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i. Executive Summary and_Introduction 

Our extensive coal reserve will be needed in the future 
to prepare high quality transportation fuels (for example, 
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 
most efficient processes must be identi.fied _and.used._ There are two ..... 
principle ro~eS fSf conver£1ng coal to high quality transportation 
fuels. One method is to gasify the coal to obtain synthesis gas, 
which is a mixture of H 2 and CO. This synthesis gas can then be 
converted to high quality liquid fuels by a number of conversion 
processes. The other is to preserve the molecular structure of 
the coal as much as possible while hydrogenating the coal and 
reducing the molecular weight of the coal components. 

In a ~revious paper (Reference i], it was shown that the 
indirect route via gasification and synthesis provides a very 
promising route for high grade fuels, botch 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 objective 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 H 2 to CO and steam to oxygen has inherent thermal efficiency 
advantages which arise from basic scientific and engineering 
princ~ples. Gasifiers that can be made to operate consistent with 
these principles have a substantial cost 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 ~s Corporatlon-Lurgi slagging gasifier, which 
is presently close to commercialization, conforms closely to the 
basic requirement and potentially could produoe syn~as at a low 
production cost relative to o~her gasifiers such as the dry ash 
Lur~i gasifier° The H 2 to CO and steam to oxygen ratios of this 
gas~fier are about 0.5 and 1.3, respectively. These values are 
very close to ~he best theoretical values of 0.45 and i. 6, 
respectively. 

-i- 
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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 H 2 to CO 
and steam to oxygen ratios required 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. 
Potentially such a gasifier could o~erateon coals not.well suited 
for-th~BGC-LUrgi sl~gihg "gaslf~er. 

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 oxy. gen used to combust the coal in order to heat all the 
reactants to the gasification temperature must also be minimized. 
This requires a low gasifier exit temperature, and therefore, a 
counter-current flow scheme in whic~ the feed coal exchanges heat 
with the hot product gas. This scheme will lead to 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 coalslurry 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 Lurgi gasifier with 
Western coal. The investment cost of ~he Texaco gasifier with 
such a coal is higher than that of a BGC-Lurgi slagqer and 
approximately the same as that of a dry.. ash Lurgi gasifier with 
western coal. The thermal efficiency of the Texaco gasifier is 
higher and its investment cost is lower when compared to the 
dry ash Lurgi gasifier using eastern coals. This is because the 
dry ash Lurgi gaslfier 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 BC~-Lurgi 
slagger can convert some eastern coalswithout these penalties 
and therefore still has a significant advantage over the Texaco 
gasifier for such coals. 

The low H 2 to CO ratio gasifiers have to be matched 
with syngas conversion processes that use snch 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 H 2 . For example, conversion of syngas to methanol 
requires a H2 to CO ratio of at least 2. In many cases external 
shift of low H 2 to CO ratio syngas is more cost effective than 
producing high H~ to CO ratios in a single gasifier vessel 
because the conditions can be chosen for the external shift to 
be more efficient and cost effective. On the other hand, a number 
of syngas conversion processes ~roduce high ql~//~ty ~/lels from 
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low H 2 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 H 2 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 gasif~rs'nhat~on~o~ to the 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 to a concentration of petrochemical 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 oi!with only minimum 
modification of the boiler or furnace. It is clean burning and 
provides an attractive route to substitute coal for oil and gas 
in many industrial applications where local concentration of 
industries justifies a central generation 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 ~he cost of high grade synthetic liquid fuels 
by 20-30%. Reference 1 indicated that the co-production of SNG 
and liquid fuels using an advanced indirect liquefaction process 
under development by Mobil could co-produce SNG and gasoline 
cheaper and thermally more efficient than existingSNG 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 o~er, are strong 
incentives foraqg~essiv e development and commercialization of such 
gasifiers. The BGC-Lurgi slagger must be shown to be scalable 
to 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 fluid 
bed gasifiers that operate in the high thermal efficiency region 
should be very actively pursued. Such gasifiers would not only 
be the thermally mo~t 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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II. Technical Overview 

Two kinds of considerations are involved in the design 
and operation of gasifiers. One is uhe basic scientific and 
process engineering principles that underlie the gasification 
process and the other is the mechanical aspects that determine 
whether a practical deyice can be constructed .to implement these 
principles'. 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 souund 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 for 
the most efficient gasifier should result in also determining 
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: 

i. 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 temperature operations, and 

5. production of tars and other undesirable products~ 

The steam requirement is often a dominant factor in determining 
the thermal efficiency of a gasifier. This is illustrated in 
Figure i, which shows that the amount of excess steam in the product 
gas correlates with the efficiencies of actual gasifiers producing 
syngas at 400 psia.i ~en'~the H2/CO ratiosof the gasifiers in 
Figure 1 are examined, it is found that low H2/CO ratios occur in 
the gasifiers at the left-hand and high thermal efficiency end 
of the correlation line in Figure i. There are basic stoichio- 
metric and thermodynamic reasons why this correlation exists. 

