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I. EXxecutive Summary and Introduction

Our extensive coal reserve will be needed in the futnre
to prepare high quality transportation fuels (for exanple,
gasoline, diesel fuel and methanol}. In order to insure that
our limited technical, financial and construction resources are
used to the best advantage, the most cost effective and thermally
wost efficient processes must be identified and used.. There.are +twe
‘pPrinciple roiutes £6r converting coal to high quality transportation
fuels. One method is +o gasify the coal to obtain synthesis gas,
which is a mixture of H> and CO. This synthesis gas can then be
converted to high quality ligquid fuels by a number of conversion
processes. The other is to preserve the molecular structure of
the coal as much as possible whiie hydrogenating the coal and
relucing the molecular weight of the coal components.

In a previous paper (Reference 1}, it was shown that the
indirect route via gasification and synthesis provides a very
promising route for high grade fuels, both for the near range
and for the long range. The gasifiers and the associated offsites
that produce the synthesis gas are a large part of the cost of a
complex to produce high quality transportation fuels. The thermal
efficiency of this gasification step is also a large contribution
to the overall thermal efficiency of the complex. To fully utilize
the advantages of this route, it is important to develop better
gasifiers and to match the synthesis processes such that they take
full advantage of such a gasifier. The objective of this study
was to evaluate which of the gasifiers Presently under development
could meet this goal. This cbjective is to be accomplished by the
use of open literature data on gasifiers and by a study of data
from pilot plants currently in development stage.

This study shows that synthesis gas at the lower ratios
of Hy to CO and steam to oxygen has inherent thermal efficiency
advantages which arise from basic scientific and engineering
principles. Gasifiers that can be made to operate consistent with

. these principles have a substantial cose advantage. The cost
advantages are demonstrated in this study by a differential economic
analysis that is essentially independent of the absolute values
of the cost basis.

The British Gas Corporation-Lurgi slagging gasifier, which
is presently close to commercialization, conforms closely to the
basic requirement and potentially could produce syngas at a low
production cost relative to other gasifiers such as the dry ash
Lurgi gagsifier. The Hy 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.
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There is considerable evidence from the data obtained
from fluid bed gasifier pilot plants that a multi-staged fluid bed
gasifier could be developed which operates at low Hp to CO
and steam to oxygen ratios reguired by the basic concepts. How-
ever, a better conceptual design and considerably further develop~
ing is required before the multi-staged fluid bed gasifier is
ready for large-scale pilot plant tests and commercialization.
Potentlally such a gasifier could operate On coals not.well suited
for “the 5GC4Lurg1 slagding gasifier.

For a gasifier to attain the full cost advantage of
the concepts outlined in this report, maximum recovery of the
volatile matters contained in the coal is needed. The amount
of oxvgen used to combust the coal in order to heat all the
reactants to the gasification temperature must also be minimized.
This reguires a low gasifier exit temperature, and therefore, a
counter-current flow scheme in which the feed coal exchanges heat
with the hot product gas. This scheme will lead o a co-production
of methane obtained from coal devolatilization.

If a syngas containing no methane is required, the
Texaco gasifier is the best choice at the present. It closely
approaches the basic requirement but has a high oxygen demand
and high exit temperature that lead to a reduced thermal effi-
ciency and an increased cost over gasifiers such as the BGC-Lurgi
slagger. The water content in the cozlslurry feed of a Texaco
gasifier, however, greatly affects the thermal efficiency. For
coals that can be slurried with low amounts of water it achieves
a thermal efficiency close to that of a dry ash Luxrgi gasifier with
Western coal. The investment cost of the Texaco gasifier with
such a coal is higher than that of a BGC-Lurgi slagger and
approximately the same as that of a dry ash Lurgi gasifier with
waestern coal. The thermal efficiency of the Texaco gasifier is
higher and its investment cost is lower when compared to the
dry ash Lurgl gasifier using eastern coals. This is because the
dry ash Lurgi gasifier has large cost and thermal efficiency
penalties when operating with these less reactive coals as
compared to with western coals. On the other hand, the BGC-Lurgi
slagger can convert some eastern coals without these penalties
and therefore still has a significant advantage over the Texaco
gasifier for such coals.

The low Hz to CO ratio gasifiers have to be matched
with syngas conversion processes that use such low ratios. If
the syngas conversion process cannot use low H2 to CO ratio
gases, the gas has to undergo further reaction of the CO with
steam (water—-gas shift reaction)} in an external reactor to produce
additional E,. For example, conversion of syngas to methanol
requires a HZ to CO ratioc of at least 2. In many cases external
shift of low Hs to CO ratio syngas is more cost effective than
producing high B, to CO ratios in a single gasifier vessel
because the c0nd§tions can be chosen for the external shift to
be more efficient and cost effective. On the other hand, a number
of syngas conversion processes produce high guality fuels from
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low Hy to CO ratio syngases requiring little or no additonal
shift from the 0.5 H2/CO ratio obtained from the high efficiency
gasifiers. The slurry Fischer-Tropsch syngas conversion process
Operates with a H2 to CO ratio of 0.6. A ratio of unity can be
used to produce dimethylether which can be converted to high
octane gasoline by a Mobil process.

- " The gasiiiers'that conform €o tne basic requirements
developed in this study also provide the thermally most efficient
and lowest cost route to the production of clean industrial fuel
gas (medium BTU gas). One might envision a central gasification
plant for supplying both medium BTU fuel gas for industrial use
and syngas to0 a concentration of Detrochemical complexes for
Preparation of transportation fuels all within a radius of 20
miles of each other. Such medium BTU fuel gas can be substituted
by many industries for natural gas or oil with only minimum
modification of the boiler or furnace. It is clean burning and
provides an attractive route tc substitute coal for oil and gas
in many industrial applications where local concentration of
industries justifies a central generxation plant. The BGC-Lurgi
slagger as well as a properly developed fluid bed gasifier
discussed in the report could reduce the cost of fuel gas by
about 30% over presently available commercial gasifiers. They
could also reduce the cost of high grade synthetic ligquid fuels
by 20-30%. Reference 1 indicated that the co~production of SNG
and iiquid fuels using an advanced indirect liquefaction process
under development by Mobil could co-produce SNG and gasoline
cheaper and thermally more efficient than eXisting SNG processes.
The results of this study confirm that the estimates given there
for the gasifier are realizable.

These two promising potential applications, cheap clean
industrial fuel on the one side and a thermally efficient and
cheap indirect liquefaction process on the other, are strong
incentives foragaressive development and commercialization of such
gasifiers. The BGC-Lurgi slagger must be shown to be scalable
Lo commercial size and to be operable for long periods of time.
The range of coal 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 gquality clean
transportation fuels as well as clean industrial fuel gas.



II. Technical Overview

Two kinds of considerations are involved in the design
and operation of gasifiers. One is the basic scientific and
process engineering principles that underlie the gasification
process and the other is the mechanical aspects that determine
whether a practical device can be. constructed to implement these
principlés. The device must be scalable to a sufficiently large
size to be practical and must operate reliably with an acceptable
stream factor. Much of this study is concerned with the guidance
that can be obtained from scientific and process engineering
principles as to what kind of gasifier will be most thermally
efficient if an appropriate mechanical embodiment can be
developed. For gasifiers constructed according to sound and
reasonable engineering principles, there is a close correlation
between thermal efficiency and costs — the more efficient is
the gasification process, the less the cost. Thus, a search Ffor
the most efficient gasifier should result in also detérmining
the one that has the potential of producing gas at the lowest cost.

The major sources of decreased thermal efficiency in
gasifiers are energy losses caused by: -

L3

l. high steam demand and excess steam in product gas,

2. heating and cooling of process streams,

3. gas compression,

4. high oxygen demand in high temperéture operations, and
5. production of tars and other undesirable products.

The steam reguirement is often a dominant factor in determining

the thermal efficiency of a gasifier. This is illustrated in

Figure 1, which shows that the amount of excess steam in the product
gas correlates with the efficiencies of actual gasifiers producing
syngas at 400 psia. When the H3/CO ratiosof the gasifiers in

Figure 1l are examined, it is found that low H/CO ratios occur in
the gasifiers at the left-hand and high thermal efficiency end

of the correlation line in Figure l. There are basic stoichio-
metric and thermodynamic reasons why this correlation exists.

