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ABSTRACT 
Processes which are commercially available or under 

active development are reviewed. These are classified in three 
groups based on the heating value of the product gas. Methods 
for purification of the raw product gas, and application areas 
for the purified gas are described. An account is given of cost 
estimates for the production of various gaseous and liquid 
products from coal-derived synthesis gas. and environmental 
aspects of large-scale coal gasification plants are also 
discussed.



L'auteur examine les procédés existants op en voie de 

réalisation pour gazéifier 1e charbon. Ces procédés forment 

trois groupes en fonction du pouvoir calorifique du produit 

obtenu. Les méthodes de purification du gaz brut et les champs 

d'application du gaz purifié sont également du domaine de 

l'étude. En outre, l'auteur évalue les coats de production des 

divers produits liquides et gazeux tirés du gaz de synthése 

venant du charbon. Il considere également les repercussions sur 

l'environnement des grandes usines de gazéification.
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1 - I N'IRODUC'IION 

Gas was first manufactured commercially from coal in the 
early nineteenth century, by destructive distillation in the 
absence of air. This process, which is very similar to the 
carbonization of coal to give metallurgical coke, had a low (30%) 

coal utilization efficiency and gave a gas with a heating value 
of “50 to 550 Btu/cf, depending on the type of coal and the 
temperature at which it was heated. The gas was widely 
distributed in many cities for public and residential lighting, 
unsaturated hydrocarbons (illuminants) in the gas causing it to 
burn with a luminous flame. In the latter half of the century, 
through advances in techniques for burning gas (Bunsen burner, 
Welsback mantle, atmospheric burner), illuminants lost their 
significance and the main application for manufactured gas 
changed from lighting to industrial and residential heating. 
During this period, the distillation process for gas production 
was susperseded by the producer and water-gas processes, which 
permitted complete gasificatiOn of solid fuels. In the producer 
gas process, a bed of carbon was reacted continuously with air 
and steam, giving a gas with a low heating value (130 to 170 
Btu/cf) that was used at industrial plants requiring a lowocost 
supply of clean.fuel. In the cyclic water-gas or blue-gas 
process, a bed of coke or anthracite was first heated by partial 
combustion of the fuel in air. When the required bed temperature 
was reached, the air flow was stopped and the hot bed reacted 
with steam. After a short reaction time, the endothermic carbon- 
steam reaction lowered the bed temperature and consequently the 
carbon—steam reaction rate; the steam flow was then stopped and



Ithe alternate air Cycle repeated. Water gas contained mainly CO 

and H2 and had a heating value of about 300 Btu/cf. In the 

widely used carbureted water gas process, the heating value of 

water gas was increased to about 550 Btu/cf by the addition of 

light hydrocarbons produced from the thermal cracking of 911. 

Between the end of the First World War and the early 

19505, a number of major advances were made (mainly in Europe) in 

coal gasification technology (1, 2), including the use of oxygen 

in place of air (3), gasification at elevated pressure (a), in 

fluidized (5) and entrained (6) beds, gasification under slagging 

conditions (2), and the commercial development of the Fischer— 

Tropsch process (7, 8) to produce synthetic fuels from the 

product gas from oxygen-blown gasifiers. However, 

notwithstanding these advances and a concomitant development of a 

much better understanding of basic gasification reactions, the 

production of gas from coal has declined sharply in most 

industrialized countries during the last two decades; for 

example, by the early sixties manufactured gas accounted for less 

than 1% of the gas sold in the United States. There are two 

principal reasons for this decline in manufactured gas 

productiOn; one is the widespread distribution and utilization of 

natural gas that took place in North America immediately after 

the Second World War and more recently in Europe, and the other 

is a transition from an international energy economy based on 

relatively high cost (indigenous) coal to One based on 'cheap' 

oil. The loss of markets for coal in gasification and other 

areas resulted in its displacement as the primary industrial fuel 

and also in a general depression of the coal mining industry.



Currently, escalating price and potential politically 
based non-economic limitations on imported supplies of oil and 
natural gas, have led to a worldwide resurgence of interest in 
coal as an energy resource (9-15). This interest is particularly 
evident in the United States - which possesses about 20% of the 
world's known coal reserves - where, in recent years, the 
increasing deficit between domestic supply and demand fbr oil and 
natural gas (16, 17) has led to extensive industry - and 
government-sponsored research and development for conversion of 
coal into synthetic oil and gas (18—20). 

In Canada, proven reserves of fosSil fuels are adequate 
to meet present domestic requirements (Table 1). 

TABLE 1 

CANADA (1973) 
PROVEN RESERVES AND PRODUCTION RATES OF FOSSIL FUELS IN 

Proven reserves 
Life index 

Production of reserves 
at end of 1973 rate in 1973 (years) 

Natural gas (10‘2 cf) 52.n57 3.12“ 16.7 

Oil and natural gas 
liquids (109 bbl) 9.26 0.754 12.3 

Coal* (106 ton) 52 x 103 22.55 ' 

_ 
2300 

* Coal reserve estimate (1972) is approximate and is taken from 
Reterence 21; other data from References 22-24. 

However, it is apparent from the 
oil and natural gas are limited. 
1973, the life indices (i.e. the 

annual production rate) of these 
years respectively, and a recent 

data in Table 1 that reserves of 
Based on production rates in 

ratio of proven reserves to 
reserves are 12.3 years and 16.7 

National Energy Board Study (25)



forecasts that Canadian demand for indegenous oil feedstocks will 
exceed supply by 1982. If the reserVe estimates for oil and 
natural gas are based on inferred and potential reserves, i.e. 

reserves that have not been found but which may be expected from 
geological data, then significantly greater reserves than those 
shown in Table 1 may be anticipated (26). However, it is 

expected that these reserves will be in frontier regions and will 
be expensive to find and exploit. Coal reserves in Canada are 
very large and it is clear that, as indigenous oil and gas 
reserves are depleted, coal will be required to play an 
increasing role in Canada as an energy resource. A similar 
situation also exists on a global scale; coal reserves are 
estimated (27, 28) to contain the majority of the world's supply 
of recoverable fossil fuels and are expected to provide the basis 
for medium-range (until the end of this century) energy supply, 
until non-hydrocarbon—based energy sources are developed (9). 

Unfortunately coal is not a 'clean' fuel and its large- 

scale combustion represents a major source of air pollutants, 
including particulates, and oxides of sulphur and nitrogen. 
Removal of these pollutants from combustion gases is expensive 
and, with the exceptiOn of particulate control, suitable control 
techniques are only now entering the commercial stage. One 
method to circumvent the difficulties inherent in pollution 
control from coal-fired sOurces is to convert the coal into a 

relatively low heat-content gas, apply established methods to 
remove particulates and sulphur compounds, and then use the 
cleaned gas for combustion. In addition, rather than limit the 
use of natural-gas-fired equipment when gas supply is inadequate



to meet demand, it is also possible to convert coal (via 

gasification and subsequent gas synthesis steps) into a product 
containing mainly CH., which can supplement or replace 
conventional natural gas supplies, 

Current interest in coal gasification is thus related to 
two types of gas; synthesis gas (a mixture of CO and H2) and low- 

Btu gas. In the United States, interest in Synthesis gas is 
primarily directed to its conversion into substitute natural gas 

(SNG); however, inva number of other countries synthesis gas is 
used commercially as a feedstock for the manufacture of a variety 
of chemicals, e.g., NH3 (29, 30), CH30H (31, 32), and liquid 
petroleum products and waxes (33-35), and it also has near-term 
application as a sourCe of hydrogen for large-scale coal 
liquefaction processes (36-38). The main interest in low-Btu gas 
(heating value, 100 to 250 Btu/scf) is as a clean fuel for 
industrial process applications, and for electrical power 
generation either in existing utility boilers, or in combined- 
cycle power systems which offer the prospect of low capital costs 
and higher thermal efficiencies than conventional power cycles 
(39). 

It is the aim of this report to review the current 
status of coal gasification techniques, the methods available to 
purify the raw product gas, the application areas for the gas, 
and the economic and environmental aspects of large-scale gas 
production.



2. METHODS FOR THE GASIFICATION CF COAL 

Most coal gasification processes are based on the 

reaction between coal (coal char) and a hydrogen-rich gas at 

elevated temperatures. Steam is usually used as the source of 

hydrogen and, because the steam-carbon reaction is highly 

endothermic, the gasification process requires a net input of 

heat. In commercial systems this heat is supplied by the partial 

combustion of coal in the gasifier, which is accomplished by the 

Iintrcduction of air, or oxygen, with the gasifying steam. 
Indirect methods of supplying heat for gasification are also 

being developed and are considered in later sections of this 

report. The principal reactions that occur during coal 

-gasification are given in Table 2, together with the heat changes 

accompanying the reaction (“0). 

TABLE 2 REACTIONS IN THE GASIFICATION OF COAL 

‘ H296° K 
Reaction (kcal/mol) 

c + H20 = co >+ 
Hz' - 31.n0 ‘ (Eq.1) 

co + H20 = co2 + H; + .9.85 (Eq.2) 

c + co2 = 2co - u1.25 (Eq.3) 

c + 2H2 = CH. - + 17.89 (Eq.u) 

c + 02' = 
' 

co2 + 915.05 (Eq.5) 

Coal = c + CH. + HC 

The exothermic reaction between carbon and hydrogen to form CH. 
(Equation.u) is termed hydrogasification and is favoured by high



pressure and relatively low temperatures. For the production of 

SNG from coal, operating conditions that enhance the direct 
formation of CH. during gasification are desirable because they 
result in savings in later gas upgrading costs (Hi). In 

addition, heat liberated by hydrogasification can be_used to 
support the carbon-steam reaction. The devolatilization of coal 
(Equation 6) yields coal char (C), CH., and higher hydrocarbons 

(HC) and is more or less endothermic, depending on the type of 

coal and the process conditions. Operating temperatures for 
gasification depend strongly on the reactivity of the coal; for 

reactive coals such as lignite, satisfactory gasification rates 
are obtained at 14000 to 1500°F, however, less reactive coals 
require temperatures of 1700°F or greater. Depending on the 

characteristics of_the particular gasification process, the 

reactions given in Equations 1-6 may occur simultaneously 
throughout the gasifier; alternatively each reaction may take 

place in one region of the gasifier or in a separate reaction 
vessel. The aim of most gasification processes is-to balance the 
heat liberated in the process with the heat required to maintain 
the endothermic gasification reactions and the heat that is lost 
from the gasifier as sensible heat of the product gas, the ash, 

etc. Control of this heat balance can be achieved by regulating 
the amount of air (or oxygen) and steam injected into the 
gasifier. If air is used the product gas is inevitably diluted 
(usually about 50%) with nitrogen and is termed low-Btu gas. It 

has a heating value in the range of 100 to 250 Btu/scf and 

contains CO and H2 as the main heat values with smaller amounts 
gof CH. and higher hydrocarbons. If oxygen is used in place of



air, the product gas is essentially free of nitrogen and is 
termed intermediate-Btu gas; it has a heating value about twice 

that of low-Btu gas. The exact composition and heating value of 

_the gas depend on the type of coal used, the temperature and 
pressure in the gasifier, and the rates of steam and air 
injection; factors that determine the rates and equilibria of the 
gasification reactions. 

The principal systems used for the gasification of coal 
are the fixed-bed, fluidizedsbed, and entrained-bed processes, 
which are exemplified commercially by the Lurgi, Winkler, and 

Koppers-Totzek processes respectively. 
In the fixed-bed process, the coal bed is supported on a 

grate and the bed depth is maintained constant by the addition of 
coal to the top of the bed and the withdrawal of ash (usually 
maintained below its fusion temperature) from the bottom. Air 
and steam, or oxygen and steam, are introduced below the grate 
and pass through the gasifier countercurrent to the flow of ash 
and coal. Combustion, gasification, devolatilization, and coal 

drying take place in relatively well-defined zones from the 
bottom to the top of the bed. The fixed-bed process has a number 
of advantages; countercurrent gas—solids flow and a long coal 
residence-time ensure good utilization of heat from the 
combustion zone and high carbon conversion efficiencies, and 
there is relatively little solids entrainment in the product gas. 
However, the fixed-bed gasifier can only treat sized, non—caking 
or weakly caking coals (caking coals can be gasified following 
pretreatment or with constant agitation of the coal bed), the 
prodUct gas contains oils and tars from the devolatilization of



the coal that must be scrubbed from the gas, and the maximum 
gasification rate per gasifier is lower than that attainable with 
fluidized-bed and entrained-bed gasifiers. 

In the fluidized-bed process, which is used in many coal 
gasification systems now under development, the gases flow 
upwards through the bed of coal with a velocity sufficient to 
support the weight of the heavier particles but not high enough 
to carry them out of the bed. In general, fluidized-bed systems 
have good solids handling characteristics, very efficient gas- 
solid contact, and rapid heat transfer within the bed which gives 
a uniform bed temperature and virtually eliminates temperature 
zones associated with exothermic and endothermic reactions. 
Among the advantages of the fluidized-bed gasifier are its 
ability to gasify all but highly caking coals, operation over a 

wide range of output limited only by the fluidization 
characteristics of the bed, and a product gas that is essentially 
free of tars. The disadvantages of the fluidized-bed gasifier 
include significant entrainment of unburned carbon and ash in the 
product gas and, because of higher operating temperatures, a 

greater fraction of the coal heating value appears as sensible 
heat in the product gas than with the fixed-bed gasifier. 

In the entrained-flow process, the gas velocity is high 
enough that all the individual particles are supported by the 
drag force of the gas and are carried through the gasifier with 
the gas. Most entrained-flow gasifiers operate at high 
temperatures (ash slagging mode) and produce a tar-free gas very 
low in hydrocarbons. All types of coal may be gasified by this 
technique and entrained-flow gasifiers may be scaled-up in size
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to give a higher coal throughput per gasifier than fixed-bed or 
fluidized-bed gasifiers. They suffer from the inherent 

disadvantage of high char carry-over in the product gas, and 

carbon recycle is necessary. 
In addition to the three main processes noted above, 

other gasification techniques are being investigated. These 

include the gasification of coal in molten iron, molten Nazcoa, 
and the application of a nuclear reactor as source process heat; 
however, these techniques are in an early stage of development. 

Although a given gasification process may be described 
specifically on the basis of various operating parameters (Table 

3), it is also possible, from a general-viewpoint, to consider 
coal gasification in terms of a number of steps common to all 
processes (Figure 1). The first step is coal preparation, which 
involves crushing and grinding the coal to a siZe suitable for 
the gasifier and may also include partial drying of coals which 
‘have a high moisture content. For a number of processes, caking 
coal must be pretreated (or mixed with inert material) before 

gasification to destroy its agglomerating properties. 
Pretreatment usually consists of mild, low-temperature oxidation 
of the coal (“2); however, an interesting new development in this 
area, the Battelle hydrothermal coal desulphurization process 

(43), not only yields a non-agglomerating product (free~swelling 

index, 0.5 to 1.0) from highly caking coals, but also greatly 
enhances the gasification reactivity of the coal. The 

devolatilization step involves the removal of the volatile 
constituents from coal and usually takes place in the gasifier, 
producing a residual char conSisting mainly of carbon. Following
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TABLE 3 SIGNIFICANT OPERATING PARAMETERS IN COAL GASIFICATION 
PROCESSES 

TYPE OF REACTOR 
a) Fixed bed 
b) Fluidized bed 
c) Entrained bed 
d) Multistage beds 
e) Molten medium, 

GASIFICATION MEDIUM 
a) Air and steam

‘ 

b) Oxygen-enriched air and steam 
c) Oxygen and steam 
d) Hydrogen 
e) None (pyrolysis) 

COAL FEED 
a) Sized coal 
b) Non-caking coal 
c) Caking and non-caking coal 
d) Moisture content of coal 
e)- Rank of Coal 

METHOD OF SUPPLYING HEAT 
a) Coal combustion 
b) Circulation of an externally heated, inert heat carrier 
c) Chemical reaction 

FLOW OF REACTANTS 
a) Countercurrent 
b) Cocurrent 

GASIFIER PRESSURE 
a) Atmospheric pressure 
b) Elevated pressure 

ASH DISPOSITION 
a) Dry, granular 
b) Agglomerated 
c) Liquid, as a slag 

HEATING VALUE OF THE PRODUCT GAS 
a) Low-Btu gas 
b) Intermediate-Btu gas 
c) High-Btu gas
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gasification of the char in oxygen and steam, or air and steam, 

impurities in the product gas are removed. The degree and type 

of purification that are necessary depend, in part, on the 

appliCation of the gas, However, it should be noted that 

gasification takes place in a reducing atmosphere and sulphur 

compounds in the feed coal are converted predominantly into Has 

which may be readily separated from the fuel gas by commercially’ 

available techniques. 
The conversion of intermediate-Btu gas to SNG (Figure 2) 

consists essentially of two additional process steps conducted in 

separate reactors external to the gasifier. The first step is 

adjustment of the HZICO ratio in the gas to about 3:1 using the 

water-shift conversion reaction (Equation 2). In the second (gas 

purification) step, all sulphur compounds and, depending on the 

design of the methanation process, essentially all or only part 

of the C02 is removed from the gas after which it is converted to 

CH. over a nickel catalyst (Equation 7). 

C0 + 3H2 = CH. + H20_ (Eq.7) 

Following methanation, water and, if necessary, residual C02 are 

removed from the gas, which has a heating value of about 950 

Btu/scf. 

3 COAL GASIFICATION PROCESSES 

Processes for coal gasification may be classified by 

various criteria, such as chronology of their development (2), 

operating characteristics of the gasifier (an), or heating value
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of the product gas (45). From the practical viewpoint, the 

heating value of the product gas is of major interest and has 

therefore been selected, for this report, as the classification 

criterion. Gasification processes, either commercially available 

or at various stages of active development, have been divided 

into three main groupsfi processes that yield intermediate-Btu 

gas with the alternative of low-Btu-gas production, processes 

that yield intermediate-Btu gas only, and processes that yield 

low-Btu gas only. A brief description of the important features 

of the processes in each group is presented in the following 

sections. It will be noted that relatively few of these 

processes have commercial application; however, the various 

techniques under development indicate the type and scope of new 

approaches being investigated for the gasification of coal. 

3.1 Gasification Processes for the Production of Intermediate- 

Btu Gas with the Alternative of Low-Btu Gas Production 

Certain gasification processes may be used for the 

production_of intermediate-Btu or low-Btu gas, by the addition Of 

either oxygen, or air, respectively to the gasifying steam. 

These processes are summarized in Table a, which gives the main 

operating characteristics and the present state of development of 

each process. In addition, to provide perspective for processes 

that are at the pilot-plant stage of development, the date of 

completion or scheduled completion of the pilot plant is given_in 

parenthesis with the status of the process. 

3.1.1 The Lurgi Process. The Lurgi pressure gasification 

process is widely used for the manufacture of synthesis gas and
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town gas, and is now also being applied to the production of low- 

Btu gas for electrical power generation (“6, H7). The largest 
application of the process is at the Sasol plant, Sasolburg, 
South Africa, which has 13 gasifiers (12 ft I.D.). This plant 

(35, #8) consumes about 8000 tOns of coal per day and produces 
raw gas at the rate of 330 x 106 scf/day; it has an overall 
thermal efficiency of 75.5% (Table 5) (35). It has been 
announced recently that a second gasification complex (Sasol 2), 

based on the Lurgi process, is to be built at Sasolburg, at a- 

cost of approximately $1.7 billion. The Sasol 2 plant is much 
larger than the present plant; it will consume about no 000 tons 

of coal per day and is designed primarily for the production of 
synthetic motor fuels. 

Currently, the Lurgi process is the only proven high-, 
pressure gasification system commercially available, which has 
led to its selection for a number of proposed SNG plants in the 
United States (“9 - 51), and also for a feasibility study, 
recently requested by Trans Canada Pipelines (52), to investigate 
the manufacture of SNG from western Canadian coal. Based on 
recent experience at demonstration plants in Europe and South 
Africa (53, 54), lurgi will now guarantee a complete system for 
the conversion of coal to SNG (55). 

The Lurgi gasifier (Figure 3) is a water-jacketed 
pressure vessel which operates between 300 and uso psi. It was 
developed fOr the gasification of non—caking, or mildly caking, 
sized (1/0 to 1'1/2 in.) coal and has been described in detail by 
Herrmann (56). The coal is fed to the gasifier through an 
automatic pressurized lock hopper and is uniformly charged to the
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TABLE 5 ENERGY BALANCE FOR A LURGI GASIFIER BASED ON PRODUCTION 
OF 106 SCF OF PURE GAS (35) 

Item ' Quantity 

Pure gas heating value 400 Btu/scf 
Coal heating value - 8380 Btu/lb (dry) 

Coal required (as received) I 31.6 short tons 
Oxygen required . 

I 

l 
230 000 scf 

H.P. steam required 
I 

.31.8 short tons 
L.P. steam produced 7 23.0 short tons 
Tar, oil, naphta 1490 lbs 

Energy In (106 Btu) 

Coal to gasification 
_ 

477 

Coal to steam - 

I 

~ 90 

Coal to steam to oxygen ' 

_§2 
39g; 636 

Energy Out (106 Btu)

~ 
Pure gas 

I 

I 

400 

L.P. steam »55 

Tar, etc. _3§ 
Total 480 

Thermal Efficiency - 75.5% 

III 

III 

III 

ll. 

III 

ii. 

III 

Ci. 

Iii 

IIII 

II.