This can he seen by examining the reactions of carbon 
with steam and oxygen to produce CO, CO 2 and H2o It is sufficient 
to consider only the'four reactions, 

C + ~ 02 ~ CO 

C + 02 ~ C02 

C + H20 ~ CO + H 2 

C + 2H20 --> CO 2 + 2H 2 

AH= -26.36 [i) 

AH= -94.14 (2) 

AH= 32.23 { 3) 

~H= 23 o 04 (4) 
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Other reactions of interest, such as C02 + C-->2CO a/%d 
CO + H20 --> CO2 + H 2, 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 stoiehiometric equations. Depending 
upon the particular combination of these four reactions that are 
taking place-under-a-given-condition, ~he am~un~ of--carbon,- ..... 
oxygen and steam that react together will vary and the product 
gas produced will also vary in composition. The amount 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 a~d steam. The allowable 
combination given by the set of reactions (i} 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, CO 2 and H 2 while point Y which Teacts 67 
molecules of carbon, with 20 molecules of oxygen and 13 molecules 
of steam cannot all react away to CO, C02 and H 2 (too much carbon 
to satisfy any combination of the reactions of (I} to (4)). 

In adiabatic gasifiers, the exothermic reactions of 
carbon with oxygen [reactions (I) and (2))are used to supply 
heat to the endothermic reactions of carbon with steam (reactions 
(3) and (4)). The exact balancing between the heat released by 
reactions 61) 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 AB. 

How the number of moles of steam and oxygen needed to 
convert one mole of carbon changes as ~e move --long the line AB 
is shown in Figure 3. The ~mount of oxygen required decreases 
somewhat on going from A to B , but the amount of steam required 
increases sharply. The ratio of steam to oxygen is a convenient 
variahlo 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 Hg/CO ratio varies from 
0.45 at point A to ~ (no CO) at point B-as ~hown in Figure 5. 

There is energy consumed in the practical production 
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 Figure 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 
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steam to oxygen and low H2/CO ratios giving higher thermal effi- 
ciencies. This is true in spite of the fact that it takes 
approximately four times as much energy to produce one 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 

.... ~roducts. In actual fact, chemical equilibrium does not allow 
comple~e con~efsi6n of uhewater-in re~c~ion~ ~-c~nd .~a~ .;~vc~ 
steam is required to he present. On the other hand, the heat 
producing oxidation reactions (I) 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 constraints 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 H2/CO ratio also increases as comparison of 
Figures 4 and 5 shows. This excess steam hasto 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 H2/CO ratios and reinforces the conclusion from ~he 
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 ~sence of oxyg?n. Many gasifiers such as the dry ash Lurqi 
and e BGC-Lurgi slagger have devolatilization zones while 
others such as the Texaco entrained bed do not. Little energy 
is required for devolatilization so that any useful products 
formed, such as methane, contribute to increasing the thermal 
efficiency_ of coal gasifiers. On the other ~and, such products 
as tars can decrease the thermal efficiency by impeding'efficient 
heat recovery. 

The thermal efficiencies similar to those of Figure 8 
but with the improved thermal efficiency obtained by including 
the devolatilization of an aoproximate 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. 
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reactions 
The direct formation of methane from carbon by the 

2 1 CH 4 + 2 C + ~ H20 --> ~ ~ CO ~H = 14.78 kcal/mole (5) 

1 kcal/mol e C + H20 --> ~ CH 4 + CO 2 ~H = 1.46 (6) 

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 I0 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 oxy_gen 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 play 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 Figure 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 ii data are added to Figure 9 for the low ~ressure 
(near atmospheric) Winkler and Koppers-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 many gasifiersare such that 
the rate cf 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 equilibrium 
constrained. The amount of steam in theproduct gas of a kinetic 
constrained gasifier is greater than that of equilibrium constrained 
gasifiers and its thermal efficiency will be correspondingly lower. 
The H2/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/C0 ratio as a function of steam to oxygen ratio is 
plotted for an equilibrium adiabatic gasifier similar to a 
dry ash Lurgi gasifier. Two points based on design data for 
dry_ ash Lurgi gasifiers are shown. The large departure of the 
observed H2/C0 ratios for the Lurgi ~asifiers from that expected 
from equilib%i~m constraints is caused for the most.part by the 
actual gasifier being kineticallyconstrained. 

The relative direction of flow of steam, oxygen 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 
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penalty for this higher ~ermal efficiency due to the formation 
of tar and methane formed by devolatilization of coal. The 
tar requires separation and recycling. The methane formed 
increases the the~-mal 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 
presence of methar~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 ~n Figure 13. 
Four gasifiers were chosen from those used in preparation of 
Figure ii. One gasifier, the dry ash Lurgi, has a large amount 
of excess steam and the other three have low amounts of 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 LHVof 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 compression work. The last set is the net thermal 
efficiency and is ~e algebraic sum of the first five sets. 