This can be seen by examining the reactions of carbon
with steam and oxygen to produce €O, CO2 and Hy. It is sufficient

to consider only tke ‘four reactions,

C + %. 02 —> €O AH= -26.36 (1;
C + 02 ——> CO2 AB= -94.14 (23
C + H30 ——> CO + Hp A= 32,23 (3
C + 2Hp0 —> COp + 2Hg AE= 23,08 (4

-4 -
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Other reactions of interest, such as COp + C —>2CO and

<0 + H20 —> CO2 + Hy, can be derived from these four reactions.
In fact, each of the above four reactions can be derived from
the other three. The heats of reaction ( AH kcal/mole at 700°F)
are given to the right of the stoichiometric equations. Depending
upon the particular combination of these four reactions that are
taking place-under- & glven-conditlon, the amount of-carbom, - - -
oxygen and steam that react together will vary and the product
gas produced will also vary in composition. The amcunt of
variation in the relative proportional of the reactant carbon,
oxygen and steam is limited as shown in the triangular diagram
of Figure 2. This diagram shows all possible fractional composi-
tions of a mixture of carbon, oxygen and steam. The allowable
combination given by the set of reactions {1} to (4) is confined
to the outlined area of Figure 2. For example, point X tells

us that 50 molecules of carbon, 20 molecules of oxygen and 30
molecules of steam could completely react away {no equilibrium
constraints} to CO, CO3 and Hy while point Y which veacts 67
molecules of carbon, with 20 molecules of oxygen and 13 moleculés
of steam cannot all react away to CO, COs and H, (too much carbon
to satisfy any combination of the reactions of (1) to (4)}.

In adiabatic gasifiers, the exothermic reactions of
carbon with oxygen (reactions (1} and (2) Jare used to supply
heat to the endothermic reactions of carbon with steam (reactions
(37 and (4)). The exact balancing between the heat released by
reactions (1} and (2) and the heat absorbed by reactions (3} and
(4} required for adiabatic operation further constrains the pos-—
sible combination of carbon, oxygen, and steam to lie on the
line AB of Figure 2. To the left of the line AB too much heat
is generated and to the right too little. Since the product gas
of a real gasifier is usually hotter than its feeds, its point
usually lies to the left of the line 2AB.

How the number of moles of steam and oxygen needed to
convert one mole of carbon changes as wz move along the line AB
is shown in Figure 3. The amount of cxygen reguired decreases
somewhat on going from A to'B, but the amount of steam regquired
increases sharprly. The ratio of steam to oxygen is a convenient
variahle in discussing gasifiers. The variation of this ratio
along AB is shown in Figure 4. The composition of the product
gas also varies as we move along AB. The H,/CO ratio varies from
0.45 at point A to ® (no CO} at point B .as ghown in Figure 5.

There is energy consumed in the practical producticn
of the oxygen and steam needed in the carbon conversion process
defined by line AB. The loss in thermal efficiency resulting
from these energy requirements is shown in Figure 6 as a function
of steam to oxygen ratio. In Fiqure 6, the thermal efficiency
loss has been decomposed into the two major parts—— one due
to the production of oxygen at 400 psia and 700°F and the other
due to the production of steam at 400 psia and 700°F. The con-
clusion is clear——the variation in thermal efficiency in
carbon conversion is dominated by the steam requirement with low

-6 -



4

..zo:<E~_o"_ INVHIIW LNOHLIM)
: SNOILDV3Y NOILYDI4ISYD
zoﬁz_«.z._mmzou\ézu_,_maz.q u_z_”._s_o_:o_o:cum:

¢ 2.nbyy

wes)s puy UsbAxQ ssaaxy

Jujesjsuo) £biauz jufenisuo)

dH1BWoldI0)S

UoQIE) $599X3




5 r

Moles Per Male Carbon Consumed

Steam Required

Oxygen Required

5
[=]
E
=
2
b3
L
E
S
w
0 1 i 1 —1
10 “T T { I
3 L 4
5 6F -
(=
=
(=]
2
\Nd_ i
=
2r -
0 2 2 | —L
0 .2 A .6 .3 1

Fractional Distance From A to B

Figure 3
STEAM AND OXYGEN REQUIREMENT

] WITH STOICHIOMETRIC AND

ENERGY CONSTRAINTS

Figure 4

STEAM / OXYGEN RATIO WITH
STOICHIDMETRIC AND
ENERGY CONSTRAINTS

Figure 5

Hy 1 CO RATIO WITH
STOICHOMETRIC AND
ENERGY CONSTRAINTS



Net Thermal Efficlency (%)

Excess Steam In Product Gas (LbIMSCF Syn Gas)

Net Thermal Efficlency {%)

100

%0

10

3

10

(=]

J L] n ] T
i

Loss Due to Preparation of Oxygen

e —— -
s —
—
-—"—

Loss Due to Preparation of Steam

Net Efficency

Figure 6

NET THERMAL EFFICIENCY
WITH STOICHOMETRIC

-+ AND ENERGY.CONSTRAINTS. .. . .. . . . ..

Figure 7

STEAM IN PRODUCT GAS WITH
EQUILIBRIUM CONSTRAINY

Stoichiometric and Energy Constraints
T

Loss Due to
Euni'librium Constraint

Equilibrium Coastraint

X [] 1 1

Figure 8

) NET THERMAL EFFICIENCY
COMPARISON: STOICHIOMETRIC
AND ENERGY CONSTRAINTS
VERSUS EQUILIBRIUM CONSTRAINT

2 4 6 8
Stearn I Oxygen {Molar) -

1o



steam to oxygen and low H3/CO ratios giving higher thermal effi-
ciencles. This is true in spite of the fact that it takes
approximately four times as much energy to produce ocne mole of
oxygen as to produce one mole of steam.

In the above treatment of the stoichiometry of the
gasification of carbon, all the reactants are converted to gaseous
.products. In actual fact, chemical egquilibrium does not aliow
complete conVersién of the water -in reactions {(3)-cnd £4).. .Evcess.
steam is required to be present. On the other hand, the heat
producing oxidation reactions (1} and {2} allow essentially
complete conversion of oxygen:; i.e.,thesereactions can. be con-
sidered to be irreversible for practical purposes. The amount of
excess steam required when equilibrium constrainte are introduced
into reactions (3} and (4} is given in Figure 7 as a function of
the steam to oxygen ratio. The excess steam rises sharply as
the steam to oxygen ratio increases. -As the steam to oxygen
ratio increases, the H3/CO ratio also increases as comparison of
Figures 4 and 5 shows. This excess steam has to be generated,
passed through the gasifier and as much of its energy recovered
from the product stream as possible. The effect of this excess
steam on the thermal efficiency is given in Figure 8 where the
stoichiometric thermal efficiency curve of Figure 6 is repeated.
The introduction of the constraint of chemical equilibrium
increases the losses in thermal efficiency at higher steam to
oxygen and H3/CO ratios and reinforces the conclusion from the
stoichiometric consideration that steam requirement is one of
the dominant factors in determining gasifier thermal efficiency.

All of the above discussion concerns the gasification
of carbon. Coal is much more than carbon and the difference
between coal and carbon influences both the basic design principles
and the mechanical implementation. The volatiles in the coal can
have a strong influence on the thermal efficiency of gasifiers.
These volatiles are obtained when coal is subjected to heat in
the absence of oxygen. Manv gasifiers such as the dry ash Lurqgi
and the BGC-Lurgi slagger have devolatilization zones while
others such as the Texaco entrained bed do not. ULittle energy
is reqguired for devolatilization so that any useful products
formed, such as methane, contribute +o increasing the thermal
efficiency of coal gasifiers. On the other hand, such products
as tars can decrease the thermal efficiency bv impeding efficient
heat recovery.

The thermal efficiencies similar to those of Figure 8
but with the improved thermal efficiency obtained bv including
the devolatilization of an approximate eastern coal are shown
as a function of excess steam in Figure 9. This is the same kind
of graph used in Figure 1 for the real gasifiers. The gasifier
data of Figure 1 have been repeated in Figure 9. The trend of
the real gasifiers to lower efficiencies at higher amounts of
excess steam clearly agrees with the trend expected from
stoichiometry, heat, and equilibrium considerations for the
gasification of carbon.

- 10 -
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The direct formation of methane from carbon by the
reactions

c + %-Hzo — %-CH4 + % co 0H = 14.78 ¥lpae (s)
C + Ha0 —> % CHs + CO3 AH = 1.46 *pge (s

has been neglected in the above discussion but is discussed in
the detailed report. Since less heat is required with methane
formation, the efficiencies should be improved because of reduced
oxygen requirements. Figure 10 shows that the thermal efficiency
is much improved for high steam to oxygen ratios when direct
methane formation occurs. On the other hand, the low steam to
oxygen and low H2/CO ratio gasifiers are more thermally efficient
than the high steam to oxygen ratio gasifiers even with direct
methane formation. The direct formation of methane from carbon
is favored by low temperature, high- pressure operation and does
not playv a dominant role in operation of most gasifiers.

