
C H A P T E R  9 

Thermal Conversion: 
Gasification 

I. I N T R O D U C T I O N  

In Chapters 7 and 8, the thermal conversion of biomass to energy by combus- 
tion and to liquid fuels by pyrolysis and a few nonpyrolytic liquefaction pro- 
cesses was examined. In this chapter, the subject of thermal conversion will 
be expanded further by addressing biomass gasification. Biomass gasification 
processes are generally designed to produce low- to medium-energy fuel gases, 
synthesis gases for the manufacture of chemicals, or hydrogen. More than one 
million small-scale, airblown gasifiers for wood and biomass-derived charcoal 
feedstocks were built during World War I! to manufacture low-energy gas to 
power vehicles and to generate steam and electric power. Units were available 
in many designs. Thousands were mounted on vehicles and many were retrofit- 
ted to gas-fired furnaces. Sweden alone had over 70,000 "GENGAS" trucks, 
buses, and cars in operation in mid-1945 (Swedish Academy of Engineering, 
1950). Research continues to develop innovative biomass gasification processes 
in North America, and considerable research has also been conducted in Europe 
and Asia. The Swedish automobile manufacturers Volvo and Saab have ongoing 
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programs to develop a standard gasifier design suitable for mass production 
for vehicles. Much effort has been devoted to the commercialization of biomass 
gasification technologies in the United States since the early 1970s. A significant 
number of biomass gasification plants have been built, but many have been 
closed down and dismantled or mothballed. 

There is abundant literature on the thermal gasification ofbiomass. Informa- 
tion and data carefully chosen from this literature are discussed in this chapter. 
Information on coal gasification is also included because of its relevancy to 
the commercialization of biomass gasification; large-scale coal gasifiers have 
been in commercial operation for several years. This is not the case for most 
biomass gasifiers. Some of the coal gasification processes are also suitable for 
biomass feedstocks. Since the conditions required for coal gasification are more 
severe than those needed for biomass, some coal gasifiers can be operated on 
biomass or biomass-coal feedstock blends. Indeed, some gasifiers that were 
originally designed for coal gasification are currently in commercial use with 
biomass feedstocks. 

The pyrolytic gasification of biomass has been interpreted to involve the 
decomposition of carbohydrates by depolymerization and dehydration fol- 
lowed by steam-carbon and steam-carbon fragment reactions. So the chemis- 
tries of coal and biomass gasification are quite similar in terms of the steam- 
carbon chemistry and are essentially identical after a certain point is reached 
in the gasification process. Note, however, that biomass is much more reactive 
than most coals. Biomass contains more volatile matter than coal, and the 
pyrolytic chars from biomass are more reactive than pyrolytic coal chars. 

II. F U N D A M E N T A L S  

A. DEFINITION 

Basically, there are three types of biomass gasification processes--pyrolysis, 
partial oxidation, and reforming. As discussed in Chapter 8, if the temperature 
is sufficient, the primary products from the pyrolysis of biomass are gases. At 
high temperatures, charcoal and liquids are either minor products or not 
present in the product mixture. Partial oxidation processes (direct oxidation, 
starved-air or starvedooxygen combustion) are those that utilize less than the 
stoichiometric amounts of oxygen needed for complete combustion, so partially 
oxidized products are formed. The term "reforming" was originally used to 
describe the thermal conversion of petroleum fractions to more volatile prod- 
ucts of higher octane number, and represented the total effect of many simulta- 
neous reactions, such as cracking, dehydrogenation, and isomerization. Exam- 
ples are hydroforming, in which the process takes place in the presence of 
hydrogen, and catalytic reforming. Reforming also refers to the conversion of 
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hydrocarbon gases and vaporized organic compounds to hydrogen-containing 
gases such as synthesis gas, a mixture of carbon monoxide and hydrogen. 
Synthesis gas can be produced from natural gas, for example, by such processes 
as reforming in the presence of steam (steam reforming). For biomass feed- 
stocks, reforming refers to gasification in the presence of another reactant. 
Examples of biomass gasification by reforming are steam reforming (steam 
gasification, steam pyrolysis), and steam-oxygen and steam-air reforming. 
Steam reforming processes involve reactions of biomass and steam and of 
the secondary products formed from biomass and steam. Steam-oxygen or 
steam-air gasification of biomass often includes combustion of residual char 
from the gasifier, of a portion of the product gas, or of a portion of the 
biomass feedstock to supply heat. The processes can be carried out with or 
without catalysis. 

Under idealized conditions, the primary products of biomass gasification 
by pyrolysis, partial oxidation, or reforming are essentially the same: The 
carbon oxides and hydrogen are formed. Methane and light hydrocarbon gases 
are also formed under certain conditions. Using cellulose as a representative 
feedstock, examples of some stoichiometries are illustrated by these equations: 

Pyrolysis: C6HloO5-~ 5CO + 5H2 + C 
Partial oxidation: C6HloO5 q- 02--> 5CO + CO2 -k 5H2 
Steam reforming: C6H1005 q- H20 --> 6CO + 6H2. 

The energy content of the product gas from biomass gasification can be 
varied. Low-energy gases (3.92 to 11.78 MJ/m 3 (n), 100 to 300 Btu/SCF) are 
generally formed when there is direct contact of biomass feedstock and air. 
This is due to dilution of the product gases with nitrogen from air during the 
gasification process. Medium-energy gases (11.78 to 27.48 MJ/m 3 (n), 300 to 
700 Btu/SCF) can be obtained from directly heated biomass gasifiers when 
oxygen is used, and from indirectly heated biomass gasifiers when air is used 
and heat transfer occurs via an inert solid medium. Indirect heating of the 
gasifier eliminates dilution of the product gas with nitrogen in air and keeps 
it separated from the gasification products. High-energy product gases (27.48 
to 39.26 MJ/m 3 (n), 700 to 1000 Btu/SCF) can be formed when the gasification 
conditions promote the formation of methane and other light hydrocarbons, 
or processing subsequent to gasification is carried out to increase the concentra- 
tion of these fuel components in the product gas. Methane is the dominant 
fuel component in natural gas and has a higher heating value of 39.73 MJ/m 3 
(n) ( 1012 Btu/SCF). 

B. STOICHIOMETRIES AND THERMODYNAMICS 

Using cellulose as a representative feedstock composition, estimates of the 
enthalpy changes for some of the primary reactions that take place in biomass 
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gasification systems are shown in Table 9.1. Although many stoichiometries are 
possible, as alluded to in this table, most of the hypothetical steam gasification 
reactions listed are endothermic at 300 and 1000 K. If methane is produced, 
along with the concomitant formation of CO2, the process becomes progres- 
sively more exothermic. The partial oxidation reactions, as expected, are exo- 
thermic except at low oxygen levels. The degree of endothermicity and exother- 
micity of the pyrolysis reactions depends upon the product distributions. As 
carbon monoxide formation decreases and methane and carbon formation 
increase, the trend is toward more exothermic processes. It is evident that if 
fuel gases of higher energy content are desired, the gasification process should 
be operated to maximize methane and other light hydrocarbon products be- 
cause their heating values are considerably greater than those of the other fuel 
components, carbon monoxide and hydrogen, as shown in Table 9.2. As will 
be shown later, pyrolysis and steam gasification of biomass can be self- 
sustaining under certain conditions. These types of conversions have each 
been demonstrated in large facilities. 

I l l .  C O A L  G A S I F I C A T I O N  

Coal gasification is reviewed here to provide a foundation for more detailed 
discussion of biomass gasification. 

A. BRIEF HISTORY 

Coal gasification to produce gas for a variety of applications such as fuels, 
chemicals, and chemical intermediates has been known for many years. The 
largest application of coal gasification by far has been for manufactured fuel 
gas production by pyrolytic and partial oxidation processes in which the 
primary fuel components in the product gas are hydrogen, carbon monoxide, 
and methane. The first manufactured gas (town gas) plant was built in England 
in 1812 by London and Westminster Chartered Gas, Light and Coke Company, 
although the first record of experimental manufactured gas production from 
coal dates back to seventeenth-century England (cf. Environmental Research 
and Technology and Koppers Co., 1984; Srivastava, 1993). North America's 
first manufactured gas plants were built in Baltimore in 1816, in Boston in 
1822, and in New York in 1825 (Rhodes, 1974). The early processes involved 
the carbonization or destructive distillation of bituminous coal at temperatures 
of 600 to 800~ in small cast-iron retorts to yield "coal gas" (Villaume, 1984). 
It has been estimated that more than 1500 manufactured gas plants were in 
operation in the United States during the nineteenth century and the first half 
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TABLE 9.1 Enthalpies of Selected, Stoichiometric, Cellulose Gasification Reactions a 

Temperature Enthalpy 
Process Stoichiometry (K) (kJ) 

Pyrolysis C6H1oO5 ~ 5CO + 5H2 + C 

C6HloO5 ~ 5CO + CH4 + 3H2 

C6HloO5 ~ 4CO + CH4 + C + 2H~ + H20 

C6HloO5 ~ 3CO + CO2 + 2CH4 + H2 

C6HloO5 ~ 3CO + CH 4 + 2C + H2 + 2H20 

C6H1oO5 ~ 2CO + COL + 2CH4 4- C 4- H20 

Partial oxidation C6HxoO~ + 0.502 ~ 6CO + 5H2 

C6HloO5 4- 02 ~ 6CO + 4H2 + H20 

C6HloO 5 -i- 02--~ 5CO -+- COL -+- 5H2 

C6HloO5 + 1.502 ~ 6CO + 3H2 + 2H20 

C6HloO5 + 1.502 ~ 4CO + 2CO2 + 5H2 

C6HIoO5 + 202 ~ 3CO + 3CO2 + 5H2 

Steam gasification C6HloO5 + H20 ~ 6CO + 6H2 

C6HloO 5 4- 2H20--~ 5CO + CO2 + 7H2 

C6H1005 + 3H20--~ 4CO + 2CO2 + 8H2 

C6HloO5 + 7H20--~ 6CO2 + 12H2 

C6H1005 + H20--~ 4CO + CO2 + CH4 + 4H2 

C6H1005 + H20--~ 2CO + 2CO2 + 2CH~ + 2H2 

300 180 
1000 209 
300 105 

1000 120 
300 - 2 6  

1000 - 1 6  
300 - 1 4 2  

1000 - 1 4 0  
30O - 1 5 8  

1000 - 1 5 2  
300 - 2 7 4  

1000 - 2 7 6  

300 71 
1000 96 
300 - 1 7 2  

1000 - 1 4 2  
300 - 2 1 3  

1000 - 1 8 0  
300 - 4 1 4  

1000 - 3 8 9  
300 - 4 9 8  

1000 - 4 6 4  
300 - 7 7 8  

1000 - 7 4 5  

300 310 
1000 322 

300 272 
1000 310 

300 230 
1000 276 

300 64 
1000 137 
300 64 

1000 85 
300 - 1 8 4  

1000 - 1 7 5  

aThe standard enthalpies of formation used for the calculations are from Stull, Westrum, and 
Sinke (1987) and Daubert and Danner (1989). The standard enthalpy of formation of cellulose 
was calculated from its heat of combustion. The monomeric unit of cellulose is C6HtoOs. The 
enthalpies are listed in kJ/g-mol of monomeric unit gasified. 
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TABLE 9.2 Higher Heating Values of Combustibles 
Commonly Formed in Gasification Processes 