The BGC-Lurgi slaqger loses thermal efficiency primarily 
by having poor heat recovery (second set). This is caused by the 
presence of tar in the product stream interfer inq with the heat 
exchange process. For the dry ash Lurgi gasifier the primary 
loss is in steam as anticipated by t_he high excess steam of this 
gasifier. The Texaco losses thermal efficiency by a high oxygen 
demand. The Wittier gasifler loses by both a high oxygen demand 
and compression requirements. 

The dominant role of ste~un in determining the thermal 
efficiency difference between the BGC-Lurgi slagger and the 
dry ash Lurgi gasifier is also reflected in determining.~he 
investment differential in the two gasifiers. Table IA gives 
the breakdown on a relative .basis as percentage of the investment 
of a BGC-Lurgi slagger. The dry ash Lurgi gasif£er (western coal) 
requires 42% more investment than that of a BGC-Lur.~i slaq=er (Frances 
coal). The sources of investment differences associated w~th 
the steam requirements are indicated by asterisk. These total 
28% and contribute more than half of the investment differences 
between- the two gasifiers. 

The bar graph in Figure 13 shows that the high oxygen 
demand is the largest contribution to the thermal efficiency loss 
in a Texaco gasifier. This high oxygen demand, however, also 
means a very hot gasifier effluent gas from -:high a substantial 
fractio~ of the sensible heat can be recovered as shown in the 
second set of bars in Figure 13. The waste heat boilers required 
to recover ~.hls heat are expensive as shown in Table IBo In the 
Texaco .gasifier, this sensible heat can supply most of the 
energy requirement for air separation, whereas in a BGC-Lurgi 
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TABLE IA 

Source of investment Differential of 
Dry Ash Lurgi Gasifier (Western Coal) 

Over BGC-Lurgi Slagger (Frances Coal) 
as Percenta@e of Investment of Sla@@er~ 

+ Increase Over Slagger Investment 
- Decrease From Slagger Investment 

Gasifier, including Coal 
Feed and Ash Removal 

Investment Differential 
(% Slagger's Investment ) 

+13 

Gas Cocling and 
Waste Heat Boiler + 7* 

Gas Liquor Treatment 

Oxygen Plant 

+ 6* 

- 4 

Steam Boiler + 
Superheater (including 
BFW Preparation) +15" 

Others + 5 

Total Investment +42" 

TABLE IB 
i i  I 

Source of Investment Differential of 
Dry Ash Lurgi Gasifier (Easter~ Coal) and 

Texaco Gasifier (Eastern Coal) Over BGC-Lurgi Slagger 
(Fr~ses Coal) as Percen_tage of Investment of .Slagger 

+ Increase Over Slagger Investment 
- Decrease From Slagger Investment 

Dry Ash Lurgi 
Eastern,,Coal 

T e x a c o  
.5 Water/DzyCoal 

Eastern Co.al _ 

Gas~fie=, including Coal 
Feed and Ash Removal + 16  - 6 

Gas Cooling and 
Waste Heat Boiler 

Gas L~quo= Treatment 

Oxygen Plant 

S t e a m  B o i l e = ÷  

S u p e r h e a t e r  ( i n c l u d i n g  
B ~  Preparation) 

Others 

Total Investment 

+ 12  

+ 10  

+ 4 

+ 27  

÷ l O  

+ 79 

- 1 8  - 

+ 2 8  

- 4 

+ 2 3  

- 13 

+ 6 
m 

+ 34 



slagger this enersy has ~o be supplied by either burning part of 
the product gas or coal. In a syngas process a significant part 
of this energy can be supplied by the steam produced in the syngas 
conversion process itself making the BGC-Lurgi slagger a particular 
efficient gasifler to be used in combination with such a conversion 
process. 

Table IB shows that the sources of the thermal efficiency 
losses for the Texaco gasifier relative to the ~c-Lurgi slagger 
is reflected themselves on the sources of investment differentials. 
The high oxygen demand i~ 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 IB 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 I!I-XiII, pages 20-101), the design criteria 
for gasifiers are examined by firs£ 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 fsection vii 
to XIII). In the second part [Section XIV, pages i02-139}, the 
performances of the real gasifiers are compared to the predictions 
obtained in the first part. The impact of this comparison on the 
investment requirement is developed on a differential basis. 
Although the last part is based on the first part, the technical 
overview should provide sufficient background for those readers 
who wish to proceed directly to the consideration of the real 
gasifiers which begins on page 102. 
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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 I), it is essential to understand how various constraints 
affect the thermal efficiency. The first constraints to be 
discussed are those arising ~rom ~he stoichiometry of the coal 
gasification reactions, from the heat requirements of the reactions, 
and from the energy requirements to prepare the oxy_gen and steam 
used in the stoichiometric reactions. It is useful to divide the 
coal conversion reactions into two classes: devolatilization and 
~asification. 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 H2. Not enough is 
known about how the composition of the devolatilized product 
depends on reaction conditions (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 
requires little heat other than that required to raise the coal 
to devolatilization temperatures. Under conditions of tar forma- 
tion, approximately 10% of the heat content of the coal is in 
the tar and naphtha fraction and about 20-30% is in the methane, 
H2, and CO fraction. 