Many variables other than ‘steam utilization enter into
the determination of gasifier thermal efficiencv. These are re-
sponsible for the departure of the cbserved points from the
theoretical line of Figqure 9. The effects of some of these
variables can be large. If the gasification process is carried
out near atmospheric pressure and 400 psia product gas is needed,
the energy loss in compressing the gas to 400 psia is substantial.
In Figure 1l data are added to Figure 9 for the low vressure
(near atmospheric} Winkler and Ropvers-Totzek gasifiers with com-
pression to give 400 psia product gas. A large portion of the
thermal efficiency loss for these gasifiers over the gasifiers of
Figure 9 is in the compression to 400 psia. Clearly, a gasifier
should not be operated at a much lower pressure than the pressure
at which the gas is expected to be used. ‘

The operating conditions in manv gasifiersare such that
the rate cof reaction is too slow for chemical equilibrium to be
reached in the time that the gases spend in the reaction zone of
the gasifier. Such gasifiers are kinetic rather than eguilibrium
constrained. The amount of stezm in the. product gas of a kinetic
constrained gasifier is greater than that of equilibrium constrained
gasifiers and its thermal efficiency will be correspondingly lower.
The H3/CO ratio will be lower than expected from the steam to
oxygen ratio., This effect is illustrated in Figure 12. In this
figure, the H2/CO ratio as a function of steam to oxygen ratio is
blotted for an equilibrium adiabatic gasifier similar to a
dry ash Lurgi gasifier. Two points based on design data for
dry ash Lurqgi gasifiers are shown. The large departure of the
observed Hp/CO ratios for the Lurgi gasifiers from that expected
from equilibiium constraints is caused for the most .part by the
actual gasifier being kinetically constrained.

The relative direction of flow of steam, oxXygen and
coal in the gasifiers can have substantial impact on the thermal
efficiency by influencing both the heat recovery and the devolatili-
zation process. Countercurrent flow of steam and oxygen relative
to the flow of coal aids both processes. Countercurrent flows
can improve the efficiency substantially. There is, however, a

- 12 -
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penalty for this higher thermal efficiency due to the formation

of tar and methane formed by devclatilization of coal. The

tar requires separation and recycling. The methane formed

increases the thermal efficiency and is a penalty only if we

want methane free syngas. For fuel gas the fact that methane .
formed by devolatilization requires only a small energy input is

an important benefit. Syngas processes which can tolerate the
pPresence of metham and co-produce fuel gas or SNG have therefore

an important advantage which results from the properties of

such gasifiers.

The sources of the losses of thermal efficiency for
various gasifiers are shown by the bar graph in Figure 13.
Four gasifiers were chosen from those used in preparation of
Figure 1ll. One gasifier, the dry ash Lurgi, has a large amount
of excess steam and the other three have low amounts oOf.excess
steam. One of the low excess steam gasifiers, the Winkler, is a
low pressure gasifier that requires compression work to compress
the product gas to 400 psia. The first set of bars of Figure 13
gives the LHV of the products and is positive. The second set
givesthe useful heat recovery and is positive. The next three are
negative.and give three sources of loss, steam generation, air
separation and compréssion work. The last set is the net thermal
efficiency and is the algebraic sum of the first five sets.

The BGC-Lurgi slagger loses thermal efficiency primarily
by having poor heat recovery (second set}. This is caused by the
presence of tar in the product stream interfering with the heat
exchange process. TFor the dry ash Lurgi gasifier the primary
loss is in steam as anticipated by the high excess steam of this
gasifier. The Texaco losses thermal efficiency by a high oxygen
demand. The Winkler gasifier loses by both a high oxygen demand
and compression reguirements. ’ :

The dominant role of steam in determining the thermal
efficiency difference between the BGC-Lurgi slagger and the
dry ash Lurgi gasifier is also reflected in determining the
investment differential in the two gasifiers. Table 1A gives
the breakdown on a relative basis as percentage of the investment
of a BGC-Lurgi slagger. The dry ash Lurgi gasifier (western coal}
requires 42% more investment than that of a BGC~Lurgi slagger (Frances
coal). The sources of investment differences associated with
the steam requirements are indicated by asterisk. These toktal
28% and contribute more than half of the investment differences
between- the two gasifiers.

The bar graph in Fiqure 13 shows that the high cxygen
demand is the largest comtribution to the thermal efficiency loss
in a Texaco gasifier. This high oxygen demand, however, aiso
means a very hot gasifier effluent gas from -thich a substantial
fraction of the sensible heat can be recovered as shown in the
second set of bars in Figure 13. The waste heat boilers regquired
to recover this heat are expensive as shown in Table 1B. In the
Texaco gasifier, this sensible heat c¢an supply most of the
energy requirement for air separation, whereas in a BGC-Lurgi

-_s-



Figure 13
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TABLE 1A

Source of Investment Differential of
Dry Ash Lurgi Gasifier (Western Coal}
Over BGC-Lurgi Slagger (Frances Coal)
as Fercentage of Investment of Slagger -

+ Increase Over Slagger Investment
- Decrease From Slagger Investment

Gasifier, including Coal

Feed and Ash Removal

Gas Cocling and
Waste Heat Boiler

Gas Liguor Treatment
Oxygen Plant

Steam Boiler +

Superheater (including

BFW Preparation)
Cthers

Total Investment

TABLE 18

Source of Investment Differential of
Dry Ash Lurgi Casifier (Eastern Coal} and
Texaco Gasifier (Easterm Coal) Over BGC-Lurgi Slagger
(Frances Coal} as Percentage of Investment of Slagger

Investment Differential
(¥ Slagger's Investment)

+13

+15%
+ 5

+42

+ Increase Over Slagger Investment
- Decrease From Slagger Investment

Gasiflier, including Coal
Feed and Ash Removal

Gas Cooling and
wWaste Heat Boiler
Gas Liquor Treatment

Oxygen Plant
Steam Boiler +

Superheater (including
BFW Preparation;

Others
Total Investment

Dry Ash Lurgi
Eastern Coal

Texaco
.5 Water/Dry Coal
Eastern Coal

- 18 ~
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12

10
4

27
10
79
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slagger this energy has to be supplied by either burning part of
the product gas or coal. 1In a syngas process a significant part
of this energy can be supplied by the gteam produced in the syngas
conversion process itself making the BGC-Lurgi slagger a particular
efficient gasifier to be used in combination with such a conversion
process.

Table 1B shows that the scurces of the thermal efficiency
losses for the Texaco gasifier relative to the E:ZC~-Lurgi slagger
is reflected themselves on the sources of -nvestment differentials.
The high oxygen demand is reflected in the high oxygen plant
relative investment cost and the need to recover heat from
the hot gasifier effluent gas is reflected in the large relative
investment cost for the waste heat boilers. - On the other hand, since
no steam boiler is required a relative investment credit is given.
Also included in Table 1B is the relative investment differential
for a dry ash Lurgi gasifier with an eastern coal which shows the
large impact of the high steam requirement to the gasifier caused
by the low reactivity of the eastern coals.

In the following report the above conclusions are derived
in detail. The report is divided into two main parts. In the
first part (Section III-XIIZI, pages 20-101), the design criteria
for gasifiers are examined by first introducing the stoichio~
metric constraints (Section III to V), then the equilibrium and
kinetic constraints (Section VI} and finally by quantifying the
design variables on the performance of the gasifiers (Section VIT
to XIIT}. 1In the second part (Section XIV, pages 102-139}, +he
performancesof the real gasifiers are compared to the predictions
oktained in the first part. The impact of this comparison on the
investment requirement is developed on a differential hasis.
Although the last part is based on the first part, the technical
overview should provide sufficient background for those readers
who wish to proceed direcily to the consideration of the real
gasifiers which begins on page 102.

- 19 -



III. Stoichiometric and Thermodynamic Constraints

Since the cost of coal conversion is strongly related
to the overall thermal efficiency of the process used (see
Reference 1}, it is essential to understand how various constraints
affect the thermal efficiency. The first constraints to be
discussed are those arising from the stoichiometry of the coal .
gasification reactions, f£rom the heat requirements of the reactions,
and from the energy reguirements to prepare the oxvgen and steam
used in the stoichiometric reactions. It is useful to divide the
coal conversion reactions into two classes: devolatilization and
gasification. These two kinds of reactions usually occur in
different parts of a gasifier and can be treated separately for
many kinds of gasifiers and for many purposes.

A. Devolatilization

Coal —> Char + Volatiles (7.

Volatiles include methane, tars, phenols, oils, naphtha, hydrogen
sulfide, and ammonia as well as some CO and Hjz. Not enough is
known about how the composition of the devolatilized product
depends on reaction conditicns (2,3)}. This is a desirable area
or further studies. ' About 30-40% (wt) of the coal is volatile
and the proper use of this fraction is very important in obtaining
high thermal efficiencies in gasifiers. Devolatilization itself
reguires little heat other than that regquired to raise tne coal
to devolatilization temperatures. Under conditions of tar forma-
tion, approximatelv 10% of the heat content of the coal is in

the tar and naphtha fraction and about 20-30% is in the methane,
Hy, and CO fraction.