Higher heating value 

Combustible MJ/m 3 (n) Btu/SCF 

Methane 39.73 1012 

Ethane 69.18 1762 

Propane 98.51 2509 

Ethylene 64.43 1641 

Propylene 92.42 2354 

Benzene 146.1 3722 

Carbon monoxide 12.67 322.6 

Hydrogen 12.74 324.5 

of the twentieth century. The gasification processes used in these plants af- 
forded water gas, producer gas, oil gas, coke oven gas, and blast furnace gas 
(Liebs, 1985; Remediation Technologies, Inc., 1990). 

Natural gas displaced most manufactured gas for municipal distribution in 
industrialized countries after World War II. In the 1960s and 1970s, interest 
in developing advanced coal gasification processes was rekindled when it was 
believed that natural gas reserves would become insufficient in a few years to 
meet demand. This activity has since declined, but several coal gasification 
processes developed during this period have been commercialized and are 
used for production of fuel and synthesis gas. 

B. CHEMISTRY 

The chemistry of coal gasification is usually depicted to involve the following 
reactions of carbon, oxygen, and steam (cf. Bodle and Schora, 1979). The 
standard enthalpy change (gram molecules) at 298 K is shown for each reaction. 

Gasification: (1) 
(2) 
(3) 
(4) 

Partial oxidation: (5) 
Water gas shift: (6) 
Methanation: (7) 

(8) 

C + 02--> CO2 - 393.5 kJ 
C + H20--'> CO + H2 + 131.3 kJ 
C + 2H20---> CO2 4- H2 4- 90.2 kJ 
C 4- CO2--> 2CO 4- 172.4 kJ 
C 4- 0.502--> CO - 110.5 kJ 
CO 4- H20--> CO2 4- H2 - 41.1 kJ 
2CO 4- 2H2 ~ CH4 4- CO2 - 247.3 kJ 
CO 4- 3H2---> CH4 4- H20 - 206.1 kJ 
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(9) CO2 + 4H2--) CH4 + H 2 0 -  165.0 kJ 
(10) C + 2 H 2 ~  C H 4 -  74.8kJ.  

In theory, gasification processes can be designed so that the exothermic 
and endothermic reactions are thermally balanced. For example, consider 
reactions 2 and 5. The feed rates could be controlled so that the heat released 
balances the heat requirement. In this hypothetical case, the amount  of oxygen 
required is 0.27 mol/mol of carbon, the amount  of steam required is 0.45 tool/ 
mol of carbon, and the oxygen-to-steam molar ratio is 0.6: 

C + H20--~ CO + H2 + 131.3 kJ 
1.2C + 0.602--~ 1 . 2 C O -  131.3 kJ 

Net: 2.2C + H20 + 0.602 ~ 2.2CO + H2. 

Many reactions occur simultaneously in coal gasification systems and it is not 
possible to control the process precisely as indicated here. But by careful 
selection of temperature, pressure, reactant and recycle product feed rates, 
reaction times, and oxygen-steam ratios, it is often possible to maximize certain 
desired products. When  high-energy fuel gas is the desired product, selective 
utilization of high pressure, low temperature, and recycled hydrogen can result 
in practically all of the net fuel gas production in the form of methane. 

The oxygen-steam ratios required to maintain zero net enthalpy change are 
given in Table 9.3 for several temperatures and pressures (Parent and Katz, 
1948). With increased pressure, the ratio necessary to preserve a zero net 
enthalpy change diminishes. The decrease is most pronounced at low pressures. 
The effect of temperature change at constant pressure is also shown in Table 9.3. 
At lower temperatures, the oxygen-steam ratio doubles for each temperature 

TABLE 9.3 Oxygen-Steam Ratios Yielding Equilibrium Products with Zero Net Change in 
Enthalpy in the Carbon-Oxygen-Steam Reaction ~ 

Ratio of oxygen to steam (m 3 (n)/kg) at indicated pressure 

Temperature (K) 0.1013 MPa 1.0133 MPa 2.0265 MPa 3.0398 MPa 

900 3.1 1.1 1.0 0.8 

1000 6.8 2.6 2.0 1.6 

1100 10.9 5.4 4.0 3.2 

1200 11.7 8.8 6.7 6.0 

1300 11.1 9.7 8.7 

1400 12.8 11.9 11.2 10.6 

1500 13.0 12.1 11.9 11.7 

aAdapted from Parent and Katz (1948). 
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interval of 100 K. At higher temperatures, the increase diminishes and finally 
becomes very small. 

The thermodynamic equilibrium compositions and enthalpy changes for 
the carbon-oxygen-steam system are graphically illustrated at several represen- 
tative temperatures and pressures in Figs. 9.1 to 9.4 (Parent and Katz, 1948). 
Increasing pressures tend to lower the equilibrium concentrations of hydrogen 
and carbon monoxide and increase the methane and carbon dioxide concentra- 
tions (Fig. 9.1). Methane and carbon dioxide formation are favored at lower 
temperatures, and at higher temperatures, carbon monoxide and hydrogen are 
the dominant equilibrium products (Figs. 9.2 and 9.3). At high temperatures, 
the reactions occurring in the system are thermodynamically equivalent to 
reactions 2 and 5. It is also apparent that hydrogen-to-carbon monoxide molar 
ratios of 1.0 or more are thermodynamically feasible at lower feed ratios of 
oxygen to steam and low pressure (Fig. 9.4). 

Although the utility of thermodynamic data to optimize the operating condi- 
tions of a gasification process is of considerable importance, thermodynamics 
ignore kinetic and catalytic effects and the mechanisms by which processes 
occur. The data presented here, however, provide valuable guidelines for the 
design of gasification processes. For coal gasification, the type of coal and 
reactant contact conditions in the gasifier produce large differences in the raw 
product gas compositions. In general, the same principles and conclusions 
apply to biomass gasification. Where experimental conditions are favorable, 
equilibrium may be approached by prolonged contact of the reactants or by 
use of catalysts. Where neither of these conditions offers a convenient solution, 
a compromise between idealized equilibrium and kinetics is necessary. 

C. GASIFIER DESIGN AND GASIFICATION 

Coal gasifier designs are almost as numerous as the many different types and 
ranks of coal. The basic configurations, hardware, and operations that have 
been considered are described here because several of them are applicable to 
biomass gasification (cf. National Academy of Engineering, 1973, and accompa- 
nying references). 

Modern coal gasification processes consist of a sequence of operations: coal 
crushing, grinding, drying, and pretreatment, if necessary; feeding the coal 
into the gasifier; contacting the coal with the reacting gases for the required 
time in the gasifier at the required temperature and pressure; removing and 
separating the solid, liquid, and gaseous products; and treating the products 
downstream to upgrade them and to stabilize and dispose of solid and liquid 
wastes, dust, fines, and emissions. A large number of solids-feeding devices 
have been developed for low-pressure, atmospheric gasifiers. These include 
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FIGURE 9.1 Change in the equilibrium composition of carbon-steam systems with pressure at 
1200 K. From Parent and Katz (1948). 

screws and star valves. For gasifiers operating at elevated pressures, lockhop- 
pers and slurry pumping are the two leading solids-feeding devices. Lockhop- 
pers are operated in an intermittent fashion so that coal fills the hopper vessel 
at atmospheric pressure. The vessel is pressurized with gas; the coal then 
flows to the gasifier at elevated pressure, and the lockhopper is restored to 
atmospheric pressure. If one lockhopper is used, the flow of coal to the gasifier 
is intermittent; two or more can be used for continuous feeding. The ash is 
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FIGURE 9.2 Change in the equilibrium composit ion of carbon-s team systems with temperature 

at a pressure of 1 atm. From Parent and Katz (1948). 

withdrawn from the gasifiers as a slurry or by lockhopper. If the ash is molten 
as in slagging gasifiers, it is ordinarily quenched in water to solidify and break 
it up before disposal. 

Gasifier operating temperatures range from 500 to 1650~ and pressures 
range from atmospheric to 7.6 MPa. The feedstocks are lump coal or pulverized 
coal. Processes using moving beds of lump coal can operate at temperatures 
up to about 980~ if the ash is recovered as a dry solid. Higher temperatures 
are possible if the ash is removed in a molten state. The methods of contacting 
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FIGURE 9.3 Change in the equilibrium composition of carbon-steam systems with temperature 
at a pressure of 20 arm. From Parent and Katz (1948). 

the solid coal feed with reactant gases include reactors that contain a descending 
bed of solids with upflowing gas, a fluidized bed of solids, entrained flow of 
solids in gas, or molten baths of gasifying media. Modern processes generally 
utilize fixed-bed reactors operated under nonslagging or slagging conditions, 
circulating or bubbling fluid-bed reactors with ash recovered from the bed in 
either a dry or agglomerated form, entrained-flow reactors with pulverized 
coal suspended in the gas stream wherein gasification is completed before the 
gas containing the ash leaves the gasifier, or molten bath reactors. 