~ 
-19- 

0 FEED COAL 

~~~~ 
~~~ 
~~ 
~~~~~~ 

coAL LOCK 

DRIVE 

SCRUBBING COOLER 

DISTRIBUTOR » 
GAS 

GRATE DRIVE 

WATER JACKET 

STEAMI+0XYGEN 

ASH [OCK 

FIGURE 3 THE LURGI GASIFIER



-20- 

coal bed by a rotating coal distributor. As the coal descends 
through the gasifier (residence time, about 1h), it is first 
dried and preheated by the hot product gas, then devolatilized, 
and the resultant char finally gasified. The minimum

I 

gasification temperature depends on the reactivity of the coal 
and is about 1200°F for lignite and 1550°F for coke (57). The 
effect of operating pressure on the CH. content of the product 
gas has been investigated at pressures up to 400 psi. It was 
found that although the amount of CH, increased with increase in 
pressure, the incremental rate decreased with increase in 
pressure and it was concluded that operation between 350-“50 psi 
was the most economical for SNG production (55). Approximately 
86% of the coal is gasified, the remainder being burned above the 
rotating grate to provide heat for gasification. The grate 
supports the coal bed, separates the ash from the coal char, and 
also distributes the gasifying medium (oxygen-steam, or air- 
steam) to the gasifier. Dry ash is collected in a water-cooled 
lock hopper below the grate and is periodically withdrawn and 
quenched with water before disposal. The temperature of the 
combustion zone must be maintained below the fusion point of the 

'ash_and this is done by regulating the amounts of steam and 
Oxygen fed to the gasifier. 

The temperature of the raw gas leaving the gasifier 
depends on the type of coal and is about 570°? for lignite with a 
high moisture content, and 1200°F for low reactivity, low 
moisture-content coals. The raw gas which contains oil, tar, 
naphtha, phenol, ammonia, sulphur compounds, and traces of coal 
and ash dust is passed through a scrubbing and cooling tower to
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remove the tar and is then further cooled in a waste-heat boiler. 

Final gas purification is done using the low-temperature Rectisol 

process. Tars and dust removed in the scrubber are separated 

from the water and may be returned to the gasifier. 

The composition and heating value typical of the product 

gas, fcllowing scrubbing, for an air-blowna(58) and oxygen-blown 

(H9) gasifier, are given in Table 6. VThe Hz/CO ratio depends on 

the steam/oxygen ratio of the gasifying medium and on the 

specific properties of the feed coal (55). 

TABLE 6 GAS COMPOSITION (DRY BASIS) FROM AN AIR-BLOWN AND AN 
OXYGEN-BLOWN LURGI GASIFIER 

Gas composition (vol%) 

Eggponent ' Air-blown Oxygen-blown 

H2 ' 

I 

20.35. 38.95 

CO 15.53 20.2 

coz I 13.69 
' 

28.03 

CH. 0.87 11.13 

C H . 1.83 1.0 

H28 0.30 0.37 

N2 38.96 ’ 0.31 

Heating value (Btu/scf) 170 289 

Consideration is being given (57) to gasification with air 

containing 70% oxygen (the lowest cost oxygen that can be 

produced from an air separation plant) rather than with 

commercially pure (98%) oxygen. The product gas would have a
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' heating value about 15% less than the gas from an oxygen-blown 

gasifier, but would be cheaper to produce because of savings in 

oxygen production costs and also lower steam consumption. 

Recent short-term demonstration tests at Westfield, 

Scotland (53, 5“), using a specially modified Lurgi gasifier, 

have shown that eastern United States caking and swelling coals 

can be gasified without pretreatment.' Simulated run-of—mine coal 

(about 25% minus 1/u in.) and graded coals were gasified directly 

without fines removal or predrying. The modified Lurgi gasifier 

was equipped with blades mounted on the coal distributor to stir 

the coal bed and prevent blockage from solids aggIOmeration 

during carbonization. VLarge-scale gasification tests with North 

Dakota lignite, have recently been successfully completed (5a) at 

Sasolburg. This coal contains 36% moisture and gives an ash with 

a high tendency to agg10merate. 
Currently development work is underway, sponsored by a 

number of companies (59), to Operate a modified Lurgi gasifier in 

the Slagging mode, i.e., ash is withdrawn in the liquid rather 

than the dry state. Slagging is achieved by maintaining the 

bottom of the gasifier at a high temperature through the use of a 

low steam/oxygen ratio (1:1 by volume), and it is anticipated 

that it this Slagging gasifier is successfully developed it will 

result in a substantial increase in gasifier output. 

3.1.2 The Wellman-Galusha Gasifier. The Wellman-Galusha 

gasifier is manufactured by the McDowell Wellman Engineering 

Company, Cleveland, Ohio. At one time it was widely used in the 

United States for relatively small-scale (up to 2 x 109 Btu/day)

‘-
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low-Btu gas production, the gas being employed only for 
industrial applications, e.g., kiln firing in the glass and 

'ceramics industry, and furnace firing in the metals industry. In 
the late forties and early fifties, these gas producers began to 
be displaced as a source of gas for industrial heating by cheaper 
and more convenient natural gas and oil, and apparently there is 
only one Wellman-Galusha gasifier now operating in the United 
States (60). However, in some countries (e.g., South Africa and 
India) small gas producers have continued to be installed and are 
routinely used for industrial applications (61). The recent 
concern in the United states over the cost, availability, and 
periodic curtailment of supply of industrial fuels, has led to a 

renewed interest in the Wellman-Galusha type of gasifier (62, 

63). Their installation would give an assured energy supply at a 

cost that is estimated to be c0mparable to alternative 
fuels (62).‘ 

The Wellman-Galusha gasifier is a single-stage unit that 
is available in two sizes, 10.ft and 6.5 ft diameter. It is very 
similar to the Lurgi gasifier, except that it operates at 

atmospheric pressure and consequently does not require 
pressurized lock hoppers for coal feeding and ash renewal. Two 
types of gasifiers are available (6a):-the standard gasifier 
which requires a nOn-caking fuel (e.g., anthracite or coke), and 
the stirred-bed gasifier (Figure n) which can also_operate on 
caking bituminous coals. Not all coals are suitable for 
gasification, h0wever, and recent tests have indicated that some 
western United States sub-bituminous coals do not gasify readily 
and produce lower quantities of gas than bituminous coals.
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0R 
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FIGURE 4 THE WELLMAN-GALUSHA FIXED-BED AGITATOR GASIFIER
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In the operation of the gasifier, sized coal is fed by 
gravity through the top of the unit and steam, with air or 

Oxygen, is admitted at the bottom through an eccentric, rotating 

grate. The rotation of this grate gives a continuous variation 

in the space between it and the gasifier wall. As the space 

decreases, ash is forced through the grate and collects in a 

receptor from which it is periodically removed. The gas produced 

from a Wellman-Galusha gasifier is rich in CO (Table 7) (65); its 

heating value depends on the type of coal, and is usually between 

135 and 180 Btu/scf for gasification in air and steam, and 275 

and 350 Btu/scf for gasification in oxygen and steam. The 

thermal conversion efficiency of the feed coal to hot ( 1250°F) 

product gas is about 90%; this efficiency is decreased to about 
75% if gas cleaning is required. 

TABLE 7 GAS COMPOSITION (DRY BASIS) FROM AN AIR-BLOWN AND AN 
OXYGEN-BLOWN WELLMAN-GALUSHA GASIFIER (65) 

Gasification medium ' Gas component (vol%) 

coz co H2 CH. 
, 

N2 

Oxygen-steam (bituminous coal) 12 52 
_ 

33 1 2 

Air-steam (anthracite) 3 29 15 '3 50 

McDowell Wellman have recently made a preliminary 
engineering study (66) of a 25-ft diameter gasifier, designed to 

gasify 70 tons of highly caking coal per hour at 300 psi. The 

gasifier has 18 individually controlled eccentric grate sections 
and will produce 170 000 scf/minute of low-Btu gas (165 Btu/scf).
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3.1.3 The Winkler Process. This process is based on the 

fluidized-bed gasification of coal and has been used commercially 

for the manufacture of synthesis gas, water gas, and low-Btu gas. 

since it was first introduced in 1926, 36 gasifiers have been 

built at 16 plants throughout the world, the most recent being 

completed in Germany in 1960 (5). However, only six of these 

gasifiers (at three plants) are now in operation, all being used 

for synthesis gas production. 
A schematic drawing of the Winkler gasification system 

is given in Figure 5. It is an atmospheric-pressure process. 

Crushed coal (3/8 in. x 0) is fed by a screw conveyor to the 

refractory-lined gasifier where it is fluidized with a mixture of 

oxygen (or air) and steam. The operating temperature of the 

gasifier depends on the coal reactivity and is between 1u7sor 

(lignite) and 1835°F (hard coal). During gasificatiOn the 

heavier ash particles segregate in the fluidized bed and fall, 

counter to the gas flow, into a dry-ash discharge hopper at the 

base of the gasifier. However, about 70% of the ash and some 

unreacted carbon are carried out of the bed with the upflowing 

_gases. This carbon is gasified in a secondary gasification stage 

above the bed. The quantity of.gasifying medium injected at this 

point must be carefully controlled. If too little is injected, 

the carbon is not completely reacted, whereas if too much is 

injected, combustion of some of the product gas occurs; both 

conditions result in a decrease in gasificatiOn efficiency. The 

ash-containing product gas then passes through a waste-heat train 

in which sensible heat is recovered from the gas and some of the 

entrained solids separated. The first stage of this train is a
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radiant boiler, in which the gas is cooled by 350° to uOO°F to 
- solidify molten ash particles that could deposit and block the 
exit duct. The gas next passes through a wastedheat boiler where 
about 30% to uox of the entrained solids are deposited. The 

remaining solids are removed in a series of cyclones, followed by 
a wet scrubber, and an electrostatic precipitator. 

Although the Winkler process can gasify all but highly 
caking coals, it is best suited to geologically younger and more 
reactive coals such as lignite. These have lower gasification 
temperatures (and hence lower sensible heat loss in the solids) 
and less unreacted carbon losses than more mature coals. In 

early Winkler units, the feed coal was crushed and then dried to 
less than about 8% moisture (3). Subsequent operating experience 
has shown that this preliminary drying step is probably 
unnecessary, provided that the coal's surface is not wet and that 
its moisture content is below a given value which depends on the 
type of coal, e.g., for lignites, a maximum moisture content of 
approximately 18% is suggested (67). 

The Winkler gasifier can handle high-ash coals and has a 

large coal capacity; 1000 tons/day with oxygen-steam, and 700 

tons/day with air-steam. Efficiency data, quoted by Banchik 

(67), for the commercial gasification of lignite are given in 
Table 8, and the composition of gas from an air—blown and oxygen- 
blown gasifier are given in Table 9; the heating values of these 
gases (dry basiS) are 116 and 270 Btu/scf respectively. 

Recent studies (5) indicate that the Winkler gasifier 
can be modified to operate at 3 atmospheres pressure. Such 

operation results in an increase in gas output per gasifier and 
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about a 15% decrease in gas cost compared to atmospheric pressure 
gasification. 
TABLE 9‘ GAS COMPOSITION (DRY BASIS) FROM AN AIR-BLOWN AND AN 

OXYGEN‘ELOWN WINKLER GASIFIER 

Gas Gas compoSition (vol%) 

component 
‘ 

Air-blown Oxygen-blown 

C02 
' 

1O 20 

CO 22 ' 37 

H2 12 37 

CH. 0.7 3 

N2 55.3 3 

3.1.u The Bi-Gas Process. The Bi-Gas process is being 
developed for the production of a CH,-rich synthesis gas, for 
conversion to SNG (68). A pilot plant, with a capacity of 120 

tons of coal/day (2.u x 106 scf of SNG/day), is currently being 
constructed (Homer City, Pa.) and is expected to be operational 
in 1975. The Bi-Gas process employs a two-stage, entrained flow 
gasifier (Figure 6) which operates between 70 and 100 atm.

I 

Pulverized coal (70% minus 200 mesh) is transported with recycle 
"gas and injected, with steam, into the upper section (Stage 2) of 

the gasifier. Here the coal is rapidly devolatilized, producing 
CH. and reactive char, by contact with the upward flow of hot 
synthesis gas from Stage 1. The char reacts with hydrogen to 
form additional CH., and with steam to form CO and H2. The 
water-gas shift reaction is also catalyzed on the surface of the 
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freshly formed char and shift reaction equilibrium is approached. 
Unreacted char from Stage 2 is carried out of the gasifier in the 
cocurrent flow of the product gas. This stream is quenched from 
about 17000 to 800°F in an atomized water spray; the char is then 
separated from the gas in a cyclone system and returned to Stage 
1 of the gasifier. In this stage, the char is completely 
gasified with oxygen and steam under slagging conditions 
(28000F), producing synthesis gas and the heat required for the 
partial gasification of coal in Stage 2. Molten slag is 
deposited on the walls of Stage 1 and flows out through a slag- 
tap into a water quench reservoir, where it is solidified. 

The composition of the product gas is given in Table 10 

and, on'a dry basis, contains about 16% CH.. If the gasifier is 
operated at moderate pressures with air, rather than oxygen, a 

low-Btu gas (heating value, ' 175 Btu/scf) is produced. 

TABLE 10 GAS COMPOSITION FROM AN OXYGEN-BLOWN BI-GAS GASIFIER 

Gas component 
I 

Gas composition 
(volX) 

CO2 - 16.2 

CO 
I 

. 

V 

22.1 

Hz 23.2 

CH. 11.8 

N2 0.5 

Hz. 0.6 

H20 24.6
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The BifCas process can gasify all types of coal without 
pretreatment, and the product gas is free of oils and tars; the 
gasifier design is also relatively simple and amenable to scale- 
up to much larger sizes. Although parts of the process have been 
successfully demonstrated, operation of the integrated process 

.has yet to be performed. Among the problems that could arise 
(69) are the reliable feeding of pulverized coal into the high- 
temperature, high-pressure gasifier, efficient char separation 
from the product gas, and possible slag freezing and plugging in 
the combustor. 

3.1.5 The Synthane Process. This process (70, 71) has been 
developed and operated on a small scale by the United States 
Bureau of Mines (USBM). It is designed to produce SNG from 
caking and nonécaking coals, and a prototype unit, with a 

capacity of 75 tons of coal/day (106 scf of SNG/day),.is 
scheduled to begin operation in 1975 at Bruceton, Pennsylvania 
(72). The Synthane gasifier (Figure 7) is a two-stage system 
which operates at 1000 psi. In the first stage, dried crushed 
coal (minus 20 mesh) is fed through two lock hoppers, maintained 
at 1000 psi with C02. If caking coal is used, the coal is then 
fed to a pretreatment unit in which its caking properties are 
destroyed by fluidization in oxygen and steam at 800°F. About 
12% of the total oxygen and steam required for the process is 
used in this pretreatment step. The pretreated coal, with 
unreacted steam and volatile products, is then transferred to the 
gasifier and passes through a free-fall carbonization section, 
before final fluidized-bed gasification at 1800°F in a counter~
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current flow of oxygen and steam. Ungasified char is withdrawn 

from the base of the gasifier into a pressurized lock hopper and 

cooled with water generating high pressure steam. The lock 

hopper is then depressurized and the char slurried with water and 

filtered. The char contains about 35% of the original carbon in 

the coal feed; at the prototype plant it will be used as 

landfill, but in a commercial plant it would be used to generate 

steam for the process,
I 

The raw product gas, after passing through an internal 

cyclone where particles larger than 50 micrometres ( m) are 

removed, leaves the gasifier at about 1uooor. It then passes 

through a venturi scrubber where entrained char and tar are 

removed, and the gas cooled to “50°F. The composition of the 

product gas (73) is shown in Table 11 and has a heating value of 

about “05 Btu/scf (dry basis).
I 

For methanation, the gas first undergoes shift 

conversion, followed by purification by the Benfield process (74) 

for the removal of C02 and sulphur compounds; the recovered C02 

is retained in high-pressure tanks to pressurize the lock hoppers 

and the H25 is converted to sulphur in a Stretford unit. Trace 

amounts of sulphur compounds, remaining after gas purification 

are removed in two carbon adsorption towers, giving a final 

sulphur content in the gas of less than 0.1 ppm. TWO methanation 

processes (the hot gas recycle process (75) and the tube-wall 

reactor process (76)) developed by the USBM will be tested for 

the methanation stage at the prototype plant.
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TABLE 11 COMPOSITION OF PRODUCT GAS FROM THE SYNTHANE PROCESS 

Gas component Gas composition 
(vol%) 

H2 ‘ 

' 

- 

7 

17.5 

C0 ‘ 10.5 

C02 , 18.2 

H28 0.3 

N2 0.5 

Preliminary tests (77) have shown that the addition of 
small amounts (2% to 10%) of limestone, hydrated lime, or 

guicklime to the coal feed to the Synthane gasifier improves the 
coal gasification rate, steam decomposition, and the yields of 

H2, CO, and CH.. However, insufficient experimental data are 
currently available to assess the economic feasibility of using 
such additives.

I 

The design of the Synthane process is simple. It 
operates at pipeline-gas preSsure, and can efficiently gasify 
caking and non-caking coals, and yield a product gas with a high 
CHo content. However, only small-scale studies have been done in 
a u-in.-diameter, 6-ft-long reactor, and significant amounts of 
char are produced which may require flue gas deSulphurization 
after combustion;
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Recent experimental studies (78) by the USBM have shown 
that the Synthane process may be successfully adapted to the 
production of lowtu gas from caking and non-caking coals. This 
investigation was done using the Synthane pilot plant and 
gaSification was performed at 20 atm using air and steam. Three 
coals were tested and a summary of the results is given in Table 
12. 

3.1.6 Underground Gasification Coal. In the underground 
gasification of coal, the gaSification reactor is the coal 
deposit itself, which is provided with an inlet for the gasifying 
medium (e.g. air) and an outlet for the product gas. This in- 

situ approach to the recovery of energy and chemicals from coal 
without mining has attracted interest for more than a century. 
Large-scale studies began in Russia in 1933, and in several other 
European countries and the United States in the late forties 
(79). By the late fifties the process had achieved commercial 
application in Russia, where three plants were built to produce 
low-Btu gas (85 to 120 Btu/cf) for electrical power generation 
(80); elsewhere however, studies were discontinued because of 
competition from alternative fuels and of technical difficulties 
in producing gas of uniform quality at a stable rate. There is 
now renewed interest in underground coal gasification in the 
United States. The USBM has been conducting field tests since 
1972 (81), and recently Texas Utility Services Incorporated, 
purchased licence rights to Russian technology (82), with the 
object of determining the feasibility of obtaining a fuel gas for
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electrical power generation from deep lignite deposits not 
mineable by commercial techniques. 

In principle, underground gasification offers a number 
of advantages for the production of low-Btu or intermediate-Btu 
gas. These include the elimination of coal mining with its 
associated environmental problems and health and safety hazards, 
higher utilization of coal than can be achieved with room-and- 
pillar mining, exploitation of coal deposits that are unsuitable 
for mining by existing methods (e.g., steeply sloping coal 
seams), and the elimination of surface gasifiers. 

All techniques for the underground gasification of coal 
involve two sets of operations; pregasification and gasification. 
The pregasification operations are those which provide access to 
the coal bed and prepare it for gasification, and the 
gasification operations are those which result in the reliable 
production of a gas with the required heating characteristics. 
Different approaches used for these operations have been 
summarized by Nadkarni et a1. (83) and are given in Table 13. 

Access to the coal deposit can be achieved by the shaft 
and borehole methods. All shaft methods involve considerable 
underground work, and the earliest such approach, used in Russia, 
was the chamber method (Figure 8). In this technique panels of 
coal were first isolated by brickwork and then fractured; a blast 
of air was next applied to the previously ignited face of one 
side of the panel and the product gas removed on the other side.
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OPERATIONS INVOLVED IN UNDERGROUND GASIFICATION TABLE 13 

Operation Purpose Approach 

Pregasification Access to the shafts 
seam (in and boreholes 
out) 

Linking natural permeability 
(connecting boreholes . 

inlet and pneumatic linking 
outlet through hydraulic linking 
the coal seam) electrolinking 

explosives 
Gasification Input of air 

- gasification oxygen enriched air 
agents alternative air/steam 

oxygen/steam 
oxygen/C02 

Ignition electrical 

Contact between 
gasification 
agents and coal 
at the 'flame 
front' 

burning solid fuels 
flame front advances in 

direction of gas flow 
(forward burning) 

flame front advances in 
direction opposite to 
gas flow (reverse 
burning) 
front advance 
perpendicular to gas 
flow 

combinations. 

flame 

The yields and quality of the product gas obtained by this method 
were poor. 

the 'stream' 

method (Figure 9) 

In later Russian work, the 'borehole producer' and 

methods were developed. In the borehole producer 
three parallel underground galleries (“500 ft 

apart) were prepared and linked, every 15 ft, by small diameter 
boreholes. Air was introduced through central gallery and the 
product gas removed through boreholes in the outer galleries. An
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acceptable quality gas (100 to 2&0 Btu/cf) was produced by this: 
method and about 40% of the heating value of the coal recovered. 

The stream methOd (Figure 10) is suitable for steeply 
dipping coal seams and has been used commercially in Russia. 
Parallel, inclined galleries were prepared and joined at the 
'bottom by horizontal 'fire drifts'. The galleries were about 60 

yd long and 100 yd apart, each panel containing about 12 000 tons. 

of coal. gasification was started with a fire in the horizontal 
drift and was maintained by admitting air through one inclined 
gallery; the product gas was removed through the other inclined 
gallery. As the flame front advanced upwards, ash and roof 
material filled the void-left following gasification and did not 
interfere with the gasificatiOn zone. However, serious problems 
were experienced with this technique from roof collapse and gas 
leakage. 

In the borehole, or shaftless, approach to underground 
gasification, all operations are performed through boreholes 
drilled from the surface and manual underground preparation of 
the coal deposit is not needed. The simplest borehole approach 
(the vertical blind borehole method) uses a single hole 
containing two concentric pipes (Figure 11); one pipe is used for 
the introduction of the gasifying medium and the other for the 
recovery of the product gas. An improvement on this technique is 
to drill a multiple array of boreholes in the coal bed and to 
conduct gasification between pairs of holes (Figure 12). For 

this method to be successful, the coal between the boreholes has 
to be permeable to gases. For some coals, such as lignites, 
natural permeability is adequate. However, for higher rank, less
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permeable coals, linking between the holes is required to permit 
the passage of gas. This may be accomplished by fracturing the 
bed with explosives, by electrolinking, or by pneumatic and 
hydraulic linking (79). 

Current USBM studies on underground gasification at 
Hanna, Wyoming (81,BU,85), utilize a 30-ft-thick seam of sub- 
bituminous coal, lying at a depth of approximately 400 ft. The 
gasification site has an array of 16 boreholes (3-7/8 in. 

diameter) and hydraulic fracturing was used to increase the 
permeability of the coal between boreholes. Both forward and 
reverse burning techniques have been used, with air as the only 
gasification agent employed. in forward burning, air injection 
and coal combustion take palce in one borehole and product gas is 
extracted from an adjacent borehole. In reverse burning, air 
injection and combustion take place in separate boreholes and the 
product gas is withdrawn from the combustion borehole. In 

experiments at Hanna, reverse burning, with its countercurrent 
movement of flame front and air, has been fbund to be the more 
successful approach to underground gasification. During 
continuous operation for 5-1/2 months, relatively stable 
production rates and uniform quality low-Btu gas were obtained 

>(Table 1“) without gas leakage from the system, at an overall 
energy recovery efficiency of about 37% (85). 

.

‘—
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TABLE 1“ COMPOSITION OF DRY GAS FROM UNDERGROUND 
GASIFICATION OF COAL (HANNA, WYOMING) 

Gas component Gas composition 
(vol%) 

H2 15.96 
co 

' 

6.33 

CH. ' 3.91 

C2—C3 hydrocarbons 0.57 

Nz 53.18 

co2 19.22 

Argon 0.76 

Has 0.07 

In general, underground gasification is a potentially 
attractive technique and tests have shown that a.product gas can 
be obtained by a variety of methods. However, all the methods 
are subject to operational problems which include maintaining 
adequate combustion control as gasification proceeds, control of 
gas leakage from the gasifier site, adequate linking in the coal 
bed without fracturing the surrounding strata, monitoring the 
gasification process, and the control of ground water 
infiltration. To overcome some of these problems a modified 
blind—borehole technique has been proposed (83) in which the void 
remaining after gasification is filled with an inert material, 
either continuously or intermittently, during gasification. Such 

a technique would limit roof collapse and heat losses but has 
not, as yet, been developed.
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3.1.7 Molten Iron Gasification. The gasification of coal in a 

bath of molten iron to give an essentially sulphur-free gas is 

being investigated on an experimental basis by the Applied 

ITechnology Corporation (Pittsburgh, Pennsylvania). Two related 

processes are being studied; the Two-Stage Combustion process 

1(86) for the productiOn of low-Btu gas for power generation, and 

the Patgas process (87) for the production of a CO-rich synthesis 

gas. The Applied Technology Corporation also identifies a 

derivative of the Patgas process - the Atgas process - which 

involves the conventional upgrading of the Patgas product gas to 

SNG. The gasification processes differ only in the gaseous media 

employed and can gasify all coals, without restrictions on their 

caking characteristics, sulphur or ash content. 

In the Two-Stage Combustion process (Figure 13), crushed 

coal (minus 1/8 in.) is dried, mixed with limestone, and injected 

into the gasifier with compressed air (Figure 1a). Sulphur and 

fixed carbon in the coal dissolve and are retained in the iron, 

whereas volatile hydrocarbons from the coal are thermally cracked 

and, together with the dissociation of water (from moisture in 

the coal), produce CO and H2. It has been found that a minimum 

injection depth of about 25 in. is necessary to ensure complete 

dissolution of the coal (88). The carbon dissolved in the coal 

is Oxidized to CO by the injection of preheated air, via lances, 

close to the iron surface. This is a rapid reaction and an 

injection depth of a to 5 in. below the iron surface is 

sufficient to ensure complete utilization of oxygen in the air 

(to form CO) and to give an essentially SOz-free product gas 

(89). If the carbon concentration of the iron is maintained at
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greater than about 3%, simultaneous oxidation of the dissolved 

sulphur does not occur. The dissolved sulphur diffuses to the 
iron/slag interface and reacts with lime to form Cas. Sulphur 
concentrations of over 1u% can be obtained in the slag. However, 

as the sulphur content in the slag increases its viscosity also 
increases and offers potential removal problems. The slag is 

therefore withdrawn continuously at a design sulphur content of 
between ax and 8%. In addition to CaS, the slag contains 
unreacted lime (added as limestone with the coal) and all the ash 
constituents of the coal. The recovered slag is crushed and 

desulphurized with steam (Equation 8). 

CaS (slag + H20 (gas) = CaO (slag) + (S, H28, 80;) gas (Eq.8) 

Sulphur in the offgas is condensed and the mixture of H28 and 802 
is converted to sulphur by the Claus process. Some of the 

desulphurized slag is returned to the gasifier to utilize its 
lime content; the remainder may be used as a road building 
aggregate. Iron is also produced in the gasifier (from pyrite in 
the coal) and a small amount is periodically withdrawn to 
maintain the bath level constant. 

Table 15 gives some estimated process parameters for the 
Two-Stage Combustion plant producing 12uo x 10° scf/day (236 x 

109 Btu/day) of low-Btu gas (87).
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TABLE 15 ESTIMATED PROCESS'PARAMETERS FOR A 1.24 x 109 
SCF/DAY TWO-STAGE COMBUSTION GASIFIER ' 

. 

- 

_ 

Quantity 
Item_ . 

. 

(tons/h) 

Coal (ax S, 13 000 Btu/lb) ‘ 

_386 

Combustion air . 

- 

_ 
1377 

Limestone ' 2a 

Transport air - 

_ 

27 

Iron . 

I 

V 6 

Elemental sulphur . 1a 

Desulphurized slag (1% S) Q7 

In the Patgas process (Figure 15) the coal-limestone 

mixture is pneumatically injected into the molten iron using 

steam, and oxygen is employed to decarburize the iron and form 

CO. The steam is dissociated in the gasifier and gives hydrogen 

in the product gas. In other aspects, this gasification process 

is the same as the Two-Stage Combustion process. Table 16 gives 

some estimated process parameters for a Patgas plant producing 

750 x 106 scf/day (236 x 109 Btu/day) of synthesis gas (87).
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TABLE 16 ESTIMATED PROCESS PARAMETERS FOR A 750 x 106 SCF/ 
DAY PATGAS PLANT 

Quantity 
Item (tons/h) 

Coal (4% S, 13000 Btu/lb) 467 

Oxygen (50 psig) 276 

Limestone 31 

TranSport steam 52 

Iron 15 

Elemental sulphur 18 

Desulphurized slag (1% S) #7 

The composition and heating value of the product gas from the 

three molten iron processes is given in Table 17 (87). 

TABLE 17 COMPOSITION AND HEATING VALUE OF THE GAS FROM THE 
TWO‘STAGE COMBUSTION, PATGAS, AND ATGAS PROCESSES 

Gas composition (vol%) 

Gas Two-stage 
component combustion Patgas Atgas 

co 30 63.5' - 

H2 15 36.0 u 

N2 55 0.5 — 

CH. - - 93 

Inerts 
A 

- - 3 

Heating value 190 315 930 
(Btu/scf) '
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The gasification of coal in molten iron is currently in 

an early stage of development. It has the advantage that coarse 

coal of any rank may be gasified and that coal properties such as 

caking characteristics, ash fusion temperature, and fines 

generation do not present a problem. Low pressure gasification 

also simplifies coal feeding to the gasifier, although at the 

expense of subsequent gas compression costs. However, 

considerable study is needed to determine the lifetime of the 

refractory lining in the gasifier, to develop long-life lances 

for coal and air injection (expendable ceramic lances have been 

used in the experimental program), and to determine the particle 

loadings in the product gas. The resolution of these and other 

problems will become apparent as the development program 

proceeds. 

3.2 Gasification Processes for the Production of 
Intermediate-Gas Only 
A summary of processes designed specifically for the 

production of intermediate-Btu gas is given in Table 18. This is 

similar in format to Table u and contains information on the 

current status and operating characteristics of processes that 

are either commercially available On under development. 

3.2.1 The Koppers-Totzek Process. The Koppers-Totzek process 

(90,91) employs an atmospheric-pressure, entrained—flow gasifier 

that was first tested on a pilot-plant basis in 1949 (92). Since 

then, 20 commercial gasification plants have been built (mainly 

in Europe, South Africa, and India) for the manufacture of 

Synthesis gas, which is used primarily as a feedstock for NH;
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production (93). The largest of these plants began operation in 
South Africa in December 197a, and has a synthesis gas capacity 
of 80 x 106 scf/day. 

The Koppers-Totzek process (Figure 16) can gasify all 
types of solid carbonaceous fuels, including coal of any rank; in 
addition, by changing the burner, liquid fuels can also be 
gasified in the same gasifier. When coal is need, it is first 
pulverized (70% minus 200 mesh) and simultaneously dried to a 

moisture content between 2% and 8%, depending on its rank. The 
pulverizers are designed to use combustion gases (from firing 
part of the product gas) as the drying medium and the temperature 
of the coal particles never exceeds 180°F. The coal is then 
carried in a stream of nitrogen (from the air separation plant) 
to a service bunker before distribution to the gasifier feed bin. 
A controlled flow of coal is then admitted from the service bin 
'to variable-speed screw feeders from where the coal is 
continuously discharged into a mixing nozzle, entrained in a 
stream of oxygen and low-pressure steam, and delivered to the 
burner heads of the gasifier. A two-headed gasifier is shown in 
Figure 17. It is in the shape of two spheroidal cones joined at 
their bases, and has a refractory-lined, water-jacketed steel 
shell. Low-pressure steam generated in the water jacket is used‘-‘ 
for gaSification. Exothermic reactions give a flame temperature 
of about 3500°F, which is reduced by the endothermic steam—carbon 
reaction and radiation losses to the refractory walls to an 
equilibrium temperature of 2700°F. Gasification is virtually‘ 
instantaneous and complete and, because of the high operating 
temperature, all.hydrocarbons in the coal are converted to CO,
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Hz, and C02. Mineral matter in the coal is liquefied and forms 

molten slag. About 50% to 70% of this slag flows down the 

gasifier walls into a quench tank and is recovered for disposal 

as a granular solid. The remainder of the slag and most of the 

unreacted carbon are entrained in the product gas leaving the 

gasifier. Water sprays are used to cool the gas below the ash 

fusion temperature to prevent slag particles adhering to the 
boiler tubes in the heat recovery system. The gas then passes 

through a waste-heat recovery boiler where highepressure (up to 

1500 psig) steam is generated. After leaving the waste-heat 

boiler the gas is cleaned and cooled by two scrubbers in series, 

which reduce the particulate concentration in the gas to 0.002 to 

0.003 gr/scf. 
The cleaned product gas from the Koppers-Totzek process 

consists mainly (85% to 90%) of CO and H2, and has a very low CH. 
content ((0.1%). Some operating data from the gasification of 

four teedstocks are given in Table 19 (93); it may be noted that 

the composition and heating value of the gas are effectively 
independent of the feedstock. A heat balance typical of a 

Koppers-Tbtzeh gasifier (based on eastern United States coal 

containing 2% moisture), is given in Table 20 (9”). The cold gas 

efficiency of the process, i.e., the ratio of the heat value in 

_the gas to the heat value of the coal, is about 77%. Carbon 

conversion efficiencies depend on the reactivity of the coal and 

range from almost 100% for lignites to 95% to 97% for high- 

volatile bituminous coals. The coal capacity of a two-headed 

gasifier is 300 tons/day and that of a four-headed gasifier 

(u burners, 909 apart) 850 tons/day.
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Recent small-scale studies (95) have indicated that the 

Koppers—Totzek process can be modified to operate 

pressures, and a 6 ton/h pilot plant is currently 

Germany for operatiOn between 15 and 30 atm (93). 

operation will be more c0mplex and lead to higher’ 

more concentrated dust loadings) than atmospheric 
operation, but it is expected to give significant 

capital, operating, gas cleaning, and compression 

at elevated 
being built in 
High-pressure 
erosion (from 

presSure 
savings in 
COStS.
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TABLE 20 HEAT BALANCE FCR KOPPERS-TOTZEK GASIFIER USING 
EASTERN UNITED STATES COAL (2% MOISTURE) 

Btu/1b of coal feed Percent 

Heat input (above 60°F) 

Heat value of coal _ 

14 370 
I 

‘96.17 

Sensible heat in coal (160°F) 
I 

31 - 0.21 

Sensible heat in oxygen (230°F) 
I 

32 0.21 

Total heat in steam (250°F) 509 3.41 

TOTAL - 14 942 100.00 

Heat output (above 60°F) 

Heat in molten slag and ash 78 ‘0.52 

Sensible heat in unburned carbon 41 0.27 

Heat value of unburned carbon ' 

A 

542 
t 

3.63 

Heat value of gas 7 11 108 
I 

74.35 

Sensible heat dry gas 
y 

_ 

2 143 14.34 

Total heat (water vapour in gas) 706 4.72 

Total heat‘(gasifier jacket steam) 308 2.06 

Gasifier heat loss . 

' 16 0.11 

TOTAL 
1 

1L: 9u2 . 100.00 

3.2.2 The Battelle/Union Carbide Process. This process 

(18,96,97) is designed to produce synthesis gas from a wide range 

of coals without the need for an Oxygen plant. A 25 tons of 

0coal/day pilot plant_has been constructed recently (West 

Jefferson, Ohio) which will produce between 8 and 12 x106 scf of 
synthesis gas/day. This plant was jointly funded by the United



States Energy Research and Development Agency (ERDA) and the 

American Gas Association (AGA). 

The gasification process (Figure 18) is a two-stage 

fluidized-bed system which involves the combustion of coal (or. 

coal char) in one fluidized bed and the steam gasification of 

coal in a separate fluidized bed. All the heat required for the 

endothermic steam-carbon reaction is supplied by the continuous 

_circulation (20 tons/h) of hot ash agglomerates between the 

burner and the gasifier. The coal in the gasifier is greatly 
diluted by the large quantity of circulating ash (ash to coal 

weight ratio, 40:1) and'it is considered probable (97) that 

caking coals can be used directly without pretreatment. However, 

a coal pretreatment section is included at the pilot plant to 

ensure satisfactory operation with caking coals. Ash is 

separated from char in the gasifier and most of it is returned to 

the burner; the remainder is discarded. 
The most important feature of this process is the use of 

a self-agglomerating method of fluidized-bed combustion, by 
which, under suitable conditions of temperature and gas velocity, 

ash in the coal forms inert, free-flowing pellets. The 

development work on-this technique was done at atmospheric 
pressure. At higher pressures the heat released per unit volume 

will be greater than at atmospheric pressure, and one of the aims 

of the pilot plant is to determine the effect of pressure on 
controlled ash agglomeration. It is anticipated that the hot 

combustion gases from the'agglomerating burner will be 

sufficiently low in particulates to permit energy recovery by 
direct expansion through a turbine (96).
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Relatively little information is available on the 

distribution of sulphur fr0m the coal between the combustion and 

synthesis gases. This distribution will be influenced by the 

mode of operation of the gasifier; however it is expected that 

sulphur will probably be equally divided between the two gases 

(96). 

3.2.3' The COGAS Process. The COGAS process (Figure 19), which 

is being developed in the United States by a consortium of six 

companies (98), cenverts coal into oil and gas products through 

the integration of a serial, multi-stage coal pyrolysis system 

with the steam gasificatiOn of residual char from the final 

pyrolysis stage. The pyrolysis section of the COGAS process is 

based on the system developed for the 35 tons/day COED (Char-Oil- 

Energy Development) plant (18,99), in which crushed, dried coal, 

is heated in the absence of free oxygen to successively higher 

temperatures in a series (usually four) of fluidized‘bed 

pyrolysis reactors. In each reactor a fraction of the volatile 

matter in the coal is evolved. It was found that after the 
distillation of volatile matter at a given temperature, the 

softening point of the coal increased significantly over its 

original value, thereby allowing pyrolysis at a higher 

temperature in the succeeding stage without caking or 

defluidizing-the bed. Heat for the COED process is generated by 

burning some of the char in the last stage with oxygen. The 

resultant hot gases and char are then passed counter-currently to 

the flow of coal as a source of heat for the other reactors. To 

avoid agglomeration, the temperature in each stage must be 

-fl--_--—j--



$30”: 

938 

3:. 

2 

mmzoz. 

:0 

WEBB 

255.25 

2o 

:5 

o: 

marks 

_ 
238

+ 

29529: 

$255512:

~

~

~

~ 

~~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~ 

A1 

2393; 

Eogfizh 

:o
7 

V5 

32:2:

y 

_

.

4 

. 
‘

. 

93 

£52: 

.

= 

5. 
w 

zozszzex 

295”: 

x 

93 

22:: 

x 

ESESEx 

$5

x 

as

A 

-28

A 

$.20 

~25

+ 

3:8:

. 

$8 

:8

1 

:8

. 

2352: 

VI

, 

255 

$.80 

«2 

I: 

5:; 

:2:

x 

28.35 

3935 

«2.33 

Al 

«2:53 

:97] 

:2 

mass 

,

.

A

= 

<_2OEE< 

A 

mm: 

4 

«WE; 

z<w._u 

302$: 

xfi

~



-66- 

maintained below the softening point of the coal char. These 
temperatures depend on the characteristics of the particular 
coal; typical values from the COED program (100) are: Stage 1, 

550°F; Stage 2, 800°F; Stage 3, 10000F; and Stage a, 15006F. 
‘ 

IIn the COGAS process (Figure 20) residual char from the 
last pyrolysis stage is gasified with steam, and the hot 

_synthesis gas, and recirculated char, are used to supply heat for 
the pelysis stages. Heat to maintain the endothermic carbon- 
steam gasification reaction is provided by circulating a stream 
of hot solids to the gasifier, with the solids being reheated by 
burning some of the char in air in a separate combustor. This 
technique gives a nitrogen-free product gas without the need for 
an oxygen plant. Two approaches to the heat-carrier system were 
considered (98); one involving the circulation of hot char and 
the other the circulation of a hot, inert solid. Each approach 
offered certain advantages and, because unambiguous selection 
between them could not be made solely on engineering and economic 
grounds, both processes were operated as pilot plants. 

Char circulation (101) was investigated at a 50 ton/day 
pilot plant at Leatherhead, England. In this process (Figure 

21). char fines collected from the combustor flue-gas stream are 
returned to the combustor and burned under slagging conditions. 
Coarse char from the gasifier is heated in the lift tube of the 
combustor and then returned to the gasifier. 

The inert heat-carrier process (Figure 22) was 
investigated at a small pilot plant (2.5 tons of char/day) at 

Princeton, New Jersey. Char fines collected from the product gas 
stream were uSed as a fuel and various materials including 

--—-_-
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metals, catalyst supported pellets, and fly ash were examined as 

potential heat carriers. .Based On High-temperature attrition 

losses and_material costs, fly ash appeared to be the most 

suitable heat carrier (102). 

Although initial operation of the pilot plants indicated 

(98) that both techniques can sucCessfully gasify char, with good 

overall heat and carbon balances, it has been reported recently 

(103) that char recirculation has been selected as preferable to 

the inert heat-carrier recirculation method. 
The technical feasibility of the main section of the 

COGAS process has now been demonstrated, and the Cogas 

Development Company is evaluating sites for an 800 to 1000 

tons/day demonstration plant; additional private-industry funding 

to support this project is also being sought. 

3.2.u The C92 Acceptor Process. The C02 Acceptor process is 

designed to gasify lignite and sub-bituminous coal and is being 

developed by the conoco Coal Development Company under contract 

with ERDA-and the American Gas Association (104-106). It has 

been undergoing evaluation since 1972 in a no tons of lignite/day 

pilot plant at Rapid City, South Dakota. The process produces a 

synthesis gas, rich in hydrogen, which may be upgraded to SNG, 

and a methanation unit (107) for this purpose has recently gone 

on stream (108). The unique feature of the C02 Acceptor process 

is the method by which heat is supplied to support the 

endothermic steam-carbon gasification reaction. In contrast to 

the conventional method of combustion of part of the coal in the 

gasifier, most of the heat for gasification in the C02 Acceptor
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process is obtained by the exothermic reaction between C02 and a 

circulating stream of a lime-bearing material: the 'acceptor' 
(Equation 9). 

Ca0 + .coz Caco3 
H2950K + u2.75 kcal/mol (Eq. 9) 

-The CO; Acceptor process (Figure 23) operates at 150 
psi. Dry lignite (nominal size, -8 + 100 mesh) is fed, through 
lockhoppers, into the bottom of the gasifier where it is 
devolatilized and the resultant char gasified with steam at 
temperatures between 15000 and 1550°F. The volatile hydrocarbons 
contain about 35% of the carbon in the coal and are thermally 
cracked in the fluidized bed to-form CH., C0, C02, and H2. Hot, 
calcined dolomite from the regenerator enters the gasifier above 
the fluidized bed of char, falls through the bed, and collects in- 
the boot at the bottom of the gasifier. Between 80% and 90% of 
the heat required for gasification is supplied by the exothermic 
reaction between the calcined dolomite and C02; the remainder 
being supplied by the sensible heat of the calcined dolomite. 
The removal of C02 by the acceptor also promotes the water-gas 
shift reaction, giving a high ratio of sco in the product gas. 
In the boot, char is separated from the spent acceptor by 
fluidization with steam. Additional steam required for 
gasification is added through a distribution ring above the boot 
at the base of the gasifier. The residual char in the gasifier 
is pneumatically transferred to the regenerator, where it is 
burned in air to provide heat to calcine the spent acceptor by 
the reverse of the acceptor reaction (Equation 9). The
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regenerated acceptor is then transferred by gravity to the top of 
the gasifier. Uncombusted char fines and char ash (containing 
about 80% of the initial sulphur cOntent of the coal) are 
elutriated from the regenerator and collected in a cyclone. The 
activity of the acceptor decreases with cycling between the two 
reactors and some is continuously withdrawn from the gasifier 
boot and replaced with fresh material at the acceptor make-up 
point below the regenerator; make-up requirements are about 2 

mol% of the acceptor circulation rate (approximately 0.12 lb 
dOlomite/lb of dry lignite feed). 

The initial stages of the pilot plant program were 
concerned with establishing operational procedures and solving 
mechanical problems (109). Recently (110,111) a number of 
successful runs have been conducted using dry Velva lignite. The 
gas composition and a gasifier_heat balance from one such run are 
given in Tables 21 and 22 (110). The thermal conversion 
efficiency of the process was 77%.



TABLE 21 GAS COMPOSITION (DRY BASIS) FROM THE C02 ACCEPTORY 
PROCESS USING VELVA LIGNITE FEED ' 

Gas component 
a 

‘ Gas composition 
(vol%) 

H2 
‘ 

_ 

55.98 

CO . 
15.u5 

co2 - 

- 10.88 

CH. 
1 

1u.1u 

H28 ' 0;13 

N; 3.00 

NH3 - 

' 

I 

o.u2 

The prinCipal advantages of the C02 Acceptor process 

are: 

(a) through the use of a novel heating method, a 

product gas, very low in nitrogen, is obtained 

without the need for a oxygen plant, 

(b) the molar ratio of H2:CC in the product gas is 
greater than 3:1 so that a shift conversion step is 
not required before methanation, 

(c) the acceptor reacts with both H28 and C02, the main 

impurities in the gasifier product gas, thus 
minimizing gas treatment before methanation, 

(d) the product gas contains no hydrocarbOns, exCept 

CH., and over 99% of the carbon in the coal is 
utilized (less than 1% is discarded in the ash). 

Among the potential disadvantages of the C02 Acceptor 
process are:
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(a) the maximum gasification temperature is about 

_1550°F. This temperature limit is necessary to 

control the formation of low melting-point binary 
'and tertiary lime—rich systems, which may deposit 
on the reactor walls or cause complete blocking of 

the fluid bed reactor, 

(b) laboratory studies indicate that ash with a high 
sodium content (about 1u%) will Cause deposits in 

the gasifier (the Velva lignite used at the pilot 

plant contained only 2.5% sodium as Nazo in the 

ash). 

3.2.5 The qas Process. The Institute of Gas Technology 

(IGT) is developing the-Hygas process under joint United States 

government-gas industry sponsorship (112). The process is based 

on the high-pressure hydrogasification of coal and is designed 

primarily for the production of SNG. The process is currently 

being evaluated at a 75 tons of coal/day pilot plant, which began 

operation in Chicago in 1971. Although hydrogen for the initial 

pilot plant runs has been prepared by the steam reforming of 

natural gas, two hydrogen generation methods, based on the 

utilization of residual char from the gasifier, are under active 

.development. 
In the Operation of the Hygas process, (Figure 2a) feed 

coal is first crushed to a nOminal size of -8 + 100 mesh and then 

dried ((10% moisture). If caking coal is used, it is pretreated 

by partial oxidation in air at 660° to 750°F to destroy its 
Vagglomerating properties. A “5 wt% slurry of the coal in oil (a
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by—product of the process) is then prepared (113) and pumped to 

the hydrogasifier (Figure 25). The hydrogasifier operates at 

1000 psig; in the slurry drier stage oil is vaporized by the 
sensible heat of the ascending product gas and the dried coal 

then flows to a small hopper (lift pot) at the base of the first 

hydrogasification stage. The coal is lifted from this hopper to 

the solids disengaging section, and also heated to about 12000F, 

by the cocurrent flow of hot (1700°F) product gas from the second 

hydrogasification stage. Hydrogasification of 'active' carbon 

(11a) in the coal occurs rapidly in the lift line, which is the 
first hydrogasification stage, and about 20% of the carbon in the 

coal is converted to CH.. The less reactive char is separated 

from the gas in the solids disengaging section of the gasifier 

and descends to the second hydrogasification stage. This stage 

operates at about 1700°F and is a dense-phase fluidized-bed 

reactor in which two simultaneous reactions occur; the exothermic 

reaction between hydrogen and carbon to form CH. and the 
'endothermic reaction between carbon and steam to form CO and Hz. 

This latter reaction provides both automatic temperature control 

for the second hydrogasification stage and hydrogen for the 

hydrogasification reaction. Approximately 45% of the carbon in 

the coal is gasified in the two hydrogasification stages and the 

remaining unreacted char may be gasified for the generation of 

H2. 

_The raw product gas from the slurry drier is first 

quenched in water to remove dust, water soluble impurities, and 

oil vapour (Figure 2a). The condensed oil is separated from the 

water and returned to the process. The gas is then purified to
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remove C62 and H25, shifted to obtain a Hz/Co ratio slightly in 

excess of 3:1, and finally methanated. :After drying, the gas 

from the methanation unit is suitable for pipeline transmission. 

Three methods Of producing hydrogen from residual char 

have been investigated: the electrothermal, the oxygen-steam, and 

the steam-iron processes. 
In the electrothermal process (Figure 26), the char is 

reacted with steam in a fluidized bed to give CO and H2. The 

heat required to support this endothermic reaction is obtained by 

electrically heating the char by passing a direct current between 

electrodes immersed in the bed. This generator has been 

successfully demonstrated and was initially envisaged (112) as an 

integral part of the Hygas process. However, because of 

escalating power costs, the electrical generation of heat for 
'hydrogen production (3&7 MW for a 250 million scf/day SNG plant) 

is no longer economically attractive, and the electrothermal test 

facility has been 'mothballed' (115). 

In the steam-oxygen process (Figure 27), the char is 

reacted with steam and oxygen in a fluidized bed to give CO and 

Hz, the heat for the gasification reaction being supplied by the 

oxidation of some of the char. This process is based on existing 

gasification technology and has been installed recently at the 

Hygas pilot plant (116), the reactor being located immediately 

below the second hydrogasificatiOn stage. By substituting air 

for oxygen this version of the Hygas process may be adapted to 

the production of low-Btu gas (Table 23) (117).
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TABLE 23 ESTIMATED GAS COMPOSITION FROM AN INTEGRATED HYGAS/ 
STEAM-AIR HYDROGASIFIER 

Gas component Gas composition 
(vol%) 

CO 
I 

13.5 

C02 
1 

_ 

12.7 

Hz . 

_ 

16.6 

H20 1 

18.3 

CH. 8.u 

C2H6 0.6 

H28 0.8 

N2 28.9 

CGHG 0.2 

The steam-iron process is based on an old atmospheric- 

pressure fixed-bed method of hydrogen production (118), in which 

a bed of iron ore was cyclically reduced with a gas containing CO 

and H2 and then reacted with steam to give hydrogen. Continuous 

hydrogen production was achieved through the use of two beds. In 

the IGT version of this process (Figure 28), the reduction 

(Equations 10, 11) and oxidation reactions (Equations 12, 13) 

take place at 1500°F in twc_high-pressure (1100 psig) fluidized- 

bed reactors through which the solids are continuously circulated 

(119,120).



'- 83-

~
~

~~
~