The handling of the tars can be troublesome but there
are conditions under which they are not formed. It has been
shown that if coal is introduced rapidly into a hot fluid bed
(1400°F} no tar is produced during devolatilization (4,5). In
a high temperature gasifier (~2000°F} only Hp and CO are formed.
These shifts in products have important effects on the thermal
efficiency of the process.

B. Gasification Reactioﬁs

The char formed in the devolatilization process contains
ash, sulfur, oxygen, and a small amount of hydrogen. These will
be neglected in this section and the char formed from the devola-
tilization process will be conaidered to be pure carbon. There
are many ways to write the various reactioms that occur in
gasification, but because of the constraints imposed by the
conservation of mass, there will be only four independent reactions
when the products are CO, Hs, CO» and methane and only three when
no methane is produced directly §ram the char. A useful set of
gasification reactions for the char is given by (Ref. 2):




Combustion

C+3%0, — o -26.36 (1}

C + 03 —> co, -94.14 (23
Gasification

.C + H30 —> CO + Ha 32.23 (33

C + 2H20 —> CQZ + 2H» 23.04 (4;

C + COp —> 2CO 41.42 (8}
Shift

CO + H20 —> COp + H3p -9.19 (93
Msthanation

c+ %—Hzo —_— %cn,; + =§- coO 14.78 {5}

C + HaQ ——> % CHy + % Co> 1.46 (6}

where the value following each reaction is the value of the heat
of reaction ( AR kcal/mole at 700°%; .

Consider a gasifier for char in which the inlet and
outlet streams are at the same temperature — 700 °F will be used
in the discussion in this section. If the gasifier is operated
such that the reactions taking place satisfy the condition
IX; AH; = 0, the thermal efficiency will be 100% based on lower
heating value at 700°F. To satisfy this condition, the combustion
reactions {1} and (2} are coupled to the gasification, shift and
methanation reactions to supply heat to these reactions. 1In the
equation IX; AH; = 0, X; is the fractional amount of carbon
converted to products by the ith reaction and AH; is the heat of
reaction for the ith reaction. The condition Ixj = 1 is satisfied
by the Xj's. There are an infinite pumber of combinations of
the reactions that satisfy IZX; AHj = 0. In discussing these
combinations, the reactions will be Separated at first into two
classes; cne that considers combinations that produce only CO,

CO2 and H2 with ne methane and the other that produce only

CO, CO2 and methane with no Hz. The results obtained from the
discussion of the two classes of reactions will then be combined
to obtain an overall picture of the effects of stoichiometric and
ZXi AHj = 0 constraints on the entire set of reactions.

Figure 14 is a trianqular stoichiometric diagram of the
three reactants, carbon, water and oxXygen. On this diagram, a
trapezium area has been defined which gives the possible
stoichiometric fractional amounts of carbon, oxygen and water
converted to CO, CO2 and Hy. Chemical equilibrium is not
considered here. Reactions (1). (2)., and (3} have heen chosen ag the
three independent Feactions with (43, which #s a linear combination
of (1}, (2}, and (3} (2} + 2(3} - 2 (1} ] . defining the lower

- 21 -
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righthand corner of the trapezium. The twc areas labeled excess
carbon and excess steam and oxygen are not accessible due to the
stoichiometric constraint.

When the constraint ZXj AH; = 0 is added, the possible
stoichiometrics will lie along the line connecting peintsd and B
of Figure 1l4. To the left of this line too much heat is produced
to satisfy the regquired IX; AH; = 0 and to the right too little,
(In actual practice the outlet stream is usually hotter than the
inlet and the operation will be to the left of line AB.} The
heat constraint reduces the number of independent reactions to two.
The overall reactionsdefined by points A and B will be chosen to be
these two reactions. All the stoichiometric along the line AR
will be linear combinations of the two reactions subject to the
condition ZXi = l. The two reactions defining points A and B arve:

C + 0.275 0z + 0.45 H,0 —> CO + 0.45 Hy
C + 6.195 O + 1.61 Hy0 ~> €O + 1.61 Ha,

respectively. The first eguation is obtained from combining
reactions (1} and (3} in the propoztioans,

C+ 30y —> CO
0.82 C + 0.82 H20 —> 0.82 CO + 0.82 Hp

and the second is obtained from combining reactions (2} and (4)
in the proportions,

C + 03 —> CO2
4.09 C + 8.17 H;0 —> 4,09 COp + 8.17 H,

All of the stoichiometric lying along the line connecting
points A and B have a thermal efficiency of 100% based on lower
heating value at 700°F with respect to the reactions, but the
energy needed to prepare and heat the steam and oxygen has been
neglected. This will be taken into account now. Let 'the pressure
be 400 psia and the inlet (and outlet) temperature be 700°F.

Point A requires 0.28 moles of OoxXygen and 0.45 moles of steam to
give a steam~to-oxygen ratio of 1.6. On the other hand, point B
requires 0.2 moles 'of oxygen and 1.6l moles of steam to give a
steam-to-oxvgen ratio of 8. ©One mole of oxygen at 400 vsia and
700°F requires the same amount of energy to produce as 4.1 moles
of steam (Appendix A}. Thus, the saving of 0.08 moles of
oxygen for point B compared to point A is equal to (.33 moles of
Steam so that, to balance, 0.78 moles of steam could have been
used at point B. However, 1.61 moles of steam was required for
point B which represents a net energy loss of 0.83 moles of steam.
This represents a 9% loss in thermal efficiency compared to
point A. The energy needed to Drepare the oxygen and steam in
these two cases drops the thermal efficiency from 100% to 81%
for point A and 72% for point B.



The composition of the product varies greatly along the
line AB of Figure l14. The composition triangular diagram for the
procduct is shown in Figure 15. The product changes from zall CO
and H, with a ratio of H2/CO of 0.45 at point E to a product that
is ali CO2 and Hp with a H2/CO ratio of infinitv at point F. The
equation for this product variation along the line EF is given by
H2/CO = 0.45 + 1.61 COp/CO. These compositional variations enter
strongly in influencing the choice of process to be used.

It was shown in Reference 1 that, if the product of a
liguid fuel plant has a carbon-hydrogen ratio characteristic
of CH2, a syngas process that makes use of internal shift reaction
could use a feed with a Hp/CO ratio as low as 0.5. This is close
to point A, which has a ratio of 0.45. If 2 higher ratio is desired,
a gasifier that combines point A and point B (as most gasifiers
do; is needed or else external shift can be relied upon.

One advantage of point A is that the gas is free of
CO2 (or in reality with little CO,}. This absence of CO2 (or
very low CO, content) makes it cheaper and easier to remove
H>S since the Claus process can be used instead of the Stretford
process. This advantage holds for both fuel gas and syagas
production.

Point A also gives a smaller investment. The investment
savings for the smdller oxygen plant for point B is more than
offset by the investment reguired for the larger steam plant.

The total investment required per mole of oxygen is about equal
to that reguired to produce five to cix moles of steam (see
Table 2}. The present cost ratio of oxygen and steam is approxi-
mately 5. At $25 a ton for oxygen, 1000 scf costs$i.05 while at
$8.50 a ton for steam, 1000 scf costs20 cents. The ratio of
additional moles of steam required to moles of oxygen saved for
point B over point A is 16.5. In this report, the basis is

Gulf Coast cost (1977} which fits the DOE Guidelines(8}.

Let us now turn to the case that produces only methane,
CO and CO3. The cases that produce only CO, CO2 and H, are
,approximately realizable in practice whereas the cases  that
produce no Hy are limiting cases since a substantial production
of H2 always occurs. The triangular diagram of Figure 16
shows the stoichiometric's accessible area for this set of
reactions. The reactions at the four corners of the trapezium
are given by reactions (1}, (2}, (5), and (6}. Again only three
of these reactions are independent. The heat balance condition
Z£Xj AH; = 0 reduces these to two independent reactions and all
stoichiometrics will lie on a line with ends defined by points
¢ and D, The reactions defining these two points are:

Point C a)} C + 03 —> CO2
b} 64.53 C + 64.53 H20 —> 32,26 CH4 + 32.26 CO2

which combine o give,
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TABLE 2

Investment Requirements - Oxygen Versus Steam
Basis: Dollars per mscfd oxygen or steam at 400 psia and 700°F

(a) Oxycen Steam
Boiler _ 300 'TB‘GT)T 140 117

Oxygen Plant : 700 o0}

Total _

(no contingency or .interest

during construction) 1000 B60} 140 {170}
Investment Ratio 6.25{s5.41}

(Oxygen to Steam)

The numbers without parentheses are taken from ret. (6}
whereas the numbers in { } are from ref. (7).

a) Boiler is assumed to be standard tar boiler eguipped
with scrubber. In case fuel gas is used the investment
is reduced by a factor of four which is compensated for by
the incremental investment for fuel gas.
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C + .015 Oz + .985 H0 —> .4925 CH4 + 0.5075 CO»
Point D a) C + 0.5 Oy —> CO
b} 1.78 C + 1.19 Hp0 —> 1.19 CO + 0.59 CHy
which combine to give,
c + ,180 02 + .428 HZO —> ,213 CH4 + .788 CO

The compositional diagram for the products is given
in Figure 17. The product compositions are given bv the equation
CHg = 0.272 CO + 0.970 COz. The thermal efficiencies when steam
and oxygen preparation is taken into account are 87% for point C
and 86% for point D. Both points C and D give a substantial
higher thermal efficiency value than those of points A and B.
However, there are severe eguilibrium and kinetic constraints
on points C and D.