2 8 2  Thermal Conversion: Gasification 

100 

90 

80 'k 
N 

70 

I.-- 
Z 
uJ 
tO 60 
(DE 
LLI t't 

05 <~ 

50 
tO 

O rv-" 

,J 
\ 

\ 

'k 

Q.. 

O" 4 0 ~ ~ , , , , ~  
Z 
O n 
I---- D 

O 3O CL 

O 
tO 

\ 

\ 

20 

30 

CO2, ~ /  

5 coJ 
~, H20 

ILl 

r 
20 Z 

0 
o 

Z 
0 mm 

10 nr 

0 
I J_ 
0 
..J 
0 

o ~, 

rr" 

r 
-10 m 

Z 

-20 ~ 
O_ 
_.J 
-r- 

~ z mmm 
~ "  -ao z ~ -- 

r 

,-40 ~ 

z 

10 -50 
CH4 

0 -60 
0 0.7 0.1 0.2 0.3 0.4 0.5 0.6 

MOLAR RATIO OF INLET OXYGEN TO STEAM 

F I G U R E  9.4  Var i a t ion  of  equilibrium composition and enthalpy change with oxygen-steam 
ratio for the carbon-oxygen-steam system at atmospheric pressure and 900  K. F r o m  Parent and 
Katz (1948) .  

Fixed-bed gasifiers, which are also called moving-bed gasifiers, are usually 
counterflow systems. Coal is fed at the top of the gasifier and air or oxygen along 
with steam is generally injected near the bottom. The maximum temperature, 
normally 930 to 1430~ occurs at the bottom, and the residence time in the 
gasifier is 1 to 2 h. The fixed-bed gasifier involves countercurrent flow in 
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which large particles of coal move slowly down the bed and react with gases 
moving up through the bed. Various processes occur in different zones of the 
reactor. At the top of the gasifier, the coal is heated and dried while cooling 
the exiting product gas. The temperatures of the exit gas range from 315~ 
for high-moisture lignites to 550~ for bituminous coal. As the coal descends 
through the gasifier, sequential heating, drying, devolatilization, carbonization, 
and gasification take place. Fixed-bed coal gasifiers are characterized by lower 
gasification and product gas temperatures, lower oxygen requirements, lower 
tar and oil production, higher methane content in the product gas, and limited 
ability to handle caking coals and coal fines. 

Fluid-bed gasifiers generally require coal in the 10- to 100-mesh size range, 
and the maximum bed temperature is determined by the fusion point of the 
ash, which is usually 815 to 1040~ Operation below the fusion temperature 
avoids formation of sticky, molten slag. Fresh coal feed is well mixed with 
the particles of coal and char already undergoing gasification. Steam and oxygen 
or air is usually injected near the bottom of the bed. Some unreacted coal and 
char particles are reduced in size during gasification and are entrained in the 
hot exit gas. This material is recovered for recycling. The ash is removed at 
the bottom of the bed and is cooled by heating the incoming feed gas and 
recycle gas. Fluid-bed gasifiers generally utilize significant recycle of flyash, 
operate at moderate and constant temperatures, and are limited in their ability 
to convert high rank coals. Agglomerated ash operation, which can be achieved 
by incorporation of a hot-ash agglomerating zone in the bottom of the reactor 
so that the ash particles stick together and grow in size until separated from 
the unreacted char, improves the ability of the process to gasify high rank and 
caking coals. 

Entrained-flow gasifiers use pulverized coal, about 70% of which is smaller 
than 200 mesh, and have high feedstock flexibility. The coal particles are 
entrained in the steam-oxygen feed and the recycled gas stream and gasified 
at residence times of a few seconds, after which the product gas is separated 
from the ash. The lower residence times can offer potentially higher through- 
puts at elevated pressures. Entrained-flow gasifiers can be operated at lower 
temperatures to maintain the ash as a dry solid, or at temperatures well above 
the ash fusion point in the slagging mode so that the ash is removed as a 
molten liquid. Operation at higher temperature results in little or no tars and 
oils in the product gas. 

In molten bath processes, crushed coal is passed with reacting gases into 
the liquid bath, where gasification occurs. The ash can become part of the 
liquid bath or can be separated. The media include liquid iron and liquid 
sodium carbonate. 

Low-, medium-, and high-energy gases can be produced in coal gasification 
processes. The important parameters are essentially the same as those for 
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biornass gasification systems. The higher heating values of the combustible 
gases commonly formed in coal-derived gases are listed in Table 9.2. As in 
the case of biomass gasification, the primary combustible components in low- 
energy product gases are carbon monoxide and hydrogen. In gasifiers where 
the coal particles are in direct contact with the oxygen-containing gas, nitrogen 
is a major component in the product gas if air is used as a coreactant instead 
of oxygen. Medium-energy gases are usually formed with oxygen and contain 
a higher percentage of combustibles, in addition to hydrogen and carbon 
monoxide, such as methane. High-energy gases approaching heating values of 
39.3 MJ/m 3 (n) (1000 Btu/SCF), the approximate higher heating value of pure 
methane, are produced at lower temperature conditions with oxygen instead 
of air, to maximize methane concentration. Further processing is necessary to 
methanate residual carbon monoxide and to separate noncombustible gases 
to provide a high-energy gas. 

D. PRODUCT GAS COMPARISON 

A comparison of the heating values and compositions of the raw product gases 
from selected coal gasification processes is shown in Table 9.4. Some of these 
processes, a few of which are used for synthesis gas production, have been 
commercialized. Some have been developed to the point where they might be 
termed near-commercial, and a few are under development. It is evident that 
a wide range of gas compositions can be produced by coal gasification. It is 
also evident that several of the gas compositions and operating conditions can 
be correlated with thermodynamic principles and the thermodynamics of the 
carbon-oxygen-steam system. Methane and carbon dioxide yields are generally 
higher at lower temperatures and higher pressures, as illustrated by the raw 
gas compositions for the Synthane process, whereas higher temperatures and 
lower pressures favor carbon monoxide and hydrogen, as illustrated by the 
raw gas compositions reported for the Koppers-Totzek process. Interestingly, 
the heating values of the product gases for processes supplied with steam- 
oxygen coreactants are generally in the same range despite the wide range of 
operating conditions. The heating values of the product gases from processes 
supplied with steam-air coreactants are also in the same range, although they 
are lower than those of the product gases produced by coal-steam-oxygen 
processes. Arithmetic adjustment of the heating values by deducting nitrogen 
from the product gases shows that all of them are in the same range. 

E. COMMERCIAL PROCESSES 

The processes listed in Table 9.4 that are reported to be used commercially 
to supply synthesis gas for methanol production are the Lurgi process, the 
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Winkler process, the Koppers-Totzek process, and the Texaco process. Down- 
stream adjustment and treatment of the raw product gases is required when 
these processes are used to supply feedstock or cofeedstock to a typical low- 
pressure methanol process operating at 220 to 270~ and 5.066 to 10.132 
MPa (50 to 100 atm). A few of the operating details of these and other 
commercial coal gasification processes are presented here. 

Dry Ash Lurgi Process 

This process is a fixed-bed process that gasifies crushed, dried coal at 620 to 
760~ 2.43 to 3.14 MPa, and residence times of about 1 h. The raw product 
gas exits the gasifier at 370 to 590~ and contains tar, oil, naphtha, phenols, 
ammonia, sulfides, and fines. Quenching with oil removes tar and oil. Catalytic 
shifting and scrubbing of the quenched product gas provides a gas that can 
be methanated to produce substitute natural gas, or the equivalent of pipeline 
gas. The process is limited to noncaking coals. 

British Gas Lurgi Slagging Process 

This process incorporates advancements into Lurgi's dry-ash gasifier that con- 
vert the system to a slagging gasifier, reduce the steam requirement to about 
15% of that required by the dry-ash gasifier, provide a raw gas with higher 
carbon monoxide and lower methane, carbon dioxide, and moisture, and 
improve the capability to use caking coals and a significant amount of fines. 
The process affords increased gas yields by limiting the net hydrocarbon liquids 
to naphtha and phenols. 

Winkler Process 

This process converts crushed coal, oxygen, and steam at 820 to 1000~ and 
near-atmospheric pressure in a fluid-bed gasifier. After passage of the raw gas 
through a waste heat recovery section, flyash is removed by cyclones, wet 
scrubbers, and electrostatic precipitators. Further processing, depending on 
end use, yields a gas suitable as synthesis gas or pipeline gas. 

High-Temperature Winkler Process 

This process uses a fluid-bed unit that is especially designed for gasification 
of brown and hard coals, peat, and biomass. In the case of brown coal, predried 
feed at 12 wt % moisture is fed along with oxygen and steam to the reactor 
which operates at 750 to 800~ and 2.53 MPa. 
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Koppers-Totzek Process 

This process can be operated on all types of coal without pretreatment. Dried, 
pulverized coal and oxygen are converted in a horizontal, entrained-flow gas- 
ifier at about 1820~ and near-atmospheric pressure. The raw gas is quenched 
with water to solidify entrained molten ash, scrubbed to remove entrained 
solids, and purified to remove hydrogen sulfide and a controlled quantity of 
carbon dioxide. The resulting product is used as synthesis gas. 

Shell Oil Co. Process 

This process is a dry feed, entrained-flow, high temperature-high pressure, 
slagging gasifier that converts a wide variety of coals from lignite to bituminous 
to a medium-energy gas for combined cycle power generation. The unit oper- 
ates with pressurized, predried coal, oxygen, and steam at 1500~ and attains 
carbon conversions above 99%. 

Texaco, Inc. Process 

This process is a single-stage, pressurized, entrained-flow slagging process that 
uses a water slurry of ground coal which is pumped along with oxygen to the 
gasifier. The operating temperature in the gasifier is 1200 to 1500~ Careful 
control of the oxygen feed to maintain a reducing atmosphere results in a 
synthesis gas that is predominantly carbon monoxide and hydrogen. 