The handling of the tars can be troublesome but ~here 
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 (~2000aY) only H 2 and CO are formed. 
These shifts in products have important effects on the thermal 
efficiency Of the process. 

B. Gasification Reactions 

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 considered to be pure cambon. There 
are many ways to write the various reactions that occur in 
gasification, hut because of the constraints imposed by the 
conservation of mass, there will be only four independent reactions 
when the products are CO, H2, C02 and methane and only three when 
no methane is produced directly from the char. A useful set of 
g a s i f i c a t i o n  reac t . tons  fo= the  char i s  g i v e n  by (Ref.  2)" 
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Combustion 

C + ½ 02 ---> 

C + 0 2 - - >  

Gasification 

CO 

C02 

-26.36 ('i) 

-94.14 ('2) 

C + H20 ---~ CO + H 2 

C + 2H20 ----> C02 + 2H 2 

C + CO 2 ---> 2C0 

Shift 

32.23 ('3} 

23.04 (4) 

41.42 (8) 

CO + H20 --> C02 + H2 

Methanation 

C + H2Q--> 1 CH4 + 1 CO 2 

-9.19 ('9} 

14.78 (5) 

1.46 (6) 

Figure 14 is a triangular stoichiometric diagram of the 
three reactants, carbon, water and oxygen. On this diagram, a 
trapezium area has been defined which gives the possible 
stoichiometric fractional amounts of carbon, oxygen and water 
converted to CO, C02 and H 2. Chemical equilibrium is not 
considered here. Reactions (i). (2~ o and ~3% have been chosen _as the 
Three indmp~~ ~-e~-c~i-ons wi~h (~), which ~s a linear combination 
of (i}, (2], and (3) [~2) + 2(3} - 2 (I)] . defining the lower 

- 2 1  - 

where ~he value following each reaction is the value of the heat 
of reaction ( AH kcal/mole at 700°F). 

Consider a gasifier for char in which the inlet and 
outlet streams are at the same temperature- 700°F will be used 
_an .the. d is.cussion in this sect/on. If the gasifier is operated 
~ucnAr~a= une reac~mons taking place satisfy the condition 
. Ai .=i = u, une r~ermal efficiency will be 100% ha~ ~ I~.~ 
neatzng value at 700°F. To ~=~- ~- .... =_.~I__---UC .... r"~'.. 

eqU tlon ZX i AH i -- 0, X i ms the fractional amount of carbon 
to  =odu?ts ith reactor heat of 

~ ~ u ~  zur une mun reac=lon.. The condition Zx i = 1 is satisfied 
~_ _e ~i[s. There are an _infmnite number of combinations of 

~ea=ulons ~a= sauzsfy IX i AH i = 0. In dzscusslng these 
combznatzons, the reactions w~ll be separated at first zn~o two 
classes; one that considers combinations ~hat produce only C0, 
C02 a~d H2 .with mo methane and the other that pz~duce only 
~u, ~u 2 an= methane with no H2. The results obtained from the 
~scuss.lon_of __~he _tw_o classes of  react ions w i l l  then b e  combined 
_ u~= ~n overall pac=u,e o: the effects of stolchlometri: and 
zXi dH i = 0 constraints on the entire set of rea¢~ions. 
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righthand corner of the trapezium. The two areas labeled excess 
carbon and excess steam and oxygen are not accessible due to the 
stoichiometric constraint. 

When the constraint ZX i &H i = 0 is added, the 9ossible 
stoichiometrics will lie along the line connecting.p~intsA and B 
of Figure 14. To the left of this line too much heat is produced 
to satisfy the required ZX i ~H i = 0 and to the right too little. 
(In actual practice the outlet stream ~s 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 reactions defined by points A and B will be chosen to be 
these two reactions. All the stoichiometric along the line AB 
will be linear combinations of ~he two reactions subject to the 
condition ZX i = i. The two reactions defining points A and B are: 

C + 0.275 02 + 0.45 H20 ---> CO + 0.45 H 2 

C + 0.195 02 + 1.61 H20----> CO 2 + 1.61 H2, 

respectively. The first e~u'ation is obtained from combining 
reactions (1) and (3) in the proportio.~s, 