The results of Figures 14 and 16 are combined into the
triangular diagram shown in Figure 18. When all four products
are possible, the permissible reactions consistent with the
constraint IXj AHj = 0 will lie within the trapezium ABCD. The
product composition corresponding to the reactant region ABCD
is shown on the tetrahedral diagram of Figure 19. A tetrahedron
is needed since there are four products. The possible heat
balancedproduct compositions are confined to the trapezium EFHG
of Figure 19. The results for the four corner points are
summarized in Table 3.

The icdealized stoichiometric char gasifier that has
been discussed provides important background infermation that
can be used to help understand real gasifiers. The oxygen and
steam that disappear to convert coal to products must satisfy the
stoichiometric constraints o iie within the appropriate regions
of Figures 14, 16 and 18. This is true regardless of egquilibrium
and kinetic constraints that will be discussed later.. -These
equilibrium and kinetic constraints tell us how much excess
steam is needed to drive the reaction and have an important
bearing on the thermal efficiency. Usually oxygen is essentially
completely consumed since reactions (1} and (2} are for all
practical purposes irreversible and proceed at a more rapid rate
than the other reactions.

Because of the differences in the energy requirements
in preparing steam and oxygen, the relative amount of these
reactants required has an important bearing on the thermal
efficiency of the processes as shown earlier in this section.
Figure 20a shows the thermal efficiency as a function of the
steam-to-oxygen ratio for the idealized stoichiometric char
gasifier with no methane formation. Note that the highest
thermal efficiency occurs at the lowest steam-to-oxygen ratio
that satisfies the stoichiometric and IX;A H; = 0 constraints——
namely at point A. This is also the point with the lowest
H2/CO ratio — namely 0.45. The dashed curve in Figure 20a

..23..
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divides the region of loss in thermal efficiency into two areas
representing the loss due to steam Preparations and the loss due
tO0 oxygen preparations. Figure 20b shows that the thermal
efficiencies used here differ only negligibly from the net
thermal efficiency defined in Appendix a.

Let us compare the differences of this idealized
stoichiometric char gasifier with no methane formation with a
real gasifier where methane comes for the most part from
devoiatilization. This comparison is made in Table 4: the second
column gives the actual performance of a BGC~Lurgi slagging
gasifier demonstration plant. Problems arise in comparing the
results from real gasifiers with the idealized char gasifiers of
Table 3 because the feed to the idealized char gasifier is char
while coal is fed to the real gasifier. The volatiles in the
coal improve the thermal efficiency of a real gasifier )
over what it would be if char were used. The last column gives
the computed performance of *he gasifier when the effect of the
volatiles is removed so as to simulate  a char BGC-Lurgi slagger.
The char BGC-Lurgi slagger has a thermal efficiency of 78%
compared to 8l% for point A. The char slagger is very close in
product composition to point A. Its Hp/CO ratio is about 0.5
as compared to 0.45 for point A. Note that the char slagger
makes good use of its steam but requires more oxygen than
peint A, '

Let us look at some of the causes for this kind of
additional loss in thermal efficiency in gasifiers. Two of the
major causes are the incomplete conversion of steam due to
equilibrium and kinetic constraints and the loss of heat in the
outlet stream caused by the outlet temperature being higher than
the average inlet temperature especially since coal is fed cold.
The extra heat for this difference in temperature is supplied
" by combustion of additional coal inside the gasifier. This
shifts the stoichiometric to the left of the line 2B and CD of
Figure 14 and 16, respectively. It is true that part of this
heat can be recovered and used to generate steam but this pro-
cess is less efficient than the generation of steam in a separate
high efficiency boiler. The generation of steam in a gasifier
is equivalent to using oxXygen instead of air to combust coal.and
is more expensive and less thermally efficient. - )

The role of equilibrium and kinetic constraints in
decreasing the thermal efficiency will be examined further after
a2 discussion of the possible role of indirect heating of the gas~

ifier, and a discussion of some problems in computing the thermal
efficiencies of real gasifiers.
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IV. Indirect Heating of the Gasifiers

If heat can be supplied to a gasifier from some indirect
source, then the reactions need not satisfy IX; AH; = 0 and the
process can rely entirely on the reactions such as the gasifica-
tion reaction (3}, If indirect heating could be used with reaction
{3}, the lower heating value at 700°F of the product would rise
34% above that of the coal used. .

Electrical heating has been proposed for such a process.
At the present price of electricity, direct electric heating is
not viable. At present, the cost of 1 million Btu of electricity
is about $5.00. If coal is burned for heat, with oxygen internally,
the cost of the heat is calculated as follows: .1 million Btu of
coal costs $1.00 and the oxygen that is needed to combust the
coal is $2.40 ($25 a ton} to give $3.40 per million Btu of heat.
Of course, when heating electrically, the product would contain
less CO; but this gives a saving of only 5 o 6 cents per
million Btu (utility financing} for syngas and for fuel gas even
less. There is one use of electricity that may be competitive
today for a fuel gas plant. If the plant is not energy seif-
sufficient in power generation by process heat and a power plant
or boiler is needed for the oxygen plant and for compression of
gases, then electricity from a nuclear reactor may be competitive
for these purposes.

Indirect heating by heat from a nuclear redctor has
also been proposed. There is no reliable process information.
for this application, and it is a more complex question than
originally thought. A secondary heat exchanger cycle would
probably be needed between the primary exchange loop inside the
reactor and the gasifier to minimize the escape of tritium.
Optimistically, the cost of heat from a high temperature nuclear
reactor would be about $4.00 per million Btu and the equipment
would be complex, which does not make it attractive at the
present time, :

- 37 -



V. Computation of Thermal Efficiency

There are two kinds of thermal efficiencies that will
be used: cold gas efficiency and net efficiency. The cold gas
thermal efficiency is defined as the ratio of the low heating
value of clean fuel gas produced to the low heating value of the
net coal or char fed to the gasifier, where net coal LAV = LHV
coal — LHV (char + tar + phenol}. The net thermal efficiency is
obtained by making an energy balance around the entire gasifica-
tion plant and is aimed to xeflect the net energy recovered by
including the energy used in the oxygen and steam preparation
and other important energy consumptions and recoveries. The
definition of a net thermal efficiency is, of course, by no
means unique. The one that reflects a very realistic way and
that will be used in this study is defined in Appendix A in
which guidelines are given for computation. In order to avoid
the construction of a complete flow diagram for each process,
this net thermal efficiency is computed in a simplified way that
is explained in Appendix A.

In computing net thermal efficiencies, the definition
of "usable"-products has to be decided and a decision has to be
made as to the method to be used to account for the energy
content of those products that do not fall into the "usable"
categorv. '

The fines and chars produced by some gasifiers can
fall into this latter categorv. It is not clear whether these
fines and chars can be sold or shipped but if a gasifier is in
a region where electricity is needed, they will probably be
burned in a power plant. They are, therefore, at best, not
different from coal and cannot be counted as products. In some
studies these fines and charsare counted as "usable" products
which give an artificially high thermal efficiency to the
gasification plant. On the other hand, not counting them gives
an artificially low value to the thermal efficiency. The best
procedure, and the one used in this study, is to subtract their
heating value from the heating value of the input coal.

Another similar problem is ﬁcw to account for the
Eggggg content of the tars. The light oils and other light

: 2LDONS will he classified as "usable"™ clean fuel. There
is Qoubt as to whether tar suowia pe countea as a ~usable"”

clean fuel. In a verv large vlant, upgrading of this tar to
"ugable“ clean fuel might be justified. The proper handling of
this tar is a problem that merits serious attention and research.
In this study tar will not be considered as a usable. clean fuel
and its heating value will be subtracted from the input,
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Vi. Effect of Equilibrium and Kinetic Constraints on
Steam Requirements of Gasifiers

As pointed out in the discussions of the idealized
stoichiometric char gasifier, an actual gasifier requires an
exXcess of steam over the stoichiometric amount that is converted
to products to drive the reaction to equilibrium or to increase
the rate of reaction. This excess steam exlits from the outlet of
the gasifier. Alchough energy can be recovered from this exit
steam, there is a substantial energy degradation. A simplified
gasifier will be used to show the magnitude of the amount of
eéxcess sSteam required. This simplification will also be used in
the next section to show how equilibrium and kinetic constraints
affect various other variables. Such a simplification illustrates
many of the main features of all real non-catalytic gasifiers.