Destec Energy, Inc. Process 

This process is a two-stage, entrained-flow, slagging process for conversion of 
lignite and subbituminous coal. The preheated water slurry of coal is fed to 
the first stage where it is mixed with oxygen, the feed rate of which is controlled 
to maintain the reactor temperature in a specific range, depending on the 
properties of the coal. The second stage reduces the temperature of the raw 
product gas to about 1000~ The coal is almost completely converted to 
carbon monoxide, carbon dioxide, and hydrogen. 

IGT's U-GAS Process 

Tampella Corporation is commercializing the U-GAS process, which was devel- 
oped by the Institute of Gas Technology. Tampella has constructed a 10-MW, 
integrated U-GAS-combined cycle power plant in Finland that uses coal, peat, 
and wood wastes as feedstocks. U-GAS incorporates a single-stage, fluid-bed 
gasifier in which coal reacts with steam and air at 950 to 1090~ at pressures 
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from atmospheric to 3.55 MPa to yield a low-energy gas. Oxygen can be 
substituted for air, in which case a medium-energy gas is produced. 

IV. BIOMASS GASIFICATION 

A. INTRODUCTION 

The effort to develop and commercialize advanced biomass gasification systems 
is not nearly as extensive as the effort to develop coal gasification. However, 
considerable research and pilot plant studies have been carried out since about 
1970 on biomass gasification for the production of fuel gases and synthesis 
gases (cf. Stevens, 1994). Several processes have been commercialized. Basic 
studies on the effects of various operating conditions and reactor configurations 
have been performed in the laboratory and at the PDU (process development 
unit) and pilot scales on pyrolytic, air-blown, oxygen-blown, steam, steam- 
oxygen, and steam-air gasification, and on hydrogasification. The thermal 
gasification of biomass in liquid water slurries has also been studied. 

The chemistry of biomass gasification is very similar to that of coal gasifica- 
tion in the sense that thermal decomposition of both solids occurs to yield a 
mixture of essentially the same gases. But as pointed out in the Introduction, 
biomass is much more reactive than most coals. Biomass contains more volatile 
matter than coal, gasification occurs under much less severe operating condi- 
tions for biomass than for coal feedstocks, and the pyrolytic chars from biomass 
are more reactive than pyrolytic coal chars. The thermodynamic equilibrium 
concentrations of specific gases in the mixture depend on the abundance of 
carbon, hydrogen, and oxygen, the temperature, and the pressure. As in the 
case of coal feedstocks, increasing pressures tend to lower the equilibrium 
concentrations of hydrogen and carbon monoxide, and increase the methane 
and carbon dioxide concentrations. Also, as in the case of coal feedstocks, 
methane formation is favored at lower temperatures, and carbon monoxide 
and hydrogen are dominant at high temperatures. Biomass is gasified at lower 
temperatures than coal because its main constituents, the high-oxygen cellulos- 
ics and hemicellulosics, have higher reactivities than the oxygen-deficient, 
carbonaceous materials in coal. The addition of coreactants to the biomass 
system, such as oxygen and steam, can result in large changes in reaction 
rates, product gas compositions and yields, and selectivities as in coal conver- 
sion. 

Biomass feedstocks contain a high proportion of volatile material, 70 to 
90% for wood compared to 30 to 45% for typical coals. A relatively large 
fraction of most biomass feedstocks can be devolatilized rapidly at low to 
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moderate temperatures, and the organic volatiles can be rapidly converted to 
gaseous products. The chars formed on pyrolytic gasification of most biomass 
feedstocks have high reactivity and gasify rapidly. Heat for pyrolysis is usually 
generated by combusting fuel gas either in a firebox surrounding the reaction 
chamber or in fire tubes inserted into the reaction chamber. As discussed in 
Chapter 8, chars, tars and oily liquids, gases, and water vapor are formed in 
varying amounts, depending particularly on the feedstock composition, heating 
rate, pyrolysis temperature, and residence time in the reactor. For biomass 
and waste biomass, steam gasification generally starts at temperatures near 
300 to 375~ 

Undesirable emissions and by-products from the thermal gasification of 
biomass can include particulates, alkali and heavy metals, oils, tars, and aque- 
ous condensates. One of the high-priority research efforts is aimed at the 
development of hot-gas-cleanup methods that will permit biomass gasification 
to supply suitable fuel gas for advanced power cycles that employ gas turbines 
without cooling the gas after it leaves the gasifiers (International Energy 
Agency, 1991, 1992). It is important to avoid gas turbine blade erosion and 
corrosion by removing undesirable particulates that may be present. The re- 
moval of tars and condensables may also be necessary. Furthermore, utilization 
of the sensible heat in the product gas improves the overall thermal operating 
efficiencies. Nonturbine applications of the gas may also be able to take advan- 
tage of processes that provide clean, pressurized hot gas, such as certain down- 
stream chemical syntheses and fuel uses. Special filtration and catalytic systems 
are being developed for hot-gas cleanup. Some of the other research needs 
that have been identified include versatile feed-handling systems for a wide 
range of biomass feedstocks; biomass feeding systems for high-pressure gasifi- 
ers; determination of the effects of additives, including catalysts for minimizing 
tar production and materials that capture the contaminants; and suitable ash 
disposal and wastewater treatment technologies. Research on thermal biomass 
gasification in North America has tended to concentrate on medium-energy 
gas production, scale-up of advanced process concepts that have been evaluated 
at the PDU scale, and the problems that need to be solved to permit large- 
scale thermal biomass gasifiers to be operated in a reliable fashion for power 
production, especially for advanced power cycles. Research to develop biomass 
gasification processes for chemical production via synthesis gas waned in the 
mid-1980s because of low petroleum and natural gas prices. More attention 
was given to the subject in the 1990s when the market prices for these fossil 
fuels began to increase. 

Examples of the various types of biomass gasification processes are reviewed 
in the next few sections before commercial and near-commercial processes 
are described. 
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B. GASIFICATION PROCESS VARIATIONS 

Pyrolytic Gasification 

The primary products of biomass pyrolysis under conventional pyrolysis condi- 
tions are gas, oil, char, and water. As the reaction temperature increases, gas 
yields increase. It is important to note that pyrolysis may involve green or 
predried biomass, and that product water is formed in both cases. Water is 
released as the biomass dries in the gasifier and is also a product of the chemical 
reactions that occur, even with bone-dry biomass. Unless it is rapidly removed 
from the reactor, this water would be expected to participate in the process 
along with any added feedwater or steam. As will be shown later, the exothermic 
heat from the steam gasification of woody biomass under certain conditions 
appears to be sufficient to eliminate the need for an external heat source or 
the use of oxygen. Self-sustained steam gasification can effectively be carried 
out with biomass feedstocks, according to some investigators. 

One of the more innovative pyrolytic gasification processes is an indirectly 
heated, fluid-bed system (cf. Alpert et al., 1972; Bailie, 1981; Paisley, Feldmann, 
and Appelbaum, 1984). This system uses two fluid-bed reactors containing 
sand as a heat transfer medium. Combustion of char formed in the pyrolysis 
reactor takes place with air within the combustion reactor. The heat released 
supplies the energy for pyrolysis of the combustible fraction in the pyrolysis 
reactor. Heat transfer is accomplished by flow of hot sand from the combustion 
reactor at 950~ to the pyrolysis reactor at 800~ and return of the sand to 
the combustion reactor (Fig. 9.5). This configuration separates the combustion 

Combustion 
products 4 1  

Fluidized- 
bed 

combustion 

Sand 
recycle 

Char 

I Gas-char Pyrolysis 
J Separation gas J 

Fluidized- 
bed 

pyrolysis 

Shredded 
feed 

organics 

CO shift 

Scrubbing - - ' ~  CO 2 

Methanation ~ Methane 

A 

Air - | Pyrolysis gas 
recycle 

FIGURE 9.5 Methane production by pyrolysis using sand and char recycle in a fluidized two- 
bed system. 
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and pyrolysis reactions and keeps the nitrogen in air separated from the 
pyrolysis gas. It yields a pyrolysis gas that can be upgraded to a high-energy 
gas (substitute natural gas, SNG) by shifting, scrubbing, and methanating 
without regard to nitrogen separation. The pyrolysis gas with hybrid poplar 
feedstocks typically contains about 38 tool % carbon monoxide, 15 tool % 
carbon dioxide, 15 tool % methane, 26 mol % hydrogen, and 6 tool % C2~. 
This is a medium-energy gas having a higher heating value of about 19.4 MJ/ 
m 3 (n). The projected gas yields are about 670 m 3 (n) of pyrolysis gas, or about 
200 m 3 (n) of methane per dry ton of feed if SNG is produced. 

Partial Oxidation 

Many thermal conversion processes can be classified as partial oxidation pro- 
cesses in which the biomass is supplied with less than the stoichiometric 
amount of oxygen needed for complete combustion. Both air and oxygen have 
been utilized for such systems. When the oxygen is supplied by air, low- 
energy gases are formed that contain higher concentrations of hydrogen, carbon 
monoxide, and carbon dioxide than medium-energy gases. When pure oxygen 
or oxygen-enriched air is used, gases with higher energy values can be obtained. 
In some partial oxidation processes, the various chemical reactions may occur 
simultaneously in the same reactor zone. In others, the reactor may be divided 
into zones: A combustion zone that supplies the heat to promote pyrolysis in 
a second zone, and perhaps to a third zone for drying, the overall result of 
which is partial oxidation. 

One system (Fig. 9.6) uses a three-zoned vertical shaft reactor furnace 
(Fisher, Kasbohm, and Rivero, 1976). In this process, coarsely shredded feed 
is fed to the top of the furnace. As it descends through the first zone, the 
charge is dried by the ascending hot gases, which are also partially cleaned 
by the feed. The gas is reduced in temperature from about 315~ to the range 
of 40 to 200~ The dried feed then enters the pyrolysis zone, in which the 
temperature ranges from 315 to 1000~ The resulting char and ash then 
descend to the hearth zone, where the char is partially oxidized with pure 
oxygen. Slagging temperatures near 1650~ occur in this zone, and the resulting 
molten slag of metal oxides forms a liquid pool at the bottom of the hearth. 
Continuous withdrawal of the pool and quenching forms a sterile granular 
frit. The product gas is processed to remove flyash and liquids, which are 
recycled to the reactor. A typical gas analysis is 40 mol % carbon monoxide, 
23 mol % carbon dioxide, 5 mol % methane, 5 tool % C2's, and 20 mol % 
hydrogen. This gas has a higher heating value of about 14.5 MJ/m 3 (n). 