C + ½ 02 ---> CO 

0.82 C + 0.82 H20 ---~ 0.82 CO + 0.82 H 2 

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

C + 02 --> CO 2 

4.09 C + 8.17 H20 ---> 4.09 CO 2 + 8.17 H 2 

All of th~ stoichiometric lying along the line conne6ting 
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 t//e inlet Canal outlet) temperature be 700°F. 
Point A requires 0.28 moles of oxygen 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 1.61 moles of steam to give a 
~team-to-oxy_gen ratio of 8. ~ne mole of oxygen at 400 psia and 
00 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 0.33 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 prepare the oxygen and steam in 
these two cases drops the thermal efficiency from 100% to 81% 
for point A and 72% for point B. 
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The composition of the product varies greatly along the 
line AB of Figure 14. The composition triangular diagram for the 
product is shown in Figure 15. The product changes from all CO 
and H 2 with a ratio of H2/CO of 0.45 at point E to a product that 
is all C02 and H 2 with a H2/CO ratio of infinity at point F. The 
equation for this product variation along the line EF is given by 
H2/CO = 0.45 + 1.61 C02/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 
liquid 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 H2/CO ratio as low as 0.5. This is close 
to point A, which has a ratio of 0.45. If a 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 
C02 (or in reality with little C02). This absence of C02 (or 
very low CO 2 content} makes it cheaper and easier to remove 
H2S since the Claus process can be used instead of the Stretford 
process. This advantage holds for both fuel gas and syngas 
production. 

Point A also gives a smaller investment. The investment 
savings for the smaller oxygen plant for point B is more than 
offset by the investment required for the larger steam plant. 
The total investment required per mole of oxygen is about equal 
to that required to produce five to six moles of steam (see 
Table 2). The present cost ratio of oxygen and steam is approxi- 
mately 5. At $25 a ton for oxygen, i000 scf costs$i.05 while at 
$8.50 a ton for steam, i000 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 CO 2. The cases that produce only CO, C02 and H 2 are 
approximately realizable in practice whereas the cases that 
produce no H 2 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 (i), (2), (5), and (6}. Again o~ly three 
of these reactions are independent. The heat balance conditi3n 
ZX i AH i ~ 0 reduces these to two independent reactions and all 
stoichiometri=s will lie on a line with ends defined by points 
c and D. The reactions defining these two points are: 

~oint C a} C + 02 ----> CO 2 

b} 64.53 C + 64.53 H20 ---> 32.26 CH4 + 32.26 CO2 

which combine to give, 
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Investment Requirements - Oxygen Versus Steam 

Basis: Dollars per mscfd oxygen or steam at 400 psia and 700°F 

Boiler(a ) ~ Steam 300 ~6~ 140 ~7~ 
Oxygen Plant 700 ~0~ 

Total 
(no contingency or .interest 
during construction) 
Investment'Ratio 
(Oxygen to Steam~ 

IOOO ~60} 
6.25{5.4} 

14o{17o} 

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

a) Boiler is assumed to be standard tar boiler equipped 
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 02 + .985 H20 --> .4925 CH 4 + 0.5075 CO 2 

Point D a) C + 0.5 02 --> CO 

b) 1.78 C + 1.19 H20 --> 1.19 CO + 0.59 CH 4 

which combine to give, 

C + .180 02 + .428 H20--> .213 CH 4 + .788 CO 

The compositional diagram for the products is given 
in Figure 17. The product compositions are given by the equation 
CH 4 = 0.272 CO + 0.970 CO2. 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 a~nd B. 
However, there are severe equilibrium 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 7X i AH i = 0 will lie within the trapezium ABCD. The 
product composition corresponding to the react~%t 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 idealized stoichiometric char gasifier that has 
been discussed provides important background information 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 to-iie within the appropriate regions 
of Figures 14, 16 and 18. This is true regardless of equilibrium 
and kinetic constraints ~hat will be discussed later. These 
e_uuilibrium 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 (I) 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 h/ghest 
thermal efficiency occurs at the lowest steam-to-oxygen ratio 
that satisfies the stoichiometric and ZXi,% H$ = 0 constraints --~ 
namely at point A. This is also the point wlth the lowest 
H2/CO ratio- namely 0.45. The dashed curve in Figure 20a 
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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 
to oxygen preparations. Figure 20b shows that the thermal 
efficiencies usedhere 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 ~thane comes for the most part from 
devolatilization. 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 qasifier 
over what it would be if char were used. The last column gives 
the computed performance of the gasifierwhen 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 81% for point A. The char slagger is very close in 
product composition to point A. Its H2/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 
point 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 AB and CD of 
Figure 14 a~.d 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 efficient- boiler. The generation of steam in a gasifier 
is equivalent to using oxygen 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 
a 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 Gas_i fiefs 

If heat can be supplied to a gasifier from some indirect 
source, then the reactions need not satisfy ZX i AH i = 0 and the 
process can rely entirely on the reactions such as the gasifica- 
tion reaction (3). Xf 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 $9.00. If coal is burned for heat, with oxygen internally, 
the cost of the heat is calculated as follows: 1 million Btu of 
coal costs $i.00 and the oxygen that is needed to combust the 
coal as $2.40 ($25 a ton) to give $3.40 per million Btu of heat. 
Of course, when heating electrically, the product would contain 
less C0 2 but this gives a saving of only 5 to 6 cents per 
million Btu Cutility 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 self- 
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 reactor 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 ~ nuclear 
reactor would b~_ about $4.00 per millaon Btu and the ecD1ipment 
would be complex, which does not make it attractive at the 
present time. 
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V. Computation of Thermal E f_ficiency 

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 ~he 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 LEV -- 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 reflect 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" 
category_. 