~~~
~ ~~

~

~ 
SPENT PRODUCER GAST HYDROGEN-RICH GAS RESIDUAL CHAR 

—-> 
REDUCER 

150m .

. 

PRODUCER GAS 
PRODUCER 

lRON 2000°F 

IRON IOXIDE 

AIR 

ISOOOF OXIDIZER
. 

"—.._'__ 
- 

. A 

I A 
' 

- 

‘ STEAM SH 

FIGURE 28 THE STEAM-IRON HYDROGEN GENERATOR



— 84 —- 

Feao. + 2co + 2H2 = 3Fe + zco2 + 21120 (Eq. 10) 

2Fe0 + co + H2 = 2Fe + C02. + H20 (Eq. 11) 

Fe 
_ 

+ H20 = Feo + H2 
' 

(Eq. 12) 

3Fe0 .+ H20 = Feao. + H2 
' 

(Eq. 13) 

Producer gas for the reduction step is made by the 

gasification of residual char with steam and air_at about 2000°F 

and 1100 psig. The steam—iron process has the advantage of 

giving a gas with a very high hydrogen content without the need 

for an oxygen plant or an electric power plant. The gas also 

contains a very low concentration of C02, which simplifies the 

-purification of the product gas from the hydrogasifier. The 

irOn-steam process is being developed at the pilot-plant level 

with initial operation expected by late 1975 (116). 

The composition of the gas from these three methods of 

hydrogen generation is given in Table 2a, and that from the 

hydrogasifier, which depends on the method of hydrogen 

generation, is given in Table 25.



-85.. 

TABLE 24 COMPOSITION OF GAS FROM THE ELECTROTHERMAL, STEAM- 
. OXYGEN, AND STEAMiON HYDROGEN GENERATION 

PROCESSES 

Gas Gas composition (vol%) 

component_ Electrothermal. Steam'oxygen Steam-iron 

co 
I 

18.7 
V 

- 15.0 1.2 

CO2 10.5 15.0 
_ 1.6 

Hz 32.2 ' 

I 23.3 
_ 

uu.7 

H20 33.6 03.2 51.0 
CH. -L'1.8 3.4 —- 

age 0.2 . 0.1 1.5 

TABLE 25 COMPOSITION OF GAS FROM THE HYGAS PROCESS AS A 
FUNCTION OF THE HYDROGEN GENERATION SYSTEM 

Gas Hydrogasifier gas composition (vol%) 

component Electrothermal‘ Steam-oxygen Steam-iron 

CO 21.3 18.0 7.“ 

coz_ 14.0 18.5 7.1 

Hz 20.2 22.8 22.5 
H20. 17.1 - 2u.u 32.9 

CH. 19.9 1u.1 26.2 
c2116 0.8 

_ 

0.5 1.0 

H28 f 1.3 0.9 1.5 
Other 

I 

1.0 0.8 1.“ 

Initial solids-handling problems at the Chicago pilot 
plant have now been resolved and the process has successfully
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Operated as a complete unit producing SNG from Montana lignite 
(121). The next stage of development will include the testing of 
the integrated hydrogasifier/steam-oxygen System, the 

gasification of caking coals, and methods to eliminate the 
pretreatment step in the gaSification of caking coals. 

The Hygas process is probably the most advanced of the 
pilot plant project in the United States for the conversion of 
coal to SNG, and has the following advantages; 

include; 

(a) 

(b) 

(0) 

Some 

(8) 

(b) 

(C) 

the process operates throughout at 'pipeline' 
pressure and thus the product gas-requires no 
further compression before distribution, 
coal is fed to the gasifier continuously as an oil 
slurry, eliminating the need for coal feed lock 
hoppers, and

I 

operating conditions result in a high percentage of 
the CH. required for SNG being produced by the 
'hydrogasification of carbon; this exothermic 
reaction also supplies some of the heat needed for 
gasification. 
of the disadvantages associated with the process 

the hydrogasifier contains multiple reactors, which 
must be maintained at different temperatures within 
the same pressure vessel, 
the feed system requires a slurry preparation unit, 
high-pressure pumps, and an oil recovery unit, 
external pretreatment of caking coal is currently 
needed, although this may be eliminated if tests to
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add caking coal directly to excess_char in the 
hydrogasifier are successful, 

(d) generation of hydrogen by the steam-oxygen process 
requires an oxygen plant, and 

(e) hydrogen generation by the steam-iron process 
involves the relatively complex movement of solids 
between high-temperature fluidized beds, which has 
not yet been demonstrated on a large scale. 

It is anticipated that data for the design of a 
' commercial plant for the gasification of lignite will be 
available in mid-1975 and that, if funds were committed 
immediately, a demonstration plant could be ready for operation 
by 1980. 

3.2.6 The Exxon Process. Exxon have developed a proprietary 
process for the production of intermediate-Btu gas that uses air 
rather than oxygen (122). Few details have been released; 
however, according to Ferretti et al. (123) the process is based 
0n technology derived from the flexicoking process (in whiCh heat 
is transferred between separate vessels in a recirculating char 
loop) and pilot-plant tests (0.5 ton/day) have been done at 
pressures up to “5 psig and temperatures up to 1800°F. Exxon had 
planned (122) to construct a large (500 tons of coal/day) pilot 
unit at Bayton, Texas, but this has been deferred because of 
rising costs (12a). 

3.2.7 The Garrett Process. The Garrett process (Garrett 
Research and Development Company, Incorporated, La Verne, 
California) is deSigned to recover the volatile constituents of
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coal and is based on high-temperature flash-pyrolysis in the 
absence of oxygen (125,126). Char is a by-product of the process 
and contains from 40% to 55% of the carbon in the original coal 
feed. Pyrolysis is done in a N2 atmosphere in a low-pressure 
(<50 psig) entrained-flow reactor (Figure 29), in which 
pulverized coal is rapidly heated by contact with hot recycle 
char that has been partly combusted with air in the char burner. 
The residence time in the entrained-flow reactOr is kept as short 
as possible (<2 5) to minimize secondary cracking of volatile 
hydrocarbons. Most tests of the process have been made with 
Western United States sub-bituminous coals at pyrolysis 
temperatures between 15000 and 1700°F.; these have shOwn (Figure 

30) that, as the temperature is increased, the gas yield 
increases and the tar and char yield decreases. Improved gas 
yields could be obtained with further temperature increase; 
however, the maximum pyrolysis temperature is determined by the 
char-heating step.v To provide satisfactory heat transfer to the 
coal, the temperature of the char must be at least 100°F higher 
than the desired reactor temperature and the maximum char 
temperature that can be obtained is limited by the softening 
point of the char ash, which is approximately 2000°F for sub- 
bituminous coal. 

Char is separated from the product gas (Table 26) in a 

series of cyclones; about 12% is recycled to the char burner and 
the remainder is a by-product. The char (Table 27) contains 
about 90 wt% carbon (ash-free basis) and has a heating value 
greater than that of the original coal feed; its ignition 
characteristics make it suitable for combustion as a
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' supplementary fuel in pulverized-coal-fired power statiOns (127). 

However, to take advantage of the sensible heat of the char 

following gasification, careful integration of the gasifier with 

the power plant would be required. On an equal heat-content-basis 

the sulphur content of the char is 30% to 45% less than the 

sulphur content of the feed coal and, for sub-bituminous coals, 

is sufficiently low to meet EPA sulphur emission standards for 

power plants without additional desulphurization. For high- 

sulphur bituminous coals, recent laboratory studies (128) have 

shown that_the sulphur content of residual chars may be
I 

significantly reduced by first leaching the char with acid, 

followed by treatment with hydrogen at about 1700°F. Previous 

studies (129) had demonstrated that direct hydrodesulphurization 

of sulphur-containing char was feasible but that the H25 evolved 

strongly inhibited sulphur removal, thereby requiring either a 

large excess of hydrogen or an H28 acceptor for adequate char 

desulphurization. It appears that preliminary acid leaching 

minimizes the effect of H25 inhibition and would permit a 

significant reduction in capital and operating costs of a 

commercial plant for Char hydrodesulphurization.
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COMPOSITION AND HEATING VALUE OF GAS FROM THE 
GARRETT PROCESS (DRY, Nz-FREE, Has-FREE BASIS) 

Gas component Vol% 

H2 . 

21.8 

C0 30.0 

co2 8. 5 

ca. 22. u 

C2+(mainly CZH.) 12.3 

Heating value 626 Btu/scf 

PRCPERTIES OF COAL AND CHAR FROM THE GARRETT PROCESS TABLE 27 

Sub- Pyrolyzed char, 
bituminous Pyrolzed partly oxidized 

Item coal char (1600°F) at 1900°F 

Moisture 0.0 0.0 0.0 

Ash 9.9 19.5 21.6 

C 68.8 69.1 73.5 

H 4.3 2.5 0.8 

N 1.0 0.9 1.0 
S. 0.8 1.2 0.6 

O 15.2 6.7 2.5 

Heat of combustion 
(Btu/lb) 9200 11111 1o99u 

Ignition temp. (0F) 830 7&0 870 

Adam et al. (130) have recently reported an economic 

assessment, made by the Lummus Company, of the cost of producing
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SNG by the Garrett proceSs in a 250 x 106 scf/day plant. It was 

concluded that the SNG would cost about 17% to 27% less than that 
from the Lurgi process; however, the Garrett process has only 
undergone small-scale pilot-plant development (50 lb coal/h) and 

such a cost comparison must be regarded as preliminary. 

3.2.8 llThe Hydrane Process. The Hydrane process (131-134) is 

being developed by the USBM for the production of a high-CH.- 
content gas by the hydrogasification of caking coals. In the 

first stage of this process (Figure 31), crushed coal is fed into 
a high-pressure (1000 psi) reactor where its caking properties 
are destroyed by contact, at 18000F, with gas from the second 
stage. The low concentration and rapid heating of particles in 

the first stage minimizes coal agglomeration because of the small 
number of particle-particle collisions; nevertheless, the walls 
of the reactor have to be maintained above about 1500°F to 

prevent coal particles adhering to them. About 20% of the carbon 
in the coal is converted to CH, in the first stage. The 
devolatilized, non-agglomerating char then enters the lower 
gasification stage in which it is fluidized in H2, forming CH. 
and the feed gas for the upper stage. This feed gas contains 
about “5% CH. and 50% H2. Residual char is withdrawn from the 
base of the gasifier and is used to produce H2. 

The product gas contains various impurities including 
dust, C02, H28, and some tars and oils, which are removed by 
conventional cleaning techniques. The approximate composition of 
the cleaned gas is given in Table 28. Residual CO is removed by 
catalytic methanation to yield a high-Btu, pipeline-quality gas.
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TABLE 28 ‘ COMPOSITION OF GAS FROM THE HYDRANE PROCESS (DRY BASIS) 

. 
. 

V 

_ 

Gas composition 
Gas component (vol%) 

CH. 
_ 

73.2 

H; 22.9 

CO 3.9 

The Hydrane process offers a number of potential advantages for 

SNG production. The gasifier is of a relatively simple design 

and operates at pipeline pressure. Caking coals may be used 

directly without pretreatment. Hydrogasification allows the 

exothermic heat of CH. formation to be used within the gasifier, 
'and about 95% of the tOtal CH. in the product SNG is formed by 
the direct reaction of coal hydrocarbons with Hz; the remaining 

5% is produced externally from C0 in the product gas. However, 

the process is still in the very early stages of development (10 

lbs coal/h) and has yet to be operated on a significant scale. 

3.2.9 The Kellogg Molten Salt Process. From its inceptiOn as 

an air-blown, two—reactor system operating at 17 atm (135,136), 

the Kellogg Molten Salt process has evolved into an oxygen-blown, 

single-reactor system (Figure 32) operating at 80 atm (137,138). 

Coal, crushed to minus 12 mesh, is stored and pressurized in two 

lock hoppers. The coal and recycled Nazcos are pneumatically 
transported in a stream of preheated oxygen and steam into the 

gasitier.v Most of the steam and oxygen required for gasification 

is admitted separately into the bottom of the gasifier, which
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contains molten Na2C03. The molten Na2c03 provides not only a 

medium of uniform temperature in which the gasification reactants 
are dispersed and heated, but it also has the important advantage 
of strongly catalyzing the_carbon-steam reaction (139), 
permitting essentially complete coal gasification at relatively 
low temperatures (1700°F). In addition, because the coal is 
uniformly dispersed in the molten salt, caking coals may be used 
without pretreatment. Heat for gasification is supplied by the 
combustion of some of the coal, and by the heat evolved in the 
direct formation of CH.; a reaction favoured by the relatively 
low temperature and high pressure in the system. 

During gasification, sulphur (as NaZS) and ash 
accumulate in the melt. A sidestream of the melt, containing 
about 16% ash, is withdrawn.from the gasifier and the Na2C03 is 

regenerated for recycle. Regeneration consists of first 
dissOlving the impure Nazcoa melt is carbonated water and 
removing the ash by filtration. The dilute Nazco; filtrate is 
then further carbonated to precipitate NaHCOa, which is 
recovered, dried, and heated to form Na2C03 for recycle to the 
Nazcoa hopper. 

The composition of the product gas is given in Table 29 
and its heating value (dry basis) is about 330_Btu/scf.
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TABLE 29 COMPOSITION OF GAS FROM THE KELLOGG MOLTEN SALT 
' GASIFICATION PROCESS 

Gas composition 
Gas component (vol%) 

H20 - 

' 22.6' 

H2 7 

I 

34.8 

co 
I 

. 
, 

H 

26.3 ' 

co2 
' 10.3 

CH. 
_ 

- 5.8 

's ‘ 

0.2 

N2 
‘ 

o.-3 

The advantages of the Kellogg Molten Salt process are 

that a high gas yield is obtained at relatively low temperatures 

through the catalytic action of the molten Na2C03, the process 

can operate directly on caking coals, and CH. formation is 

favoured by process conditions. However, development is still at 

the bench-scale level and the molten salt presents serious 

-C0rrOSiOn problems,-which have yet to be satisfactorilly 

resolved. 

' 

3.3 Gasification Processes for the Production of Low-Btu 

Gas Only 
Table 30 is a summary of processes that have been 

specifically designed for the production of low-Btu gas only and 

includes information on their current status and operating 

characteristics.
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3.3.1 Producer Gas Systems. Until displaced by oil and 
natural gas in the 19603, gas producers were widely used in North 
America (62,63) for the small-scale production of low-Btu gas by 
the atmospheric-pressure gasification of non-caking or mildly 
caking fuels with air and steam under non-slagging conditions. 
Producer gas (Table 31) (140) was used exclusively as a fuel for 
captive industrial operations and was employed principally in the 
iron and steel industry for heating open hearth furnaces and 
soaking pits. 

TABLE 31 COMPOSITION OF PRODUCER GAS (1uoj 

' Gas 
_ 

Usual range of compositiOn (volx) 

component ' 

' 

Bituminous coal Coke 

CO 26-32 0 25-31 ~ 

, 10-11: ' 9-15 
CH. . 

1 

2-3 0.1-1.0
' 

co2 2-5 3.5-7.0 
02 0.1-0.3 ' 

0.1-0.3 
N2 50-53 - 51-55 
Illuminants (CnHZn)0 0.1-4.0 Nil 

Producer gas plants have continued to be built in some parts of_ 
the world (61,1u1) and provide a proven, well~developed 
gasification system, whose operation_is simple enough for use at 
small industrial plants. 

Gas producers are available from a number of 
manufacturers (63), in sizes up to 10 ft in diameter, and can
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gasify as much as 3.5 tons of coal/h. They may be divided into 
two basic categories; the single~stage and two-stage producer. 
In the single-stage producer (e.g., the Wellman-Galusha) coal 
-drying, devolatization, gasification, and combustion take place 
in the same bed and the product gas contains CO, H2, and volatile 
hydrocarbons. In the two-stage producer, the coal gasification 
and devolatilization functions are separated and two product gas 
streams are obtained. The chief advantages of the two-stage over 
the single-stage producer are easier cleaning of gas from 
distillable coals and better quality product tar; however, for 
coke or anthracite, a single-stage producer would normally be 
used (63). 

A two-stage producer is shown schematically in Figure 
33. Lignite or bituminous coal, with a free swelling index of 
less than about 2.5, is fed intermittently from a storage hopper 
into the fuel bed. As coal passes down the fuel bed, it is 

heated and devolatilized by part of the gas formed in the 
gasification zone. The resultant reactive coke is then gasified 
in the lower section of the unit. This section is similar to a 

conventional single-stage producer and has a mechanical grate for 
ash removal and a water-cooled jacket; steam generated in the 
jacket is used for gasification. The gas produced in the lower 
section is proportioned between the bottom and top gas off-takes, 
so that just sufficient heat is available in the upper section to 
devolatilize the feed coal. The temperature of the top gas is 
about 200° to 300°F, and that of the bottom gas about 950°F. The 
top gas contains tar droplets and tar mist, whereas the bottom 
gas is tar free but contains particulates.
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FIGURE 33 THE TWO-STAGE PRODUCER
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Three types of gas may be obtained from the two—stage 
gas produzer (61); these are termed hot raw gas, hot detarred 
gas, and cold clean gas and correspond to increasingly stringent 
'purification of the product gas and to increased capital costs 
for the overall plant (62). 

Product-gas cleaning to give hot raw gas consists of the 
removal of tar droplets (but not tar mist) from the top gas and 
particulate removal from the bottom gas. The two gas streams are 
then combined; the sensible heat of the bottom gas vaporizes the 
tar mist and the resultant product gas has the highest thermal‘ 
conversion efficiency ('90%) of the three types of gas. The 

purification system to give hot detarred gas is similar to that 
for hot raw gas except that, after tar-droplet removal,-the top 
gas passes through an electrostatic precipitator to remove tar 
mist. The top gas still contains oil vapour and as with hot raw 
gas, is mixed with the bottom gas following particulate removal 
in a dust cyclone. 

For cold clean-gas production, the top gas passes 
through a hydraulic seal to an electrostatic precipitator where 
it is detarred. The bottom gas is cooled and washed in a spray 
tower and the two gas streams are then combined in a direct 
tubular cooler before passing through a second electrostatic‘ 
precipitator for the removal of light oils. The cold clean gas 
has a particulate concentration of about 0.1 gr/scf and a heating 
value of about 170 Btu/scf. Hot raw gas has a heating value 
(including sensible heat and the heat equivalent of the tar and 
oil) of about 200 Btu/scf. Hot detarred gas has a heating value 
intermediate between the other two gases.
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Producer gas plants are essentially based on old 
technology and there is considerable incentive to scale-up these 
plants to larger capacities and to identify sources of fuel 

suitable as feedstocks. 

3.3.2 The ignifluid Gasifier. The application of the well- 
known Ignifluid bdiler to the gasification of coal has attracted 
interest from several groups (1uz-iuu). The boiler itself was 
first introduced commercially in 1955 and since then over 30 
units have been installed; it can bUrn all coals irrespective of 
rank, aSh centent, or caking characteristics (1u5,1u6). In the 
operation of the boiler, coal is gasified with air (normally 
without steam addition) in a fluidiied bed. About 60% of the 
stoichiometric air required for complete combustion of the coal 
is used, and operating temperatures for the gasifier are between 
20000 and 2500°F. The resultant low-Btu gas_(primarily CO and 
.s is then burned with secondary air above the bed to raise 
steam for electrical power generation. The unique feature of the 
Ignifluid system is the method by which ash is removed from the 
fluidized bed. Godel (1H5) discovered that ash released during 
gasification is self adhesive (i.e., ash sticks to ash but not to 
carbon) and that, at high fluidization velocities, this 
phenomenon results in the growth of ash agglomerates that are 
diSpersed throughout the bed. VThese agglomerates do not grow to 
large sizes; rather the turbulent movement of particles in the 
bed causes them to strike and be retained by a "pad" of ash 
resting on an inclined, travelling grate at the bottom of the 
gasifier. As the grate moves, the deposited ash is withdrawn
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from the gasifier and discharged into an ash pit. The ash 

contains very small amounts of carbon and high ('99%) overall 
carbon conversion efficiencies are achieved in commercial 
Ignifluid boilers.

I 

An adaptation of the Ignifluid boiler tO‘low-Btu gas 
production is being investigated by Fives Cail Babcock (who hold 

proprietary rights to the boiler) with support from Catalytic 
Incorporated, Philadelphia. The system is shown in Figure 3a. 
Coal, crushed to minus 1/4 in., is fed to the gasifier from 
storage bins and fluidizing air is admitted through the inclined 
grate at the bottom of the gasifier. Particles entrained in the 
product gas are removed in a cyclone located in the upper section 
of the gasifier and returned to the bed. The hot gas is then 
passed through a waste—heat boiler to recover its sensible heat, 
following which reSidual particulates and sulphur compounds are 
removed by conventional, low-temperature gas-cleaning techniques. 
Assuming satisfactory completion of gasification tests with 
United States' caking coals, Catalytic Incorporated hope to build 
an electrical-utility-sponsored 35-MW demonstration plant. 

Squires and co-workers (1a3,1uu,1u7) have also discussed 
two applications of the Ignifluid system to the gasification of 
coal; a Mark I gasifier which is essentially a direct 
modification of the Ignifluid boiler, and a pressurized Mark II 

gasifier (Figure 35) which incorporates the ash-agglomeration 
technique of Godel for the gasification of coarse particles and a 

fast fluidized-bed section for the devolatilization of coal 
fines. Entrained char in the product gas is recovered in a 

cyclone and returned to the gasifier. Among the advantages
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FIGURE 34 THE ‘IGNIFLUID' LOW-BTU GASIFIER
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FIGURE 35 THE MARK II COAL GASIFIER (SQUIRES)
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claimed fro the Mark II gasifier (1uu) are its very low steam to 

air ratio (0.033 mols of steam/mol of air) high carbon 

utiliiation efficiency, and a large gas output. It is estimated 

(12) that a vessel With an internal diameter of 10 ft and a 

height of 50 ft could gasify 3000 tons of coal/day and provide 

sufficient low—Btu gas for a 300-MW power station. 

3.3.3 The ROckwell International Molten Salt Process. The 

Rockwell International Molten Salt process (Figure 36) 

essentially involves the partial oxidation and pyrolysis of 

caking or non-caking coal in a bath of molten Na2C03, Mags, and 

NazSO. through which air is blown; steam is not used in the 

process; The rate of oxidation of carbon to CO in the molten 

bath is about five times greater than that of the corresponding 

gas-solid reactions and the product gas;'which contains mainly 

CO, H2, and N2, has a heating value of about 150 Btu/scf. Some 

of the important reactions involved in the gasification process 

are given in Equations 1“ to 16 (1H8). 

NaZSO. + 3 ac = Nags + uco 
' 

. 

(Eq.1u) 

Nazs +- 202 NaZSO. 
.

‘ 

ac + 202 .= uco (Eq.16) 

During gasification, ash and sulphur are retained in the 

melt and a sidestream is continuously withdrawn for Nazcoa 

regeneration.. Regeneration is done by quenching the melt with 

water, removing insoluble impurities by settling and/or 

filtration, and then converting the dissolved Nags to Nagcog by

1
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reaction with C02 (Equation 17); the product H25 may be oxidized 

to sulphur by conventional techniques. 
NaZS + C02 I+ H20 = Nazcoa + H28 (Eq.17) 

It has been announced recently (18,1119) that Rockwell 
International have been awarded a joint ERDA/industry contract 
($6.9 million) to design and construct a 120 tons coal/day pilot 
plant to demonstrate the.feasibility of the molten salt process 
for the production of clean, low-Btu gas for electrical power 
generation. The pilot plant (Norwalk, Connecticut) will operate 
at elevated pressure (probably 10 atm) and important aspects of 
the process that will be investigated include the effect of 
pressure on gasifier operation, air and solids feeding systems, 
melt withdrawal and purification, and the entrainment of 
particulates in the product gas. 

3.3.u The USBM Stirred-Bed Producer. The USBM has developed 
and successfully tested an experimental fixed-bed gasifier 
(Figure 37) which is designed for the pressure gasification of 
strongly caking coals (150-152). The gasifier (internal 

diameter, 3.5 ft; height, 2” ft) differs from commercial fixed- 
bed producers in that it is equipped with a stirrer that provides 
deep, continuous agitation within the fuel bed, thereby filling 
voids and ensuring good contact between the solid and gas phases. 
The stirrer, which can also be moved vertically in reciprocating 
motion, consists of a water-cooled shaft on which are mounted two 
water-cooled rabble arms for stirring within the bed, and an 
uncooled rabble arm for levelling the top of the bed. The fuel 
bed is supported in an eccentric rotating grate through which ash
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is withdrawn into an ash hopper. Coal feeding and ash removal 
from the gasifier are done through pressurized lock hoppers. 

Air and steam are used for gasification, which is done 
in the conventional fixed-bed mode with a counter-current flow of 
coal and ascending gas. Rahfuse et al. (151) have demonstrated 
that the stirred-bed producer may also be used to gasify non- 
caking coals containing a significant amount of fines 
(20%(1/16 in.). Coal losses were found to be fairly low (about 
2% of the moisture-free coal) and most of the entrained carbon 
could be separated from the product gas for recycle to the 
gasifier. Stirring was beneficial for the gasification of this 
coal because it aided material transport through the bed and also 
broke agglomerated ash clinker into pieces small enough to pass 
through the grate. 

Some operating conditions and test results from the 
gasification of three caking and one non-caking coal are given in 
Table 32 (152). In general, cold gas efficiencies with the 
stirred—bed producer are in the range of 62% to 65% and it is 
conSidered (150) that these could be increased in a commercial- 
size gasifier where heat losses through the walls would be 
proportionately less than in the experimental unit. 

Experience with the stirred-bed producer has shown that 
a number of improvements Should be made to its design to obtain 
long-term, stable gasification rates (152); these include 
continuous coal feeding to avoid troublesome mechanical problems 
associated with the coal lock hoppers and variations in gas 
composition that result from intermittent coal addition, and 
independent control of the vertical and horizontal motion of the
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stirrer in order to limit fines entrainment in the product gas. 
Approaches to solve these and other problems are being developed. 

3.3.5 ' The Westinghouse Process. Under a coSt-sharing 
agreement with ERDA, the Westinghouse Electric Corporation, in 

partnership with a multi-member industrial group (153), is 

engaged in the development of an advanced coal-based electrical 
generating system, which will meet environmental emission 
standards and be optimized for minimum-cost, intermediatecload 
service (i.e., capacity factor between 35% and 50%). The first 
phase of this program is the development of the Westinghouse 
fluidized-bed gasification process for the production of clean, 
low—Btu gas; to achieve this objective a 15 tons of coal/day 
pilot-plant gasifier has recently been constructed (Waltz Mills, 

Pennsylvania) and is currently undergoing subsystem testing 

(154,155). The main aims of the pilot-plant project are to 
verify estimated operational parameters and equipment performance 
for all parts of the process and to ensure that the product gas 
purity is adequate for gas turbine combustion; in addition, 
operation of the pilot plant will provide engineering and 
economic_data for the final phase of the program - the 

construction of a 120 MW (55 tons of coal/h) combined cycle 
demonstration plant to be built at Terre Haute, Indiana (156). 

‘The Westinghouse gasification process (Figure 38) 

employs three fluidized-bed reactors (15u,157,158); the dryer, 
devolatilizer-desulphurizer, and gasifier'combustor. Crushed 
coal (1/u in. x70) is transferred from the dryer to the central 
draft tube of the devolatilizer-desulphurizer. In the draft
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tube, the dried coal and a large excess of recirculating char and 
dolomite are carried upwards, at a velocity of no ft/s, by hot 
gas from the gasifier-combustor. The solids recirculate 
downwards in the annulus around the draft tube at a mass flow 

.rate that is about 100 times greater than the coal flow rate, and 
thereby effectively prevent agglomeration of the fresh coal feed 
as it devolatilizes and passes through a phase in which it 
becomes sticky. The devolatilizer-desulphurizer operates at 
1600° to 1800°F. Heat is supplied mainly by the sensible heat of 
the high-temperature gas from the gasifier—combustor; some 

additional heat is contained in char fines entrained in the gas 
and heat is also liberated in the exothermic hydrogasification 
reaction between carbon and hydrogen to form CH.. The particle 
size and density of the coal char are such that it concentrates 
at the top of the fluidized bed,_from where it is withdrawn and 
transferred to the gasifier-combuster. Sulphur removal is 
achieVed in the devolatilizer-desulphurizer by the addition of 
crushed dolomite near the top of the bed. The dolomite mixes 
with the recirculating solids and reacts with H28 to form 
sulphided dolomite (Equation 18). 