An example of the gasification of biomass by partial oxidation in which air 
is supplied without zone separation in the gasifier is the molten salt process 
(Yosim and Barclay, 1976). In this process, shredded biomass and air are 
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FIGURE 9.6 Production of synthesis gas in a three-zone shaft reactor furnace. From Fisher, 
Kasbohm, and Rivero (1976). 

continuously introduced beneath the surface of a sodium carbonate-containing 
melt which is maintained at about 1000~ As the resulting gas passes through 
the melt, the acid gases are absorbed by the alkaline media and the ash is also 
retained in the melt. The melt is continuously withdrawn for processing to 
remove the ash and is then returned to the gasifier. No tars or liquid products 
are formed in this process. The heating value of the gases produced depends 
on the amount of air supplied and is essentially independent of the type of 
feed organics. The greater the deficiency of air needed to achieve complete 
combustion, the higher the fuel value of the product gas. Thus, with about 
20, 50, and 75% of the theoretical air needed for complete oxidation, the 
respective higher heating values of the gas are about 9.0, 4.3, and 2.2 MJ/m 3 (n). 

Many gasifier designs have been offered for the manufacture of producer 
gas from virgin and waste biomass, and several types of units are still available 
for purchase. As mentioned in the introduction to this chapter, thousands of 
producer gasifiers operating on air and wood were used during World War 
II, particularly in Sweden, to power automobiles, trucks, and buses. The engines 
needed only slight modification to operate on low-energy producer gas. Al- 
though only limited research has been carried out on small-scale producer 
gasifiers for biomass in recent years, significant design advancements continue 
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to be made even though the gasifiers have been used for more than 100 years. 
One of the interesting developments is the open-top, stratified, downdraft 
gasifier in which the feedstock such as wood chips moves downward from the 
top as it is gasified and air is simultaneously drawn in from the top through 
successive reaction strata (LaFontaine, 1988; LaFontaine and Reed, 1991). 
Low-cost, portable gasifiers can be assembled for captive use from ordinary metal 
cans, garbage containers, and drums that are manually loaded with fuel from the 
open top. More sophisticated units can of course be manufactured. The open- 
top biomass gasifier is simple to operate, is inexpensive, and can be close-coupled 
to a gas engine-generator set without requiring the use of complex gas-cleaning 
equipment. The system appears to be quite suitable for small- and moderate-scale 
engine applications from 5 to 5000 HP and portable electric-power generation 
systems. The gasifier dimensions are sized to deliver gas to the engine based on 
its fuel-rate requirements, and minimal controls are needed. 

A similar, wood-fueled, downdraft gasifier patterned after Swedish reports 
from the early years of World War II was initially built in the United States 
in the late 1970s of mild steel. It was used to power an unmodified 1978 
Chevrolet Malibu station wagon equipped with a 3.3-L (200-in. 3) V-6 engine 
for a coast-to-coast trip from Jacksonville, Florida, to Los Angeles, California, 
a distance of about 4300 km (Russel, 1980). Small pine and hardwood blocks 
of 15 to 25 wt % moisture content were used as fuel throughout the trip. The 
gasifier was pulled on a small two-wheel trailer behind the vehicle. The system 
was subsequently driven a total of 8046 km. Examination of the vehicle and 
all components showed no significant wear or abnormalities. A typical composi- 
tion of the low-energy fuel gas was reported to be 18 mol % carbon monoxide, 
9 mol % carbon dioxide, 1 mol % methane, 17 tool % hydrogen, 45 mol % 
nitrogen, and 10 mol % water. On a distance traveled basis, about 3.0 to 
3.6 kg of wood fuel was estimated to equate to 1 L of gasoline. 

Steam Gasification 

Steam is also blended with air in some gasification units to promote the overall 
process via the endothermic steam-carbon reactions to form hydrogen and 
carbon monoxide. This was common practice at the turn of the last century, 
when producer gasifiers were employed to manufacture low-energy gas from 
virgin and waste biomass. The producer gas from these gasifiers generally had 
heating values around 5.9 MJ/m 3 (n), and the energy yields as gas ranged up 
to about 70% of the energy contained in the feed. 

Study of the steam gasification of biomass in a sequential pyrolysis-steam 
reforming apparatus has shown that gasification occurs as a two-step process 
(Antal, 1978). At temperatures in the 300 to 500~ range, volatile compounds 
are evolved from biomass and some residual char is formed. At about 600~ 
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the volatile c o m p o u n d s  are s team reformed to yield synthesis  gases. The con- 

densable tars, oils, and pitches are reduced  by the steam reforming reactions 

to less than 10 wt % of the original feedstock. Table 9.5 is a s u m m a r y  of the 

s team gasification of pure  cellulose that illustrates the effects of tempera ture  
and residence time in the s team reformer on p roduc t  yields. As tempera ture  

and residence time are increased, char and tar yields decrease and gas yields 

increase as expected.  A med ium-ene rgy  gas was p roduced  in these exper iments  

because of the relatively high concentra t ions  of lower molecular  weight  hydro-  

carbons in the p roduc t  gas. 

An obvious i m p r o v e m e n t  in the s team gasification of b iomass  for synthesis  

gas p roduc t ion  is to operate at h igher  tempera tures  and to use catalysts to 

gasify as m u c h  of the char and l iquid products  as possible. Laboratory-scale 

exper iments  have been carried out  to examine  this possibility (Mitchell et al., 
1980). Nickel precipi tated on silica a lumina  (1:1) and a mix ture  of silica 

a lumina  and nickel on a lumina  were evaluated as catalysts for s team gasification 

at 750~ and 850~ and a tmospher ic  pressure.  The results are summar ized  
in Table 9.6. The funct ion of the silica a lumina  is to crack the hydroca rbon  

TABLE 9.5 Sequential Pyrolysis and Steam Reforming of Pure Cellulose in a 
Close-Coupled Reactor ~ 

Gas-phase conditions 
Reactor temperature, ~ 500 600 600 600 700 
Residence time in reactor, s 9 2 6 10 6 

Product yields, wt % 
Gas 53 70 75 80 80 
Char 12 11 13 13 13 
Tars 35 19 12 7 7 

Gas analysis, mol % 
H2 11 10 10 10 13 
CO 40 55 52 55 53 
CO2 42 20 20 16 13 
CH4 2 6 8 8 12 
C2I-h 1 3 4 4 5 
C3H6 1 1 2 1 1 
C2H6 1 2 1 2 1 
Others 2 3 3 4 2 

Gas HHV, MJ/m 3 (n) 11.78 19.28 20.34 20.65 19.24 

Mass balance, % 64 82 95 85 86 

Carbon balance, % 71 69 71 69 88 

aAntal (1978). The steam superheater was maintained at 350~ and the pyrolysis reactor was 
maintained at 500~ A large excess of steam was passed through the system. The gas yield 
includes the water of reaction. The carbon balances by improved procedures always exceeded 90%. 
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TABLE 9.6 Laboratory-Scale Results for Catalyzed Steam Gasification of Wood ~ 

Reaction conditions 

Catalyst Ni:SiA1 Ni:SiA1 Ni on A1 Ni on SiAl 
Reactor temperature, ~ 750 850 750 850 
Wood:catalyst weight ratio 16.1 100 52.5 NA 
Steam:wood weight ratio 0.63 1.25 0.71 1.25 

Carbon conversion, % 

To gas 73 99.6 77 95 
To liquid Trace 0 Trace 0 
To char 27 0.4 23 5 

Gas analysis, mol % 

H2 53.4 56.7 55.9 58.2 
CO 28.1 27.9 27.8 28.5 
CO2 15.6 14.9 15.2 13.2 
CH4 2.8 0.5 1.3 0.1 

Standard heat of reaction of wood, kJ/kg 490 3101 991 3501 
Potential methanol yield, wt % of wood 59 86 64 86 

aMitchel et al. (1980). Wood feed rate was 0.3 g/min. All runs were carried out at atmospheric 
pressure in a single-stage reactor. 

intermediates, and the function of the nickel is to promote methane reforming 
and the hydrogenolysis of higher molecular weight hydrocarbons. It is evident 
from the data in Table 9.6 that a synthesis gas almost stoichiometric for 
methanol synthesis can be produced from wood at high yields by catalytic 
steam gasification in a single-stage reactor at atmospheric pressure. Potential 
methanol yields over 60 wt % of the wood feedstock were estimated. The 
advantages of catalytic steam gasification of biomass over steam-oxygen gasifi- 
cation include elimination of the need for an oxygen plant and shift conversion, 
higher methanol yields for a stand-alone plant, and less carbon dioxide forma- 
tion. Using the data from the example in Table 9.6 in which the steam-to- 
wood weight ratio is 0.71, and assuming wood that contains 20 wt % moisture 
is fed at 100~ with steam at 850~ the net reactor heat requirement is 
estimated to be 2800 kJ/kg of dry wood. 

The various stoichiometric equations listed in Table 9.1 suggest that synthe- 
sis gas mixtures from biomass gasification are generally deficient in hydrogen 
for methanol synthesis; i.e., the molar ratio of H2:CO is less than 2. The use 
of steam in biomass gasification could conceivably increase hydrogen yields 
by reaction of residual char, if formed, via the steam-carbon reaction. Steam 
gasification might also make it possible to use green biomass feedstocks without 
drying. Under the proper gasification conditions, the use of oxygen or air to 
meet any heat requirements would be expected to increase the yields of carbon 
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oxides, but an oxygen plant is required in the case of oxygen usage. Gas quality 
would suffer with air because of nitrogen dilution of the product gases unless 
air is utilized separately from the gasification process, as already mentioned. 
However, as just indicated (Mitchell et al., 1980), it has been shown that 
product gases containing a 2:1 molar ratio of hydrogen to carbon monoxide 
can be produced without use of a separate water gas shift unit: 

C6Ul00  s q- 3H20--~ 4CO + 2CO2 + 8H2. 