The fines and chars produced by some gasifiers can 
fall into this latter category_. 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 fanes and chars are coumted 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 how to account for the 
~ver~q~_ content of the tars. The light oils and other light 
.~ ~'~-~'-'~--~'1~ be classified as "usable" clean fuel. There 
is ~oumu as co whether tar sz,u=lu me counne= as a "usa~l~- 
clean fuel. In a very_ large plant, upgrading of this tar to 
"usable" 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 
excess 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 exits from the outlet of 
the gasifier. Aluhough energy can be recovered from this exit 
stea~, there is a substantial energy degradation. A simplified 
gasifier will be used to show the magnitude of the amount of 
excess steam 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 mainfeatures of all real non-catalytic gasifiers. 

Consider a gasifier in which part of the coal 
(approximately 25% by LHV) is devolatiTized 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 a 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 comoletion. Two general cases will be 
considered for the carbon-steam reaction (3). In Case X, this 
reaction will go to equilibrium 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 reach a steady state 
glven ~y pseudo-equilibrium conditions in which the pseudo- 
equilibrium constant is a fraction of the actual equilibrium 
constant. This fraction will be 0.i for Case Y. 

~ s  a "  -: - NO .e~" .t steam, existed in the outlet stream of the 
i.~.ze.a. Sl::O_lcJ~...ome.t.r:.c. ch~- gas.ifier described previously. 
L u=~.um eunu Kln.euzu. cons.~r, aznus cause a considerable amount 

u=. sue.am ~o appear..an n~e.ex~t_ stream as shown in Pigure 21. 
Tn~s z~9~re g~ves ~ne ratio or exit steam to steam converted 
to pz~ducts as a function of steam-to-oxygen ratio. Those of 
the approximate eastern coal are given by the heavy solid and 
_dashed lines and th.ose of the approximate western coal by light 
~ =  ana =asne=.l~nes. T~e equilibri,am constrained cases are 
given by the soi~d lines and the kinetic constrained cases for 
the steam-carbon reaction by the dashed lines. Clearly a 
considerable amount o£ excess steam is required and this amount 
increases greatly as the steam-to-oxygen ratio rises. This 
means that the energy losses by excess steam increase as the 
~am-to-oxy~en - r a t i o  Ti -s -es  ~d the ~hermal efficiencies are 
decreased. Figure 22 shows the ratio of exit steam to 
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converted steam as a function of H2/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 operation is at low 
steam-to-oxygen and H2/CO ratios. In f~ct, the introduction of 
these constraints increases the differences in thermal efficiency 
seen fr~upoint A to point B. 
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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 ratio on the following 
variables: 

a) Gasifier temperature 

b) Cold gas thermal efficiency 

c) Net thermal efficiency 

d) ib steam/mscf syngas 
[I scf methane counted as 3.scf syngas) 

e} scf exygen/mscf syngas 

f} scf syngas per ib of dry ash-free coal 

g) H2/CO ratio 

h) co 2 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 23c show. 
The results presented in these figures clearly illushrate the 
advantage in thermal efficiency that can be achieved by operating 
at low steam to oxygen ratio. It will be shown later that in- 
cluding methanation in the reaction sch~e will not alter the 
basic form of Figures 23b and 23c and will not alter this 

neClUsion. Gasifier design and coal properties can change 
ese thermal efficiencies but they wall 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 required 
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 ib of dry as~-free coal 
As shown in Figure 23f. For the equilibrium case, the amount of 
gas produced increases with steam-to-oxyge~ r a~io. F~/rtherm@re, 
above a ratio of i, the increase is very small (less than 2%}. 
On the o~,er hand, for the kinetic constrained case a maximum 
is obtained at a ra~io in the range 2 to 3. Thus, the increase 
in gas product/on will not be significant enough to offset the net 
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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 theH2/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(1). Low H2/CO ratio 
syngas conversion processes were discussed in Reference 1 and 
will be discussed again later in this study. 