Mgo.Ca<:o3 4» H28 =. MgO.CaS + H20 '+ co2 (Eq.18) 

The spent absorbent migrates to the lower section of the bed and 
is withdrawn. After char separation, the spent absorbent may be 
regenerated for recycle to the process (159) or oxidized to the 
sulphate for disposal. The activity of the regenerated absorbent 
for sulphur removal decreases by about 3% Of the sulphidation 
rate per cycle. As absorbent make-up is partly governed by
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attrition losses, multicycle use is Considered feasible (159). 
The operating temperature of the devolatilizer-desulphurizer is 
sufficiently high to ensure that oils and tars from the 
devolatilization of coal will be thermally cracked, and is also 
close to the optimum temperature for the dolomite-Has reaction 
under reducing conditions. vSimilarly the operating pressure (10 
to 16 atm) of the Westinghouse process was selected so that the 
pressure of the product gas would be compatible with present and 
anticipated combustor pressure requirements for large industrial 
gas turbines. The exit gas from the devolatilizer-desulphurizer 
is freed of particulates in a cyclone and is expected to have a 
heating value between 120 and 150 Btu/scf. 

Char produced in the devolatilizer-desulphurizer is 
gasified in the fluidized-bed gasifier-combustor. In the lower 
section of this unit, char finers are burned in air at 2100°F to 
provide the basic heat source for the process. The sensible heat 
of the combustion gases and entrained char from the combustor 
supplies heat for the steam gasification of coarse char in the 
upper section of the gasifier—combustor. A gas rich in CO and H2 
is produced which goes to the devolatilizer-desulphurizer. At 
the operating temperature of the combustor, ash in the char 
agglomerates and settles out of the bed; these agglomerates are 
then withdrawn for disposal. 

The Westinghouse process has the potential of overcoming 
limitations inherent in other gasification systems, and of 
providing an economic source of clean, low-Btu gas for combined- 
cycle power plants. Some of the advantages of the system are:
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(a) a wide variety Of coals may be utilized, including 
high-ash and caking coals, without preliminary 
pretreatment. The gasifier can also accommodate 
crushed coal with a large percentage of fines 
(mechanically mined coal may contain 35% to no% 
fines) which is an economic advantage over fixed- 
bed gasifiers in which_fines must be removed by 
screening. 

(b) the multistage, fluidized-bed arrangement of the 
gasifier provides long residence times necessary 
for high carbon conversion efficiencies and permits 
good control of operating conditions. High thermal 
efficiency is also realized by the counter-current 
flow of gases and solids. 

(C) high-temperature desUlphuriZation and particulate 
removal yield a clean fuel gas without the heat 
losses associated with the gas cooling necessary 
for conventional purification techniques. 

(d) the process should also offer the flexibility 
required for utility-plant service, because it uses 
staged fluidized-beds providing rapid start-up,

I 

shut-down, and load-following capabilities 
Although the gasification process is composed of sub- 

systems that have been successfully demonstrated in other 
applications, their integration into a complete facility will 
undoubtedly give rise to engineering and process control 
problems, and the high-temperature removal.of particulates may be
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expecially difficult. However, the overall system is based on 

extensive design and development studies, and its successful 
completion will be of great interest to coal-burning electrical 
utility companies. 

3.3.6 The General Electric Process. Based on small-scale 
studies on the gasification of caking coals in a stirred-bed 
gasifier (160), the General Electric Company is currently 
constructing a pilot-plant gasifier (coal capacity, 1 ton/h; 

internal diameter, 3 ft) which should be operational in 1976 

(161). This $3.1 milliOn project is jointly funded by the 
General Electric Company and the Electrical Power Research 
Institute (EPRI). ‘The gasifier is shown in simplified form in 
Figure 39 and is similar in many respects to the USBM stirredvbed 
gasifier. A water-cooled, multi-arm stirrer, which can also be 
moved in the vertical plane, is used to prevent the agglomeration 
of caking coals. iIf necessary, the rotating grate below the fuel 
bed can also be moved upwards to crush large clinkers between the 
grate and the lowered stirrer. Coal is fed into the side of the 
gasifier through an auger. This feeding system offers several 
advantages over conventional batch-type top feeding; the overall 
height of the gasifier is reduced, coal feeding is continuous and 
should produce a more uniform quality gas, and a lower rate of 
entrainment of fines in the product gas may also be expected. 
LOCK hoppers are used to admit coal and withdraw ash from the 
gasifier. 

In an effort to avoid operational problems associated 
with lock hoppers and to utilize coal fines that are not suitable
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as a feed to fixed-bed gasifiers, the General Electric Company 
are developing a proprietary coal extrusion process (162). In 

this innovative process coal fines, or milled coal, are mixed and 
heated with recycle tar (as a binder) and fed thrOugh a screw 
extruder into the gasifier (Figure “0). The extruded material 
forms a seal against the gasifier pressure, and a protype unit, 
giving a 2-in.-diameter extrudate has operated continuously 
against a pressure of 600 psi. Ash or other inert materials may 
also be added to the tar-coal mixture. Preliminary tests have 
shown that ash addition results in a significant decrease in the 
swelling index of the extrudate (160); the reasons for this 
behaviour are not clear.

‘ 

The General Electric gasifier is designed to operate at 
pressures up to 350 psi and is expected to have a cold gas 
efficiency (including the purification train) of about 71.5%. 
With use of coal fines and tar recycle in the extrusion process, 
the efficiency is expected to be about 76%. 

3.3.7 . The Consolidated coal low-Btu Gas Process. The 
Consolidated Coal Company is investigating the economic and 
technical feasibility of producing low~sulphur, low-Btu gas for 
electrical power generation by gasification of caking bituminous 
coal. The first phase of this investigation (163) was concerned 
with modifying the C02 Acceptor process (106) for low-Btu gas 
production, and with an economic appraisal of the cost of power 
generation by integrating the modified process with a combined 
cycle power plant. It was concluded that gasification at 15 atm 
was preferable to gasification at atmospheric pressure, and that



-123— 

the integrated process was economically superior to a 

conventional coal-fired power plant with stack-gas cleaning. The 
gasification system initially proposed (164) involved the 
gasification of preoxidized coal with steam, air, and 
desulphurized regenerator gas, in a fluidized-bed reactor through 
which calcined dolomite (the 'acceptor') was circulated. As in 
the C02 Acceptor process, the exothermic reaction between the 
acceptor and C02 (Equation 9) provided part of the heat for 
gasification, and the acceptor also acted as a desulphurization 
agent for the product gas (Equation 19). 

MgC.CaO + -s = MgO.CaS + H20 (Eq.19) 

.The spent acceptor, together with residual char, was then 
transferred to a separate vessel and regenerated under slightly 
reducing conditions, by the combustion of the char in air, to 
yield 802, sUlphur (Equations 20 and 21), and the original 
acceptor (Equation 22) for recycle to the gasifier. 

2MgO.CaS + 302 2MgO.CaO + 2502 (Eq.20) 

soa + 2co = s + 2co2 (Eq.21) 
Mgo.Caco3 = Mgo.Cao + co, (Eq.22) 

More recent studies (165) have shown that regeneration 
of the spent acceptor by this method is unsatisfactory, and also 
that, for low-Btu gas production, no advantage is gained by using 
the acceptor to provide simultaneously heat for gasification and 

‘desulphurization of the product gas. A revised 
'gasification/desulphurization system (Figure a1) was therefore 
developed in which the product gas is desulphurized with half-
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calcined dolomite (Equation 18) in a separate fluidized-bed 

reactor, and residual char from the gasifier is consumed in a 

carbOn burn-up cell to preheat all the steam and air needed for 
the gasifier. The spent acceptor is conveyed to a regenerator in 
a stream of C02 and steam and regenerated at 1300°F by the 
reverse of the desulphurization reaction (Equation 18). It was 

found that half-calcined dolomite was an effective absorbent for 
H28 (Table 33) and that dolomites were available that exhibited 
low attrition losses (165). 

TABLE 33 COMPOSITION OF GAS BEFORE AND AFTER 
DESULPHURIZATICN WITH HALF'CALCINED DOLOMITE 

Gas composition (volX) 

Gas component - Raw product Clean product 
gas ' gas 

on. 1.72 1.71 

H: 
V 

- 16.31 
' 

16.56 

co 
_ 

I 

18.96 18.50 

C02 ' 
' 7.85 8.78 

H20 
I 

10.06 10.29 

H28 0.66 0.02. 

N2 uu.18 . u3.9o 

NH; 0.26 0.25 

However, the regeneration of the spent absorbent was incomplete; 
the concentration of CaS increased as the absorbent was recycled, 
and it is possible that a commercial process would require the 
acceptor to be cycled between the absorber and regenerator at
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fairly high CaS concentrations, e.g., 93% and 80% respectively. 
The gas from the regenerator contains about ax Has, “8% H20, and 
uex C02. Elemental sulphur is recovered by an aqueous-phase 
Claus reaction in which the gas is contacted with dissolved 502 
at 325°F and 210 psia. Sulphur dioxide for this oxidation 
reaction (166) may be obtained by the air oxidation of one third 
of the recovered sulphur. The major steps in this revised 
process have been demonstrated on a small scale, although 
additional experimental data are required to optimize operating 
conditions. 

3.3.8 Foster Wheeler Energy Corporation Low-Btu Gas Process. 
The Foster Wheeler Energy Corporation has recently been awarded 
an $8.7 million contract by ERDA to provide detailed engineering 
and design plans for a plant to produce clean low-Btu gas in a 

pressurized air-blown gasifier (167,168). This contract forms 
part of an ambitious multiphase program (18) for the construction 
of a pilot plant (Sioux Falls, South Dakota) to demonstrate the 
operation of the gasifier and its integration with a 36~Mw, 
combined-cycle power system. Foster Wheeler will act as overall 
manager of this program, which will cost about $90 million. It 

is jointly funded by the United States' government (two-thirds) 
and a three-member electrical utility group (one third). 

A simplified schematic of the overall gasification-power 
generation system is given in Figure #2. Pulverized coal is fed 
Ito the upper stage of the gasifier where it is entrained and 
partly gasified by hot gases from the lower stage. Unreacted 
char is separated from the product gas in a series of high-
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temperature cyclones and returned to the lower stage, where 
essentially all the carbon in the char is gasified with air and 
steam under slagging conditions. It is expected that all types. 
of coal may be gasified and that the gasifier temperature will be 
sufficiently high that tars and hydrocarbons will not be present 
in the product gas, permitting recovery of its sensible heat in a 

waste-heat recovery train. Following sensible heat recovery, the 
gas is scrubbed to remove residual particulates and ammonia, and 
then passed to a Selexol unit (169) to separate sulphur compounds 
for subsequent conversion to elemental sulphur. The cleaned gas 
is used to fuel a gas turbine for electrical power generation and 
compression of air for the gasifier. yExhaust gases from the gas 
turbine are passed through a heat recovery boiler to generate 
steam for electrical power generation in a steam turbine. 

With the use of high-efficiency gas turbines, currently 
being developed, the.efficiency of the gasification-power 
generation system is expected to approach “5%. 

3.3.9 The U-Gas Process. The U-Gas process (170,171) is a 

conceptual gasification system that has been designed by the 
Institute of Gas Technology (IGT) for the production of low-Btu 
gas from caking and non-caking coals.' It is eSsentially a 

single-stage,-f1uidized-bed process in which ash is separated 
from the fuel bed by the selective ash-agglomeration technique of 
Godel (1u5,172).

’ 

A simplified schematic of the U-Gas process is given in 
Figure u3.. Coal of any rank is crushed to 1/“ in. and then fed 
to the gasificatiOn system through a lock hopper. Caking coals
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are first passed into the fluidized-bed pretreatment vessel and 
partly oxidized in air at 700° to 800°F to eliminate their caking 
properties. A large amount of heat is released during 
pretreatment (5 3 10a Btu/h for a 7500 tons/day'unit (168)) which 
is used to generate all the steam required for the process and 
also additional steam for external use. The pretreated, coal (or 

untreated, non-caking coal), and the gases evolved during 
pretreatment, pass into the gasifier where the coal is fluidized 
with air and steam at about 1900°F and 350 psig. Through the use 
of a special gas distribution grid, part of the fluidizing air 
and steam is employed to create a temperature zone around the gas 
inlet cones which is higher than the rest of the fluidized bed. 
By selection of the air/steam ratio, the temperature of this zone 
is adjusted to be near the ash-softening point for the specific 
coal and the ash particles selectively agglomerate until they are 
heavy enough to fall counter to the gas flow. They are then 
removed from the gasifier through a water-cooled lock hopper. 
This aggIOmeration technique has been tested (173) in a u-ft— 
.diameter atmospheric-presSure unit using coke breeze as a fuel; 
the results indicate that the carbon content of the agglomerated 
ash (diameter, 1/8 to 3/8 in.) is very low and corresponds to 
about 993 conversion of the carbon in the coal feed from which 
the coke was prepared. 

The disengaging space above the fluidized bed is 
designed for a gas residence time of 10 to 15 s which, at the 
temperature above the bed, is sufficient to ensure the cracking 
of any tars or oils that may be present in the gas phase. Most 
of the fines entrained in the product gas are removed by an
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internal Cyclone and returned directly to the bed. The remaining 
fines are separated in an external cyclone and returned to the 
bottom of the gasifier by a solids feeder. Following gas 
purification, it is expected that the product gas will have a 

heating value of about 155 Btu/scf. 
Loeding and Tsaros (170) have described specific flow 

sheets for the large—scale application of the U-Gas process to 
the production of low-Btu gas as a general-purpose industrial 
fuel, for retrofit to existing utility boilers, and for power 
generation in a combined-cycle power-plant; they have also given 
preliminary cost estimates for these applications. Among the 
advantages claimed for the process are that it can gasify caking 
and non-caking coals of any rank, coal fines up to 10% minus 200 
mesh may be used in the gasifier feed, and high turn-down ratios 
(10:1) are possible through control of gas velocity and bed 
temperature. However, the process has yet to be realized in 
practice, and IGT are seeking support for construction of a 

demonstration plant. 

3.4 Other Gasification Processes 
Several gasification processes are considered here which 

are not readily classified into the general three-group system 
adopted for this report. They include the Stone and 
Webster/General Atomic process which yields CH. directly, and the 
SOZ-Char process which gives a gas containing only CO. In this 
context it should be noted that pyrolysis and hydrogenation 
processes for the production of clean liquid or solid fuels from 
coal (e.g., COED, Synthoil, H-Coal, Solvent Refined Coal (H5))



also produce, as by-products, significant quantities of CO, H2, 
and low molcular weight hydrocarbons which may be used directly 
as fuel or upgraded to SNG. 

3.4.1 The Stone and Webster/General Atomic Process. The use 
of a nuclear reactor to provide process heat for coal 
gasification is being investigated under a program sponsored by 
the Stone and Webster Engineering Corporation, the General Atomic 
Company, and three gas utility companies (17“). The overall 
gasification system is shown in simplified form in Figure an, and 
is based on the Stone and Webster coal solution gasification 
process (175,176). In this process coal is first pulverized, 
dried, and then slurried in a coal-derived oil. The coal slurry 
is next reacted with hydrogen (in the presence of a catalyst) in 
the coal solution stage, in which it is depolymerized, producing 
liquid and gaseous products. These products are separated into 
three principal streams; light gases (including hydrogen) which 
are sent to_the hydrocracker; solvent which is recycled to the 
slurry preparation unit, and residual liquids which are also sent 
to the hydrocracker. In the hydrocracker stage the heavy coal 
monomers are converted to lower molcular weight distillates, 
which are reacted with hydrogen in the hydrogasifier to give 
mainly CH4. Solvent, recovered from the hydrocracker, is 
returned to the slurry preparation unit, and residual unconverted 
carbon, ash, and some heavy distillates are sent to a fluid-bed 
coker to recover liquids, which are returned to the process for 
hydrogasification.
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Hydrogen for gasification is produced by reacting some 
of the product CH. with steam over a conventional reforming 
catalyst. The heat required to support this reaction is supplied 

by a General Atomic high-temperature, gas-cooled reactor (HTGR) 

(177), which also generates all the steam and electrical power 
needed for the process. The gas from the steam reformer contains 
C0, C02, H2, and some unreacted CH.. The CO is reacted with H20 
to form H2 and C02 and the C02 is then removed from the product 
gas by scrubbing. The purified gas contains 89% Hz and 11% CH. 
and is of adequate purity for hydrogasification. 

A relative energy balance for the process is given in 
Table 34 (17a). The reactor provides 23% of the process heat and 
about 87% of the thermal energy of the coal appears as gas and 
liquid products.. Some of the characteristics of the process, 
based on a reactor with a thermal output of 3000 MW, are_given in 
Table 35 (177).

‘ 

TABLE 34 RELATIVE ENERGY BALANCE FOR THE STONE AND 
WEBSTER/GENERAL ATOMIC GASIFICATION PROCESS (17H) 

Energy in Energy out 

Coal (77%) . 

I 

Pipeline gas (56%) 

HTGR (23%) ' Liquid product (11%) 

Solid residue (9%) 

Cooling water (24%)
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TABLE 35 CHARACTERISTICS OF THE STONE AND WEBSTER/ 
GENERAL ATOMIC GASIFICATION PROCESS (177) 

Item Quantity 

Reactor output 3 000 MW (thermal) 

Coal feed 
p 

32 800 tons/day 

Pipeline gas . 

' 5&0 million scf/day 

Light aromatics 21 200 bbl/day 

Water consumption ' 5.76 million gallons/day 

The Stone and WebSter/General Atomic process can produce 

high-Btu gas directly from coal without the need for an oxygen 

plant or an external methanation system; it can also achieve high' 

carbon conversion efficiencies because (by the use of nuclear 

process heat) combustion of part of the coal feed is not required 

to provide heat for gasification. On the assumption that the 

cost of nuclear-based energy will escalate more slowly than the 

cost of energy based on fossil fuels, there may be an economic 

incentive to deve10p this novel approach to gasification. 

However, the process is currently in an early stage of 

development. 

3.4.2 ' Babcock and Wilcox Soz-Char Process. Kertamus et al. 

(178,179) have made a laboratory study of a gasification process 

based on the reduction of sulphur dioxide with hot char or coke 

to yield carbon monoxide and sulphur (Equation 23). 

so2 + 2c = 2co + 1/2 52 
' 

, (Eq.23)
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The $02 feed-gas for this reaction may be obtained by various 
methods, e.g., from the regeneration step in the high-temperature 
iron/iron oxide process for the desulphurization of coal gas 
(180), or from the combustion of sulphur in air followed by the- 
separation of the 502 from nitrogen in a scrubbing process. 
Tests with fixed and fluidized beds of coke and char have shown 
that all the $02 is reduced to sulphur and COS, and that the C08 
concentration in the product gas is significantly lower with a 

simulated regenerator off-gas (13 vol% 502) than with pure 802 
(Table 36). Although the gasification reaction (Equation 23) is 
endothermic (18.15 kcal/mol) the process can be made thermally 
self-supporting by the addition of air (0.1 to 0.5 volume 
air/volume of $02) to the feed gas. 

3.4.3' The Avco Process. 'In a research program, terminated in 
1972, the Avco Corporation developed a process for the production 
of acetylene by the pyrolysis of coal in a hydrogen atmosphere 
(181). The basis of the process is that at temperatures above 
about 2200°F, acetylene is the most stable gas formed during coal 
pyrolysis. On slow cooling, acetylene decomposes to carbon and 
hydrogen; however, on rapid quenching significant quantities of 
acetylene remain in the gas phase. To exploit the temperature- 
dependent stability characteristics of acetylene, a plasma-arc 
process was developed in which the reactants were heated to above 
3700°F and the reaction products cooled to ambient conditions‘ 
within a few milliseconds. A prototype 180-kw reactor was 
employed in the Avco program, which had a coal capacity of up to 
120 lb/h; energy consumption in the production of acetylene was
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u.3 kWh/lb CZH2 and the composition of the coal and reaction 
products are given in Table 37. 

TABLE 37 COMPOSITION OF COAL AND REACTION PRODUCTS IN THE 
AVCO PROCESS ' 

Coal feed Product char Product gas 
(wt%) (wt%) Component (volS) 

c 79 80.8 can, 10.7 
H 5.2 0.6“ 

' 

can. 0.2 
S 1.3 1.47 CH. 0.7 
N 1.9 0.9 

_ 

CO 3.0 

o 8.0 
I 

I 

'1.68 Hz (bal.) 85.“ 
Ash “.8 1Q.8 

This reactor also provided design data for a l-MW, 10 ton/day 
plant, which was proposed (but not built) for the identification 
and solution of problems associated with the operation of a 

commercial plant. 
A recent economic appraisal (182) of the Avco process as 

a source of acetylene for the production of vinyl chloride 
monomer (a primary industrial use of acetylene) indicates that 
credits received from by-product sales (mainly carbon black) are 
essential to its economic viability and that, currently, vinyl 
chloride monomer can be.produced more cheaply from ethylene than 
from acetylene. Recently, however, the costs of ethylene-based 
processes have increased significantly (183) and the Avco process
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.may be a more economical feedstock for vinyl chloride monomer by 
- the 1980's. 

3.u.u Electrofluidic Coal Processing. An investigation is 
being made at Iowa State University into the application of a 

continuous electrofluidic reactor to the steam gasification of 

coal char (184,185). In the electrofluidic reactor, the 
fluidized-bed of conductive char particles is heated by passing 
an electric current through electrodes immersed in the bed. 
short-term tests have been made between 15000 and 1950°F in a 12- 

in.-diameter atmospheric-pressure gasifier heated with three- 
phase power. 'The system was found to operate satisfactorily, 
although the buildéup of slag on the electrodes is a potential 
problem for long—term runs because it results in a large increase 
in interelectrode resistance and can prevent the gasifier 
temperature being maintained at operating levels. One of the 
aims of this investigation is to produce a CH.-rich gas, for 
conversion to SNG, by operating the reactor at high pressures 
(100 to 200 atm) and relatively low temperatures, thereby 
optimizing the exothermic hydrogasification reaction and 
minimizing the electrical energy required to support the 
endothermic steam-carbon reactions. Preliminary cost estimates 
(185) indicate that such a process would be economically 
competitive with other SNG processes. However, economic 
viability will depend on the attainment of rapid reaction rates 
and high CH. yields at moderate temperatures, which can only be 
confirmed by tests with a pressure gasifier.



u PRODUCT GAS PURIFICATION 
Raw product gas from a coal gasification process may 

contain numerous impurities, including particulates, condensible 
organic compounds and nitrogen and sulphur compounds at 
concentrations related to the nitrogen and sulphur content of the 
feed coal. Considerable attention has been given to methods for 
the removal of sulphur compounds (primarily H28) from the product 
gas, and many commercial processes developed for the 
desulphurization of natural gas and synthesis gas can be applied 
to coal gasification systems. All these processes involve 
relatively low-temperature (< 250°F) liquid-phase scrubbing and 
some may be used to remove both H25 and C02 (i.e., acid gases) 
from the gas stream.~ In the application of lowftemperature 
scrubbing processes to the coal gasification systems, the product 
gas is usually firt passed through a waste heat boiler to recover 
its sensible heat for steam generation, and then further cooled 
by scrubbing with water to the temperature required for the 
desulphurization process. Water scrubbing also removes 
condensable tars, particulates, and NH3. Following 
desulphurization by the liquid-phase process, H28 is recovered 
from the absorbent and is then converted to sulphur, usually by 
the Claus process. 

In order to conserve the sensible heat of the product 
gas for on-site combustion purposes, e.g., combined cycle power 
generation, some highftemperature desulphurization processes are 
being investigated at the pilot-plant level. These processes do 
not appear to be as versatile as low-temperature processes (e.g.,
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nitrogen compounds and particulates are not removed) and their 
implication to combined cycle Operation will be considered later. 

“.1 ' Acid Gas Renoval 
During coal gasification, some of the sulphur contained 

in the feed coal (as organic and inorganic sulphur compounds 
(186)) is Converted to gaseous sulphur compounds and the 
remainder is diScharged from the gasifier as a component of 
residual coal char and gasifier ash. Most coal gasification 
processes are designed to achieve high carbon-conversion 
efficiencies and almost all (>95%) the coal-sulphur leaves the 
gasifier in the gaseous phase, in the form of various sulphur- 
containing compounds. The relative concentrations of these 
.compounds depend on the type of coal being gasified, and on the 
operating characteristics of the gasifier, particularly its 
operating temperature (187). In general, relatively low- 
temperature gasification processes, such as the Lurgi, produce 
significant quantities of condensible tars and oils which contain 
between about 1.5% to 3% of the original coal-sulphur (188,189), 
whereas in high-temperature processes, such as the Koppers- 
Totzek, oils and tars formed during gasification are thermally 
cracked and an essentially hydrocarbon-free product gas is 
obtained (190). Of the various sulphur-containing species that 
can be formed during gasification (187), Has is always the 
predominant form and typically represents more than 90% of the 
gas-phase sulphur. For example, in the Lurgi process, the 
distribution of sulphur among gaseous forms, following tar 
quenching, is 95% H28, 2.“% COS, with the balance as CS2,



thiophenes, and mercaptans (188), whereas in the Koppers-Totzek 

process, H28 and COS are the principal sulphur compounds (Table 

19). The concentration of sulphur compounds in the gas phase 

frOm the Synthane process is given in Table 38 (191), which also 

illustrates the high perCentage of H28 in the gas phase from this 

fluidized-bed process. 
With the exception of those gasification processes 

capable of 'in-situ'_desulphurization, the sulphur content of the 

product gas must be reduced to meet either SO; emission standards 

on gas combustion, or purity requirements for subsequent gas 
processing steps. The degree of desulphurization necessary, and 

the stage in the overall coal-to-energy conversion process at 

which it is done, will depend on the application of the gas. 

Thus, for low-Btu or intermediate-Btu gas used for heating 

purposes, it is feasible, in principle, to perform 

desulphurization (as 502) following combustion. However, such an 

approach is much less desirable than precombustion
l 

desulphurization, not only because sulphur is present at a.lower 

concentration in the combustion gases than in the fuel gas, but 

also because, in contrast to the developing state of 802 control 

technology (192) numerous proVen methods are commercially 
available to remove HZS from gas streams (193-195). In addition, 

for a pressure gasification proceSs, the volume of fuel gas to be 

treated is only about 2% of the volume (at atmospherice pressure) 

of combustion products. Intermediate-Btu gas, which is to be 

converted to SNG, requires stringent desulphurization (0.5 ppms) 

before methanatiOn because the nickel catalysts universally used
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for CH. synthesis are very readily poisoned by sulphur compounds 

(196).
‘ 

The degree of desulphurization required when low-Btu or 
intermediate-Btu gas is used as a fuel is governed by relevant 

so2 emission regulations for combustion sources, and has been 
(evaluated by Ball et a1. (65) on the basis of the United States' 
new source emission standard for SO; (1.21b/106 Btu heat input) 
(1971). They assumed that 90% of the sulphur in coal is 
converted to H28 during gasification and then calculated the 
amount of SO; emitted during fuel gas combustion as a function of 

the sulphur content of the coal fed to the gasifier for five 
gasification efficiencies (percentage of heat content of coal in 
fuel gas). The United States' emission standard would be 

exceeded, at all gasification efficiencies, for coal containing 
more than 0.87% sulphur (Figure 45). The percentage of H28 in' 

the fuel gas that has to be removed to meet this standard depends 
on the gasification efficiency and the sulphur content of the 
coal (Figure “6) and is about 90% for very high (7%) sulphur 

coals; this efficiency can be readily achieved by a number of 
commercial techniques. At present, however, there are not 
federal standards in the United States for the emission of SO; 
from the combustion of gaseous fuel. In an assessment of the 
impact of environmental regulations on coal conversion plants, 
Rubin and McMichael (198) indicate that forthcoming EPA standards 
for gas-fired sources may well be up to ten times more stringent 
than those for non-gaseous fossil-fueled sources; such standards 

would require a much higher degree of desulphurization than those
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calculated by Ball et al., which are based on an emission 
standard for coal-fired sources. 

Carbon dioxide is a major consituent of the raw product 
gas frcm most gasification processes (Table 39) and; even for 
high-sulphur coals, is present at a much higher partial pressure 
than H28. Removal of C02 from the gas is unnecessary if it is to 
be used as a fuel, and purification methods that selectively 
remove H28 in the presence of a large excess of C02 are 
desirable. However, if intermediate-Btu gas is to be upgraded to 
SNG, C02 removal is necessary to prevent dilution of the heating 
value of the product_gas. 

TABLE 39 TYPICAL C02 CONCENTRATIONS IN THE PRODUCT GAS FROM 
SOME COAL GASIFICATION PROCESSES 

CO; concentration (vol%) 
‘Process Low~Btu gas Intermediate-Btu gas 

Lurgi 13.69 ‘ 28.03 
- Koppers-Totzek - — ' 

- 7.08 
Winkler . 

' 

1o 20 
Bigas - 16.2 
C6; Acceptor ‘ - 10.88 
Hygas 

Steam-oxygen - - 18.5 
VSteam-iron 

_ 

-v 7.1 
Synthane 18.1 18.2 

Many processes have been developed for the removal of 
acid gases (C02 and H28) from gas streams. Most of these involve 
low-temperature (< 250°F) scrubbing and, if used for the
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treatment of the gas from a coal gasification process, require 
that the gas be cooled before cleaning. Because up to 20% of the 
original heating value of the coal may be contained in the 
sensible heat of the gas there is an economic incentive to clean 
and use the gas at elevated temperatures; As will be discussed 
later, no commercial high-temperature desulphurization processes 
are available, but several promising techniques are being 
investigated. 

“.2 Low Temperature Scrubbing Processes for Acid-Gas Removal 
Commercial acid gas scrubbing processes have been widely 

described in the literature and will be considered only briefly 
.here. Purification of the product gas from coal gasification is 
determined by a number of factors; these include the total 
sulphur removal capability of the process, not only for H28 but 
also for other sulphur compounds such as COS and C52; selectivity 
for the absorption of sulphur compounds in the presence of C02, 
tolerance of the absorbent to the presence of trace contaminants 
in the gas phase (e.g. HCN, phenols, and tars); and the overall 
capital and operating costs of the process. Scrubbing processes 
may be broadly classified into.three groups (Table #0); physical 
absorption processes, chemical absorption processes, (in both of 
which the serich gas from regeneration of the absorbent 
requires further processing, usually by the claus process, to 
give elemental sulphur), and processes that yield sulphur 
directly by chemical reactions in the absorption medium. 

In general, liquid scrubbing processes can reduce the 
H28 content of the treated gas to levels well below that required
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for direct gas combustion, and, with limited additional 
desulphurization, that are compatible with the sulphur-content 
requirements of intermediate-Btu gas for methanation catalysts. 
'Scrubbing processes are also capable of simultaneously removing 
particulates frOm the gas to levels that meet the maximum. 
allowable particulate concentration (0.0056 gr/cf) for combustion 
in gas-fired turbines (199). 

u.2.1 Physical Absorption Processes. These processes are 
based solely on the physical absorption-desorption of gaseous 
impurities in‘neutral organic sclvents (195, 200, 201). The 
loading capacity of the solvent is primarily a function of the 
partial pressure of the gas and increases steadily with increase 
in partial pressure (Figure #7); consequently, physical 
absorption processes are most applicable to the bulk removal of 
impurities from high-pressure gases. In addition, because the 
solubility of gases increases with decrease in temperature, these 
processes are operated at ambient or lower temperatures. The 
absorbent is regenerated by staged pressure reduction, which, 
depending on process requirements, may be followed by stripping 
with an inert gas or heating (202). Physical absorption 
processes can be used to achieve selective separation of gases. 
This capability is particularly useful in the desulphurizaticn of 
the product gas from coal gasification processes. This gas 
usually contains a high ratio of C02:HZS (“40:1) and, to provide 
a satisfactory feed for the Claus process, the minimum HZS 
concentration in the regenerator gas should be about 15% to 20%; 

such a concentration can be readily obtained by a number of
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physical absorption techniques. Physical absorbents are also 

effective for the removal of COS, C82, and mercaptans; compounds 

which are difficult to remove by some chemical absorption 

methods. Physical solvents do, however, have a high absorption 

affinity for heavy hydrocarbons, especially aromatics, and 

additional process steps are required when these impurities are 

present to prevent catalyst fouling in the Claus process. 

u.2.2 Chemical Absorption Processes. These processes employ 
basic inorganic or organic compounds as absorbents and acid gases 

are remoVed primarily by chemical reaction (195, 200, 201). 