Gasification of biomass for methanol synthesis under these conditions would 
offer several advantages if such processes can be scaled to commercial size. 

Commercial methanol synthesis is performed mainly with natural gas feed- 
stocks via synthesis gas. Synthesis gas from biomass gasification could conceiv- 
ably be used as a cofeedstock in an existing natural gas-to-methanol plant to 
utilize the excess hydrogen produced on steam reforming natural gas. Examina- 
tion of a hypothetical hybrid plant has been shown to have significant benefits 
(Rock, 1982). Typical synthesis gas mixtures from the steam-oxygen gasifica- 
tion of wood and the steam reforming of natural gas are as follows: 

From wood: 2CO + CO2 + 1.8H2 
From natural gas: 5.2/3(2CO + CO2 + 10H2) 
Combined: 5.5CO + 2.7CO2 + 19.1H2. 

This combined synthesis gas mixture is stoichiometric for methanol synthesis: 

5.5CO + 2.7CO2 + 19.1H2-~ 8.2CH3OH + 2.7H20. 

The stoichiometry for methanol from the unmixed gases is 

2CO + CO2 + 1.8H2 + 0.73H20--~ 1.27CH3OH + 1.73CO2 
5.2/3(2CO + CO2 + 10H2)--~ 5.2CH3 OH + 5.2H2 + 1.73H20. 

The unmixed synthesis gases produce 6.47 mol of methanol, of which 
1.27 tool comes from wood, and the mixed synthesis gases yield 8.20 rnol 
of methanol. In theory, the use of the combined synthesis gases provides 24% 
more synthesis gas, but methanol production is increased by 58% over that 
from natural gas alone. Since hydrogen in the purge gas in the reformed natural 
gas case has been largely consumed in the hybrid case, the total purge gas 
stream is greatly reduced. This purge gas is normally used as fuel in the 
reforming furnace and its reduction must be balanced by firing additional 
natural gas or other fuel for reforming. The use of natural gas and fuel is about 
25% lower for the hybrid design than when using natural gas only for the 
production of the same amount of methanol. In addition, the hybrid version 
has eliminated the water gas shift and acid gas removal equipment from the 
wood gasification process alone. This serves to reduce both capital and operat- 
ing costs associated with wood-derived synthesis gas. 
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The stoichiometry of this particular hybrid process is approximately as 
follows: 

Wood: 0.5C6H1005 + 1.102 --, 2CO + CO2 + 1.8H2 + 0.7H20 
Natural gas: 5.2CH 4 4-6.93H20--, 3.47CO 4- 1.73CO2 4- 17.33H2 
Methanol synthesis: 5.47CO 4- 2.73CO2 4- 19.13H2--, 8.2CH3OH 4- 2.73H20 
Net: 0.5C6H1005 4- 5.2CH 4 4- 3.5H20 4- 1.102-.  8.2CH3OH. 

By use of the enthalpy of formation for dry poplar wood of 840.1 kJ/g-mol 
(361,440 Btu/lb-mol) of cellulosic monomeric unit at 300 K, which is calculated 
from its measured heat of combustion and the standard enthalpies of formation 
for the other components, the enthalpy changes for wood gasification (with 
oxygen) to synthesis gas, the steam reforming of natural gas, and methanol 
synthesis, are calculated to be -363.8, 1001, and -631.5 kJ, respectively. In 
theory, the overall enthalpy change is almost zero, 5.7 kJ. Biomass gasification 
can of course be carried out in several ways, and the gas compositions used 
for this analysis are idealized. But this type of analysis makes it possible to 
calculate several parameters of interest. For example, assuming 100% selectivi- 
ties for intermediates and products, or that no by-products are formed, and 
that poplar wood and natural gas are accurately represented by (C6H~005) and 
CH4, the feedstock rates for a 907-t/day (1000-ton/d) methanol plant are 
estimated to be 0.4 million m 3 (n)/day (288 t/day) of natural gas and 280 t/ 
day of dry wood. 

Gasification in Liquid Water 

A potential route to synthesis gas from biomass is gasification under conditions 
in which water is in the liquid or fluid phase at elevated temperature and 
hydrostatic pressure. Exploratory research has been done in a laboratory-scale, 
plug-flow reactor with solutions of glucose, the monomeric unit of cellulose, 
in pure water without addition of any potential catalyst (Klass, Kroenke, and 
Landahl, 1981; Ng, 1979). Some of the results are summarized in Table 9.7. 
Gasification experiments carried out below the critical temperature for water 
(374~ indicated little or no gasification. At temperatures above 374~ con- 
version to a relatively clean synthesis gas began to occur, as shown in this 
table. Char was not observed. Hydrogen yield and concentration in the product 
gas and the molar ratio of H2 : CO exhibited significant increases with increasing 
temperature. Biomass gasification under these conditions might be expected 
to offer unique opportunities for homogeneous catalysis at lower capital and 
operating costs than heterogeneously catalyzed systems. 

Heterogeneous catalysts have been found to be effective for the low- 
temperature, elevated-pressure gasification of 2 to 10% aqueous biomass slur- 
ries or solutions that range from dilute organics in wastewater to waste sludges 
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TABLE 9.7 Noncatalyzed Gasification of Glucose in Water at Above-Critical Pressure 
and Temperature a 

Reaction conditions 
Temperature, ~ 385 385 500 600 600 
Pressure, MPa 27.358 2 7 . 3 5 8  2 7 . 3 5 8  2 7 . 3 5 8  27.358 
WHSV 179 98 180 181 90 
Residence time in reactor, min 11.1 22.6 10.7 10.4 21.6 

Carbon conversion to gas, % 10.5 11.7 18.4 31.1 63.1 

Gas analysis, mol % 
H2 9.6 11.4 23.9 32.3 25.7 
CO 33.9 27.2 28.0 11.2 3.6 
CO2 54.2 59.2 42.8 47.5 58.3 
CH4 1.4 1.2 4.0 9.0 12.4 
Others 0.8 1.0 1.3 

aKlass, Kroenke, and Landahl (1981)" Ng (1979). A plug-flow reactor, 0.48 cm ID, was used. The 
glucose concentration was 3.2 to 3.5 wt %. The WHSV is the weight hourly space velocity in 
grams of glucose per hour per liter of reactor volume. The critical temperature and pressure of 
water are 374.1~ and 22.119 MPa. 

from food processing (Elliott et al., 1991, 1993). Continuous,  fixed-bed cata- 
lytic reactor systems have been operated on three scales ranging from 0.03 to 
33 L/h. The residence time in the supported metallic catalyst bed is less than 
10 min at 360~ and 20,365 kPa at liquid hourly space velocities of 1.8 to 
4.6 L of feeds tock~ of catalyst/h depending on the feedstock. Aqueous effluents 
with low residual COD (chemical oxygen demand) and a product  gas of 
medium-energy quality have been produced. Catalysts have been demonstra ted 
to have reasonable stability for up to six weeks. Ruthenium appears to be a 
more stable catalyst than nickel. The product  gas contains 25 to 50 mol % 
carbon dioxide, 45 to 70 mol % methane,  and less than 5 mol % hydrogen 
with as much  as 2 mol % ethane. The by-product  water stream carries residual 
organics and has a COD of 40 to 500 ppm. The medium-energy product  gas 
is produced directly in contrast  to medium-energy,  gas-phase processes that 
require either oxygen in place of air or the dual reactor system to keep the 
nitrogen in air separated from the product. 

Hydrogasif icat ion 

In this process, gasification is carried out in the presence of hydrogen. Most 
of the research on hydrogasification has targeted methane as the final product.  
One approach involves the sequential production of synthesis gas and then 
methanat ion of the carbon monoxide with hydrogen to yield methane.  Another 
route involves the direct reaction of the feed with hydrogen (Feldmann et al., 
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1981). In this process (Fig. 9.7), shredded feed is converted with hydrogen- 
containing gas to a gas containing relatively high methane concentrations in 
the first-stage reactor. The product char from the first stage is used in a second- 
stage reactor to generate the hydrogen-rich synthesis gas for the first stage. 
From experimental results obtained with the first-stage hydrogasifier operated 
in the free-fall and moving-bed modes at 1.72 MPa and 870~ with pure 
hydrogen, calculations shown in Table 9.8 were made to estimate the composi- 
tion and yield of the high-methane gas produced when the first stage is inte- 
grated with an entrained-char gasifier as the second stage. Note that although 
the methane content of the raw product gas is projected to be higher in the 
moving-bed reactor than in the falling-bed reactor, the gas from the first stage 
must still be reacted in a shift converter to adjust the H2/CO ratio, scrubbed 
to remove CO2, and methanated to obtain SNG. 

Other research shows that internally generated hydrogen for hydroconver- 
sion can be obtained in a single-stage, noncatalytic, fluidized bed reactor (Babu, 
Tran, and Singh, 1980). In this work, hydroconversion was envisaged to occur 
in a series of steps: nearly instantaneous thermal decomposition of biomass 
followed by gas-phase hydrogenation of volatile products to yield hydrocarbon 
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FIGURE 9.7 Methane production by hydrogasification. From Feldmann et al. (1981). 
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TABLE 9.8 Gas Composition and Yield from Integrated Hydrogasification Process 
at Stage I a 

Product Free fall Moving bed 

Composition, mol % 
H~ 31.9 13.3 
CO 45.9 51.9 
CO2 10.1 16.1 
CH4 10.4 17.2 
C2H6 1.2 1.1 
Benzene 0.5 0.4 

Yield, m3/kg dry feed 1.1 0.95 

Fraction of total CH~ produced in Stage 1 after 0.26 0.52 
methanation 

aFeldmann et al. (1981). 

gases, hydrogen, carbon oxides, water, and hydrocarbon liquids; rapid conver- 
sion of a part of the devolatilized biomass char to methane at appropriate 
gasification conditions; slow residual biomass char gasification with hydrogen 
and steam to yield methane, hydrogen, and the carbon oxides; and combustion 
of residual biomass char, which supplies the energy for the endothermic char 
gasification reactions. Examination of hydroconversion under a variety of 
pressure and temperature conditions with woody biomass and hydrogen, 
steam, and hydrogen-steam mixtures and study of the kinetics of the slower 
steam-char reactions led to a conceptual process called RENUGAS | which 
will be described in more detail later. Biomass is converted in the reactor, 
which is operated at about 2.2 MPa, 800~ and residence times of a few minutes 
with steam-oxygen injection. About 95% carbon conversion is anticipated to 
produce a medium-energy gas which can be subjected to the shift reaction, 
scrubbing, and methanation to form SNG. The cold gas thermal efficiencies 
are estimated to be about 60%. Since this initial work, RENUGAS has been 
tested at the pilot, PDU, and demonstration scales, and is being commercialized. 