The production of CO 2 is given in Figure 23h. Low CO 2 
production occurs at low steam-to-oxygen ratios. As pointed out 
earlier, low CO 2 content in the gas has an advantage since, for 
low CO 2 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 be~n given. The additional moisture in the 30% moisture 
content characteristic of western coals has a penalty in that it 
increases oxy.gen 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 thatare coupled to syngas conversion 
processes, there is an advantage to raising cold gas thermal 
efficiency relative to net thermal efficiency. Syngas conversion 
processes gunerate steam that can be used to satisfy the steam 
requirements of the gasifier and to prepare the Oxy_gen; 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 H2/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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VIZI. Methane Pormation 

The data in Figures 16, 17, 18, and 19 were used ~o 
show ways in which the stoichiometzT of the gasification 
reactions, and the heat requirements for the reactions influenced 
the thermal efficiencies of and the products produced fro~., the 
methane forming reactions. Let us now oonslder how the equili- 
brium constraints influence the the=real efficiencies and other 
properties of the gasifier with methane formation. 

It is instructive to examine equilibrium constraints 
using an idealized c~har 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 (I) and (2), only three 
independent reactions need be considered. Figure 24a gives the 
ratio of exit steam to converted steam as a function of temperature 
for three different pressures (I00, 400 and i000 psia) when the 
methane formation (reactions (5) and (6))is present (Case Z}. 
The corresponding data at 400 psia when no methane formation occurs 
(Case X) is given for comparison. The ratio 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 c 
respectively. A comparison of the data in these figures sho%~that: 

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 steam 
required for Case Z. 

c) methane formation is favored at low temperatures 
and high pressures. 

A catalyst is required to obtain substantial methane 
formation since low temperatures are required. At these low 
temperatures, the rates of the reaction are too low to be 
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 as formed unless the pressure is high. This 
increased pressure is expensive. 

The results in Figures 24b and c show that if the 
operation is in the region of good methane formation, say at 
1400°F and I000 psia (methane to carbon conversion ratio -0.35) 
the steam requirement is considerably greater than that for 
an operation at 400 psia and 1800°F with no methane furman_ion. 
Th~s, ~nless there are good reasons such as improved thermal 
efficiencies and reduced costs, there as no driving force to go 
to the catalytic, low-temperature, high-pressure operation to 
produce methane for fuel gas production. 
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A simplified (perfectly mixed, adiabatic) gasifier 
with oxygen present will be used to examine the thermal efficiencies 
and other properties of the gasifier with methane formation. All 
gasification 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 
decreases the excess steam requirements at any 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 25c and d give the cold gas and net thermal 
efficiencies, respectively. These figures give results at 400 and 
1900 psia pressures and show that the presence of the methane 
formation reactionsincreaseshoth thermal efficiencies over those 
obtained when methane formation is absent. Figure 25e gives the 
methane formation as a function of steam to oxygen ratio. At a 
steam to oxygen ratio of 8 the reactor temperature is ~I400°F for 
i000 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 formation 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 
leads to a better thermal efficiency because of reduced oxygen 
requir~nent this effect is negligible in the o~erating region 
which is desirable for high thermal efficiency fuel gas production. 
Reforming of the methane in syngas production leads to decreased 
~hermal 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 
produced 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~atural gas (SNG) production. 
For SNG production, whether the m~thane 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 mah 7 unknown ways. 
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Table5 gives the methane production of various gasifiers 
arranged in order of steam to oxygen ratio. The gasifier pressure 
is also given. The methane 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 
i000 psia, does not give a much higher methane production than the 
Lurgi dry ash gasifier, which operates at 400 psia. This 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 devolatiliza- 
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 mainly due to the fact that devolatilization in these cases occurs 
at the top of the bed above the reaction zone and at 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 reactions(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 oressures compares with that of reaotions 
(3,, [4,, and (Ss. Large scale pilot plant data do not seem to 
support this as Table 5 shows. 

_ . . Equilibrium concentrations of methane only shov; a part 
 se,ce of a catalyst, me =ane fo=ation 

_-- ong~.y -~nl~eu by the kznetics of the system itself, since 
a-.~ reacn_zons .are v _e~_. sl.ow at the low temperatures that favor 
~eunane =o..rmaulon: Klnetlcally, the reaction rates stronglT 
_-_p _e_m~____on.une coal and also on the composition of the ash as some 
usn uunsuzuuenus nave ca~a~yuzc activity, in the absence of 
an effective catalyst, however, a reasonably high temperature 
(>I600"F) will be required in "--he gasification section; otherwise, 
low steam and coal conversion will result. 