Consider a gasifier in which part of the coal
(approximately 25% by LHV} is devolatilized on entering the
gasifier and leaves the gasifier at outlet conditions. The coal
will contain 10% ash and enter the gasifier at ambient temperature.
Its oxygen content will be neglected in calculation but will be
discussed as 2 perturbation. Two different moisture contents
will be used: 10% and 30%. 10% moisture is more characteristic
of eastern and 30% of western coals. The methane formed during
devolatilization is not considered to be present in the char
gasification zone. The steam and oxygen enter the gasifier at
700°F and the reactor pressure is 400 psia.

The char formed in the devolatilization Zone is reacted
with steam and oxygen in a gasification reaction zone. The com—
bustion reaction goes to completion. Two general cases will be
considered for the carbon-~steam reaction (3). In Case X, this
reaction will go to egquilibrium and in Case Y it will be limited
by kinetic constraints. To get the effect of incomplete carbon-
steam reaction, the reaction is assumed to Yeach a steady state
given by pseudo-equilibrium conditions in which the pseudo-
equilibrium constant is a fractiocn of the actual egquilibrium
constant. This fraction will be 0.1 for Case Y.

No exit steam existed in the outlet stream of the
idealized stoichiometric char gasifier described previously.
Equilibrium and kinetic.constraints cause a considerable amount
of steam to appear in the exit stream as shown in Figure 21.
This figure gives the ratioc of exit Steam to steam converted
to products as a function of Steam-to-oxygen ratio. Those of
the approximate eastern coal are given by the heavy solid and
dashed lines and those of the approximate western coal by light
solid and dashed lines. The equilibrium coastrained cases are
given by the s0iid lines and the kinetic constrained cases for
the steam-carbon reaction by the dashed lines. Clearly a
considerable amount of excess steam is required and this amount
increases greatly as the steam-to-oxygen ratio rigses. This
means that the energy losses by excess steam increase as the
Steam-to-oxygen ratio rises @umd the thermal efficiencies are
decreased. Figure 22 shows the ratio of exit steam to
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converted steam as a function of H3/CO ratio. The introduction
of equilibrium and kinetic constraints has not altered the
conclusion obtained from the idealized stoichiometric char
gasifier that the most thermally efficient operai.:ion is at low
steam~-to-oxygen and H3/CO ratios. In fact, the introduction of
these constraints increases the differences in thermal efficiency
seen frompoint A to point B.



VII. Effect of Steam—-to-Oxygen Ratio on the
Performance of the Simplified Gasifier

The simplified gasifier with the equilibrium and kinetic
constraints as in the preceding section will be used now to

explore the effect of steam-to-oxygen ratic on the following
variables:

aj} Gasifier temperature
b} Cold gas thermal efficiency
c) Net thermal efficiency

d} 1k steam/mscf syngas
{1 scf methane counted as 3-scf syngas)

e; scf ecxygen/mscf syngas '

f} scf syngas per 1b of dry ash-free coal
g} H/CO ratio

h} CO3 concentration

Figures 23a~h provide graphs of the values of these- variables as
a function of steam-to-oxygen ratio. °

The adiabatic temperature of the reaction zone is a
monotonously decreasing function of the steam~to-oxygen ratio
(Figure 23a). The best cold gas and net thermal efficiencies
occur at low steam to oxygen ratios as Figures 23b and 23¢ show.
The results presented in these figures clearly illustrate the
advantage in thermal efficiency that can be achieved by operating
at low steam to oxygen ratic. It will be shown later that in-
cluding methanation in the reaction scheme will not alter the
basic form of Figures 23b and 23c and will not alter this
conclusion. Gasifier design and coal properties can change
these thermal efficiencies but they will always have their best
values in the region of low steam to oxygen ratios.

Steam consumption increases monotonically as steam to
oxygen ratio increases; on the other hand, oxygen consumption has
an almost flat curve. The least value of the oxygen reguired
is larger than the value for point B, Table 3, and is at a lower
ratio of steam to oxygen. Thus, operating close to point B
increases the steam requirements without savings in oxygen
consumption.

The amount of gas produced per 1lb of dry as:-free coal
is shown in Fiqure 23f. For the equilibrium case, the amount of
gas produced increases with steam-to-oxygen ratio. Furthermore,
above a ratio of 1, the increase is very small (less than 2%).

On the othier hand, for the kinetic constrained case a maximum
is obtained at & ra%io in the rangs 2 +o 3. Thus, theincrease
in gas production. wiil not be significant enough to offset the net

- 43 -



(Jejow) uabAxQ/uwed)s

wnpqjinb3
u13)som uig)sel  sjujeasuo)
5[e0) ajewxoaddy

(¥31415¥9 Q31417dWIS) JYNLYYIAWIL ¥31AISYO
BEZ 24nby4

0001

0081

0002

0052

(4.) aJnesadway Jajises

- 44 -



{Jejow) 1abAxQ/wea)s

et an
lll'.l"ll

ateuly
wnjaynb3
U

UI9SOM uidjseq

s[e0g) 8jeuljx01ady _

(43141SY9 QI141TdWIS) AINIIOT443 TYWHIHL SV G109
qgg 24nby

0l

06

001

(%) fuapy3 [ewtayl se9 poo

- 45 -



{(Jejow) uabAxQ/wes)s

wo

jauly
wnpaqiinb3

TTETTEN uJejsed  sjujesisuo)
S[eo?) ajewixosady
I

08

(4I141SVD Q31417dWIS) AIN3IIDI443 TYWYIHL L3N
a¢z 9anbyy

06

(%) Adusidiy3 jewssyl I8N

- 46 =



(dejow) uabAxQ/wea}s

4
8
3
“n
[17)]
4
— '
=4 I~
w A4
W [
()
j
W
<<
-5
P 74
- : : ‘ o W
- < o Ry Samar —— eun G L2 7] g -
P aftoupy
7”7
d wnpgynb3
UJe)sap, UJ3jse3  Sjujel)suo)

S[eon a)euwixoaddy
_ _ 02t

(4ILALSYO QILAIdWIS) a4 WydLS

pgz 24nby4



(Jejow) uabAxQjweays

mm = —m—ee OfpULY

wngqiiinb3
Ulo)Sap ulejsel  SjuleA)suo)
L $[e0J Bew|x0Jady )

(43141SY9 a3ld11dWIS) a33d NISAXO
9¢Z aanbyy

0s1

(Se9 uks JISW/49S) Paad uabhxo

- 48 =



(Jejow) uabAxo/wesls

———— eme——— DU
wnyqy(nb3
UWi13)SoM uisisel sjujesisuog

S{e6) ajeuixeaddy :

(43141Sv9 aatdi1dWiS) a131A SY9 NAS
J¢2 94nb)J

oy

8

0§

[e0) dva q1/se9 uAs 43S



(1ejoW) uabifxo weays

9 b ¢
1 I {
- ==
o - — -
- — -
- -
-~ ~
- \ :
- - -
~ e
- -~
-~ _ -~
”~ - ”
- 7
7”
7
7
”
7’
-

—m— e e—— apyousy
wnjaqiinb3
U13)so i u18)sel SjufeaIsuo)

S|eo) m.m.“__xo.a%

(43141SVD a3141TdWIS) 01LvY 09/%H
bgz a4nbid

(ael0W) 09/%H

- 50 -



(Jejow) uabAxQ/wes)s

- 51 -

Se9 19Npoid Ul uoield ajoW %09

——— e eme——— Uy
wAqjtjnb3
ulajsapm usa)se3 sjufes)suo)

5160 2JeuIfX0IGTY _

(43141SY9 a31di1dWIS) aT3IA 301X01a NOAY¥Y)
yeg aanby4




thermal efficiency loss to justify higher steam-to-oxygen ratios.

The H2/CO ratio increases monotonically with steam to
oxygen ratio (Figure 23g}. If a low steam to oxygen ratio is used
to obtain higher thermal efficiencies, then the H3/CO ratio must
be low. This does not make much difference for fuel gas but does
require a syngas conversion process for making liquid fuel to be
able to utilize this gas directly in order to benefit from the
higher thermal efficiency of the gasifier(l). Low Hz/CO ratio
syngas conversion processes were discussed in Reference 1 and
will be discussed again later in this study. ’

The production of COy is given in Figure 23h. Low CO»
production occurs at low steam~tc-oxygen ratios. As pointed out
earlier, low CO2 content in the gas has an advantage since, for
low CO> contents, cheaper H2S removal processes can be used.
More complete data on this example can be found in Appendix B.

The curves for both 10% and 30% moisture content coals
have been given. The additional moisture in the 30% moisture
content characteristic of western coals has a penalty in that it
increases oxvden consumption and reduces both the cold gas and
net thermal efficiencies. This extra moisture is equivalent to
adding cold water instead of steam to the gasifier.