Comparative studies on the gasification of wood in the presence of steam 
and hydrogen have shown that steam gasification proceeds at a much higher 
rate than hydrogasification (Feldmann et al. ,  1981). Carbon conversions 30 
to 40% higher than those achieved with hydrogen can be achieved with steam 
at comparable residence times. Steam/wood weight ratios up to 0.45 promoted 
increased carbon conversion, but had little effect on methane concentration. 
Other experiments show that potassium carbonate-catalyzed steam gasification 
of wood in combination with commercial methanation and cracking catalysts 
can yield gas mixtures containing essentially equal volumes of methane and 
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carbon dioxide at s team/wood weight ratios below 0.25 and atmospheric pres- 
sure and temperatures near 700~ (Mudge et al.,  1979), Other catalyst combina- 
tions produced high yields of product  gas containing about 2 :1  hydrogen/  
carbon monoxide and little methane at s team/wood weight ratios of about 
0.75 and a temperature of 750~ Typical results for both of these studies are 
shown in Table 9.9. The steam/wood ratios and the catalysts used can have 
major effects on the product  gas compositions. The composit ion of the product  
gas can also be manipulated depending on whether  a synthesis gas or a fuel 
gas is desired. 

C. BIOMASS GASIFIER DESIGNS 

Basically, biomass gasifiers can be categorized into several reactor design 

groups: a descending bed of biomass, often referred to as a moving or fixed 
bed, with countercurrent  gas flow (updraft); a descending bed of biomass with 
cocurrent  gas flow (downdraft);  a descending bed of biomass with crossflow 
of gas; a fluidized bed of biomass with rising gas; an entrained-flow circulating 
bed of biomass; and tumbling beds. Many reactor designs have been evaluated 
under a broad range of operating conditions. The designs include fixed-bed, 
moving-bed, suspended-bed, and fluid-bed reactors; entrained-feed solids reac- 

TABLE 9.9 Product Gases from Steam Gasification of Wood with and without Catalysts a 

Parameter Value 

Gas composition, mol % 
H2 29 50 0 53 
CO 34 17 0 30 
CO2 17 11 48 12 
CH4 15 17 52 4 

Reaction conditions 
Primary catalyst None Wood ash K2CO3 K2CO3 
Secondary catalyst None None Ni:SiAI SiAl 

Steam:wood weight ratio 0.24 0.56 0.25 0.75 

Reactor temperature, ~ 696 762 740 750 

Pressure, kPa (gauge) 129 159 0 0 

Carbon conversion to gas, % 68 52 68 77 

Feed energy in gas, % 76 78 

Heating value of gas, MJ/m 3 (n) 16.6 17.7 20.6 12.1 

aMudge et al. (1979) for the K2CO3-catalyzed laboratory data with unspecified wood; Feldmann 
et al. (1981) for the other data (PDU) with unspecified hardwood. 
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tors; stationary vertical-shaft reactors; inclined rotating kilns; horizontal-shaft 
kilns; high-temperature electrically heated reactors with gas-blanketed walls; 
single and multihearth reactors; ablative, ultrafast, and flash pyrolysis reactors; 
and several other designs. There are clearly numerous reactor designs and 
configurations for biomass gasification, probably more than in the case of coal 
gasification systems because of the relative ease of thermal biomass conversion. 

Fixed-bed, updraft gasifiers are simple to construct and can consist of carbon 
steel shells equipped with a grate at the bottom fed by a process air manifold, 
a lockhopper at the top to feed material, and a manifold to remove gas at the 
top (cf. Miller, 1987). These units are simple to construct and operate and are 
relatively inexpensive. The gas exiting the gasifier tends to be cool because it 
has percolated up through the bed and therefore usually contains a fair fraction 
of lower molecular weight hydrocarbons. Much of the sensible heat has been 
lost, the feeds are limited to wood chips, and the size is usually not more than 
50 million GJ/h. Fixed-bed, downdraft gasifiers consist of two concentric shells. 
The inner shell holds the material on the grate; the outer shell is used to 
transport the gas. The gas is drawn out from under the grate through the outer 
shell to the outside of the system. The gas exits at the combustion zone, and 
because it is hot, it contains few longer chain hydrocarbons and particulates. 
The system, however, is more expensive to construct than fixed-bed, updraft 
gasifiers, and is also limited to sizes up to about 10 to 20 GJ/h and chip feeds. 
Fluid-bed systems afford more efficient gasification because hot spots are 
eliminated, diverse feedstocks can be charged, the exit gas has a high sensible 
heat content, and the gasifiers are capable of scale-up to relatively large sizes. 
However, the units are more expensive to construct and product gas quality 
must be carefully monitored because of its higher particulate content. 

V. C O M M E R C I A L  A N D  N E A R - C O M M E R C I A L  

B I O M A S S  G A S I F I C A T I O N  M E T H O D S  

A. FEEDSTOCK COMPOSITION IMPACTS 

As alluded to in Chapter 8, the ideal biomass feedstock for thermal conversion, 
whether it be combustion, gasification, or a combination of both, is one that 
contains low or zero levels of elements such as nitrogen, sulfur, or chlorine, 
which can form undesirable pollutants and acids that cause corrosion, and no 
mineral elements that can form inorganic ash and particulates. Ash formation, 
especially from alkali metals such as potassium and sodium, can lead to fouling 
of heat exchange surfaces and erosion of turbine blades, in the case of power 
production systems that use gas turbines, and cause efficiency losses and plant 
upsets. In addition to undesirable emissions that form acids (SOx), sulfur can 
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also form compounds that deactivate methanol synthesis catalysts, whereas 
chlorine can be transformed into toxic chlorinated organic derivatives as well 
as acids. 

Biomass is similar to some coals with respect to total ash content as discussed 
in Chapter 3, but because of the diversity of biomass, several species and types 
have relatively low ash and also low sulfur contents. Woody biomass is one 
of the feedstocks of choice for thermal gasification processes. The ash contents 
are low compared to those of coal, and the sulfur contents are the lowest of 
almost all biomass species. Grasses and straws are relatively high in ash content 
compared to most other terrestrial biomass, and when used as feedstocks for 
thermal conversion systems, such biomass has been found to cause a few 
fouling problems. 

The high moisture contents of aquatic and marine biomass species make 
it unlikely that they would be considered as feedstocks for thermal gasification 
processes. However, a few processes can be performed with aqueous slurries 
or do not require dry biomass feedstocks as described earlier. As harvested, 
aquatic and marine biomass species often have moisture contents greater than 
90% of the total plant weight. In addition to the relatively high ash contents 
of herbaceous feedstocks, the nitrogen content is an important factor. Grasses 
are higher in protein nitrogen than woody feedstocks and can increase nitro- 
gen oxide (NO) emissions on gasification. 

The compositions of wood compared to those of other potential biomass 
feedtocks make woody biomass a preferred feedstock for thermal gasification. 
Although not shown here, most woody biomass species, especially those indige- 
nous to the contiguous United States, are similar in composition. It is important 
to emphasize that quantitative ash analyses of biomass feedstocks sampled at 
the plant gate and from storage should be carried out periodically and some- 
times continually to provide real-time data needed for process control. There 
can be large differences in the amounts of specific mineral components in 
biomass. 

A major mechanism of the fouling of heat exchanger surfaces with biomass 
feedstocks, particularly the straws and herbaceous residues, is the formation 
in the thermal conversion zone of low-fusion-point alkali metal salt eutectics 
such as the alkali metal silicates. The problems caused by these salts and 
the control methods for combustion and thermal gasification systems were 
discussed in Chapter 8. Several experienced designers of biomass gasifiers 
and the operators of commercial plants operated on biomass feedstocks have 
indicated that the problem is usually not severe with gasification systems, but 
can be with combustion systems. Temperature control to reduce slagging and 
the formation of molten agglomerates and equipment designs that avoid contact 
of the internals with hot gases that may contain low-fusion-point particulates 
are the preferred control methods for minimizing these problems. For biomass 



v. Commercial and Near-Commercial Biomass Gasification Methods 305 

gasifiers that are used to supply fuel for gas turbines, the control methods are 
similar. Some biomass, although high in minerals, may be low in alkali metals. 
Fouling by sticky particulates is therefore much less with this type of feedstock. 

Some gasification process designers claim to have developed proprietary 
gas processing systems that yield product gases from biomass gasifiers "cleaner 
than natural gas" using conventional desulfurization processes for sulfur re- 
moval and cyclones and proprietary filters to remove ash and char fines. 
Electrostatic precipitators are not used, and scrubbers are claimed to be optional 
for some of these systems. These statements are difficult to support without 
public dissemination of full-scale test results. They are probably true, however, 
because there are many emissions- and ash-removal systems that have been 
installed and effectively operated in large-scale commercial biomass combus- 
tion plants that meet all requirements. Some of these plants are designed to 
meet California's stringent South Coast regulations. Much of this experience 
and technology can be drawn upon to design environmentally clean biomass 
gasification plants. 

Many of the commercial or near-commercial biomass gasification facilities 
that have been built and operated use green or partially dried feedstocks in 
which the moisture content of the feedstock to the gasifiers is not specified. 
The steam-carbon reactions that occur are undoubtedly one of the main reasons 
for variation in product gas compositions from these systems. Since the carbon 
content of dry biomass is about 45 wt %, green wood contains about 2.2 kg 
moisture/kg of carbon. Table 9.10 shows the effects of the moisture content 
of poplar wood when gasified in an air-blown, downdraft gasifier. As the 
moisture content of the wood decreases from 34 to 13 wt %, thermal efficiency, 
product gas heating value, dry gas yield, and the proportion of the combustible 
components in the dry gas each increase. These data illustrate the importance 
of specifying feedstock moisture content. Feedstock dryers are essential for 
some biomass gasification plants depending on the feedstock's moisture content 
and variation, as well as on the end uses of the product gases. 