~"" There is no~ enough known to draw any firm conclusions 
• un regar~ ~o the acuua- amount of methane ~hat is directly 
=ea  n-? talytic g si i s. For the pu se the. st=dy, 
A meun~ne Wlll be consl~ ered to be produced by devolatmlization 
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Table 6 

Equilibrium Methane Formation intheGasification Zone 
of a Simulated Dry Ash Lurgi Gasifier (Approximate Eastern Coal) 

at 400 psiaand 8.0 Steam to O~gen Ratio 

Temperature 
"F 

Equilibrium Methane Formation a) 
(scf per lb DAF Coal) 

1600 2.35 

1800 1.01 

2000  0.37 

a) Equilibrium methane formed above #.hat 
made by devolatillzatlon, 
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for the higher temperature, non-catalytic ~asifiers of interest 
t O  U S ,  

The only cases where large amounts of methane have 
been reported are in catalytic gasifiers (3) a!thou~h few data 
are available. 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. So~ catalyst also 
cracks tars and phenols, offering a significant advantage. The only 
catalysts presently kno~m that are cheap are natural constituents 
of the ash, but they are not very active. Large amount of catalyst 
is usually required and catalyst make-u= can be ex~ensive. For 
syngas and fuel gas ~roduction, a catalyst which ~romotes reac- 
tions (3)~ (4} and (8} without promoting reactions (5] and {6) would 
be preferred. Even then its value is limited since a reasonably 
high temperature is always needed for 9ro~er steam conversion 
because of equilibrium considerations. However, the lower temp- 
erature requirement would help avoid ash and coal agglomeration. 

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

The cold gas thermal efficiency of a gasifier is improved 
by feeding coal countercurrently 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 
zone in which the coal flows in countercurrent to the hot gases 
coming from a well-mixed gasification zone. The other scheme 
labeled model 3 has the countercurrent devolatilization zone of 
model 2 replaced bv a well-mixed devolatilization zone. In the 
devolatilization zones of these coum-terourrent ~asifiers ~he 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 
qaseous products from the gasification zone exit the qasifier. 

These gasifier models are combined with the simplified 
gasifier used to prepare the data in Figures 23a-h to determine 
the effects of countercurrent Glow. The scheme used in Figures 
23a-h will be called model 1. The data from Figures 23a-h are 
repeated for comDarison with the results obtained with models 2 
and 3 in Figures 27a-~. Fiqures 27a-d show that both the net 
and cold qas thermal efficiencies are improved. There is a 
maximumnear the low steam to oxv~en ratio characterized by point 
A. Figures 27e-f show that the oxygen reguired decreases. Figures 
27g-h show that the temperature in the reaction zone is higher for 
models 2 and 3 which results in better =onversion. This effect is 
especially apparent in the case o~ high moisture content coals. 
Figures 27i-j 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 syn~as 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 ~he hiuh 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 4 + H20 ~ CO + 3H 2 dH = 52.35 kcal/ mole (i0) 

To balance it with reaction (i) (combustion of char to CO), 1 mole 
of oxygen and 2 moles of carbon are needed. To gasify these 
same two moles of carbon would have required 0.$5 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. Zf the methane in the gas from the BGC-Lurgi slaquer 
in Table 4 were reformed, it would require an additional 
35 scf of oxygen per i000 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 28d) and the gasifier temperature drops 
(Figure 28e). In 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 avoid 
further increasing the oxvgen consumption. The increase in 
oxygen consumption decreases the cold gas thermal efficiency. 
Part of this loss cam. be recovered by using the heat of the 
product 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 combustion. The BGC-Lurgi slagger achieves this bv 
using the heat of the product gases to 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 o~ ~c~-e-~t gases cam be used to generate steam used by ~e 
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Drocess (such as for oxy_qen production), but not more than re- 
quired since exporting power or steam in a coupled mode has 
severe economic penalties. If the exit gas is at low temperature, 
the steam used by the process has to be supplied 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 temperature comes from combustion with pure o~._~gen which 
itself requires energy to generater The difference in these two 
cases is, however, small. -- 

For the syngas processes, a low exit temperature is 
desirable as syngas conversion processes qenerate both excess steam 
~nd low quality heat from off gases that can he used ~or power 
qeneration. This is one important difference between the pro- 
duction of fuel gas and sMnqas. 

- 8 6 -  

j" 



XI. The Effects of Coal Pr0Perties on Gasifier Design 

The term coal is applied to substances with a very 
wide range of physical properties. Zt 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 wasification are: 

I) Coal reactivity. 

2) Tendency to cake and agglomerate when heated. 

3) Ash contentand its properties. 

4) Heating value per unit weight and also per unit volume. 

5) Amount 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 coals (eastern coals). 

The first are more reactive, have higher oxygen content, lower 
sulfur 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 ~nd are less reactive with a 
tendency to cake and agglomerate. One can reduce ~hat tendency 
by pretreatment, which is expensive. Dealing with this problem 
is an important criterion for development 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. As 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. A more detailed study of the cost and 
availability of different coals and the way they affect gasifier 
desig~ is desirable but o~tside the scope of this study. 

- 87 - 



Western coals have a property 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 efficie~cies 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 coal is highly detrimental as it consumes valuable 
hydrogen. This effect is illustrated in Figures 29a-d, in which 
15% of the coal is volatilized as CO corresponding to U~e oxygen 
content of the coal (2~ u~on devolatilization for model i, and 
• 'i~ures 30a-d for model 2. 
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