of Fuel
Conversion Technology, II," EPA, PB-257-182, December 1975.

"Trials of American Coals in a Lurgi Gasifier at Westfield,
Scotland,” Woodull-Duckham Ltd., England, FE-105, November 1974,

"Economics of Air vs O, Pressure Gasification of Coal," Fluor
Engineers & Constructors, Inc., PB-242-595, Januaryv 1975,

Ricketts, T. S., "The Operation of the Westfield Lurgi Plant and

the High-Pressure Grid System,"” I.G.E. Journal, . 563,
October 1963. -

Howard-smith, I., and G. J. Werner, "Coal Conversion Technology,"
Noyes Data Corp., 1976. .

Clean Fuels from Coal Symposium, IGT, September 1973.°

Detman, R., "Factored Estimates for Western Coal Commercial
Concepts," C. F. Braun & Co., FE 2240-5, October 1976.

Patterson, R. C., "The Combustion Engineering Cecal Gasificatin

Program,” Combustion, p. 28, May 1976.

O'Hara, J. B., et al.,'“OiI/Gas Complex, Conceptual Design/
Economic Analysis, 0il and SNG Production,”™ Ralph M. Parsons
Co., FE-1775-8, Xacch 1977. .

Private Communication, Scientific Design Co.

"Fischer-Tropsch Complex, Conceptual Design/Economic Analysis,"
Ralph M. Parsons Ceo., FE-1775-7, January 1977.

Waitzman, D. A., et al., "Evaluation of Intermediate-Btu
Coal Gasification Systems for Retrofitting Power Plants,®
TVA, EPRI AF=-531, Avgust 1977.

"Detailed Environmental Analysis Concerning a Proposed Coal
Gasification Plant for Wesco Project,” before FPC, Battelle
Columbus Lab, Docket No. CP73-212, February 1, 1973.

"Amended Application for Certificate of Public Convenience
and Necessity and Hearing Exhibits for Wesco Project," before

"Additional Prepared Direct Testimony and Exhibits for ANG
Project,™ before FPC, Docket No. CP75-278, 1977.

"El Paso Natural Gas Company Burnham I Coal Gasification
Complex," Stearns-Roger, Inc., October 1973.
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31. "Report for Gasifier Run 1-T," Synthane Pilot Plant, Lummus
Co., January 1977.

32. "Report for Gasifier Run 1-DB-o0," Synthane Pilot Plant,
Lummues Co., October 1977.

33. T"Evaluation of the Battelle Agglomerating Ash Burner Eigh
Btu Coal Gasification Process," ERD2 Subcontract No. 7240,

Scientific Design Co., 1977.

34. Jahnig, C. E., "Evaluation of Pollution Control in Fossil
Fuel Conversion Processes. Gasification, Section 7: U=-Gas
Process," Exxon Resedrch & Engineering Corp., PB-247-226,
Septembexr 1975. )

35. Patel, J. G., Burnham, ¥X. B., and Loeding, J. W., fThe IGT U~-Gas
Process - An Economic Analysis," Symposium on Comparative Economics
for Synfuels Processing,. 171st ACS Meeting, New York, April 1976.

36. Clean Puel from Coal Symposium II, IGT, June 1975.

37. Synthetic Gas-Coal Task Force, "Final Report, The Supply-Technical
Advisory Task Force - Synthetic Gas-Coal", April 1873, ,

38. "Preliminary Economic Analysis of IGT Hvgas Plant Producing 250
Million SCPFD High-BTU Gas from Two Coal Seams: Montana & Pittsburgh.”
Bureau of Mines, Morgantown, W. Virginia, ERDA 76-47, March 1976.

39. Jahnig, C. E., "Evaluation of Pollution Control in Fossil
Fuel Conversion Processes. Gasification, Section 6. Hygas
Process,” Exxon Research & Engineering Corp., PB-247-225,
August 1975.

40. Symposium on Technologv and Use of Lignite, GFERC/IC-75/2,
. May 1975.

41. "The Shell-Koppers Coal Gasification Process," Three Memoranda
from Shell Internationale Research Maatschappij B. V., May 1977.

42. Schreiner; M., et al., “Résearch Guidance Studies to Assess
Gasoline from Coal by Methanol-to-Gasoline and SASOL-Type

Fischer-Tropsch Technologies,” Mobil Research & Development
Corp., FE-2447-13, August 1978B.

43. Eighth Synthetic Pipeline Gas Symposium, Chicago, 1976.

44. Weiss, A. J., "The Synthane Process, A Technical and Economic
Assessnment," C-E Lummus, C00-0003~18, December 1977.
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45. Chandra, K., et al., "Economic Studies of Coal Gasification
for Combined Cvcle Systems for Electric Power Generation,”
Fluor Engineers and Constructors, Inc., EPRI AF-642, January
1978.

46. "Pipeline Gas £rom Coal-Hvdrogenation (IGT Hydorgasification
Process) ," Project 8907 Final Report, FE-1221-145, IGT,
October 1976.