For gasifiers that. are coupled to syngas conversion
processes, there is an advantage to raising cold gas thermal
efficiency relative to net thermal efficiency. Syngas conversion
processes generate steam that can be used to satisfy the steam
requirements of the gasifier and to prepare the oxvgen; thereby,
obtaining a gain in overall thermal efficiency. For fuel gas
production this effect is less useful in that it only shifts
heat production from an oxygen combustion process to an air
combustion process in an external boiler.

To summarize, high steam-to-oxygen ratios give
decreased net thermal efficiencies without compensation in
cold gas thermal efficiency, increased gas production or reduced
oxygen consumption. The CO2 production is also high. The only
positive benefit shown in this example is the increased Hy/CO
ratio required for some syngas conversion processes. These
results again point to gasifiers with low steam~-to-oxygen ratios
as the direction to look for cheaper second generation gasifiers
for fuel gas and syngas production.
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VIII. Methane Formation

The data in Figqures 16, 17, 18, and 19 were used to
show ways in which the stoichiometry of the gasification
reacticns, and the heat reguirements for the reactions influenced
the thermal efficiencies of and the products produced frow. the
methane forming reactions. Let us now consider how the equili-
brium constraints influence the thermal efficiencles and other
properties of the gasifier with methane formation.

It is instructive to examine equilibrium constraints
using an idealized char gasifier in which the heat is supplied
indirectly so that only steam and char are fed to the reactor.

This eliminates the oxygen feed required for adiabatic operation
and by excluding the combustion reactions (1)} and (2}, only three
independent reactions need be considered. Figure 24a gives the
ratio of exit steam to converted steam ag a function of temperature
for three different pressures (100, 400 and 1000 psia} when the
methane formation (reactions (5} and (6}}is present (Case 2}.

The corresponding data at 400 psia when no methane formation occurs
(Case X} is given for comparison. The ratie of the total steam
required to the carbon converted and the ratio of the amount of
methane formed to carbon converted are given in Figures 24b and ¢
respectively. A comparison of the data in these figures showsthat:

a; the presence of the methane formation reactions
decreases both the excess steam and total steam
required at a given temperature over that
required when the methane formation reactions are
absent.

b} increasing pressure increases the steamn
required for Case Z.

c; nmethane formation is favored at low temperatures
and high pressures.

A catalyst is required to obtain substantial methane
formation since low tempsratures are required. At these low
temperatures, the rates of the reaction are too low to ba
practical otherwise. When no catalyst is present and higher
temperatures {(for example 1800°F} are needed, the difference
in steam requirements between Case X and Case Z is small, however,
little methane is formed unless the pressure is high. This
increased pressure is expensive.

The results in Figures 24b and ¢ show that if the
operation is in the region of good methane formation, say at
1400°F and 1000 psia (methane to éarbon conversion ratio ~0.35}
the steam requirement is considerably greater than *hat for
an operation at 400 psia and 1800°F with no methane formatica.
Thus, unless there are good reasons such as improved thermal
efficiencies and reduced costs, there is nc driving force to go
tc the catalytic, low~temperature, high-pressure operation to
produce methane for fuel gas production.
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A simplified (perfectly mixed, adiabatic) gasifiex
with oxygern present will be used to examine the.thermal efficiencies
and other properties of the gasifier with methane formation. all
gasificztion reactions are at equilibrium and the inlet streams
are introduced at 700°F and 400 psia except the char which is at
ambient temperature. Figure 25a shows that, when the combustion
' reactions are included and the heat balance constraint is intro-
duced, the presence of the methane formation reactions still
decreasesthe excess steam requirements at anv particular tempera-
ture over that required when no methane formation occurs. Figure 25b
gives the reactor temperature as a function of the steam to oxygen
ratio and Figures 25¢ and d give the cold gas and net thermal
efficiencies, respectively. These figqures give results at 400 and
1000 psia pressures and show that the presence of the methane
formation reactionsincreasesboth thermal efficiencies over those
obtained when methane formation is absent. Figure 25e gives the
methane formation as a function of steam to oxXygen ratio. At a
steam to oxygen ratio of 8 the reactor temperature is v1490°F for
1000 psia operation with methane. The net and cold gas thermal
efficiencies are 75% and 91% respectively. On the otherhand, for
operation at a steam to oxygen ratio of 1.2, a temperature of
1800°F and a pressure of 400 psia with no methane, the net and
cold gas thermal efficiencies are 78 and 91%, respectively. With
-methane formation under these same conditions, the net and cold
gas thermal efficiencies are approximately the same since very
little methane is formed. Therefore, the conclusion is that there
is no advantage in fuel and syngas production to go to the low
temperature, high pressure conditions that favor methane formation.
Conditions that favor methane Fformation limit steam conversion
and increase excess steam requirements. Any methane that is
formed is neither detrimental nor beneficial for fuel gas, but
it is not desirable for syngas. While methanation itself always
ieads to a better thermal efficiency because of reduced oxXygen
requirement this effect is negligible in the operating region
which is desirabie for high thermal efficiency fuel gas production.
Reforming of the methane in svngas production leads to decreased
thermal efficiency as will be shown later. Operation at low
steam to oxygen ratio is again indicated, accepting whatever
methane that is formed under these conditions. It is the methane
producad by devolatilization that is most beneficial since it is
produced with little or no thermal penalty.

The lack of a strong incentive to use a catalytic
gasifier is limited to £fuel gas and syngas production. This
study does not include substitute natural gas (SNG) production.
For SNG production, whether the methane formation has an advantage

requires a detailed evaluation of such gasifiers and is outside
the scope of this study.

Exactly how much of the methane observed in a real
‘gasifier is due to direct methane formation is not known for
certain. The picture is complicated by the fact that the devola-
tilized products themselves depend upon process conditions and gas
composition in manvy unknown wayvs.
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Table S gives the methane production of various gasifiers
arranged in order of steam to oxygen ratio. The gasifier pressure
is also given. The methare production varies less than what might be
expected from the wide range of steam to oxygen ratios and pressures
of these gasifiers. The IGT-Hygas pilot plant, which operates at
1000 psia, does not give a much higher methane production than the
Lurgi dry ash gasifier, which operates at 400 psia. fThis is parti-
cularly true if the use of the toluene slurry is taken into account.
If part of toluene enters the gasification zone, it will be cracked
to produce extra methane. Computer estimates for Hygas and Synthane
gasifiers predict higher values for methane production but this
has not been demonstrated in the pilot plants to date.

A comparison of the dry ash Lurgi gasifier and the
BGC~Lurgi slagger shows an increased methane production for the
dry ash Lurgi. How much of this is due to direct methane forma-
tion and how much is caused by differences in the devclatiliza-
tion conditions and the volatile content of the coalare not known.
Table 6 gives the computed equilibrium methane formation in the
gasification zone of a simulated dry ash Lurgi gasifier for
combustion zone temperaturesof 1600, -1800, and 2000°F. More
complete data on this case are given in Appendix B. At the higher
temperatures at which the rate of direct methane formation is ex-
pected to be appreciable, the equilibrium amount formed is small.

In the literature there has been considerable disclosure
that some gasifiers show a larger amount of methane at the outlet
than the equilibrium amounts given in Figures 24c and 25e. This
is mairly due to the fact that devolatilizatior in these cases occurs
at the top of the bed above the reaction zone and 2t temperatures
where methane decomposition and reforming are slow. Our computa-
tion refers to the reaction zone below and there the equilibrium
constraints on methane hold. The relative rate of reacticns{5) and
(6) versus reactions (3), (4), and (8) strongly depends on the
properties of the char. Reference 3 gives sources that claim the
methanation rate at medium pressures compares with that of reactions
(3}, (4}, and (8}. Large scale pilot plant data do not seem to

support this as Table 5 shows.

Equilibrium concentrations of methane only show a part
¢f the picture. In the absence of a catalyst, methane formation
is strongly limited by the kinetiecs of the system itself, since
all reactions are very slow at the low temperatures that favor
methane formation. Kinetically, the reaction rates strongyly
depend on the coal and also on the composition of the ash as some
ash constituents have cataliytic activity. In the absence of
an effective catalyst, however, a reasonably high temperature
(>1600°F) will be required in =he gasification section; otherwise,
low steam and coal conversion will result.