Absorption is relatively insensitive to the partial pressure of 

the gas (Figure 47) and is characterized by saturation loading of 

the absorbent. The rich absorbent is regenerated by the reverse 
of the absorption reaction and is accomplished by heating at a 

lower pressure than that used for absorption. in general, 

chemical absorption processes are not as selective for acid-gas 

removal and regeneratiOn as physical absorption processes, and 

some chemical processes cannot remove organic sulphur compounds 

(C08, C82 and mercaptans). They are usually considered most 

applicable to the-treatment of gas streams containing relatively 
low concentrations of acid gases. 
4.2.3 Direct Conversion to Sulphur. Scrubbing processes in 

which H28 is directly oxidized to elemental sulphur are based on 
aqueous redox reactions. An organic or inorganic compound is 

used as an oxygen carrier to convert the absorbed H28 to sulphur; 
the reduced form of the carrier is then regenerated to air 
oxidation (193, 203, 264). The Takahax process (205) illustrates
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this type of system (Equation 2a); 1,“ naphthoquinone-2-sulphonic 
acid (NQSA) is employed as the redox agent. 

H23 + Na2C03 NaHS + Nc03 
5 + Nazco3 . + NQSA (red.) + NQSA (Eq.2u) 

02 (air) 

In general, direct conversion processes have the 
desirable characteristics of being selective for H28 and of 
converting H28 in the gas stream directly to sulphur. The 
loading capacity of the absorbent solutions is usually fairly low 
and these processes have been most widely used to treat gas 
streams containing relatively low concentrations of s (e.g., 
coke-oven gas and town gases) without removing significant 
quantities of C02. 

“.3 Other Low-Temperature Methods for the Removal of 
Hydrogen Sulphide 
Immobilized liquid membranes are being investigated by 

the General Electric Company (160, 23“) for the selective removal 
of H28 from low¥Etu_gas. The membrane is prepared by swelling a 

polymeric material with a liquid: this procedure gives a non- 
porous barrier (capable of sustaining pressure differences up to 
uoo psi) through which gases pass by dissolving in the liquid 
phase and subsequently diffusing through it. The use of a buffer 
solution (e.g., carbonate or phosphate) as the immobilized liquid 
phase greatly increases the flux of H28 across the membrane 
(through transport of HS) compared to that obtained with water, 
and also gives high selectivity for Has separation (Table 41).
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It is expected that removal efficiencies for H28 and C08 will 
exceed 99% (161). 

TABLE 41 PERMEABILITY OF VARIOUS GASES IN AN IMMOBILIZED 
LIQUID MEMBRANE (CARBONATE BUFFER SOLUTION) 

Gas 
. 

’ Permeability 
(cmZ/s-cm Hg x 109) 

H28 ' 
' 

u 000 - 25 000 

C02 200 - 2 000 

other gases 20 - 100 

In its simplest form, the memhrane separator (Figure #8) 

consists of a two-compartment unit; however, higher separation 
efficiency may be achieved by placing a number of such units in 
series. The gas mixture is fed to one side of the separator, and 
the gases which permeate it are removed by sweeping with a liquid 
or a gas, e.g., low-pressure steam. Of particular interest for 
the desulphurization of low-Btu gas is the use of a redox sweep 
liquid in which H28 is dissolved and converted to sulphur (161), 

thereby reducing the H28 partial pressure on the low-pressure 
side of the membrane to zero and also eliminating the need for a 

further H28 conversion step. 

u.u High-Temperature Desulphurization 
Low-Btu and intermediate-Btu gas have a number of 

applications for the direct, on-site generation of electrical 
power or process heat. ‘For these applications, C02 removal from 
the fuel gas is not required: however, it is desirable to retain
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the sensible heat of the gas by performing desulphurization at a 

temperature as close as possible to the temperature at which the 
gas leaves the gasifier, thereby avoiding heat losses associated 
with the gas-cooling step which is a necessary precursor to 
liquid—phase desulphurization processes. 

Until recently only limited attention has been given_to 
gas desulphurization at high temperatures; however, several 
techniques are now under investigation, based on the reaction 
between H28 and an absorbent to yield a metal sulphide. In 

general, a high-temperature absorbent for H28 should possess the 
following characteristics; it should form a stable sulphur 
compound which may be readily regenerated to yield the original 
-absorbent, it should be non-volatile and retain its absorption 
capacity over repeated absorption-regeneration cycles, and it 

_ 
should not form a stable product with CO; or be poisoned by tars 
or other constituents that may be present in the gas; also, if a 

solid absorbent is used, it should be resistant to attrition and 
sintering. At present it is not clear if the high-temperature 
processes under development will be effective for the removal of 
sulphur compounds other than Has, e.g., sulphur-containing tars 
and COS. In addition, with the possible exception of the 
Battelle molten salt process, they do not have the inherent 
particulate removal capability of liquid scrubbing processes and 
may require additional control devices for high-efficiency 
particulate removal. Such devices are currently not available 
for high-temperature operation, although studies are underway to 
develop a high-temperature (20000F), high-pressure (300 psig)
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electrostatic precipitator for coal gasification applications 
(235). 

u.u.1 Iron Oxide Processes. Iron oxide has been recognised 
for many years as an effective absorbent for H28, and is used in 
the well-established 'dry box' process for the desulphurization 
of coke-oven and town gas (236). This process gives high- 
efficiency H28 removal, but operates at low temperatures (50° to 
120°F) and has high capital costs. 

More recently, a fluidized-bed process (Appleby- 
Frodingham process) was developed in England in which H28 is 
absorbed by iron ore particles at 660° to 750°F (237,238). The 
spent absorbent is continuously transferred to a separate vessel 
where it is regenerated, by heating in air at 11000 to 1u7oor, 
and then returned to the absorber. The regenerator off-gas 
contains about 7% SO; and is suitable for feeding directly to a 

contact sulphuric acid plant (239). The Appleby-Frodingham 
process has been operated commercially for the desulphurization 
of gas from a coke oven (2&0) and from a coal gasification plant 
(2&1). In the latter application removal efficiencies of 99.7% 
to 99.9% for H25 and 68% to 79% for organic sulphur were 
obtained. However, absorbent losses were high and numerous 
operational problems arose through the accumulation of iron oxide 
fines at various points throughout the plant. The economic 
viability of the plant was also strongly dependent on the sale of 
by-product HZSO., which was less than originally forecast. These 
factors, combined with a transition in England from gas 
production based on solid fuels to gas production based on low-
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sulphur liquid hydrocarbons,_resulted in the process being 
economically unattractive, and no units are now in operation. 

The USBM and Babcock and Wilcox are investigating the 
use of iron oxide as a desulphurizing agent at absorption 
temperatures significantly higher than those used in the Appleby- 
Frodingham process. In the USBM investigation, pellets of 48 
materials, most of which contained iron oxide, were screened for 
their ability to remove HZS (concentration, 1.5%) from a 

simulated dry producer gas at temperatures between 750° and 
1500°F. (2u2-2uu) On the basis of sulphur absorption capacity, 
and pellet stability and durabilty, sintered pellets composed of 
‘75% fly ash and 25% iron oxide were found to be the most 
satisfactory absorbent. At 10000 and 1500°F, these pellets had 
an absorption capacity of 8.7% and “1.4% sulphur, respectively. 
The reaction between H28 and iron oxide may be formally 
represented by Equation 25. 'Because water is a product of the 
reaction, 

F8203 + = 2Fe31’5 + 

the absorption capacity of the pellets is smaller when moisture 
is present in the gas phase, and the addition of 7% steam to dry 
producer gas results in a decrease in absorption capacity of 
about 30% at 1500°F and “5% at 1000°F (zuu). Iron oxide also 
catalyzes the shift conversion reaction, which results in an 
increase in the amount of hydrogen in the desulphurized gas and-a 
decrease in its heating value. Some measured compositiOns of the 
desulphurized gas, and those calculated assuming complete shift 
conversion, are listed in Table 42.
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TABLE “2 EXPERIMENTAL AND CALCULATED CHANGES IN THE 
' COMPOSITION (DRY BASIS) OF SIMULATED PRODUCER GAS 

FROM THE WATER SHIFT REACTION OVER SINTERED PEILETS 
OF 75% FLY ASH /25% Fe203 (Hourly space velocity, 
1000; steam addition, 18%; pressure 300 psig) 

Calculated effluent gas 
comp.(%) - assuming 100% 

Gas Feed gas Effluent Gas comp. (%) shift conversion 
component comp.(%) 1100°F 1300°F 1300°F 1100°F 1300°F 1u00°F 

H2 
' 

1'7 
. 

- 22.9 21.3 19.9 26.0 23.2 22.u 
co2 6.7 13.2 11.0 9.7 16.8 13.6 

' 

12.7 
N2 50.9 51.1 ' 51.0 51.0 #5.“ “7.1 47.6 
C0 25.” 12.8 16.7 19.4 11.8 16.1 17.3 

‘Net heat- 128 10“ '112 117 109 115 117 
value, 
Btu/scf 

The shift conversion reaction reduces the heating value of low- 
Btu gas, primarily because it gives a decrease in the 
concentration of Co and an increase in the concentration of C02 
in the treated gas. If the gas being treated is from an oxygen- 
blown gasifier and is to be upgraded to SNG, then the shift 
conversion reaction is beneficial because it brings the ratio of 
sco closer to 3:1, the ratio required for subsequent 
methanation.

I 

In tests with hot producer gas, from gasification of 
West Kentucky No. 9 and Upper Freeport coals in the USBM stirred- 
bed gasifier, it was found that the absorbent was unaffected by 
tars and dust in the gas phase and that Has removal efficiencies 
of over 95% could be obtained (zuu); however, the bed temperature
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should be maintained above 1000°F (245). The spent absorbent is 
regenerated (and carbonaceous material burned-off) by heating in 
air at 1000° to 1200°F, yielding an off-gas containing about 11% 

to 12% 802. In this exothermic reaction, the temperature of the 
absorbent can briefly reach 2000°F which may be reduced to about 
1600°F (to limit absorbent sintering) by regeneration with 
nitrogen-diluted air (245); 

In the Babcock and Wilcox study (180,2u6), a thick scale 
of iron oxide on plain carbon steel has been used in bench-scale 
tests to desulphurize a simulated low—Btu gas. At temperatures 
above 1000°F, desulphurization efficiencies of greater than 95% 
were obtained at hourly space velocities of 2000 to 2500. The 
mechanism of desulphurization and regeneration is essentially the 
same as in the USBM study. However, it was noted that 
desulphurization, following regeneration of the spent_absorbent 
lat temperatures less than 1000°F, resulted in a short-term spike 
of 802 in the desulphurized gas. This spike was attributed to 
the reduction of FeSO., formed by the oxidation of iron sulphide 
during regeneration (Equation 26), by H28; it was eliminated by 
maintaining the temperature of regeneration above 1000°F. 

Fe/Fesx I+ air = Fe/Feso. (Eq.26) 

In both these iron oxide processes H28, at a low 
concentration in the input gas, is converted to 802 at a 

relatively high concentration in the regenerator gas. However, 
further conversion of 502 to a suitable end product, e.g., 
sulphur or sulphuric acid, is still necessary to complete the 
overall desulphurization process.
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4.”.2 Dolomite Absorption Processes. In the Westinghouse and 
C02 Acceptor gasification processes, fuel gas desulphurization is 
performed 'in situ' using dolomite, in the half-calcined 
(CaCO3.MgO) and fully calcined (CaO.MgO) forms respectively 
(Equations 18 and 19). 

CaC03.MgO + H28 CaS.MgO + -H20 + co2 (Eq.1& 

CaO.MgO + s CaS.MgO + H20 
’ 

(Eq.19) 

These compounds may also be used for the high-temperature 
(>1400°F) desulphurization of fuel gases in processes conducted 
external to the gasifier. An important characteristic of the 
reaCtion between Has and half-calcined dolomite (Equation 18) is 

that it has a strong temperature dependence and may be reversed 
at lower temperatures (’13000F) to regenerate CaCo3,MgO‘and 
release HZS for conversion to sulphur. Squires et a1. (2H7) give- 

the equilibria for the desulphurization reactions with CaO.MgO 
and CaCO3.MgO by the expressions in Equations 27 and 28, 

(H20) . 
3519.2

‘ log ~ = - 0.268 
, (Eq.27) 

(H28) T ' 

(HZO)(COZ)P 5280.5 
log = 7.253 - ‘ (Eq.28) 

(H28) T 
where the brackets signify mol fractions, P the pressure in 
atmospheres, and T the temperature in degrees Kelvin. 

In a study of the kinetics of desulphurization, Ruth et 
al. (248) found that, at 1u72 0F, HZS reacts much more rapidly 
with half-calcined dolomite, than with fully calcined dolomite or 
limestone (Table “3).



ITABLE #3 
I 

TIME FOR GIVEN CONVERSION OF LIMESTONE TO CaS, IN 
FULLY CALCINED AND HALF-CALCINED DOLOMITE, WITH 
GAS CONTAINING 5% H28 

Material Conversion % Time for conversion (fi 

Limestone 30 7000 

Fully calcined dolomite 50 - 280 

Half-calcined dolomite 50 
, 

15 

It has been suggested (249) that the high reactivity of half- 

calcined dolomite is associated with the presence of MgO-which, 
although it plays no direct part in the reaction, renders the 

material porous and makes all the CaCOa accessible for reaction 
with Has. Other studies (159,165,250) have also shown that the 
reaction between H28 and half-calcined dolomite is rapid and that 
utilization of more than 90% of the CaCO; content of the 
absorbent can be readily achieved. Curran et al. (165) 

investigated dolomites from four sources as absorbents for H28. 
It was found that although all the dolomites exhibited good 
reactivity, their resistance to attrition varied significantly 
(Table nu), indicating that care is necessary in selecting the 
absorbent.
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TABLE '44 ATTRITION RATE OF DOLOMITES FROM VARIOUS SOURCES 

Attrition rate 
Source (wt% of feed rate) 

Plymouth Meeting, Pa. 9 

Tymochtee formation 5 

Buchana, Va. - 5 

Canaan, Conn. 
' 

.0.8 

In a practical desulphurization system, the spent 

absorbent may either be regenerated for recycle to the absorber 
or discarded and replaced by fresh absorbent in a 'once through' 

process. However, CaS is unstable and, in the latter approach, 

the spent absorbent must first be treated before disposal to 
prevent Has evolution. This may be done by the classic Chance 

reaction (Equation 29), 

CaS.MgO + 2co2 + H20 = Cac03.Mgc03' + s (Eq.29) 

in which an aqueous slurry of the spent absorbent is reacted with 

C02 to convert CaS to CaCOa, a reaction in which the MgO 
component of CaS.MgO is also carbonated. An economic assessment 

(165) of these process alternatives has indicated that the once- 

through process is much more expensive than the regenerative
1 

process, primarily because of the much higher costs of make-up 
dolomite and of CaS.MgO disposal in the once-through approach. 

A significant problem in the use of half-calcined 
dolomite as an H28 absorbent is associated with the regeneration 
step. This reaction does not go to completion and laboratory



studies (159) have shown that there is also a progressive. 
decrease in the cyclic conversion efficiency of Gas to CaC03 over 
multiple regeneration cycles (Figure 49), an effect that creates 
difficulties in producing a sufficient concentration of H28 in 
the regenerator gas for sulphur recovery by the Claus reaction. 
The reasons for this decrease in regeneration efficiency with 
recycling are not clear and further investigation of methods to 
improve the yield of CaCO; on regeneration is required. 

u.u.3 The Meissner Process. The Meissner process is being 
developed by the Institute of Gas Technology for the removal of 
sulphur and particulates from fuel gases at high temperature and 
pressure. The process, which operates at about 800°F, is 
reported (170) to remove COS and H28 from the gas selectively 
'without simultaneously removing CO; and to reduce the H28 content 
of low-Btu gas produced from “.45 sulphur coal to about 100 ppm. 

The Meissner process is proprietary; very few details 
have been released, except that a bath of an undisclosed molten 
metal is used as the absorbent and that sulphur is recovered in 
the elemental form (251). 

u.u.u The Battelle Molten Salt Scrubber. The Battelle 
Northwest Laboratories Division is engaged in the development of 
a unique scrubbing system for removal of H28 and particulate from 

,low-Btu gas, in which a molten salt is used as the working fluid 
in a venturi scrubber (252). The salt contains CaC03 dissolved 
in a mixture of alkali metal carbonates (Table 45).
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TABLE H5 COMPOSITION OF MOLTEN SALT IN BATTELLE SCRUBBER 

VConstituent 
‘ 

'Amount (wtx) 

Li2C03 
‘ 

27. 3 

Na2C03 
I _ 

26.5' 

co3 ' 

, 
127.5 

Caco3 18.8 

Although all the components in the melt react with Has, CaC03,is 
the most reactive; the temperature-dependence of the equilibrium 
constants for the reaction of H28 with the quaternary carbonate, 
the ternary alkali-metal salt, and pure, solid CaCOa are given in 
Figure 50. Hydrogen sulphide absorption (Equation 30) is 

performed 

Caco3 + H25 Cas + co, f H20 (Eq.30) 
(soln.) (soln.) 

at about 1u000F, and the reaction may be reversed at lower 
temperatures (10000 to 1100°F) by treating the melt with C02 and 
steam. Laboratory studies have shown that the melt is highly 
effective for H28 absorption (>95% efficiency) and that 
regeneraticn restores 96% to 98% of its absorption capacity. 

A pilot-plant (Figure 51) to test this technique has 
been censtructed and will treat producer gas (50 to 100 scfm) 

from a small, fixed-bed gasifier. Molten salt flows from a feed 
tank to the venturi scrubber where it is entrained and dispersed 
by the kinetic energy of the ascending gas. High mass-transfer 
rates, with essentially instantaneous chemical reaction, take



I 

EQUILIBRIUM 

CONSTANT 

(ATM) 

I000 

I00 

I0 

0.] 

-l69-—

~ 
~~~ 

PURE C0C03 a)~ 

.QUATERNARY MIXED 
CARBONATE& 

CaC03ULNmC03~ ~~
~ TERNARY MIXED CAR BONATES, 

(Li,Na,K)2C03 

'03” 09 
_ 

L0 LI I2 L3 I4 

I/T°K x 103 , 

' FIGURE 50 TEMPERATURE DEPENDENCE OF THE EQUILIBRIUM CONSTANTS FOR REACTION OF H75 
WITH SOLID CoC03, AND TERNARY AND QUATERNARY CARBONATE MELTS



~ 

CLEAN GAS~ 
DEMISTER~

~~
~~ 

DE-ENTRAINER 

‘ 

FILTER 
'— 

T

“

~
~ ~ 

~ ~~
~~ 

FEED

~ 

MOLTEN SALT
%~ TANK

~~
~ 

FROM GASIFIER

~~ 
EMERGENCY 

SALT RECEIVER
~ ~~ 

FREEZE 3— VALVE 
_______V 

VENTURI ~~
~~~