47. "Pipeline Gas from Coal~Hydrogenation (IGT Hydrogasification
Process) ," Project 9000 Quarterly Report No. 4, FE-2434-16,
IGT, October 1977.

48. "Pipeline Gas from Coal-Hydrcgenation (IGT Hydrogasification
Process) ,"” Project 9000 Monthly Status Report for August
1977, ¥PE-2434-18, IGT, Octobher 1977.

49. Ellman, R. C., et al., "Current Status of Studies in Slagging
Fixed-Bed Gasification at the Grand Forks Energy Research
Center," Paper presented at the 1977 Lignite Symposium,

May 1977.

50. van del Burgt, M. J., and H. J. Kraayveld, "Technical and
Economic Prospects of the Shall-Koppers Coal Gasification
Process," Paper presented at 195th ACS National Meeting,
Anaheim, Ca., Industiral & Engineering Division, March 1978.

51. "Reports on Runs TSP 001-002-003-004," (Westfield Slagger).
British Gas Corporation, October-November 1977.

52. Jahnig, C. E., "Evaluation of Pollution Control in Fossil
Fuel Conversion Processes. Gasification, Section 8:
Winkler Process, Exxon Research & Engineering Corp., PB-249-
846, September 1975.

. 53. "Quarterly Technical Progress Report, April~-June, 1977,"
: Grand Forks Energy Research Center, N. Dakota, August 1977.

54. "Pipeline Gas from Coal-Hydrogenation (IGT Hydrogasification
Process) ," Project 9000 Monthly Status Report for October
1977, FE-2434-21, IGT, December 1977.

55. Bair, W. G., "Status of Hygas Program,” 9th Synthetic Pipeline
Gas Symposium, October 1977.

56. "Test Data from Synthane PDU, Text No. 232 (June 1976)
and 307 (June 1977) ,” Pittsburgh Energy Research Center,
Bruceton, Pa.



57.

58.

"Test Data on Run TSP 13 {Pitt. No. 8 Coal)" (Westfield Slagger),
British Gas Corp., June, 1978.

"Economic Feasibility Study, Fuel Grade Methanol from Coal,"
DuPont Co., ERDA Report 1976.
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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 Institute

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 discussion with EPRI personnel,
Drs. A. Gluckman and Nolt and others, contains the following
highlights:

1. They supplied us a recent report comparing
a Modified Texaco Gasifier to a BGC=ILurgi Slagger
and a Combustion Engineering Gasifier for the
purpose of combined.cycle power generation.

2. The heat recovery f£rom 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. Ruo visited PERC .
(Pittsburgh Energy Research Center) at Bruceton, Pennsvlivania
on February 2, 1978. Their discussion with PERC personnel,
W. P. Haynes and J. P. Starkey, on the subject of the Synthane

- Gasifier covered the following highlights:

1. 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. .

2. The Synthane Gasifier has the advantages of
stabkle operation, no tar and low phencl
formation. 1It, however, has the disadvantages
of low conversion, low gas linear velocity,
high steam and oxygen consumption, and the
requirement for pretreating the caking coals.

3. The Synthane Pilot Plant is designed for
600-1000 psia operation; while 300-400 psia is
probably more optimal for Mobil's processes.

PDU data at 300 psia show higher conversion,
higher H, + CO selectivity., but lower throughput
and higher tar yield. To run the pilot plant
at 300-400 psia would probably reguire
modifications.

- E1 -
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4. One of the major problems in the Synthane Pilot
Plant operation is clinker formation. To
Prevent its formaticn, 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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APPENDIX F

ESTIMATION OF PRODUCT COST BASED ON DIRECT INVESTMENT COST

-£3-~



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 witk 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 investmen: and
taxes. This factor changes with the method of financing and
the return of investment required. It should alsc change with
the type of process, as different processes have different
requirements for maintenance and operating personnel. While
the estimates made by large engineering companies claim tohave done
that the end results are remarkably similar for different.
processes. We give in Table F-1 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 togal
number of units produced.

The direct investment cost used here is obtained by
tazking 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-1

Estinates of Total Cost

Based on Direct Investment Cost

Case

Fuel Gas from
BGC-Lurgi Slagger
(Reference 21)

Combined Cycle
Power ‘Plant
Based on Texaco
Gasifier
(Reference 19)

Frel Gas from

Dry Ash

Lurgi Gasifier
{Reference 12)

Coal Fired
Boiler with
Stack Gas
Scrubber
{(Reference 7)

* By-product value

Direct
Investment
Upit Usned Per Unit
1 MMBTU 0.234
KW 0.052
— 0054
KWH 0.51

subtracted f£rom coal cost.

*T.3. COVERMNIXT PAINTIRG OFFICE 3 1979 O-620-097/2202

“Total Cost’
Per Unit
Excluding Coal*

1.31

Col.4
COL. 3

5.6

5.4

5.8
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