There is not enough known to draw any firm conclusions
with regard to the actual amount of methane that is directly

formed in non-catalytic gasifiers. For the purpose of this study,
2ll methane will be considered to be produced by devolatilization
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Table 6

Equilibrium Methane Formation intheGasification Zone
of a Simulated Dry Ash Lurgi Gasifier (Approximate Eastern Coal)
at 400 psirand 8.0 Steam to Oxygen Ratio

Temperature Equilibrium Methane Formationa)
°F (scf per 1lb DAF Coal)
1600 2.35
1800 - 1.01
2000 0.37

2) Equilibrium methane formed above that
made by devolatilization.



for the higher temverature, non-catalytic gasifiers of interest
to us,

The only cases where large amounts of methane have
been remorted are in catalytic gasifiers (3; although few data
are availabie. If the catalyst is cheap or easily recoverable,
methane formation has the advantage of allowing high coal con-
version at lower temperatures. This improves the thermal effi-
ciency slightly since less heat is generated. Some catalyst also
cracks tars and phenols, offering a significant advantage. 'The only
catalvsts presently known that are chear are natural constituents
of the ash, but they are not very active. ILarge amount of catalyst
is usually required and catalyst make-up can be exrensive. For
svngas and fuel gas production, a catalyst which nromotes reac-
tions (3j. (4; and (B} without rromoting reactions (5)} and (6; would
be nreferred. Even then its value is limited since a reasonably
high temperature is alwavs needed for nrover steam conversion
because of equilibrium considerations. However, the lower temp-
erature recuirement would help avoid ash and coal agglomeration.

Stoichiometric, thermal, equilibrium, and kinetic
constraints, such as those given above, onlv provide guidelines
since to devise an operable gasifier is the prime consideration.
For example, the BGC-Lurgi slagger approaches the operation of
point A and as will be shown later, this point mav be approached
by the multi-stage fluid bed gasifier. Howaver, the BGC-Lurgi
slagger at present only overates with a limited number of coals.
Thus, other gasifier conditions even though less optimum, have
to be considered if they lead to an operable gasifier.
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IX. Countercurrent Feed of Coal

The cold gas thermal efficiencv of a gasifier is improved
by feeding coal countercurrentlv to the steam and oxygen as will
be discussed here. Two simplified countercurrent schemes are given
in Figure 26. The scheme labeled model 2 has a devolatilization
2cne in which the coal flows in countercurrent to the hot gases
coming from a well-mixed gasification zon « 7The other scheme
labeled model 3 has the countercurrent devolatilization zone of
model 2 replaced by a well-mixed devolatilization zone. In the
devolatilization zones of these countercurrent dgasifiers the coal
is dried, devolatilized and heated by the hot gases coming from
the gasification. The char produced flows into the gasification
zone and the devolatilization product and moisture along with the
gaseous products from the gasification zone exit the gasifier,

These gasifier models are combined with the simplified
gasifier used to prevare the data in Figures 23a-h to determine
the effects of countercurrent flow. The scheme used in Figures
23a~h will be called model 1. The data from Figures 23a~h are
reveated for comparison with the results obtained with models 2
and 3 in Figures 27a-g. Figqures 27a~d show that both the net
and cold gas thermal efficiencies are improved. There is a
maximum near the low steam +o oxvagen ratio characterized bv point

. Figures 27e~f show that the oxXygen reguired decreases. Figures
27g-h show that the temperature in the reaction zone is higher for
models 2 and 3 which results in better conversion. This effect is
especially apparent in the case of high moisture content coals.
Figqures 27i-4 show that a considerably lower exit gas temperature
is achieved in the countercurrent cases. As pointed out earlier,
this is especially desirable in case of syngas production.
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¥X. Methane Reforming and Direct Injection of Coal
into a High Temperature Reaction Zone

If the coal is introduced into the hich temperature
reaction zone itself, methane from the devolatilization will be
reformed and methane formation by direct hydrogenation will be
suppressed. Furthermore, tar and phenol formation is eliminated.
Reforming methane will reduce the net thermal efficiency. The
most serious problem is the thermal efficiency loss due to the
oxygen and steam requirements of the reforming reaction:

CH, + H,0 + CO + 38, AE = 52.35 keal/ mole (10)

To balance it with reaction (1} (combustion of char to €O}, 1 mole
of oxygen and 2 moles of carbon are needed. To gasify these
same two moles of carbon would have required 0.55 moles of
oxygen by the set of reactions of point A. Hence, an additional
0.45 moles of oxygen per mole of methane reformed is required.
No additional steam is required since the steam used for
reforming is approximately equal to the steam saved in gasifi-
cation. If the methane in the gas from the BGC-Lurgi slagger
in Table 4 were reformed, it would require an additional

35 scf of oxygen per 1000 scf syngas or an increase of 20% in
oxygen consumption. This is, however, less than what would be
required if the methane is reformed in a separate step. For
fuel gas, reforming is detrimental; for syngas it is beneficial.

Figures 28a-f give a comparison of model 1 with methane
reforming at steam to oxygen ratio of 0.63 with the countercurrent
model 2. Figures 28a and b show that the penalty on net and cold
gas thermal efficiencies is substantial. The methane in the
outlet gas drops dramatically as shown in Figure 28c. The oxygen
required rises (Figure 284) and the gasifier temperature drops
(Figure 28e). 1In spite of this loss in thermal efficiency, the
methane reforming in the gasifier can be quite attractive for

both hydrogen and certain syngas production cases as will be
discussed later.

A major themal penalty of introducing the coal into a
high temperature zone to achieve methane reforming is that the
outlet temperature of the product gases is much higher than
otherwise since these product gases do not exchange heat with
the incoming coal (Figure 28f). The coal must be dry to aveoid
further increasing the oxvgen consumption. The increase in
oXygen consumption decreases the cold gas thermal efficiency.
Part of this loss can be recovered by using the heat of the
broduct gases to generate steam for the feed.

On the other hand, a low exit temperature is desired
to minimize the amount of heat that has to be supplied to the
gasifier by ccmbustion. The BGC-Lurgi slagger achieves this by
using the heat of the product gases t0o heat the coal feed and
devolatilize it. In a gasifier for fuel gas production, the
conditions of low exit temperature can be relaxed. The sensible
‘heat OFf the €Xit gases can be used to generate steam used by the
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orocess (such as for oxygen production;, but not more than re-
quired since exportlnq power or steam in a coupled mode has

severe economic penaltzes. If the exit gas is at low temperature,
the steam used by the process has to be sunplied by the combustion
of fuel gas or from other sources. To supply this heat one can
use fuel gas with air, whereas all the heat in a gasifier with
high exit temverature comes from combustion with pure oxvgen W which
itself requires energy to generate. The difference in these two
cases is, however, small. - . '

Fbr the syngas processes, a low exit temperature is
desirable as svngas conversion processes generate both excess steam
and low guality heat from off gases that can be used Jor vower
generation. This is one important dlf‘erence between the pro-
duction of fuel gas and svngas.
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XI. The Effects of Cozal Properties on Gasifier Design

The term coal is applied to substances with a very
wide range of physical properties. It is, therefore, hard to
expect that one gasifier will be optimal for all coals. Even
if a gasifier proves the best for one coal, it might require
considerable modification for other types of coal. The main
properties of coal that affect gasification are:

1) Coal reactivity.

2} Tendency to cake and agglomerate when heated.

3) Aash content and its properties.

4) Eeating value per unit weight and also per unit volume.
5) BAmount and nature of volatile materials.

6} Sulfur content.

For our discussion, two broad main classes will be
considered: .

a) Subbituminous coals and lignites (western coals)..
b) Bituminous cocals (eastern coals).

The first are more reactive, have higher oxygen content, lower
suifur content, lower heating value and a higher fraction of the
heating value in volatile components. They are non—caking and,
at present, cheaper at the mine mouth.

Bituminous coals have, in most cases, a higher heating
value and lower oxygen content and are less reactive with a
tendency to cake and agglomerate. One can reduce that tendency
by pretreatment, which is expersive. Dealing with this problem
is an important criterion for developrent of gasifiers for
such coals. Most of the eastern coals have a higher sulfur
content. There are exceptions to all these statements, but the
classification is sufficient for an adequate discussion of the
limitations of each gasifier. ;

For syngas conversion processes, western coal has the
advantage of being cheaper. 2as a large fraction of coal is
going to be used directly in power plants, it is important that
synthetic fuels should be made from coals which are less suited
for power plants. These are coals that have either a low
heating value or are far from the user and are, therefore,
expensive to transport. 2 more detailed study of the cost and
availability of different coals and the way they affect gasifier
design is desirable but outside the scope of this study.




Western coals have a propexrty that makes them attractive
for gasification. They have a high volatile content and a high
oxygen content. If coal contains more volatiles, the net and
cold gas thermal efficiencies increase whereas steam and oxygen
consumption decrease. The oxygen in the coal is partially
converted to CO, which is desirable as the only energy needed
to produce it is that needed to heat the feed. This situation
is in contrast to coal liquefaction processes where the oxygen
in the cocal is highly detrimental as it consumes valuable
hydrogen. This effect is illustrated in Figures 2%a-d, in which
15% of the coal is wvolatilized as CO corresmnconding to the oxygen

content of the coal {2/ unon devolatiiization for model 1, and
“igqures 3%0a-d for model 2.
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