~~ f: SALT COOLING 9 ___HEAT VEXCHANGER 

H25 
PUMP q ——.———> 

,
_ 

SALT 
REGENERATOR ‘_ 

STEAM/C02
~~~ 

FIGURE SI THE BATTELLE MOLTEN SALT SCRUBBER



—]Jl - 

place at the liquid-droplet/gas interface. Molten salt particles 
are separated from the product gas in a packed tower and demister 
and flow back into the feed tank. For continuous operation of 
this process, a sidestream of the melt is cooled and then 
regenerated with a mixture of steam and C02. The regenerated. 
melt is filtered and returned to the feed tank, and the Has-rich 
gas stream may be converted to sulphur. 

The molten salt scrubber is undergoing preliminary tests 
to confirm laboratory data and to ascertain general operating 
characteristics. 

u.5 Conversion of Recovered Hydrogen Sulphide to Elemental 
Sulphur 
Hydrogen sulphide regenerated from the spent absorbent 

in various desulphurization processes must be converted into a 
solid or liquid product that can be stored, sold or discarded in 
an environmentally acceptable manner. For most gasification 
plants, the desired product of this conversion step will be 
elemental sulphur; it has economic value, can be readily stored, 
and has lower transportation costs than other sulphur-containing 
compounds, such as sulphuric acid or ammonium sulphate, which are 
attractive alternatives to elemental sulphur only where 
specialized local markets exist. 

Two general types of oxidation processes are available 
for the recovery of elemental sulphur from Has. One depends on 
'gas-phase oxidatidn by the well-established Claus process, and 
the other on liquid-phase oxidation for which a number of 
processes are available (e.g., Stretford, Giammarco-Vetrocoke,
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and Takahax). Each type has been selected for commercial use at 
proposed large-scale SNG plants in New Mexico; the Claus process 
at the Wesco plant (253) and the Stretford process at the El Paso 
plant (49y. Both syStems will recover about 180 tons of sulphur 
per day. 

4.5.1 The Claus Process. The Claus process is very widely 
used to produce sulphur from acid gas streams obtained 
principally from natural gas sweetening and petroleum refinery 
operations (25u-258); it essentially involves the air oxidation 
of one third of the Has to 802, and subsequent reaction of the 
502 with the remaining H28 to yield sulphur (Equation 31). 

soz + 2s = 3s + 21-120 (Eq.l31) 

Grekel et a1. (25“) have described four variations of 
the Claus process, which are shown in Figure 52. The straight- 
through process is used with gas streams containing a high 
concentration of H28 (usually 50% or more). All the gas is fed 
to a free-flame combustion furnace in which the H28 is burned in 
a deficiency of air; approximately 50% to 60% of the H28 is 
converted to sulphur in this stage. The hot gas from the furnace 
is cooled in the first condenser to remove sulphur vapour. The 
effluent gas from the condenser is then reheated by hot bypass 
gas and passed through a reactor containing a catalyst (usually 
bauxite or activated alumina) to form additional sulphur vapour 
(Equation 31). This sulphur is in turn condensed, the effluent 
gas reheated and passed to a second catalytic conversion stage to 
promote further reaction between H25 and 802. The sulphur vapour
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formed in this reactor is subsequently condensed and removed from 
the gas stream.' This process may be repeated for up to four 
conversion stages. 

In the split-flow design the gas stream is divided in 
the ratio of 2:1 and all the H28 in the smaller stream is 
oxidized in the furnace to 802. It is then combined with the 
larger (bypass) stream and catalytically converted to sulphur in 
the same type of reactor-condenser-preheater train used in the 
straightvthrough process. 

For gases containing very low concentrations of 15% H28, 
the sulphur recycle and the direct oxidation processes may be 
used. In the first process, some of the recovered sulphur is 
returned to the furnace and burned in air to form 802, which is 
then fed with the H28 input stream to the catalytic reactor 
train. In the direct oxidation process, the gas stream is 
preheated, mixed with air, and pasSed directly to the catalytic 
reactor train.

. 

For a giveazs concentration in the feed gas, sulphur 
recovery increases with the number of catalytic reactor stages. 
Barry (259) has calculated sulphur recoveries for a 2, 3, and u 

reactor Claus process, for gas streams containing from 20% to 90% 
H28 (Table as).
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TABLE “6 CLAUS PLANT SULPHUR RECOVERY FOR VARIOUS FEED 
COMPOSITIONS WITH NORMAL ORGANIC CARRY-OVER AND 
ENTRAINMENT ALLOWANCE 

H23 in Claus Calculated percentage recovery 
plant feed .

' 

(dry basis) ' 
' Two Three Four 

(%) reactors reactors reactors 

20 
' 

92.7 
g 

93.8 . 95.0 
30 ' 93.1 9u.u 95.7 
no 9' 

. 

' 

-93.5 94.8 96.1 
50 ' 93.9 95.3 96.5 
60 . 94.u 95.7 

' 

r 96.7 
70 94.7 96.1 96.8 
80 95.0 96.u 97.0 

90 95.3 96.6 97.1 

It was assumed that the gas contained 1 mol % hydrocarbon 
contamination and that conventional temperature and reheat 
techniques were used. Compared to a 'clean' feed gas, impurities 
such as C02, NH3, water vapour, and hydrocarbons, lead to a 

reduction in sulphur recovery (260,261). ‘In particular, carbOn- 
containing compounds enhance sulphur losses through the formation 
of C08 and C82 (Equations 32 to 3a), Which are emitted in the 
Claus tail-gas. 

co2 + HzS = H20 + cos (Eq.32) 
cos + Has =. H20 + cs2 . (Eq.33) 
CH. + = H28 + I C82



-l76- 

In practice, COS and C82 levels in the tail gases from Claus 
plants are usually between 600 and 1500 ppm (193); these levels 

are much higher than those predicted by Claus furnace equilibria 
calculations (26l) and indicate that kinetic factors are more 
important than equilibrium thermodynamic considerations in 
determining COS and_CSz formation. 

It should be noted that the Claus reaction is 
reversible; consequently, complete conversion of Has to sulphur 
is not possible because some water and sulphur vapour are always 
present in the gas phase.‘ Moreover, the Claus reaction is 
exothermic and hence lower temperatures favour the formation of 
sulphur; however, a lower temperature limit (“00° to 500°F) has 

' to be maintained in the catalytic reactors to keep the product 
sulphur in the vapour state. Because of these factors, and 
because the use of additional catalytic stages cannot be. 

juStified economically by the resulting small increase in sulphur 
recovery (Table 06), the tail gas from a Claus plant contains 

(262) sulphur vapour, uncoverted 802 and H28, and COS and C82 
(Table #7). It is customary practice to incinerate the tail gas 
from the Claus process to convert all non-recovered sulphur into 

802, which is then discharged to the atmosphere (255). The SO2 
concentration in the stack gas (Figure 53) depends on the 
efficiency of the Claus process and the H28 content in the feed 
gas (259); for a modern plant it is usually between 1% and 2%. 
Two process options are available to decrease the amount of so, 

discharged from Claus plants (Figure 5a), viz;, tail gas 
treatment in which sulphur compounds are removed from the gas 
stream before the conventional incineration step, and stack gas
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treatment in which 802 is removed from the incinerated tail gas 
before its discharge to the atmosphere. These options are 
considered below.
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TABLE “7 TYPICAL COMPOSITION OF GAS STREAMS ENTERING AND 
' LEAVING A HYPOTHETICAL 100-MT/DAY REFINERY CLAUS 

PLANT WITH A SULPHUR RECOVERY OF 90% 

Claus tail gas 
Composition Claus Before After 
(vol%) intake incineration incineration (a) 

Has 89.9 v0.85 -- 

802 -- 0.42 1.08 

s vapour and mist -- 0.05 -- 

COS 
v 

—- 0.05 -- 

csZ . 

- -- 0.0a -- 

co _, 
4- ' 

0.22 -- 

co2 .' 4.6 2.37 0.23, 

HC (MW:30) 
_ 

0.5 -- -- 

Hz 
‘ 

. 

-- 1.60 -- 

H20 
’ 

5.0 33.10 
. 

26.57 

N2 -- 61.30 » 66.68 

02 
V 

-- -- 1.uu 

TOTAL 100.0 100.00 
I 

100.00 

Temperature (OF): 104 280 
_ 

1202 

Pressure (atm)‘ 1.05 . .1.26 1.00 

Relative gas 
quantity (mol) 

1 

’ 1 3.0 5.0 

Flow (scfm) . 2005 6015 10005 

(a) Based on using 10% excess air in the incinerator and CH. 
as fuel
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4.5.1.1 Tail gas treatment processes. A summary of commercial 
processes specifically designed to treat tail gases from the 
Claus process is given in Table #8. 

The first stage.of the Beavon and SCOT (Shell Claus Off- 
Gas Treatment) processes (Figures 55 and 56) are similar in that 
operating c0nditions are selected so that all residual sulphur 
Vvalues (including elemental sulphur) are catalytically reduced to 
H28. The principal reactions involved are hydrogenation and 
hydrolysis (Equations 35 to 38). 

s + H2 = s ‘ 

(Eq.35) 
so2 + 3H2 = H28 + 2H20 (33.36) 
cos '+ H20 

_ 

= H28 + co2 
cs2 + 2H20 = 12s + co2 (Eq.38) 

The gas from the catalytic reduction stage is cooled, and water 
vapour condensed, in a heat exchange system. After cooling, the 
gas contains about 1% to 3% Has (depending on the sulphur content 
of the off-gas), the balance being mainly nitrogen, water vapour, 
and C02. In the Beavon process, the gas is sent to a Stretford 
unit for sulphur recovery. In the SCOT process, the H28 is

I 

concentrated by preferential absorption, at atmospheric pressure, 
in an alkanolamine solution and the regenerated H25 is recycled 
to the Claus unit. The Beavon and SCOT processes consist of a 

combination of previously employed and essentially conventional 
technology and are capable of Very high sulphur recoveries. 
Genco and Tam (258) have estimated the approximate composition of 
the gas streams at various points in the Beavon and SCOT 
processes based on a hypothetical 100 metric tons/day (MT/day)
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Claus plant, which has an input and output gas composition given 

in Table “7. for the Beavon process, it was assumed that 85% of 

the C08 and C82 were reduced to H28 and that the effluent gas 
from the Stretford process contained 10 ppm s. -For the SCOT 
process, it was assumed that the tail gas from the process 

contained 300 ppm H28, 10 ppm C52, and 1 ppm C08. The estimated 

compositions of the gas streams are given in Tables u9 and 50. 

Crow and Bauman (263) have described the recently 
developed Trencor - M process for the treatment of Claus tail gas 
which also involves the catalytic reduction of sulphur values to 

H28, followed by selective H28 removal in an aqueous 
methyldiethanolamine solution. The regenerated Has is also 
returned to the Claus unit. Sulphur emissions can be reduced to 
100 to 200 ppm by this process. 

In the Cleanair process, the H28 fed to the Claus plant 
is oridized_with somewhat less than the amount of air required to 

convert one third of the H28 to $02. The tail gas from the Claus 

plant, which is consequently stoichiometrically rich with respect 
to H25, is quenched with water to continue the Claus reaction and 
convert virtually all the 802 (and some H25) to sulphur. The 
remaining H28 is passed to a Stretford unit for conversion to 
sulphur. An optional stage may be incorporated in the Cleanair 
prodess, between the Claus plant and the quench unit, to remove 

cos and csz.
V 

The IFP and Sulfreen processes (Figures 57 and 58) are 

based on the continuation of the Claus reaction at temperatures 
lower than those used in the Claus process and, because the Claus 
reaction is exothermic, the reduced temperature favours higher
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TABLE 50 ESTIMATED COMPOSITION OF GAS STREAMS ENTERING AND >LEAVING A HYPOTHETICAL lOO-MT/DAY REFINERY CLAUS PLANT, WITH A 94% SULPHUR RECOVERY, PLUS SCOT TAIL-GAS PROCESS 

. Incinerated Composition Claus ‘ Claus Scot Scot (vol%) . . intake -tail-gas off-gas off—gas 

H28 
' 

. 89.9 0.85 0.03 <10 ppm 
SO2 — 0.42 - 0.02 
S vapour and mist - 0.05 — — 

cos - 
I 

0.05 10 ppmv 
V

— 

CS2 - 0.04 l ppmv — 

co 
I 

- 
, 0.22 - - 

CO2 ‘ 4.6' 2.37 3.05 4.42 
HC (MV:30) ' 

0.5 - - — 

H2 
I 

- 
I 

1.60 0.96 - 

H20 5.0 33.10 7.00 9.84 
N2 - — 61.30 88.96 83.94 
0 - 

' 

- - - ' 1.78 Total 100.0 100.00 100.00 100.00 

TemperatUre ( F) 104 ' 

284 104 1202 
Pressure (atm) . 1.45 

_ ‘ 

1.26 l 1 

Relative gas 
quantity (mol) 1 3.0 2.2 3.5 
Flow (scfm) ’ 2005 6015 4411 7018
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equilibrium conversion of H28 to sulphur. In the IFP process, 

the Claus reaction takes place at about 250° to 280°F in a high- 

boiling-point organic solvent (typically a polyalkalene glycol} 
containing a catalyst. Molten sulphur is withdrawn from the base 
of the reactor. In the Sulfreen process, the Claus reaction 

takes place on an activated carbon or alumina catalyst at 
temperatures below the sulphur dew point. Sulphur condenses and 
is retained on the catalyst and is periodically recovered by. 
desorption with a hot, inert gas. The sulphur conversion 
efficiency achieved with both procesSes is limited by the HZS/SOZ 
ratio in the Claus tail gas (which ideally should be 2:1) and by 
the presence of COS and C82 which are not removed in either 
process. In Japan, to meet stringent sulphur emission standards, 
the outlet gas from the IFP reactor is incinerated and its $02 
content reduced ((100 ppm) by scrubbing with a caustic soda 
solution. Sodium sulphite formed in the scrubber is oxidized 
with air to give Nazso., which is then discarded (205). 

The capital and operating cost of Claus tail-gas 
treatment processes range_from about 30% to 100% of the cost of 
the parent Claus plant and depend on the type of tail gas 

process, the efficiency of the Claus plant, and the total sulphur 
recovery required. 

0.5.1.2 Stack gas treatment. The second general approach to the. 
Icontrol of sulphur emissions from Claus plants is to remove so, 
from the incinerated tail gases. This approach obviously 
involves handling larger volumes of gas than tail-gas treatment: 
however it does have the advantage that so: is the only sulphur
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compound present in the gas stream and thus avoids the 
difficulties inherent in removing relatively unreactive C08 and 
CSZ.‘ Although.most commercial interest in the control of sulphur 
emissions from the Claus process has been directed to tail-gas 
treatment, a large number of processes developed for the removal 
of 802 from the waste gases from combustion sources, smelters, 
and sulphuric acid plants (239), are directly applicable to Claus 
incinerator gases. Those processes that have been used (or are 
under active consideration) for Claus applications, are 
summarized in table 51 and have 802 removal efficiencies of about 
90%. 

The Aquaclaus and Citrate processes (Figure 59) are very 
similar; in each, 802 is absorbed in a buffer solution (pH.) 

containing the sodium salt of a weak acid. Hydrogen sulphide, 
'bypassed from the feed to the Claus process,-is used to. 

regenerate the loaded absorbent and give sulphur; Although the 
chemistry of the absorption-regeneration process is complex 
(276), the overall sulphur-producing reaction may be regarded as 
an aqueous-phase analogue of the Claus gas-phase reaction, 
Equation 31. _A small amount ((1%) of the 802 absorbed from the 
Claus incinerator gas is converted to NaZSO., whiCh is removed 
from the absorbent solution in a purge-system. In pilot-plant 
tests with the Aquaclaus and Citrate processes, SOz 
concentrations in the treated gas of 200ppm or-less have been 
obtained. 

'The Wellman-Lord process is in commercial use for the 
control of 802 emissions from sulphuric acid plants, oil-fired 
boilers, and Claus plants. The process gives high SO2 recoveries
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and is based on the temperature-dependent, absorption- 
regeneration reaction shoWn in Equation 39.

T 
NazSO3 + H20 + so2 é 2NaHso3 (TR > TA) (Eq.39)

TR 
In Claus applications, the cooled regenerator gas (>99% 802) is 
recycled to the Claus furnace. During the operation of the 
Wellman-Lord process, some of the absorbent is oxidized to 
NaZSO.. Oxidation is primarily a function of the amount of free 
oxygen in the waste gas (277) and can be reduced by the use of 
proprietary oxidation inhibitors (205). It is necessary, 
however, to use a purge system to limit the build-up of Naasc. in 
the absorbent solution. 

The IFP ammonia process (Figure 60) is a combination of 
ammonia scrubbing for 802 absorption and regeneration and the IFP 
catalytic process (270) for the production of sulphur from H28 
and $02. The incinerated Claus gas is first cooled, and then 
scrubbed with an aqueous ammonia solution to form ammonium 
sulphite and bisulphite. The loaded absorbent is decomposed by 
heating in an evaporator and the overheads (NH3, 50;, H20) are 
then reacted with H28 in an IFP catalytic reactor to form 
sulphur. Ammonia passes through the reactor and is returned, 
with small amounts of unconverted H28 and 802, to the absorber. 
Bottom liquor from the evaporator contains thermally stable 
ammonium sulphate and bisulphate. These compounds are decomposed 
in a sulphate reduction reactor by reaction with H28 to form 802 
and NH3 (Equations HO.and “1), which are also sent to the 
'catalytic reactor.
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use2 + 6NH3 + unzo 
. 

(Eq.u0) 3(NH.)zso. + HZS 

3NH.Hso. + H28 = use2 + 3NH3 + HHZO (Eq.u1) 

The Chiyoda process is used in Japan for the removal of 

SO2 from incinerated Claus tail gases and from the stack gas from 

oil—fired boilers (205), and is to be demonstrated at the Scholz 

utility plant (Sneads, Florida) on a coal-fired boiler (299). 

The process is based 0n the absorption and catalytic oxidation of 

802 in dilute sulphuric acid. A bleed stream of the acid is 

neutralized with limestone to precipitate essentially pure 

gypsum, which can be dewatered to about 90% solids. In Japan, 

gypsum is a saleable product, and one of the aims of the Scholz 

demonstration program is to evaluate the market potential of 

synthetic gypsum in the United States, e.g., for wallboard 

manufacture. 
Lime/limestone scrubbing systems are being widely 

applied in the United States and Japan to control 502 emissions 

from coal-fired electrical utility stations (192). These systems 

produce large amounts of sludge (containing fly ash the unreacted 

absorbent, CaSO3.1/2HZO, and CaSO..2HZO) which has no commercial 

value and presents a significant waste disposal problem (300). 

Lime/limestone scrubbing of Claus tail gases gives a less severe 

waste disposal problem than utility plants, because the amount of 

sludge to be handled is significantly less. Thus, it has been 

pestimated (253) that the use of limestone scrubbing (85% 

efficiency) to desulphurize incinerated Claus tail gas at the 

Wesco SNG plant (coal feed; 21 860 tons of 0.91% S coal/day) will 

yield 52.9 tons of dry sludge per day; which is less than 1% of
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the amount of dry ash produced per day from Lurgi gasifiers. By 
comparison, it is estimated (300) that in 1980, the average 
United States' power plant using limestone scrubbing for SO; 
control will produce dry sludge and flyash in a mass ratio of 
1.3:1. 

4.5.2 Liquid Phase Oxidation of Hydrogen Sulphide to Elemental 
Sulphur. In the Claus process, 502 may be regarded as an oxygen 
carrier for the oxidation of sulphur from the reduced form (8") 

Ito elemental sulphur. In liquid-phase oxidation processes, the 

oxygen carrier is an organic or inorganic compound, which is 
characterized by its ability (through solution redox reactions) 
to transfer oxygen to the absorbed sulphur species (e.g., Hs-) 

and for its reduced state to be readily oxidiied by air for 
recycle to the process. Organic compounds are used in the 
Stretford (231-233,301) and Takahax (200,205) processes, and 
inorganic compounds in the Giammarco-Vetrocoke (229,230), Thylox 
(19a), and Cataban processes (204). 

Liquid-phase oxidation processes may be illustrated by 
the Stretford process, which has gained wide acceptance for 
removal of H25 from a variety of gas streams (232,302,303). The 
process may be used for direct desulphurization of low-Btu gas, 
eliminating an intermediate gas-absorption step, and is 
particularly attractive for gas streams containing too low a 

concentration of Has for the Claus process or a high ratio of C02 
to Has; it also forms an integral part of the Beavon and Cleanair 
systems for Claus tail-gas treatment.



In the operation of the Stretford process (Figure 61), 

the Has-containing gas is countercurrently scrubbed with an 

alkaline solution containing sodium metavanadate and 2:7 

anthraquinone disulphonic acid (ADA). The cleaned gas leaving 

the tower typically contains 1 to 10 ppmv H28, and can be reduced 

to 0.25 ppmv if required. After H28 absorption, the solution is 

retained in a delay tank for about 10 min to permit the sulphur- 

producing reaction to go to completion and is then transferred to 

an oxidizer where it is regenerated with air. The air also 

floats finely divided sulphur to the top of the tank from where 

it is taken to a sulphur recovery unit for the production of pure 

(99.5%) sulphur.
I 

The Sequential chemical reactions that occur in the 
Stretford process are given in EquatiOns #2 to us, and may be 

represented by the overall reaction in Equation 46. 

H28 + Na2C03 
ll 2Navo3 + NaHS + Nco3 

Na2V205 + ADA = 2NaV03 + ADA (reduced) 
, 

(Eq. LH-t) 

ADA(reduced) + 1/202(air) = ADA (Eq.45) 

H28 + = S 4' H20 

The Stretford process is independent of pressure and is 

highly selective for Has removal (organic sulphur compounds are 

not absorbed); C02 in the feed gas rapidly reaches equilibrium 

with the absorbent solution and is absorbed to a minor extent. 

Side reactions during absorption yield sodium thiosulphate and- 

thoicyanate (if HCN is present), and a proprietary incineration 
process has been developed (233) in which these compounds are 

NaHS + NaH003 (Eq.“fl 
S + Nazvzoa + NazCO3 + H20
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removed in a purge stream and converted to H28 and Na2C03 for 

recycle to the process. To reduce the cost of purge treatment, 

about 95% of the HCN may be removed in a pretreatment stage based 

on a polysulphide wash (302). 

The largest Stretford plant in commercial operation has 

a sulphur capacity of 25 tons/day and an 85 tons/day unit is 

currently under construction in Japan (303). 

5 APPLICATIONS OF COAL GASIFICATION 

In general, the gasificatiOn of coal yields either a 

low—Btu or intermediateQBtu gas. Following purification, these 

gases may be used as clean fuels which, in many cases, can be 

substituted for conventional fossil fuels for various industrial 

heating applications and for the generation of electrical power 

and steam. In addition, intermediate-Btu.gas can be used as a 

chemical feedstock fOr the production of H2, NH3, and liquid, 

solid, and gaseous organic compounds. These process options are 

shown schematically in Figure 62, which is based on a format 

given by Waterman (304). 

5.1 Fuel Applications. 
Ball et a1. (65) have compared some_of the fuel 

characteristics-of low-Btu and intermediate-Btu gas, produced by 

four ccmmercial gasification processes, to those of natural gas 

(Table 52). The heating value of the gases covers almost a ten- 

fold range from natural gas to low-Btu gas; however, the heating 

value of the stoichiometric mixture of the gases with air to give 

complete combustion does not vary significantly because of the
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much greater volume of air required (per unit volume of fuel gas) 

for the combustion of natural gas compared to gases with a lower 

heating value. Nevertheless, to obtain the same heat input to a 

given process, a much greater flow rate of lower-heating-value 
gases is required, e.g., low-Btu gas from a Winkler gasifier will 

require a flow rate nine times greater than that required for 
natural gas. The difference between the flow rates of the 
various stoichiometric fuel gas-air mixtures relative to the 

stoichiometric natural gas-air mixture is much less than that of 
the fuel gases themselves, and is about 5% to 12% higher for 
intermediate-Btu gas and 30% to 55% higher for low-Btu gas. For 

the various fuel gases, the relative pressure drop in an existing 
gas distribution system designed for natural gas is also given in 
Table 52, and is very high for low-Btu gas. Thus if natural gas 

were replaced by a fuel gas with a lower heating value, a larger 

capacity and/or higher pressure gas distribution system would be 

needed. Such conversion may be difficult to implement where only 
limited space is available, or where extensive distribution of 
gas within a plant is required. Although the relative increase 
in the flow rates of gases following combustion are much smaller 
than those before combustion, for certain applications these 
could be more difficult to accommodate unless major modifications 
were made to existing equipment. ‘This situation applies 
particularly to low-Btu gas (305), for which, if the induced 
draft and forced draft fans and other process design parameters, 
could not handle the increased gas flow, derating of the heating 
system would be necessary.
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Some potential application areas for synthetic fuel gas 

are considered below. 

5.1.1 Industrial Applications. The possible retrofit, or fuel 

substitution, applications of low-Btu and intermediate-Btu gas to 

industrial processes currently using other fuels has been 

assessed by Ball et a1. (65) on the basis of the following 

guidelines. 
V 

I

I 

Processes that have relatively large combustion chambers 

and the capacity to increase combustion gas throughput by a 

minimum of 10% and preferably up to 30% are the easiest and least 

expensive to retrofit. Processes that are physically localized 

in a plant and have a few large burners are easier to retrofit 

than processes that are widely dispersed throughout a plant and 

have a large number of small burners. Industrial operations that 

require a continuous, steady supply of gas Will be much more 

suitable for matching to the output characteristics of a gasifier 

than processes that have intermittent or widely varying fuel 

requirements. Processes in which the flame temperature of low- 

Btu gas will give a reduced furnace temperature will require gas 

preheating and thus will be more difficult to retrofit. 

Processes that require specific flame shapes or combustion rates 

will be difficult to retrofit. 
1 

Using these considerations, industrial processes were 

divided into three groups (Table 53) based on the anticipated 

relative difficulty of retrofit of the process to low-Btu and 

intermediate-Btu gas. The processes in Group 1 were regarded as 

the most amenable to retrofit, which could be done with the least
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modifications and minimal reduction in process rate and product. 

quality. Although the exact modifications required will depend 

on the characteristics of the process, and the heating value of 

the gas, in many cases they will involve primarily the 

installation of new burners and, if low-Btu gas is used, the 

possible addition of recuperators for fuel-air preheat to attain 

the required furnace temperature. 

The processes in Group II were considered to be less 

attractive for retrofit application than those in Group I; 

extensive development work would probably be needed to design 

suitable burners, and process modifications or derating may also 

be required. The processes in Group III were regarded as 

unsuitable for retrofit to low-Btu or intermediate-Btu gas and, 

because of their relatively small energy requirements compared to 

most other industrial processes, should either continue to use 

existing fuels or be replaced by new processes. 

5.1.2 Boilers. In Canada, emissions from fuel combustion in 

industrial and utility boilers are a major source of air 

pollutants (Table 5“) (306), and arise mainly from boilers fueled 

with coal and residual fuel oil. In principle, conversion of 

these boilers to a clean gaseous fuel derived from coal would 

result in a very large decrease in the emission of sulphur oxides 

and particulates, and also in some reduction in the emission of 

oxides of nitrogen. Oxides of nitrogen are formed during 

combustion by two mechanisms (307-310); a high—temperature 

reaction between molcular nitrogen and oxygen in the flame zone, 

and the oxidation of nitrogen-containing compounds in the fuel.
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In coal gasification processes, nitrogen compounds in the coal 

are reduced primarily to ammonia, which is subsequently removed 

from the raw product gas by aqueous scrubbing; thus NOx emissions 

from the combustion of the cleaned gas should be dependent only 

on the combustiou flame temperature and, because NOX formatiOn 

decreases with decrease in flame temperature the wide 

flammability limits in intermediate-Btu gas (1600° to 3850°F) 

offers the potential for 'in-situ' NOX control (93). 

Boilers may be divided broadly into two groups; 

industrial boilers for raising steam for process applications or 

the on-site generation of electricity, and utility boilers for 

large-scale production of electricity. The capacity of boilers 

covers a range of about 107 to 1000 x 107 Btu/h. -At about 35% 

overall thermal efficiency, these heat rates correspond to a 

range of electrical generating capacity of 1 to 1000 MW. The 

problems and costs of c0nverting existing boilers to firing with 

low-Btu or intermediate-Btu gas has been discussed by a number of 

authors (65,305,311-313) and may be considered on the basis of 

the boiler application, i.e., industrial or utility. 

5.1.2.1 Industrial boilers.‘ Three main types of boilers - 

firetube, watertube, and Stoker fired - are used in industrial 

applications. In firetube boilers, steam is raised by passing 

hot combustion gases through tubes immersed in a water-containing 

vessel. Because the steam pressure must be contained by the 

shell of the boiler vessel, firetube boilers have a relatively 
'small capacity and are used to generate low-pressure steam. They 

are fired solely with gaseous or liquid fuels and are sold as
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'packaged' or 'shop-fabricated' units which are shipped ready for 

installation with a minimum amount of field work. 
In watertube boilers, steam is raised by passing water 

thrOugh heat transfer tubes, with fuel cembustion and gas flow 

taking place outside the tubes. This type of boiler is better 
suited to larger sizes and higher steam pressures than the 
firetube boiler: it is available as packaged units (capacity up 

to about 15 x 107 Btu/h) designed for Oil or natural gas firing, 

and as field-erected units (capacities generally greater than 
20 x 107 Btu/h) which may be fired with coal, natural gas and/or 

oil. A variety of stoker fired boilers are in widespread 
industrial use and are fired exclusively with coal and other 
solid fuels; they usually have capacities between 2 and 20 x 107 

Btu/h;
i 

Schreiber et al. (311) have prepared estimates of the 
cost of equipment and installation (based on 1970 labour rates 

for the San Francisco area) for the conversion (where applicable) 

of these types of industrial boilers from firing with coal or oil 
to firing with low-Btu or intermediate-Btu gas (heating values, 

170 and #00 Btu/scf respectively). It was assumed that fuel 

conversion would not influence boiler efficiency, modifications 
would not be required to the boiler's wall-mounted heat transfer 
surfaces, superheaters, or economizers, and that existing forced 
and induced draft fans could be used with the substitute fuels. 
In general, conversion costs (Tables 55 and 56) for a given 

boiler are somewhat higher for low-Btu gas than for intermediate- 
Btu_gas. Of the boiler types, stoker-fired boilers have the 
greatest conversion cost, reflecting the cost of replacing the
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grate structure with a refractory-lined floor, and of mOunting 
gas burners in the boiler walls. 

TABLE 55 ESTIMATED COST ($) OF CONVERTING WATERTUBE AND 
STOKER-FIRED BCILERS FROM COAL TO LOW-BTU OR 
INTERMEDIATE-BTU GAS 

Boiler capacity (106 Btu/h) 
Boiler Type of _ 
category gas 25 75 150 350 

Low—Btu - H1 000 93 055 151 310 
Watertube

I 

Intermediate-Btu - 35 810 87 395 136 6Q5 
‘ Low-Btu ' 61 030 95 270 176 865 - 
Stoker 

Intermediate-Btu 57 uzo 89 960 169 suo - 

TABLE 56 ESTIMATED COST (3) OF CONVERTING FIRETUBE AND WATERTUBE 
BOILERS FROM OIL TO LOW-BTU OR INTERMEDIATE-BTU GAS 

Boiler capacity (106 Btu/h) 
Boiler Type of ‘

, 

- category gas . 12 20 I 35 75 150 

Low-Btu 19 000 21 “50 23 600 -. - 
Firetube 

Intermediate-Btu 13 900 15 350 15 000 - - 

Low-Btu - 22 300 - 3u.660 83 365 
Watertube

. 

Intermediate-Btu - 15 650 - 29 755 78 955 

5.1.2.2 Utility boilers. Utility boilers are used to raise 
steam for the generation of electricity in turbine generators 
and, although much larger and somewhat more complicated, are 
similar in many respects to industrial watertube boilers. 
Currently, utility boilers are designed to burn coal, oil, or III 
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III 
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natural gas and often have the capability of being fired with 

more than one type of fuel. The conversion of a boiler fired 

with natural gas to firing with an intermediate-Btu gas with a 

heating value greater than 300 Btu/scf is expected to require 

only minor changes (305) and also to give an increase in the 

thermal efficiency of the boiler (Figure 63). However, 

conversiOn from natural gas to a gas with a heating value below 

300 Btu/scf will be more difficult because of the larger volumes 

of fuel and combustion gases to be handled (Table 52). The 

thermal efficiency of the boiler will also decrease as the 

heating value of the gas decreases below 300 Btu/scf, e.g., the 

efficiency of a boiler designed for natural gas will fall from 

85.1% to about 79.5% on conversion to gas with a heating value of 

100 Btu/scf (Figure 63). This decrease in efficiency arises 

because the temperature of the gas leaving the air preheater 

increases as the heating value of the gas.decreases. 

Estimates (311) are given in Tables 57 and 58 of the 

cost of equipment and installation to convert coal and oil-fired 

utility bdilers to low-Btu and intermediate-Btu gas for the four 

major fuel-firing modes (cyclone, tangentially fired, wall fired, 

turbo fired) used with utility boilers. For a boiler of given 

capacity, the cost of conversion to either gas type is higher for 

coal-tired than for oil-fired units, but is essentially 

independent of the firing mode. 
The successful integration of a coal gasification/gas 

purification system with an electrical generating plant will 

depend on the operating cycle or load factor of the particular 

generating plant. An electrical supply network generally
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contains three types of generating units; base load, intermediate 
load, and peaking load, which are used to meet daily, weekly, and 
seasonal variations in power demand (Figure 64). Base load 
plants are designed for continuous operations at or near full 
load and are shut down only for scheduled maintenance or repairs. 
These units tend to be the newest and most efficient in a power 
supply network and typically have high capital but low operating 
costs. Intermediate-load plants are used to meet broad 
variations in power demand and may undergo shut-down and start-up 
on a daily basis. They have a lower annual load factor than 
base—load plants and often consist of older and less efficient 
units in a power supply network. Peaking plants are used to meet 
short-term power demands on a daily basis and operate at low 
‘annual lOad factors ((20%). They must be capable of rapid start- 
up and shut-down, and often consist of the oldest, least 
efficient units in the network, or gas— or oil-fired turbines. 
It is essential that a gasification system supplying fuel to a 

power plant be capable of meeting, in a dependable manner, the 
load demand of the plant and this requirement will be satisfied 
most readily with base-load plants and with intermediate-load 
plants that have slowly changing load patterns. However, with 
the exception of entrained-bed gasifiers such as the Koppers- 
Totzek gasifier, present gasification processes do not appear 
capable of meeting the rapidly changing load requirements of 
peaking plants. 

The practical application of coal gasification to give a 
clean fuel gas for combustion in utility boilers is being 
investigated by the Commonwealth EdiSOn Company (31u,315) as an
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alternative air pollution control technique to conventional coal 
combustion followed by stack-gas scrubbing (316). Low-Btu gas 
was selected for this investigation not only because it can be 
produced from coal more cheaply than alternative higher-heating- 
value gaseous fuels, but also because the early stage of 
development, of processes for the production of clean liquid or 
solid fuels from coal by coal liquifaction (317,318) make it 
improbable that they will be available for commercial power 
generation during the next few years. Agosta et al. (318) have 
made an economic assessment, for a new, integrated power plant, 
of the relative cost of electrical power generated from low-Btu 
gas and from coal combustion followed by stack-gas scrubbing. 
Existing technology was assumed and the cost of power generation 
was divided into three categories; capital, operation and 
maintenance, and fuel. For capital costs, it was estimated that 

\there would be a differential of up to $30/kw in favour of 
gasification, and similarly, the differential in operation and 
maintenance costs was expected to be about 0.75 mill/kWh less 
with the gasification system. For coal combustion followed by 
stack-gas scrubbing, it was estimated that overall plant 
efficiency would be significantly higher (15% to 20%) and the 
fuel costs less (0.5 to 1.0 mill/kWh) than for the low-Btu 
gasification system. Nevertheless, the £933; cost of generating 
power was estimated to be 0.5 to 1.0 mill/kWh less with the low- 
Btu gas system than with high-sulphur coal combustion followed by 
stack-gas scrubbing. Although a detailed analysis was not made, 
Agosta et al. also suggested that, in some cases, retrofitting an 
existing power station with a low-Btu gasification system may be
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more economical than retrofitting with a flue gas scrubbing 
system. 

To confirm these economic findings, Commonwealth Edison 
is constructing a 'Clean Power Demonstration Plant' at Peking 
Illinois, which is expected to be operational in late 1976 (314). 

This $19 million project is partly funded by the Electric Power 
Research Institute (19). The demonstration plant (Figure 65) has 

three air-blown Iurgi gasifiers equipped with stirrers to assist 
the gasification of caking coals. The raw product gas is 

scrubbed with water to remove particulates and to recover non- 
gaseous hydrocarbons which are returned to the gasifier. 
Hydrogen sulphide is then separated from the gas and converted to 
sulphur in a Claus unit. To reduce the pressure of the purified 
gas to the burners, the gas is passed through a power-recovery 
expander turbine. This turbine also compresses air for the 
gasifier and generates some power. The gas (150 to 170 Btu/scf) 
is then burned in an existing 120-MW steam boiler which has been 
modified for low-Btu gas combustion. Because the total 
gasitication of coal is planned, ash and elemental sulphur will 
be the only major by—products of this plant. 

The main objectives of this demonstration plant are to 
show that virtually all the particulates and about 90% of the 
sulphur can be removed from low-Btu gas, that the production of 
oxides of nitrogen is less than from a coal-fired boiler, that 
caking and non-caking coals may be successfully gasified, that an 
integrated coal gasification/power plant system can operate 
reliably and be responsive to changes in system load, and to
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provide economic and design data for large conventional and 

combined cycle power plants. 
There are also two other projects in the United States, 

'in an early stage of development, and directed to the development. 

of processes for producing clean, low-Btu gas from coal for 

electrical power generation (18). These are the Combustion 

Engineering and TVA projects, both of which are jointly funded by 

ERDA and private industry. 
The COmbustion Engineering system is based on an air- 

blown, atmospheric-pressure, entrainment gasifier. Gasification 

occurs in two stages; some feed coal and recycled char is blown 

into the lower combustion zone, where essentially all the ash in 

the coal is converted to liquid slag. The balance of the coal is 

injected into the upper zone and is devolatilized and gasified 

with hot gases from the combustion zone. Hot product gas is 

passed through a waste—heat-recovery system, which may be used 

for steam production or to reheat the cleaned gas. After 

cooling, the gas is mechanically cleaned and scrubbed to remove 
‘ char, before Has removal by the Stretford process. The 

particulate and sulphur-free gas (heating value about 127 

Btu/scf) is then suitable for 'clean' combustion in a utility 

boiler. A S-ton/h pilot—plant gasifier is under construction 

(Windsor, Conneoticut) and-is scheduled for completion in 1977. 

It will be used to test the operational behaviour of the system 

and to provide engineering data for the scale-up of the gasifier 

to a demonstration plant capable of supplying a ZOO-MW pilot- 

plant.

1
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The TVA program (320) is aimed particularly at 
demonstrating the operation of large fixed-bed gasifiers, and 
associated gas-cleaning equipment, in central power-plant 
applications. Preliminary plans (18) call for the testing of two 
'near atmosphere' gasifiers (10 tons/h), and also a 'flexible 
pressure' gasifier that will operate between 100 and 300 psi. 
Both gasifier types will be developed to treat highly caking 
coals and various sulphur removal schemes will also be 
investigated, including the high-temperature iron oxide process. 
The gasifier test facility will be built at a TVA generating 
plant (Watts Bar, Tennessee) and will use two of the plant's 
60-MW boilers to burn the low-Btu gas; construction is scheduled 
for completion in 1978. 

5.1.3 Combined gycle Power Systems. Control devices for the 
removal of solid and gaseous pollutants from the stack gases of 
coal-fired electrical utility boilers not only require a large 
capital investment (321-325) but also consume energy; factors 
that increase the cost of power and reduce overall plant 
efficiency compared to an uncontrolled unit. As an alternative 
to stack-gas cleaning, emissions from utility boilers may be 
markedly decreased by the combustion of various clean fuels 
derived from coal; however, a precombustion, clean-fuel 
processing step can only be justified, for existing power plants, 
if its costs are less than those associated with coal combustion 
followed by stack-gas cleaning. It is possible, nevertheless, to 
justify the extra cost inherent in producing clean fuels from 
coal, if such fuels permit power cycles to be used that are more
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efficient than the conventional utility boiler/steam turbine» 

cycle. In general, the theoretical efficiency (E) of an ideal 

thermodynamic heat engine (Carnot cycle) is determined by the 
ratio of the minimum (T1) and maximum (T2) absolute temperatures 

of the working fluid (Equation 47). 

However, a practical system always involves heat loss and also 

has a lower operating temperature that is fixed by the ambient 
temperature of heat rejection (about 100°F in the condenser of a 

steam plant); thus it can only approach the efficiency of the 
Carnot cycle. Because the efficiencies of individual components 
in conventional generating plants are high (326), efforts to 

achieve greater overall system efficiencies must be directed to 

increasing the upper operating temperature of the system rather 
than to increasing component efficiencies. Historically this. 

approach has been followed by the electrical power industry, and 

modern steam plants operate at 1000°F and have thermal 
efficiencies close to uox. However, these plants operate very 
close to the mechanical and metallurgical limits of the materials 

used in their construction, and further temperature increases are 

unlikely (327). Some reduction in the unit cost of electrical 
power is anticipated through an increase in the average size of 
fossil-fueled power plants ('1000 MW in 1975 to 2000 MW in 2000), 
but only marginal increases in efficiency are predicted in the 
forseeable future (328).
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In contrast to the plateau stage of development of 

steam-electric power plants, gas turbines are in an evolutiOnary 

stage of development (329). Gas turbines are widely used by the 

electrical power industry to meet short-term peaking demands. 

These units have higher heat rates than a modern fossil-fueled 

power plant (’8,600 Btu/kWh); however, because of relatively low 

capital and maintenance costs, they are more economical for 

peaking applications than more efficient, but capital-intensive, 

conventional generating plants. Gas turbines require hightpurity 

fuels (160,199) and a potentially very important application of 

low-Btu gas is as fuel for advanced power generating systems 

based on combined gas turbine and steam turbine (COGAS) power 

cycles. In the COGAS system, an attempt is made to utilize the 

best features of gas turbine and steam turbine cycles to make up 

for deficiencies in each. 
Various gas turbine/steam turbine combinations have been 

prepared for this purpose (39,330). One simple combination is 

shown Figure 66. Fuel is fed to the burner of a high-temperature 

gas turbine and, after combustion and expansion through the 

turbine, the hot combustion gases are used to raise steam in a 

waste-heat recovery boiler for additional power generation in a 

steam turbine. The efficiency_(Ec) of this system is given 

approximately (199) by Equation 48, in which the most important 

term is the efficiency of the gas turbine. 

TEX ‘ TS 
EC = EGT * (1 ‘ EGT) E ( ) ‘ 

(q“& 
TEX ‘ TC
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EGT = gas turbine efficiency, 
E5 = steam cycle efficiency, 
TEX = temperature of gas turbine exhaust, 
T3 = stack temperature, 
Tc = ambient temperature, 
Robson and co-workers of United Aircraft Research 

Laboratories have made several studies of the application of the 
COGAS system to utility power generation (39,199,328,331,332). 
As part of an initial, comprehensive survey of the technical and 
economic feasibility of the system (39), clean, low-Btu gas 
produced from high-sulphur coal was selected as the fuel. Three 
levels of technology were considered, corresponding to the 
decades 1970, 1980, and 1990. For a base-load plant, the 
estimated cost of OOGAS power at these three levels was compared 
to the projected cost of power from conventional sources (Table 

59). 

TABLE 59 RELATIVE COST OF POWER FROM COGAS, CONVENTIONAL, 
AND NUCLEAR POWER PLANTS FOR THREE LEVELS OF 
TURBINE DEVELOPMENT TECHNOLOGY 

Relative power costsl 
Power plant 

1970 decade 1980 decade 1990 decade 

Conventional steam 1.0 1.0 
A 

1.0 

Conventional steam 
with stack-gas cleanupz 1.32 1.3a 1.35 

Nuclear 1.17 1.17 1.09 

COGAS 1.16 0.90 0.89 

lFuel cost: coal, 20¢/106 Btu; nuclear, 18¢/106 Btu 
_280% effective stack-gas clean-up system at 2 mills/kWh.
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At the levels of technology projected for the 1980 and 1990 

decades, it was estimated that the COGAS system would be 

economically competitive with a nuclear power plant and a 

conventional coal-fired power plant without stack-gas cleaning. 
The efficiency of the steam portion of the COGAS system is not 

expected to increase significantly between the 1980 and 1990 
decades, and the relative decrease in cost of COGAS power is 
predicated on a projected increase in the efficiency of 
industrial gas turbines (Table 60) (39) during this period. It 

is expected that this increase in efficiency will result from 
increases in the maximum allowable inlet temperature to the 
turbine. Methods to calculate the efficiency of integrated 
gasification-gas turbine cycles has been described by Kydd (333). 

TABLE 60 ESTIMATED PERFORMANCE DATA FOR COGAS POWER SYSTEMS 

1970 decade 1980 decade 1990 decade 

Gas turbine output (MW) 579 628 696 

Net steam systems 
output (MW) 

‘ 031 381 312 

Power system auxiliary 
power (MW) 10 9 8 

Net power system 
output (MW) 1000 1000_ 1000 

Gas turbine efficiency (%) 27.3 34.2 uo.u 

Net steam cycle - 

efficiency (S) 39.“ 39.7 - “0.1 

Net power system 
efficiency (%) “7.0 5Q.5- 57.7
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Alich et a1. (33u) have recently discussed some 
technical and economic aspects of operating an integrated coal 
gasification/combined~cycle power plant for intermediate-load 
service. Although it appears that satisfactory dynamic coupling 
can be achieved between the load demand of the power plant and 
the gasificaticn system (335), they suggest that rapid changes in 
gasifier output may result in decreased gasificaticn efficiency, 
and in changes in gas composition which may lead to turbine flame 
instability. Difficulties may also arise in the limited turn- 
down and start-up capabilities of conventional solvent-absorption 
processes for H28 removal and of the Claus process for the 
conversion of H28 to sulphur. Multiple-train purification 
Systems Were considered preferable for intermediate-load plants 
to the large single-train units used for base-load plants. 
Estimates of the capital and operating costs (in July, 1979 

dollars) for current and advanced integrated low-Btu COGAS 
systems in intermediate-load service were also given by Alich et 
al. for a SOC-MW plant operating at a “0% annual load factor 
(Table 61).



TABLE 61 REVENUE REQUIREMENTS FOR A CURRENT AND ADVANCED 
INTEGRATED COGAS POWER PLANT (CAPACITY, 500 MW; 
LOAD FACTOR, “0%) 

Current plant Advanced plant 

Total capital investment ($/kW) 500 500 

Revenue requirement (mills/kWh)

~~ 
Fixed chargest 2“.3 18 

Operating and maintenance _ 
5.5 “.5 

General and administration 2.3 1.3 

Fuel 2 5.8 r “.0 

Total revenue requirement 37.9 
I 

22.9 

1Fixed charges at 17% include cost of money, depreciation and 
interim replacement, taxes and insurance 
2High sulphur coal; cost, 5091/106 Btu. 

The current plant is based on a gas turbine inlet temperature of 
1950°F and a heat rate of 11 500 Btu/kWh, whereas the advanced 

plant is based On a gas turbine inlet temperature of 2“00°F, a 

heat rate of 8000 Btu/kWh, hot gas clean-up, and the Westinghouse 
gasification process (15“,155). The current plant has much 

higher capital and operating charges than the advanced plant, 
which are reflected in the higher revenue required from electric 

power sales. As may be expected, operation of these plants at 

load factors above “0% results in significant decrease in revenue 

requirements (Figure 67), e.g., the revenue requirement for the 
advanced plant falls from about 22.9 mills/kWh at a “0% load 
factor to about 13.5 mills/kWh at an 80% load factor.
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5.1.3.1 Environmental consideratiOns. The fuel gas delivered to 

a gas turbine must be of high cleanliness and at an elevated 

pressure. To meet this latter requirement, it is generally 

preferable to employ a pressure gasification process, rather than 

an atmospheric-pressure process and gas compression. The type of 

pressure gasification process selected has important implications 

with regard to subsequent gas cleaning. Currently Only fixed-bed 

pressurized processes are commercially available; however, 

entrained-bed and fluidized-bed high-pressure gasifiers are under 
development and will probably be commercially available in the 

1980's. Some operating characteristics of a fixed-bed and an 
advanced entrained-bed gasifier for the production of low-Btu gas 

are given in Table 62 (199). There are significant differences 

between the performance of these gasifiers, which are related to 

their operating temperatures. These differences include the 

higher percentage of the coal heating value that appears as 

sensible heat in the product gas from the entrained-flow process 

and the relatively low carbon—conversion efficiency (without tar 

recycle) and formation of by-product tars in the fixed-bed 

process. 

‘u 

‘--
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TABLE 62 OPERATING CHARACTERISTICS TYPICAL OF A FIXED-BED 
AND AN ENTRAINED-BED GASIFIER FOR THE PRODUCTION 
OF LOW-BTU GAS 

Fixed-bed Entrained—bed 
Item gasifier gasifier 

Gas temperature (°F) 1000 1800' 

Pressure (psia) 500 500 

Coal 
Air to coal, weight ratio 
Steam to coal, weight ratio 
Carbon gasified (%) 
(without tar recycle) 
Tar produced to coal gasified, 
weight ratio 
HHV of tar free gas (Btu/scf) 

Sensible heat of gas to HHV of 
coal (%) 

COS 

NH3 

Western Kentucky 

84 

0.11 

139 

12.2 

Illinois No.6 

99 

0.0 

125 

2a. 6 

Gas Composition (vol%) 

47.61 

20.55 
13.83 

47.70 
16.7“ 

11.98 

10.66 

Tars in the product gas from the fixed-bed process 
complicate product gas purification and sensible heat recovery.



Tars are conventionally removed from the gas in an initial 

quenching step (thereby decreasing the level of sensible heat 

recovery) and may be recovered in the quenching system and 

recycled to the gasifier to improve overall carbon-conversion 

efficiency. Following tar separation, the gas can be 

desulphurized by a variety of established, low-temperature, 

liquid-phase absorption techniques. As previously noted, 

although no high-temperature desulphurization processes are 

commercially available, several techniques are under active 

development. These centre chiefly on the reaction between iron 

oxide, or a limestone-containing compound, with H28 and economic 

considerations dictate that effective sorbent regeneration and 

recycle should be performed. In the potential application of 

high-temperature processes to the desulphurization of gas from a 

fixed-bed gasifier, tars will pass through the purification train 

as a component of the gas phase: because tars contain sulphur and 

nitrogen compounds, combustion of the gas may give rise to 

undesirable levels of 802 and NOx emissions. 
The temperature of the raw product gas from an 

entrained—bed gasifier favours direct coupling of the gasifier to 

a high-temperature desulphurization process; however, if a low- 

temperature desulphurization process is used, it will be 

mandatory, frOm efficiency c0nsiderations, to recover the 

sensible heat of the gas. Such heat recovery is facilitated by 
the absence of condensible components in the gas and heat 

exchange to reheat the purified gas to the turbine could be 
considered (Figure 68)(199). Unlike low-temperature scrubbing 

processes, high-temperature desulphurization techniques do not
I.
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remove nitrOgen compounds (chiefly NH; (188)) from the fuel gas, 
and the presence of these compounds will result in a fuel-based 

NCx component in the combustion gases. Oxides of nitrogen are 
also formed on fuel-gas combustion from the oxidation of 
atmospheric nitrogen. The ambunt of NOx produced by this 
mechanism depends on the combustion temperature of the gas, which 
is determined by the sum of the chemical heating value of the gas 
and its sensible heat content. A preliminary estimate of NOx 
emissions from the combustion of a fuel gas (chemical heating. 

value, 120 Btu/scf) at three turbine delivery temperatures 
following gas cleaning are given in Table 63 (199). The 
inability of high-temperature desulphurization techniques to 

i 

remove nitrOgen compounds from the gas, and the concomitant high 
temperature of the gas delivered to the turbine, are reflected in 
the very high N0x emiSsions associated with this approach. 

TABLE 63 ESTIMATED NO;(EMISSIONS FROM THE COMBUSTION OF FUEL 
GAS (120 BTU/SCF) FOR VARIOUS GAS TEMPERATURES 
FOLLOWING DESULPHURIZATION 

NO)(Emission1 lb/106 Btu coal 
Desulphurization NOx Atmospheric Atmospheric 8 lb NOx/ 
system ppm nitrogen fuel nitrogen MWh 

Low temperature 
(100°F) 2 0.01 0.02 - o.ou 0.2 - 4.0 

Low temperature with 
fuel-heat regeneration 
to 685°F 8 0.03 0.03 - 0.“ 0.“ - “.0 

High temperature
, 

(1750°F) 110 O.“ ' 3.2 30 

IBased on gas turbine exhaust at approximately 300% theoretical air.
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A high-temperature desulphurization technique also introduces 

problems in the removal of particulates from the gas stream. The 

maximum allowable concentration of solids in a gas turbine fuel 
is very low (0.8 lb/1O6 cf). Although this concentration can be 
realized with low-temperature, liquid~scrubbing desulphurization 
processes, high-temperature processes - with the possible 

exception of the Battelle molten salt scrubber (252) - do not 

appear to_give high-efficiency particulate removal and may 
require additional particulate control devices to achieve the 
required level of solids concentrations. 

Concern has also been expressed (199) that trace 

elements (e.g., Ni, Pb, and V) may be present in the 
desulphurized gas from a high-temperature process in sufficient 
quantities to be potentially harmful to the operation of gas 

turbines; however adequate data to assess this effect of trace 
elements are not available. In low-temperature processes these 
elements would condense from the gas phase and not reach the 
turbine.

- 

In COGAS power plants, thermal pollution from the 
discharge of plant cooling water will be considerably less than 

from a conventional steam power plant, for which the waste heat 
rejected to water bodies (even by the most efficient plant) is 

substantially greater than the heat equivalent of the electrical 
power generated. Although the lower thermal pollution from COGAS 
plants relative to steam plants is partly a consequence of their 
greater thermal efficiency, it results primarily because a 

significant percentage of the COGAS power is generated by the gas 
turbine portion of the power cycle (Table 60) and only the waste



heat rejected by the steam portion of the cycle requires cooling 

water. This reduced cooling-water requirement for COGAS plants 

permits the economic application of cooling systems, which 

esSentially eliminate thermal pollution (328,336). However, an 

integrated Coal gasification/COGAS power plant will also require 

large amounts of water for the gasification section of the plant. 

It has been estimated (319) that the total water requirements for 

the integrated plant will be similar to those for a conventional 

coal-fired plant and will be less than the water requirements for 

a coal-fired plant with a wet-scrubbing system for 802 control. 

5.1.3.2 COGAS plants. 
Steag plant. A commercial-scale COGAS plant has recently 

been built at Lunen, West Germany, by Steinkohlen-Electrizitat 

Aktiengesellschaft (Steag) (“6,58,337). The main objectives of 

this prototype unit are to reduce the capital cost of coal-fired 

power plants, increase their thermal efficiency, and reduce 

pollution. The plant has a gross electrical output of 170 MW and 

is fueled with low-Btu gas produced by the pressure gasification 

of coal. Technical data for the plant are given in Table 6“, and 

a heat balance comparison with a coal-fired unit of the same 

capacity is given in Table 65.
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TABLE 6” TECHNICAL DATA FOR THE STEAG COMBINEL-CYCLE 
POWER PLANT 

Item Quantity 

coal consumption 60 tons/h (1.5 x 109 Btu/h) 

Water consumption ' 0.63“ gal/kWh- 

Heat demand 9&00 Btu/h 

Steam turbine output 96 MW 

Gas Turbine output _> 74 MW 

Auxillary power requirement 7 MW 

NET OUTPUT 163 MW 

TABLE 65 HEAT BALANCE FOR THE 170-MW STEAG COMBINED-CYCLE 
POWER PLANT AND A CONVENTIONAL POWER PLANT 

Conventional 
Heat utilization Steag plant plant 

Stack heat 23. 5% 
I 

5% 

Cooling water 36.5% 53% 

Miscellaneous heat losses - 3.0% 3% 

Power generation 37.0% 39% 

The Steag plant (Figure 69) uses five, air-blown Lurgi 

gasifiers: four to meet maximum plant heat requirements (1.5 x 

109 Btu/h) and one for standby and/or maintenance. The product 

gas leaves the gasifier at about 1000°F and solid impurities are 

removed in an aqueous scrubber-quencher system. Tar and ash are 

separated from the water in a sidestream from the scrubber and
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returned to the gasifier. At a later stage in the Steag 

development program (#6), it is planned to add a hot potassium 

carbonate system at this point in the plant to reduce the H28 
content of the gas by about 90%. After scrubbing, the cooled gas 

is expanded through a pressure-dropping turbine to reduce its 

preSsure from about 20 to 8 atm; this turbine also compresses air 

for the gasifier. The fuel gas is then burned (with part of the 

air from the gas turbine) in supercharged boilers, producing 

steam for the process and to drive a 96-Mw steam turbine. 
Combustion gases from the boilers are used to drive a 175-MW gas 

turbine. This turbine has a net electrical output of 7“ MW: the 

balance of the output is used to compress air for the gasifier 

and for fuel-gas combustiOn in the pressurized boilers. Exhaust 

gases from the turbine are used to preheat the boiler feedwater 

before being discharged to the atmosphere. 
Although the Steag plant consists of individual process 

units that have previously been proven in commercial practice, 
their combination to form an integrated power-production facility 
presented unexpected difficulties. Initially problems were 

experienced with the gasifiers (338) and the gas purification 

system did not meet particle-loading specifications and is being 

modified; the tar separation and recycling system is also being 
enlarged and is the subject of additional development work, and 

minor Changes were needed to the expansion turbine. Steag 
considers that these problems can be solved satisfactorily and 
are currently designing an advanced BOO-MW COGAS plant, which 
will use 13 gasifiers. It will also use gas turbines of a type 
similar to those at Lunen, but with less excess air and a higher
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gas-inlet temperature. The thermal efficiency of the BOO-MW 

plant is expected to be about 03%. 
Other COGAS plants. The Westinghouse Electric 

Corporation and the Foster-Wheeler Energy Corporation are 
developing low-Btu pressurized gasification systems designed for 
application to COGAS power generation. However, as noted earlier 
in this report both the Westinghouse multistage, fluidized-bed 
gasifier and the Foster-Wheeler entrained-bed gasifier are at the 
pilot-plant stage of development and their demonstration in 
integrated COGAS plants is some years away. 

5.2 Chemical Synthesis Applications 
The gasification of coal with oxygen and steam gives an 

intermediate-Btu gas containing mainly CO, H2, C02 and CH. (Table 

66). 

TABLE 66 CONCENTRATIONS OF PRINCIPAL CONSTITUENTS IN THE 
PRODUCT GAS (DRY BASIS) FROM SELECTED OXYGEN-BLOWN 
GASIFICATION PROCESSES 

Constituent (vol %) 

Process - Type co H2 co2 CH. 

Lurgi .Single-stage 20.2 38.95 28.03 11.13 

Koppers-Totzek Single-stage 52.7 35.10 10.0 0.08 

Winkler Single-stage 37 37 20 3 

Hygas Two-stage 23.8 30.1 2u.u 18.7 

Bi-Gas Two-stage 29.3 32.1 
' 

21.08 15.65 

Synthane Two-stage 16.7 27.8 28.9 20.5
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Following purification, this intermediate-Btu gas may be burned 
as a clean fuel; however, it also has important applications as a 

source of synthesis gas (CO and Hz) for the production of 
industrial chemicals, e.g. NH3, CH3OH, H2, and a variety of 
solid, liquid, and gaseous hydrocarbons. In some countries 
(35,93,339), oxygen-blown gasifiers are used for synthesis gas 
production, but in areas, such as North America, where natural 
gas is readily available, synthesis gas is produced almost 
exclusively by the steam reforming of CH. (Equation Q9). 

CH. . 
+ = + 3H2 

However, reCent concern in North America about the future 
availability and also the advisability of using natural gas as a 

chemical feedstock (93,340), has led to interest in coal-based 
synthesis gas production and, in the United States, special 
attention is being given to the production of a CH.-rich gas from 
coal (18) to supplement diminishing supplies of natural gas (16). 

Although the cost of oxygen represents a significant 
proportion of the cost of intermediate-Btu gas, air-blown 
gasifiers have been considered unsuitable for Synthesis gas 
production because of the difficulty in removing nitrogen frOm 
the product gas (Q1). This objection may no longer be valid; 
Tenneco Chemicals have recently developed a process (Cosorb) for 
the selective separation of CO from gas streams (341,3u2), which 
could be applied to low-Btu gas to give pure CO for chemical 
synthesis. 

Some of the more important applications of synthesis gas 
are considered below.
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5.2.1 SNG Production. When SNG is the required product of 
coal gasification, it is usually considered desirable to form as 
much CH. as possible during gasification (41). In general, two- 
stage gasification processes, in which hydrogen formation and 
hydrogasification reactions take place in separate zones, give a 

higher direct yield of CH. than single-stage processes (Table 
66). However, there are virtually no gasification processes that 
produce sufficient CH. to give a product gas with a heating value 
of 900 Btu/scf; the minimum value acceptable for 
interchangeability with natural gas (3&3). .Consequently, 
additional processing is required following gasification to 
upgrade the heating value of the gas, and this is done by the 
reacting C0 and H2 in the gas to give CH. (Equation 7). 

co + 3H2 = CH. + H20 (Eq.7) 

Because most gasification processes do not produce a gas 
containing enough Hz to meet the stoichiometric requirements of 
the methanation reaction (Equation 7), the first step in the 
upgrading process is to adjust the ratio of H2:CO in the gas to 
3:1, using the shift conversion reaction (Equation 2). 

co + H20 s co2 + H2 _ (Eq.2) 

This is an exothermic reaction which has a large negative free 
energy change (196) over a wide temperature range (Figure 70). 

Shift conversion is a well-established industrial 
process and is widely used in the manufacture of H2, NH;, and 
CH3OH from natural gas: no problems are anticipated in its 
integration into a coal-based SNG process.
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Following shift conversion, the gas is converted to CH. 
(Equation 7). This reaction is highly exothermic (Figure 71), 
and is catalyzed by a number of metals, including Ru, Ir, Rb, Ni, 
Co and Fe (196). In practice, catalysts containing high 
concentrations (20% to 70%) of Ni are employed, because of their 
high activity, selectivity, and low cost. A disadvantage of Ni 

.catalysts is that they are irreversibly poisoned by sulphur, and 
therefore stringent gas desulphuriration ((0.5 ppms) is required 
before methanation, 

The kinetic aspects of the methanation reaction have 
been widely studied and are very important in the design of 
process reactors. Various rate equations published in the 
literature have been summarized by Lee (3uu), who has also 
developed a generalized rate model which is reported to fit 
adequately all the literature data and the results of very 
extensive methanation studies performed at the Institute of Gas 
Technology. The detailed form of this generalized rate model is 
given in Equation 50. 

' 

0.5 kP‘_P 
1 

to H2 
r = ~_-~ (Eq. 50) 

l + 0.1P + 0.05P H2 CH4 

where 
lb‘IflOl. 

r = rate of CH. fcrmation, x 10“ 
h-g catalyst 

k = Ae—E/RT 

A = 1.06 x 10-2
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P = partial pressure, psig 

T = temperature in.°R 

E = 1.25 x 10‘ Btu/lb-mol 
R = 1.987 Btu/lb—mol-OR 

This equation is applicable to relatively high Ni-content 

catalysts (1/u in. size) between 525° and 900°F and 1u.7 and 1000 

psia, and to a feed gas which has a HZ/CO ratio of greater than 

2.85:1, and which contains not more than 1.5% C6H6, 0.5 ppm H28, 

2 ppm mercaptans, 5% H20, 20% cog, 50% N2, and is free of HCN, 

phenol, and NH3. 
The principal aim in the design of methanation systems 

is to control the temperature increase resulting from the heat of 

reaction; this is acc0mplished by heat extraction or gas dilution 
techniques. A summary of methanation processes under development 

is given in Table 67. Although CH. is not currently manufactured 
on a commercial scale, semi-commercial tests of the Lurgi and 
Conoco gas recycle processes have recently been successfully 

completed and these processes are considered ready for commercial 
application. Following methanation, the gas is dried and, if 

necessary, compressed to 1000 psig, before pipeline distribution. 
In the United States a number of companies have 

announced plans to build large-scale SNG plants (Table 68) which 

are scheduled to be operational in the next few years, and 

several other companies are undertaking feasibility studies to 
assess various gasification systems and to obtain leases on 
adequate coal and water supplies (345).
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5.2.2 Synthetic Oil Production. Synthesis gas can be 
converted into a range of hydrocarbOn products by the exothermic 
Fischer-Tropsch reaction (7), which is given in generalized form 
in Equation 51, where n>1 and 0< x <2. 

nCO + (4n + x) H2 c H + x + nHZO (Eq.51) 
2 

-+ n 2n 

This reaction is used at the Sasol plant (Sasolburg, South 
Africa) for the commercial manufacture of liquid hydrocarbon 
fuels from high-purity synthesis gas produced by the Lurgi 
gasification/Rectisol purification system (35,356,357). A wide 
range of by-products are also produced at the Sasol plant and a 

simplified flow diagram is given in Figure 72. 

Two FischertTropsch synthesis plants are used at Sasol; 
the Arge and Synthol systems. The basic chemistry of both 
systems is similar and consists of the Fischer-Tropsch reaction, 
the water shift reaction (Equation 2), and various secondary 
reactions which give oxygenated compounds. The carbon conversion 
and product distribution of the Arge and Synthol systems dependi 
on a number of variables (e.g., temperature, pressure, recycle 
ratio, and fresh feed composition) which are not the same in both 
systems and different product spectra are obtained (Table 69). 
The Arge system is used to produce primarily diesel oil and wax 
fractions and the Synthol system primarily gasoline.
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TABLE 69 COMPARISON OF THE OPERATING CONDITIONS AND 
SELECTIVITIES IN THE ARGE AND SYNTHOL SYSTEMS 

Arge Synthol 

Temperature (0F) “50 
' 

625 
Pressure (psig) 370 320 

% Conversion of (C0 + H2) 65 85 

% Conversion of (C0 + C02) ' - eu 

Hz/CO ratio (fresh feed) 
_ 

1.7 2.8 

Selectivities (% of total carbon converted) 
CH. 5.0 10.0 

czh. 0.2 0.0 

can6 2.0 6.0 

C3Ho 2.0 12.0 

C3Ha V 

A 

2.8 2.0 

C,Ha 3.0 8.0 

C.H‘o 2.2 1.0 

c5 + 3.5 8.0 

C5-C,2 Gasoline - 19.0 31.0 

Cla-Cla Diesel ‘ 15.0 5.0 

C19-C2, Heavy oil 
. 

6.0 1.0 

s-Cao and - 17.0 3.0 

C31+ wax ‘ 18.0 2.0 

N.A.C.'s 3.5 6.0 

Acids O.“ 1.0 

The Arge system consists of five reactors; these are 
essentially long tubes, coated internally with an iron catalyst,
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and surrounded with a steam jacket to remove the exothermic heat 

of reaction. 'Each reactor has a product capacity of about 550 

bbl/day. A major disadvantage with the Arge system is its 

limited scale-up potential. In contrast, the Synthol reactor, 

which uses an entrained circulating bed of catalyst, is 

considered to have good scale-up potential (357). Three Synthol 

reactors are used at Sasol; each has an internal diameter of 

7 ft, a height of 120 ft, and a product capacity of about 2000 

bbl/day. In the operation of the Synthol reactor system (Figure 

73), fresh feed and recycle gas (volume rate; 1:2) are mixed with 

hot, finely divided iron at the base of the reactor. The mixture 

rapidly attains temperature equilibrium and ascends the reactor, 

where the Fischer-Tropsch and water shift reactions occur. Some 

of the reaction heat is removed in two waste-heat boilers. A 

large proportion of the catalyst is separated from the gas stream 

by gravity in the catalyst settling hopper and residual entrained 

catalyst fines in the gas are removed by cyclones and returned to 

the catalyst bed. Product gas from the reactor is cooled in a 

scrubbing tower to condense higher molcular weight hydrocarbons, 

and a significant fraction of the tail gas is recycled to the 

reactor. The remaining lighter hydrocarbons are passed to an 

absorber to recover C3 and C. hydrocarbons. The residual gas, 

which is rich in CH. and H2, is either blended with pipeline gas 

or reformed as a feed gas to the Synthol system. 
The present Sasol facility is to be expanded (35) and 

the new plant (Sasol 2) will emphasize the production of motor 

fuels (Table 70); it will also use both the Arge and Synthol
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reactor systems (57). The enlarged Sasol complex, when completed 
in 1980, will supply most of South Africa's fuel requirements. 

TABLE 70‘ PRODUCTS FROM SASOL 2 PLANT 

Product 
I 

Production 
(tons/year) 

Motor fuels 1 500 000 

Ethylene ' 

160 000 
Chemicals 50 000 
Tar products ‘ 

' 200 000 
Ammonia 

. 
100 000 

Sulphur , 90 000 

5.2.3 Ammonia Production. In a number of countries, which 
lack alternative hydrocarbon resources, coal is converted to 
Synthesis gas for the manufacture of ammonia. Gasification is 
done principally by the Koppers-Totzek process, which produces 
synthesis gas for about 86% of the world's coal-based ammonia 
output (93).' Currently in North America, higher capital and 
operating costs make coal economically unattractive compared to 
natural gas or oil as a feedstock for ammonia production 
(29,358). However, it is anticipated that future price increases 
and short-falls in the supply of conventional feedstocks will

I 

result in coal being used for ammonia production, e.g., the 
Alberta Energy Resources conservation Board forecasts (3uo,359) 
that coal will be economically attractive by the mid-19805 and
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that two world-scale ammonia plants, specifically designed for 

coal, will be built in Alberta in the 19905. 

For ammonia production, desulphurized synthesis gas is 
first shifted to form C02 and H2. The C02 is then removed by a 

physical absorption process (360) and residual CO and argon are 
separated from the gas by a liquid nitrogen wash. Sufficient 
nitrogen, from the air separation plant for the gasifier, is then 
added to the Hz to give a molar ratio of 3&1 (Equation 52); the 

gas is then compressed to about 200 atm and catalytically 
c0nverted to ammonia. 

N2 + 3H2 = 21m3 (Eq.52) 

5.2.u Methanol Production. Methanol is an important 
industrial chemical which is manufactured from natural gas or 
naphtha (361-363). It can also be produced from coal-based 
synthesis gas following the shift conversion of some of the gas 

and adjustment (by product C02 removal) of the Hz/(CO + 1.5COZ) 

ratio to 2.05:1 (93). At present methanol is not produced on a 

large scale frcm coal but, as with ammonia manufacture, shortages 

of preferred feedstocks and increasing demand may result in the 
use of coal for methanol production (3&0). 

Distillation of crude synthetic methanol yields a 'fuel- 

grade' product (32) containing small amounts of water and other 
impurities, that has potential applications as an energy storage 
medium for gasification plants (31,36u), and as a clean fuel for 
boilers (365), combined-cycle power plants (93), and motor 
vehicles - either alone or blended with gasoline-(366). These 
application areas are relatively new and the use of methanol will



depend on a number of factors including the availability of other 

clean fuels and ec0nomic considerations. 

6 ECONOMICS OF COAL GASIFICATION 
In recent years, numerous estimates have been made of 

the cost of producing liquid and gaseous products from coal by a 

gasification step followed by gas purification and chemical 

synthesis. These estimates have been prepared for commercially 

available gasification processes, and also, by extrapolation, for 

a variety of new processes whose development has ranged from the 

laboratory scale to the pilot-plant level. Currently, in North 

America, there is no experience in operating large-scale 

gasification plants and consequently it must be clearly 

recognized that published costs (even for commercially available 

processes) are "estimates"; moreover, for a given coal conversion 

process, certain costs will vary with the plant location (e.g., 

the type, quality, and sulphur content of the coal, the cost and 

availability of water, pollution control regulations, and labour 

costs) which will specifically influence the final product cost. 

6.1 Fuel Gas Production 
Most cost estimates for producing fuel gas from coal 

have been prepared for gasification plants with a nominal output 

of 250 x 109 Btu/day. These plants require a large capital 

investment which, in general, increases with the heating value of 

the gas because of conc0mitant increases in process complexity. 

For example, the production of SNG requires an oxygen plant, 

stringent gas purification, shift conversion and methanation
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steps, and gas compression; whereas for low-Btu and intermediate- 
Btu gas production, gas purification requirements are less 
demanding, and shift conversion and methanation are not required. 
In addition, the thermal efficiency of coal conversion to low-Btu 
or intermediate-Btu gas is somewhat greater than the thermal 
efficiency of coal conversion to SNG, which results in a saving 
in coal costs. 

Two accounting methods to estimate the cost of 
manufacturing fuel gas from coal are described in detail in the 
Final Report of the Synthetic Gas-Coal Task Force (367); these 
are the public utility and the private investor or discounted 
cash flow (DCF) procedures. The public utility method is based 
on a calculation procedure developed by the American Gas 
Association in 1961 and later modifed slightly by the Panhandle 
Eastern Pipeline Company (to correct for apparent inconsistencies 
in the original format) as part of the Task Force activity. The 
DCF method has been widely used in industry in recent years and 
has the principal advantage that the time value on money is taken 
into consideration. 

The basis for the utility financing procedure is given 
in Table 71. In this procedure the rate base is depreciated 
linearly over the life of the plant, and consequently the capital 
charges and gas costs decrease with time. To simplify the 
comparison of gas costs, it is customary to calculate the average 
gas price over the life of the plant, and this may be obtained 
from the relationship given in Equation 53. 

Average gas cost ($/106 Btu)
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F (l—d)r 
= aN + 0.05 (C — W) + 0.005 (P + ————.———_) (C + W) (Eq. 53) 

100 — F
G 

where 
a = escalation factor, 
N = total net operating cost (gross operating cost 

less by-product credits), million $/yr, 
C = total capital requirements, million $, 
w = working capital, million 5, 
P = return on rate base, %/yr, 
F = federal income tax, % 
d = fraction debt, 
1: = return on equity, %/yr, 
G = annual gas production, 1012 Btu/yr. 

The most important factors in Equation 53 that influence the gas 
cost are the net operating cost of the process (N) and the total 
capital requirement (C); this latter term is the sum of the total 
plant investment, interest during construction, start-up costs, 
and working capital. 

The basis for the DCF financing procedure is given in 

Table 72. The gas cost obtained by this procedure is constant 
over the life of the plant, and may be calculated, for a 12% DCF 

rate of return, by the relationship given in Equation SQ. 

Gas cost (55/106 Btu) = aN + 0.23531 + 0.12758 + 0.2308W 
G (Eq.5u) 

Where I is the total plant investment (million $) and s is the 
start-up cost (million 5), the other terms being defined 
previously. The most important factors in Equation 50 that 

influence gas cost are the net operating cost of the process (N) 

and the total plant investment (I).
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6.1.2 Commercial Gasfication Processes 

6.1.2.1 Lurgi Process. A number of estimates have been made of 
the cost of producing low-Btu gas and SNG by the Lurgi process. 
In a report prepared by the M.I.T. Energy Laboratory Study Group 
(368), estimates published up to 1973 were converted into 1973 
dollars and coal costs were standardized at 32¢/106 Btu for 
eastern U.s. bituminous coal ($8.00/ton at 25 x 106 Btu/ton)and 
16¢/106 Btu for western U.S. coal ($3.00/ton at 18.75 x 10° 

Btu/ton: no changes were made to contingencies and offsites 
claimed in the original paper. Four estimates of SNG costs, 
modified by this procedure, are given in Table 73. They show 
significant differences in capital cost, thermal efficiency, and 
gas cost, even though the plants have about the same Btu output 
and are based on the same technology. However, because details 
of the estimating procedure were sparse, the M.I.T. group found 
that is was not possible to reconcile these differences. 

More recently Chan (371) has prepared detailed estimates 
(in 1975 dollars but with no forward escalation) of capital and 
operating costs for the production of low—Btu gas and SNG; these 
are based on 'overnight' construction of a Sasol-type plant (372) 
which uses Lurgi technology. Each plant is self-contained and 
coal is the only fuel input. It was assumed that the feed coal 
had the same properties as the New Mexico coal used by the El 
Paso Natural Gas Company in their feasibility study of the 
Burnham SNG complex (#9).. Both plants gasify 21 274 tons of 
coal/day. For the low-Btu plant, part of the product gas is used 
for steam and power generation, whereas, for the SNG plant, an
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additional 5u3s tons of coal/day are used for this purpose. A 

breakdown of the capital,and operating costs for the plants is‘ 

given in Tables 74 and 75; some of these costs have been modified 

slightly frOmithose presented.by.Chan to correct.minor , . 

i I 

arithmetical errorsadndsstrghfi fincdnsisténcflesagwlhistfonmat from 

fififitSdescribedCintthetTaskwEorcenReporfin(367»lafidBadopfiéd3by). 
Ghafiartltfwillibétnotedcthjtefihesestimatedytofialhcaprtahical and 

requirementssarelSignmficantryslangéfi9thanlthoselgivénUigas. 
mabfle0€3,fbum arehsimimanrtoothosesforlseVefialsprbpoéedlSNGThree 
plants rfi thehumited Statesoqsflsprwfiichohavepcapitqltregurrements 
dfCaBout1$500 millionnflof93975 Eonstrhetiofioadflgfiever,tSNG plants 
proposeddforscofistfifiétfonoflnrthe lateeseVentiésvhaweweapibapared 
costsesignifitafitlyshigherothanfthe ¢9m5eestimatesom3455.(Tmhis 
éétalation of capital cost is a feature common to coal 
gasification processes and reflects, in part, escalating 
TABLE 59 RELATIVE COST OF POWER FROM COGAS, CONVENTIONAL, 
equipment and labouic'cfiargéswER PLANTS FOR THREE LEVELS OF 

TURBINE DEVELOPMENT TECHNOLOGY 
Based on the estimates in Tables 7“ and 75 the cost of 

gas has been calculated by the public utility and DCF financing 
Relative power costsl ' 

procedures: with and without credit for byzproducts from the 
1970 decade 1980 decade 1990 decade 

_processes liable 76). The cost of gas is significantly higher 
WitheDCFcthanswith utility financing and, for a given accounting 

procedhie;aisoVery dependent on the credit-assigned to by- 
with otaeg~gac :Ucanuga i032 ' 103M ‘ TCBS 
products (and by inference, their assumed marketability); for 
Nuclear 7n77 

. 

101‘ @009 
example, with utility financing, the cost of SNG increases from 
COSAS "646 0,90 ‘ 0°89 
51.15/106Btu with by-product credits to $1;61/1O6 Btu if no 

cEeditstassighedZto/the byeprodUCtsr, The/GOStBof coal is an 
280% effective stack-gas clean-up system at 2 mills/kWh. 
important component in the gross operating costs of the



~ 

~

~

~

~

_ 

. 

Au>\:um 

oav 

m.o 

mo 

nouomm 

Emwuumlco 

,w.mm 

m.m> 

“mm 

wumu 

cofluUDQOum 

sum 

Hw5::¢ 

moa

x 

mmm 

mod

x 

com 

Ao\uomv 

mam 

posooum 

mo 

pesos< 

mum 

omm 

Amom\sumv 

mam 

mo 

msam> 

mcflumom 

usmuso 

ucmfim. 

mm.mm¢ 

H.mmm 

“cmewufismwm 

Hmuflmmu 

Hmuoa 

NMJMMW. 

Mdmll

_ 

Amuflmmv 

mewxwoz

h 

mn.vH 

m.OH 

‘

.

. 

Aumoo 

wcfiummo

% 

Hmsccm 

mmOHm 

mo 

womv 

umou 

maluumuw 

ucmHm

_ 

hm 

_ 

ov 
‘

‘ 

cofluosuumcoo 

mcflusn 

ammuuucH 

mom

.

. 

mmm 

unwEumw>cH 

panda 

Hmuoa 

«MI 

MN! 

‘mocwmcfiucoo 

mmm 

mam

. 

.. 

ucmam 

mo 

umoo 

uowuflvpfl 

new 

uowufic 

Hmuoe 

oZm 

mmo 

:umuzoq 

.

. 

EmuH

~ 

ACOMHHflE 

my 

umou

~ 

Amm<qqoo 

mnmav 

ez¢qm 

mmwenaom<m 

¢ 
20mm 

uzm 

oz< 

m<w 

Demuzoq 

mo 

oaoooomm 

mom 

Romano 

azaqm 

nz< 

azmzmmHDOmm 

q<eHm<u 

oma<zHemm 

. 

«h 

mam¢e



~

~ 

oo.mm 

oo.>m 

muwou 

mcflumuwmo 

Hmscc< 

uwz 

on.mm 

VN.¢~ 

muflcwuo 

poscoumlwn 

Hmpoa 

ww4mu 

mM4mI 

Ago» 

mcoH\oamv 

usnmfism 

Nv.m 

HF.N 

Acou\ommv 

mflCOEE¢ 

mm.~ 

om.~ 

Acou\onmv 

mflocwgm 

mango 

wm.fim 

ww.ma 

Afimuumn\mmv 

mnucmmc.‘fiflo 

.uma 

mufiko 

uUSGOuQImm 

~

~ 

_ 

mw.m> 

om.am 

mumoo 

mcflumuwmo 

Hmscc< 

mmOHo 

m 

NMJMM 

mfldfll 

wocmMsmcH 

6cm 

mmxwe

_ 

mm.m 

Hm.m 

cmmnuw>o 

Hauwcwm 

wcm 

cofiuMuumficflE©< 

mm.m 

nm.m 

AucwEumw>cfi 

ucmam 

amuOu 

mo 

wm.av 

wocmcwucfimz 

oo.m 

oo.~ 

Amfimoflemno 

cam 

umxfimumov 

mmfifimmsm 

mh.ma 

mo.m 

A>uomfi>uwmsm 

cam 

.mocmcwucflme 

.mcfiumuwmov 

“Dogma 

om.o 

om.o 

“mum: 

mm.am 

ma.mm 

Acou\oo.mm 

umv 

Hmou 

wzm 

mmm 

sumnzoq 

emuH

~ 

ACOAHHHE 

my 

umou

~ 

Am.o 

moau<m 

24mmamuzo 

“mm<qqoa 

mnmfiv 

ez<qm 

mmwauq0m<m 

< 
20mm 

ozm 

nz< 

m¢o 

aemuzOQ 

mo 

oeu2oomm 

may 

mom 

mamoo 

ozHB¢mmmo 

ome<zHemm 

mm 

mgm<e



TABLE 76 ESTIMATED COST OF LOW-BTU GAS AND SNG FOR LURGI GASIFICATION SYSTEMS 

Gas cost ($/106 Btu) 

Utility_Accounting DCF Accounting Type 
of By—product No By-product By—product No By—product gas credit credit credit 

1 

credit 

Low—Btu 0.87 1.20 1.19 1.53 
SNG 1.15 1.61 

I 

1.62 2.09 

Notes a) On—stream factor = 0.9 

b) Debtzequity ratio 75%:25%; 9% interest on debt, 15% return on equity (i.e. return on rate base, 10.5%); 48% federal income tax; 20-yr project life.
‘ 

c) 12% DCF return rate; 100% equity capital; 
16—yr sum—of-the-digits depreciation on total investment, 48% federal income tax; 25 yr project life.

\
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gasification processes (Table 75), and its effect on the cost of 
SNG and low-Btu gas is given in Figures 7“ and 75. 

6.1.2.2 Koppers-Totzek process. An estimate has been given by 
Franzen and Goeke (90) of the cost of producing 250 x 109 Btu/day 
of SNG by the Koppers-Totzek gasification process, in combination 
with the Koppers-ICI shift conversion/methanation process. Their 
estimate is based on utility financing and follows the guidelines 
of the Task Force Report; it uses a debt to equity ratio of 
75%:25%, a return on equity of 15%, an interest rate on debt of 
9%, a 20-yr project life, and a coal cost of $7.00/ton. The 
capital and operating costs are given in Tables 77 and 78 and are 
based on prices in October 197a. With utility financing, the 
cost of SNG is 51.86/106 Btu; capital charges and coal costs each 
contribute about $0.72 to the selling price. The Koppers-Totzek 
process operates at atmospheric pressure and it is expected that 
operation at higher pressures (15 to 30 atm) would reduce the 
selling cost of SNG by about 5%. This cost reduction arises 
mainly through a decrease in the energy required for the 
compression of the raw gas, its composition is almost independent 
ot-the operating pressure of the gasifier.

‘ 

The cost of SNG may be calculated, using DCF financing, 
from the data given by Franzen and Goeke (Tables 77 and 78); for 
a 12% DCF return rate it is $2.3u/1oo Btu,-which consists mainly 
of capital charges ($1.13) and coal costs ($0.72). The influence 
of the cost cf coal on the price of SNG is given in Figure 76 for 
both aCCounting procedures.
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THE ESTIMATED COST OF PRODUCING SNG BY THE KOPPERS-TOTZEK PROCESS AS A FUNCTION OF THE COST OF COAL 
(HEATING VALUE, IDOZSBTU/LB) USING UTIlITY AND DCF FINANCING PROCEDURES
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TABLE 77 ESTIMATED CAPITAL REQUIREMENT FOR THE PRODUCTION 

OF 250 X 109 BTU/DAY OF SNG BY THE KOPPERS-TOTZEK 
PROCESS (l) 

Item Cost ($ million) 

Total plant investment 
Interest during construction 
Plant startup cost (20% of gross annual 

operating cost) 
Working capital 
Total Capital Requirement 

(1) 

400.00 

67.50 

18.96 

504.30 

From Reference 187, with corrections for mathematical errors. 

TABLE 78 ESTIMATED OPERATING COSTS FOR THE PRODUCTION OF 
250 x 109 BTU/DAY OF SNG BY THE KOPPERS—TOTZEK 
PROCESS 

Item Cost ($ million) 

Coal (at $7/ton) 

Chemicals, catalysts, and utilities 
Labour (operating, maintenance, and supervisory) 
Administration and general overhead 
Supplies 
Taxes and inSurance 
Gross Annual Operating Cost 
Byproduct credit (sulphur) 
Net Annual Operating Cost 

59.804 
1.328 

10.019 
6.011 

6.813 

10.80 

94.775 

93.96
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The.cost (mid-197a dollars, utility financing) of 

producing clean, desulphurized, intermediate-Btu gas by the 
Koppers-Totzek process is less than the cost of producing SNG and 
is given as a function of plant output in Figure 77 (93); this 
graph also illustrates the effect of scale in gas costs, which 
are high for small-capacity units because of their large capital 
and operating costs relative to gas output. 

6.1.2.3 Winkler process. An estimate of the cost of producing 
low-Btu gas by the Winkler process has been given by Banchik (5). 

It is based on the gasification of sub-bituminous coal and a 

plant capacity of approximately 70 x 109 Btu/day. TWO cases were 
studied; a conventional Winkler gasifier operating at 1 atm, and 
a modified gasifier operating at 3 atm (no economic gain results 
from operating the gasifier above a atm (5)). Using a utility- 
type financing procedure, the estimated cost of the gas 
(compressed to 1Q atm) is given in Figure 78 as a function of 
coal price. This gas price does not include the cost of a gas 
desulphurization and sulphur recovery system, which is expected 
to add about 15¢/106 Btu to the cost of the product gas. 

6.1.3 ' Other Processes. A summary is given in Table 79 of 

published cost estimates for gasification processes that have not 
yet achieved commercial status. No attempt has been made to 
place these estimates on a common accounting basis; however, 

p 

details of the accounting procedure used with each process may be 
obtained from the original publication. The estimate entitled 
'new process', is a single set of data that (for a given coal) 
was considered by the Federal Power Commission (367) to be
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PRODUCI GAS, 300 BIU/SU'IDRY BASIS) 
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FIGURE 77 THE COST OF‘PRODUCIANG lNTERMEDIAIE-BTU GAS BYIHE KOPPERS‘TOIZEK PROCESS 
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FIGURE 78 THE ESTIMATED COST OF PRODUCING LOW-BTU GAS BY THE LWINKLER PROCESS, 
ATI AND 3 ATMOSPHERES, AS A FUNCTION OF THE COST OF COAL 
(HEATING VALUE, 8l600 BTU/LB) USING A UTILITY FINANCING PROCEDURE.
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representative of four advanced gasification processes in the 
United States, namely the Synthane, Hygas, Bigas, and C02 
Acceptor processes. It is given in Table 79, as modified by the 
M.I.T. Energy Laboratory Policy Study Group (368), in 1973 

dollars and for bituminous coal costing 32¢/106 Btu and western 
coal costing 16¢/106 Btu. In View of inflation, and development 
costs which are usually much greater than anticipated, it is 

reasonable to assume that the cost data in Table 79 (with the 
possible exception of the recent estimate for the Synthane 
process) are optimistic and that the cost for a commercial plant 
would be significantly more than these estimates indicate. 

Approximate estimates have also been made (79,83) of the 

cost of producing fuel gas by the underground gasification of 
coal. These indicate that low-Btu gas will cost between $0.36 
and 0.51/106 Btu, and SNG between $0.68 and 0.89/106 Btu. 

6.1.4 Gasoline Production. Chan (371) has estimated the cost 
of producing gasoline from coal, based on a self-contained, 
Sasol-type plant and the Synthol process; 'overnight' 

Iconstruction was assumed. The capital and operating costs are 
given in Tables 80 and 81, and, using the same utility financing 
procedure adopted for low-Btu gas and SNG (Table 76, note b), the 
cost of gasoline is $15.11/barre1 with by-product credits and 
$22.52/barrel without by-product credits. 'Approximately 80% of 
the tar, oil, and naphtha produced.as by-products can be further 
processed to increase gasoline yield by about aox. Assuming that 
such a conversion step would not significantly change the plant
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investment, it reduces the cost of gasoline to $13.70/barrel 
(with credits for remaining hy-products). 

Although utility financing may not be applicable to 
gasoline (or to methanol and other chemical— or refinery - type 
products), the internally consistent estimates made by Chan 
illustrate the general increase in cost associated with an 
increase in the complexity (and flexibility) of the final 
product. The order of cost is gasoline > methanol > SNG > low- 
Btu gas, and the cost of these products as a function of the cost 
of coal is given in Figure 79. 

TABLE 80 ESTIMATED CAPITAL REQUIREMENT AND PLANT OUTPUT FOR 
THE PRODUCTION OF GASOLINE BY THE SYNTHOL PROCESS 
(1975 DOLLARS) 

Item Cost ($ million) 

Total direct and indirect cost of plant 505 
Contingency H7 

Total Plant Investment ~ 552 
Interest during construction 93 

Plant start-up cost (20% of gross annual 
operating cost) 9 

Working capital 1a 

Total Capital Reguirement 668 
Gasoline output 

Barrels/year 8.375 x 106 

Btu/year u1.5 x 1012 

6.1.5 
I 

Ammonia and Methanol Production. Estimates are given, 
in Tables 82 and 83, of the cost of producing ammonia and
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TABLE 81 ESTIMATED OPERATING COSTS FOR THE PRODUCTION OF 

GASOLINE BY THE SYNTHOL PROCESS (1975 DOLLARS; 
ON-STREAM FACTOR, 0.9) 

Item 
Cost 
($ million) 

coal (at $3.60/ton) 

Water 

Labour (operating, maintenance, and supervisory) 

Supplies (catalyst and chemicals) 

Maintenance (1.5% of total plant investment) 

Administration and general overhead 

Tax and insurance 

Gross Annual Operating Costs 

By-product credits 

Tar, oil, naphtha (SB/barrel) 

Phenols ($70/ton) 

Ammonia ($50/ton) 

Sulphur ($lO/long ton) 

Higher alcohols ($100/ton) 

Acetone ($150/ton) 

M.E.K. ($200/ton) 
. 

Diesel Oil ($10.5/barrel) 

Waxy Oil ($7.5/barrel) 

L.P.G. ($6.5/barrel) 

Total by—product credits 

Net Annual Qperating Cost. 

40 

34.77 

3.77 

5.67

~
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FIGURE 79 THE ESTIMATED COST, WITH BY-PRODUCT CREDITS, OF LOW-BTU GAS, SNG 

PRODUCT
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GASOLINE

~ 
METHANOL 

~~ 
LOW-BTU GAS 

‘ 

I l . I l I 

0 4 8 I2 lb 20 
COAL COSTIS/TON)

I 

METHANOL, AND GASOLINE FROM A SASOL-TYPE PLANT, AS A FUNCTION 
OF THE COST OF COAL ‘USING UTILITYI FINANCING.
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methanol from coal by various gasification techniques. These 

estimates are not directly comparable becauSe they employ 

different accounting procedures which have a marked effect on the 

product cost, e.g., the cost of producing methanol by the 

Koppers-TOtzek process is decreased by about uox if the Task 

Force utility financing procedure for fuel gases is used; 

however, they do serve to illustrate the general cost ranges 

involved in synthetic chemical production. 

7 ENVIRONMENTAL ASPECTS OF COAL GASIFICATION 

Processes for the conversion of coal into clean gaseous 

fuel or synthesis gas require the control of a number of by- 

product streams to limit the emission of pollutants to the 

surrounding environment. In general, for a plant of a given 

capacity, the type and quantity of by-products produced will 

depend on the operating characteristics of the gasification 

process, the properties of the feed coal, the systems used for 

the generation of steam and electrical power, and the purity 

requirements for the product gas. Air pollutants that may be 

associated with a self-sufficient coal gasification plant include 

SOz,NOX, reduced sulphur compounds, NH3, hydrocarbons, odours, 

particulates, and trace elements; these pollutants may be formed 

by gasification of the coal and/or by combustion processes 

required for auxiliary support facilities. 
Sulphur dioxide is present principally in the tail gas 

stream from the sulphur recovery plant and in the stack gases 

from systems involving the partial oxidation or combustion of 

sulphur-containing fuel; the latter can include the separate
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Oxidation pretreatment of coal to prevent caking (which can 
release up to 25% of the coal's sulphur content) and the 
combustion of liquid, solid, or gaseous fuels for coal drying, 
and for process steam and electrical power generation. 

Oxides of nitrogen (fiox)_are formed only during fuel 
combustion and are not present in the product gas from coal 
gasification; the amounts of NOX produced depend on the nitrogen 
contentYof the fuel and various combustionvrelated factors. 

Reduced sulphur compounds (e.g., H28, C08, and 
mercaptans) are present in the raw product gas from almost all 
coal gasification processes and possible emission sources include 
the C02 vent stream from the acid-gas removal step (through 
incomplete Goa/sulphur-compound separation), evaporation from 
scrubbing water containing dissolved gases, and from water 
quenching of slag, ash, or other process residues containing 
sulphur compounds. 

AmmOnia is formed in significant quantities in some coal 

gasification processes and is separated from the raw product gas 
during aqueous scrubbing and cooling. The principal NH; emission 
sources are the effluent-water treatment system, and the 
subsequent handling and storage of the separated product. 

Hydrocarbon emissions can result from the transportation 
and storage of liquid hydrocarbon products; leakage at flanges, 
valves, seals etc. throughout the plant: incomplete fuel 
combustion, and also possibly from the oxidation of coal in 
storage piles. It should be noted that the quantity of 
hydrocarbon by-products produced by a coal gasification plant is 
strongly dependent on the gasification process; e.g., in the



Lurgi process large amounts of tars, oils, naphtha and phenols 
are produced (about 1500 to 2000 tons/day for a 250 million scfd 
SNG plant) whereas none of these compounds is produced in the 
Koppers-Totzek process. Significant amounts of CH. and can. may 
also be released to the atmosphere in the C02 vent streams from 
the Rectisol acid-gas removal system. 

Particulate matter may be released to the atmosphere as 
fugitive dust during the handling, transportation, and storage of 
coal and solid wastes, and from the exhaust streams from 
electrostatic precipitators, baghouses, and scrubbers associated 
with coal-fired boilers and unit operations such as coal drying, 
crushing and grinding. 

Coal contains a large number of trace elements and, 
although these are generally present at very low concentrations 
(Table an) (37a)
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TABLE 84 CONCENTRATION OF TRACE ELEMENTS (PPM) IN SOME 
CANADIAN COALS (MOISTURE-FREE EASIS)(370) 

Low-volatile 
bituminous Sub- 
(British bituminous Lignite 

High-volatile 
bituminous 

Element (New Brunswick) Columbia) (Alberta) (Saskatchewan) 

A1 - - 52 000 55 000 
Sb - 0.5 - - 
As 115 - 40 - 
Ba 55 - 300 3 000 
Be 0.8 0.1 1 1 
Bi - 0.1 - - 
B 12 10 770 560 
Cd - 

- 1 - - 
Ca 2 200 - 120 900 89 000 
Cr 135 3a 220 370 
Cu 656 2a 230 1 #00 
F - 30 e - 
Ge 23 - “.8 6.6 
Fe 77 000 5 uoo 41 000 no 000 
Pb 160 25 200 330 
Mg 320 - 11 700 19 000 
Mn 3H0 15 2 000 3 600 
Hg - 0.1 1 - 
M0 200 50 100 120 
Ni 82 18 115 80 
Se - 

r 

u - - 
Na 95. - 1 000 30 000 
Te - - u u 
Sn 65 0.8 30 "1 
Ti 600 - 3 700 3 900 
U - 0.2 - - 
V 100 75 u2 18 
Zn “55 Q75 300 - 
Zr 39 ~ - 200 

the large quantities of coal consumed by commercial gasification 
plants result in a significant mass throughput of toxic and 
potentially hazardous metallic pollutants. During gasification 
the distribution of trace elements between the gas phase and 
residual ash is not well defined. Limited tests, based on the 
trace element content of Illinois #5 and #6 seam coals and of the
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unquenched ash fr0m gasification of these coals in a Lurgi 
gasitier, have indicated (375) that certain elements (e.g., As, 

B, F, Hg, Pb and Sb) preferentially enter the gas phase; in 

conventional low-temperature scrubbing processes they will 
presumably condense and subsequently be discharged in the 
effluents from these processes. However, an overall mass balance 
for the distribution of trace elements throughout a gasification 
process is lacking. Coal-fired boilers and process heaters 
associated with coal gasification plants will be a source of 
trace element emissions. Several studies (376-379) at coal-fired 
power plants have established that many trace elements in coal, 
e.g., Be, Cd, Cr, Cu, Tl, V, Zn, Sb, and Se, occur at the highest 
concentration in the smallest fly ash particles (Table 85) (377); 

because of the general decrease in collector efficiency with
‘ 

decrease in particle size, these trace—element-enriched small 
particles are most likely to penetrate conventional control 
devices and be emitted to the atmosphere. Mass balance studies 
at power plants have also shown that about 90% of the Hg (380) 

and 40% of the Se (381) in the feed coals were emitted directly 
to the atmosphere in the vapour state. However,.sampling and 
analytical problems make it difficult to obtain accurate mass 
balances for trace elements and further work is required in this 
area. In a recent laboratory study, Capes et al. (382) have 
shown that it is possible to reduce markedly the concentration of 
some trace elements in coal by fine grinding followed by 

selective oil agglomeration of the carbonaceous constituents of 
the coal. However, certain elements (e.g., Be, Ge, Hg, Se, and 

Ti) appear to be associated with the carbonaceous portion of coal
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and cannot be satisfactorily separated by this method. In the 

Battelle hydrothermal alkaline leaching process (“3) for the 

desulphurization of coal, the concentration of trace metals is 
also decreased; average results for three Ohio coals are given in 

Table 86. 

TABLE 86 EXTRACTION OF TRACE METALS IN THE BATTELLE 
HYDROTHERMAL PROCESS 

Concentration jppm) 
Metal Raw coal Leached product 

Li 15 3 
Be ' 10 3 
B 75 a 
P “00 r 80 
K 5000 200 
V “0 2 
As 25 2 
M0 20 5 
Ba 25 u 
Pb 20 5 
Th ‘ 

3 0.5 

The Battelle process has been successfully demonstrated on a 

small scale and currently is being scaled-up to the pilot-plant 

level (50 tons/day). 
Comprehensive data on pollutant emissions are lacking 

for almost all the gasification processes considered in Section 

3, and the acquisition of such data is an important feature of 
pilot~p1ant design and operation. The most complete 
environmental assessment of the air pollution aspects of coal 
gasification plants has been made for the Lurgi and Koppers— 

Totzek processes, which have been in commercial operation 

‘----—-I----—
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overseas for many years. The Lurgi process, in particular, has 
been selected by a number of companies in the United States for 
the large-scale manufacture of SNG, and has been the subject of 
detailed environmental analyses for the proposed Wesco (253) and 
El Paso plants (#9) which will have outputs of 250 million and 
288 million scfd of SNG respectively. Both plants will be 
located in New Mexico and will gasify low-sulphur (<1% 8) sub- 
bituminous coal; their designs use essentially the same basic 
Lurgi technology (i.e., gasification process, gas scrubbing and 
Rectisol acid-gas purification, Phenosolvan gas-liquor treatment, 
shift conversion and methanation) but differ in some important 
aspects of sulphur emission control and utilities generation. 

Figure 80 is a simplified diagram of the Wesco plant. 
Considerable attention has been directed to the control of 
sulphur emissions. The sized coal (21 860 tons/day) fed to the 
gasifier contains about 0.81% sulphur, giving a total sulphur 
input to the gasification train of £00 tons/day. Approximately 
8% of this sulphur is retained in the gasifier ash and in the 
tar, oil, and naphtha by-products. The remaining 184 tons of 
sulphur/day is recovered as H28 (181 tons/day) in the Rectisol 
unit and 3 tons/day in the Phenosolvan gas-liquor purification 
system) and is then processed in a three-stage Claus plant, which 
has a sulphur recovery of 95%. The tail gas from the Claus plant 
is incinerated (to oxidize H28 to 802) and 85% of the resultant 
802 is removed in a limestone scrubbing unit; this process 
combination has a greater than 99% efficiency for the removal of 
sulphur from the Claus feed gas. The preparation of a sized coal 
feed for the Lurgi gasifiers produces a reject stream of coal
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fines (<4 mesn) which is used for the generation of process steam 
in a coal-fired boiler. About 95% of the Sulphur in the fines 
appears as 802 in the boiler stack gases, the remainder being 
retained in the boiler ash. The stack gases are desulphurized 
with a limestone scrubbing system which has an SO2 removal 
efficiency of 85%. Steam generated in the coal-fired boilers is 
superheated in a separate unit fired with low-sulphur by-product 
oil; all the 802 from the superheater is discharged directly to 
the atmosphere. A summary of the sulphur balance of the plant is 
given in Table 87; about 3.2% of the total sulphur input is 
discharged to the atmosphere. 

Particulate collection devices are used at various 
points throughout the plant; baghouses for the removal of 
particulates from the ventillaticn air from the coal and 
limestone handling operations, wet cyclone scrubbers for the 
removal of clinker ash particles in vent gases from the Lurgi wet 
ash chambers, and electrostic precipitators as the primary 
collection device for particulates emitted from the coal-fired 
boilers (some particulate removal also occurs in the limestone 
scrubber). Wescc currently plans to burn the ammonia/water— 
vapour stream recovered from the gas-liquor treatment plant in a 

steam generator/waste heat recovery system. If anticipated NOx 
emissions cannot be achieved, this stream will be condensed and 
the aqueous ammonia sold. A summary of the air emissions from 
the plant, on a stack-byfstack basis, is given in Table 88; these 
emissions meet, or better, the relevant New Mexico regulations 
tor coal gasification plants.
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.TABLE 87 SULPHUR BALANCE OF WESCO SNG PLANT 

Tons/day 
sulphur Sulphur form 

GASIFICATION SYSTEM 
Input 
Coal (21 860 tons/day, Organic and inorganic 

0.91%5) ' 200 sulphur compounds 
Output 

Ash 10 Sulphur compounds 
Tar, oil, and naphtha 5.8 Organic sulphur 

compounds 
C02 vent stream from 0.5 COS 

Rectisol process 
By-product sulphur 173.5 Sulphur 
Limestone scrubbing 7.8. CaSO./Ca803 

residue from Claus 
tail-gas treatment 

Air emission from Claus 1.4 SO2 
tail-gas scrubber 

STEAM GENERATION SYSTEM 
Input 

Coal (3760 tons/day, . 32.7 Organic and inorganic 
.0.87%S) sulphur compounds 

Oil (310 tonslday, 0.28%8) 0.9 Organic sulphur 
compounds 

Output 
Ash 1.6 Sulphur compounds 
Limestone scrubbing residue 26.“ CaSO./CaSO3 
Air emission

. 

Boiler stack gas “.7 802 
Superheater stack gas 0 9 802 

The El Paso SNG plant differs from the wesco plant in 
the approaches selected for generation of steam and electric 
power, and for sulphur recovery from H28. Coal-fired boilers are 
not used in the El Paso design thus avoiding problems associated 
with stack-gas desulphurization and particulate control systems. 
Steam and electrical power generation systems are fueled with
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low-Btu gas produced in nine air-blown gasifiers. The gas is 
desulphurized in a high-pressure Stretford plant and the gas 
liquor, resulting from gas cooling and scrubbing operations, is 

processed with the gas liquor from the oxygen-blown gasification 
System. Hydrogen sulphide in the waste-gas streams from the 
Rectisol plant is converted to sulphur in an atmospheric-pressure 
Stretrord unit (conversion efficiency, 99%) which has separate 
absorption trains for the lean and rich H28 gas streams. The 
etfluent gas from the rich—gas absorber is incinerated, to 

convert-organic sulphur compounds to 802, before discharge to the 
atmosphere, and the effluent from the lean acid gas absorber is 
fed to a catalytic conversion system to oxidize hydrocarbons to 
C02 and H20 and then vented to the atmosphere. It is estimated 
(L49) that the El Paso plant will discharge daily to the 
atmosphere about 7.2 tons of 802 (which corresponds to less than 
2% of the total sulphur input to the plant (Table 89)). About 
7.u tons of NOx per/day will also be discharged; the principal 
source of NOk is the combustion of low-Btu gas in the gas 
turbines used for electrical power generation.



-295-— 

TABLE 89 DISTRIBUTION OF SULPHUR IN EL PASO SNG PLANT 

Tons/day 

SULPHUR INPUT 
Coal to SNG production 160.5 
(23 262 tons/day, 0.69%8) 

Coal to fuel gas production 3u.u 
(4987 tons/day, 0.69%8) 

SULPHUR OUTPUT 
By—product sulphur 18 
Tar, oil, naphtha 
Sulphur plant vent emission 
Sulphur plant incinerator emission 
Gas turbines and boilers emissions 
Steam superheater and fuel gas heater emissions 

0.30.324

I wxlUJLAJN 

Because gaseous fuel is used throughout the plant, particulate 
emissions are associated only with solids-handling operations 
(e.g., coal crushing and screening, ash removal) and may be 
minimized by the application of conventional dust 
suppression/collection techniques. 

8 SUMMARY 
A prospective near-term shortage of domestic oil and 

natural gas in Canada has focused attention on the need to 
utilize indigenous coal, to a much greater extent than at 
present, in order to meet future energy and petrochemical 
requirements thereby minimizing the undesirable economic and 
political consequenCes inherent in dependence on imported fossil 
fuels. However, although coal reserves in Canada are very large 
and sufficient to meet energy needs well into the next century,



they are located mainly in the western provinces and the best 
approach to the national utilization of coal is complex technical 
and economic problem. As a primary hydrocarbon resource, coal 
has several disadvantages:

f 

(a) it is much_less convenient to handle and transport 
than oil or natural gas, 

(b) coal contains significant quantities of impurities 
and its composition varies widely not only between 
deposits but also within a given deposit, 

(c) many systems currently using oil or natural gas as 
a fuel or chemical feedstock cannot be converted 
readily to coal, 

(d) the direct combustion of coal produces pollutants 
that must be removed from the combustion gases 
before their discharge to the atmosphere. 

It is possible to convert coal into more versatile, non 
polluting, liquid, solid, or gaseous hydrocarbons; however, of 
the many coal conversion techniques currently being investigated, 
only gasification is commercially proven and available now. Two 
types of gas can be produced directly by coal gasification; these 
are low-Btu and intermediate-Btu gas, which are made in air-blown 
and oxygen-blown gasifiers respectively. .Following purification 
by well-established methods, both gases can be used as clean 
fuels. Intermediate-Btu gas is also an important chemical 
feedstock; it is widely used overseas in the synthesis of NH3 and 
a variety of liquid hydrocarbons, and is a precursor in the 
manufacture of SNG. At present, although there are no SNG plants 
in commercial operation, extensive pilot-plant studies have shown
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that the conversion of coal to SNG is technically feasible and 
can be confidently undertaken on a commercial scale. 

Coal gasification processes currently available for 
commercial use were first introduced several decades ago and, 
until recently, further developments in gasification technology 
have been inhibited by the ready availability of 'cheap' oil and 

natural gas. During the last 15 years, only the Lurgi and 
Koppers-Totzek processes have continued to be installed to any 
significant extent. The fixed-bed Lurgi process operates at 
elevated pressure: it is used for synthesis gas production at the 
large Sasol petrochemical complex in South Africa and has also 
been selected for all 'first generation' SNG plants in the United 
States. By substituting air for oxygen the Lurgi process can be 
used to produce low-Btu fuel gas. The entrained-bed Koppers- 
Totzek process operates at atmospheric pressure and is used 
exclusively for production of intermediate-Btu gas, which is used 
primarily for NH3 synthesis but which could also be upgraded to 
SNG. With both processes, large-scale gas manufacture requires a 

large number of gasifiers, e.g., a 250 million scfd SNG plant 
would need 25 to 30 Lurgi gasifiers. In the United States, a 

number of 'second generation' gasification processes are under 
development, based mainly on fluidized- or entrained-bed 
gasifiers. The most advanced of these processes (the Hygas and 

the CO2 Acceptor processes) are now operating at the pilot-plant 
level and are optimized for production of SNG. They offer the 
prospect of higher outputs per gasifier, and lower capital and 
‘operating costs than the Lurgi or Koppers-Totzek processes;
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however, it is unlikely that any of these new processes will be 
in commercial operation before the mid eighties. 

All coal gasification processes require the input of 
energy to support endothermic gasification reactions. When 
energy requirements for auxilliary support systems are taken into 
account, and assuming no credit for the heating value of possible 
by-products, the overall thermal efficiency.of current processes 
'for conversion of coal to SNG is about 55%, and to clean 
intermediate-Btu and low-Btu gas is 60% to 75% (depending on gas 
purity and delivery pressure requirements). SNG plants require a 

very large supply of coal - about 25 000 tons/day for a 250 

million scfd p1ant_- and therefore would normally be located at 
the mine site. In assessing the possible applications of western 
coal to meet the energy needs of central Canada it should be 
noted that for certain heating purposes (particularly- 
residential) the heat content of coal is utilized more 
efficiently if it is transported and used as SNG, manufactured at 
the mine site, rather than as electricity generated at the load 
site from coal transported to central Canada. Not only is the 

efficiency of coal conversion to SNG much higher than to 
electrical energy (about 55% and 37% respectively) but also the 
transportation cost/Btu/unit distance is significantly less for 
SNG than for coal. 

For many industrial operations, process heat now 
supplied by the combustion of oil or natural gas could also be 
supplied - with minimum process modification - by combustion of 
low-Btu or intermediate-Btu gas. However, because these gases 
have relatively low heat contents, they cannot be transported
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economically over long distances and hence gas production at, or 
close to, the point of use is necessary. On-site gas production 
and utiliZation provides an opportunity to increase the 
efficiency of coal-to-gas conversion through application of high- 

temperature gas cleaning; this approach has attracted 
considerable interest, because the sensible heat of the gas is 

retained and energy losses involved in gas quenching before low- 
temperature scrubbing processes are avoided. Although high- 

temperature gas desulphurization appears feasible, the problem of 
particulate removal at high temperatures remains unresolved and 
requires detailed study. 

In principle, clean low-Btu gas could be used as a fuel 

in place of coal in existing coal-fired power stations, thereby 
eliminating the need for flue gas treatment for the removal of 

802 and particulates. However, on grounds of thermal efficiency 
alone, losses involved in coal gasification make this approach 
unattractive, except perhaps on an interim basis in certain 
cases. Nevertheless, there is a major incentive to take 
advantage of the potential of clean low-Btu gas as fuel for gas 
turbines in combined gas-turbine, steam-turbine (COGAS) power 
plants. With present industrial gas turbines, COGAS electrical 
generating efficiencies of about uo%-can be achieved. With 
improvements in gas turbine technology significantly higher 
efficiencies are possible, resulting in a better overall heat 
rate for an integrated coal gasification/COGAS plant than for a 

modern pulverized-coal fired plant. 
The full environmental implications of coal gasification 

plants are not known. Major potential sources of emissions
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include coal mining and preparation, auxilliary power generation, 
sulphur removal and recovery, and hydrocarbon recovery and 
storage; atmospheric pollutants that could be emitted in 
significant amounts include oxidized and reduced sulphur 
compounds, particulates, oxides of nitrogen, and trace elements. 
There is currently a lack of data upon which to base emission 
standards, due primarily to the small number of coal gasification 
plants in operation. Estimated emissions from the Koppers-Totzek 
process and from planned Iurgi SNG plants in the United States, 
indicate that these processes can meet stringent emission 
requirements, but such estimates have yet to be confirmed under 
North American conditions. 

A major factor hindering the large-scale introduction of 
coal gasification is the difficulty in assessing plant capital 
and operating costs. Early estimates were much too low and it is 
now apparent that these plants will be highly capital intensive 
and consequently the cost of the product gas will be strongly 
influenced by the cost of money. As a rough (1975) cost guide, 
the conversion of sub-bituminous coal to a clean gaseous fuel 
will increase the cost of the fuel, per unit heat content, by 
about 3-1/2 to u-1/2 times. Ultimately the viability and 
application of coal gasification in Canada will depend on the 
relative cost and availability of oil and natural gas and of 
liquid and gaseous hydrocarbons produced by other coal conversion 
processes, as well as on socio-political decisions concerning the 
best utilization of indigenous energy resources.
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