B. COMMERCIAL BIOMASS GASIFICATION 

In the 1970s and early 1980s, about 40 companies worldwide offered to build 
biomass gasification plants for different applications. Since then, many of the 
smaller companies and some of the larger ones have gone out of business, 
discontinued biomass gasification projects, or emphasized established biomass 
combustion technologies. The problems encountered in first-of-a-kind biomass 
gasification plants and the low prices of petroleum and natural gas all had an 
adverse impact on the marketability of biomass gasification technologies. Sev- 
eral of the plants built in North America in the 1970s and 1980s have been 
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TABLE 9.10 Effects of Moisture Content of Poplar Wood Chips on Product Yield, Gas 
Composition, and Thermal Efficiency in a Fixed-Bed, Air-Blown, Downdraft Gasifier ~ 

Wood moisture content 

Parameter 13 wt % 24 wt % 34 wt % 

Input, kg/h 24.0 25.1 25.2 
Dry wood equivalent, wt % 40 36 31 
Moisture in wood, wt % 6 12 16 
Dry air, wt % 54 52 53 

Product distribution, wt % 

Dry gas 87 82 76 
Tars 3 6 7 
Solids 5 3 3 
Aqueous condensate 5 9 14 

Gas analysis, mol % 

H2 17.5 16.7 15.1 
CO 19.7 16.0 11.9 
CO2 12.7 15.8 17.7 
CH~ 3.5 3.2 2.1 
C2H2 0.3 0 0.1 
C2H4 1.5 1.4 1.1 
C2H6 0.1 0.2 0.1 
C3H8 0.2 0.3 0.2 
02 1.9 0.9 0.9 
N2 42.7 45.5 50.9 

Gas HHV, MJ/m 3 (n) 7.50 6.67 5.22 

Thermal efficiency, % 74 68 55 

aAdapted from Graham and Huffman (1981). The gasifier was rated at 0.84 GJ/h. The thermal 
efficiency is (cool gas energy)/(dry wood energy). 

shut down, dismantled, or placed on standby. A survey of commercial thermal 
biomass gasification showed that few gasifiers have been installed in the United 
States (Miles and Miles, 1989). Most of the units in use are retrofitted to small 
boilers, dryers, and kilns. The majority of the existing units operate at rates 
of 0.14 to 1.0 t/h of wood wastes on updraft moving grates. In the United 
States, many purveyors of biomass gasification technologies have gone out of 
business or are focusing their marketing activities in other countries or on 
other conversion technologies, particularly combustion for power generation, 
in states where combined federal and state incentives make the economic 
factors attractive. Some existing gasification installations have also been shut 
down and placed in a standby mode until natural gas prices make biomass 
gasification competitive again. 

Examination of state-of-the-art thermal biomass gasification technology 
shows that moving-bed gasifiers have been studied and extensively tested 
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(Babu and Whaley, 1992). Nine atmospheric-pressure updraft gasifiers were 
commercialized from 1982 to 1986 in Europe and have been successfully 
operated with wood and peat. Six plants were placed in operation for close- 
coupled district heating purposes in Finland, while three plants were built in 
Sweden for district heating and drying wood chips (Kurkela, 1991). In general, 
the moving-bed systems require close control of feedstock size and moisture 
content and appropriate means to handle the high tar content of the raw 
product gases. 

The Winkler fluid-bed coal gasifier was successfully scaled up to gasify 
25 dry t/h of peat in 1988 by Kemira Oy in Finland (Babu and Whaley, 1992). 
The product gas was used for the manufacture of ammonia. Major mechanical 
and process modifications included improvements to the peat lockhopper 
feeding system, and the control of naphthalene formation by using higher 
gasifier temperatures and the addition of a benzene scrubber for naphthalene 
removal. The application of fluid-bed gasifiers to wood and other types of 
biomass has been commercialized in North America by Omnifuel in Canada 
and by Southern Electric International, Inc., in Florida, both of which are 
described later, and Energy Products of Idaho, Inc. The largest and most 
successful fluid-bed biomass gasification plants to date have been attributed 
to the Ahlstrom and Gotavarken circulating, fluid-bed gasifiers employed in 
close-coupled operation with lime kilns in Sweden, Finland, and Portugal 
(Babu and Whaley, 1992). The gasifiers are about 2 m in diameter and range 
in height from 15 to 22 m. They are operated at near atmospheric pressure 
at about 700~ with circulating limestone and are capable of handling mixtures 
of sawdust, screening residues, and bark. A large-scale circulating fluid-bed 
gasifier was built in 1992 by Studsvik AB for gasifying RDF (refuse-derived 
fuel) (Rensfelt, 1991). 

These biomass gasifiers are representative low-pressure technologies, which 
when combined with current state-of-the-art gas-cleanup systems render them- 
selves suitable for close-coupled operation with lime kilns, furnaces, boilers, 
and probably advanced, combined-cycle power systems. However, from the 
standpoint of producing methanol, gasification under elevated pressure and 
temperature is preferred because the equipment size is reduced for the same 
throughput, the cost of recompression before methanol synthesis should be 
less, and the noncondensable hydrocarbons and tars are only present in low 
concentrations in the spent water. The opposing effects of temperature and 
pressure on C1-C4 light hydrocarbon yields can be optimized to afford low yields 
of these products by careful selection of operating temperature and pressure. 

At least five industrial-scale biomass gasifiers were available commercially 
from U.S. manufacturers in the 1990s. A two-stage stirred-bed gasifier is avail- 
able from Producers Rice Mill Energy. The company built three gasifiers of 
11 to 18 t/day capacity in Malaysia for rice hull feedstocks. Sur-Lite Corporation 
built small~scale, fluid-bed gasifiers of up to 10 GJ/h capacity for cotton-gin 
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trash in California and Arizona, for rice husks in Indonesia, and for wood and 
coal in White Horse, Canada. Morbark Industries, Inc. supplies two-stage, 
starved-air gasification-combustion systems. The units in operation include a 
4-GJ/h system for a nursing home in Michigan and a 1-GJ/h system for heating 
private tacilities. Energy Products of Idaho supplies fluid-bed gasifiers to pro- 
duce low-energy gas. The company has constructed a 57-GJ/h plant in Califor- 
nia to fuel a boiler, a 99-GJ/h plant in Missouri to fuel a dryer, and an 85-GJ/ 
h plant in Oregon to generate 5 MW of power from steam. Southern Electric 
International, a subsidiary of The Southern Company, coordinated the design 
and construction of a 264-GJ/h, fluid-bed, wood gasification plant in Florida, 
which has since been dismantled and moved to Georgia. It is described later. 

A few representative biomass gasification processes that have been commer- 
cialized or that are near commercialization are described here to illustrate 
some of the details of gasifier designs and the operating results. The biomass 
pyrolysis plants described in Chapter 8 are not discussed here because the 
major products are liquids and charcoals, and the by-product gases are used 
for plant fuel. 

Pyrolysis and Partial Oxidation with Air of MSW in a Rotating Kiln 

Monsanto Enviro-Chem Systems, Inc., developed an MSW pyrolysis process 
called the Landgard process through the commercial stage (U.S. Environmental 
Protection Agency, 1975; Klass, 1982). A full-scale, 1050-t/day plant was built 
in Maryland and placed in operation in the mid-1970s. The plant was designed 
to operate for 10 h/day and to accept residential and commercial solid waste 
typical of U.S. cities. MSW disposal was the primary objective of the plant, 
not energy recovery. Large household appliances, occasional tires, and similar 
materials were acceptable feeds; automobiles and industrial wastes were ex- 
cluded. The process included several operations: shredding of the MSW from 
storage in 900-HP hammer mills to provide particles small enough (4-cm 
diameter) to fall through the grates, storage of the shredded MSW which had 
a heating value of 10.7 MJ/kg, feeding of the shredded MSW to the pyrolysis 
reactor by twin hydraulic rams, pyrolysis, gas processing, and gas utilization 
in two waste heat boilers which generated 90,700 kg/h of steam, and processing 
of the ungasified residue to remove ferrous metals. Pyrolysis took place in a 
refractory-lined, horizontal, rotary kiln, which was 5.8 m in diameter and 
30.5 m long. The kiln was rotated at 2 r/min. The heat required for pyrolysis 
was provided by burning the MSW with 40% of the theoretical air needed for 
complete combustion, and supplemental fuel (No. 2 fuel oil) was supplied at 
a rate of 24.4 L/t of waste. The fuel oil burner was located at the discharge 
end of the kiln. Pyrolysis gases moved countercurrent to the waste and exited 
at the feed end of the kiln. The gas temperature was controlled to 650~ and 
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the residue was kept below 1100~ to prevent slagging. The product gas on 
a dry basis had a heating value of 4.7 MJ/m 3 (n) and consisted of about 6.6 
mol % hydrogen, 6.6 mol % carbon monoxide, 11.4 mol % carbon dioxide, 
2.8 mol % methane, 1.7 mol % ethylene, 1.6 mol % oxygen, and 69.3 mol % 
nitrogen. The plant was shut down in January 1981 and was scheduled to be 
replaced by a direct combustion system. Cost and reliability were cited as the 
reasons for the change. 

Partial Oxidation of MSW with Oxygen in a Slagging, Updraft Gasifier 

Union Carbide Corporation developed a partial oxidation process called the 
PUROX System for converting MSW to fuel gas and an inert slag (Fisher, 
Kasbohm, and Rivero, 1976). The process was scaled up in the mid 1970s 
from a pilot plant to a commercial, 181-t/day plant at Union Carbide's facility 
in West Virginia. A 68-t/day plant was also built in Japan. The plant in West 
Virginia was operated successfully on MSW. One tonne of refuse required 
about 0.18 t of oxygen and produced 0.6 t of medium-energy gas with a higher 
heating value of about 14.5 MJ/m 3 (n), 2 t of sterile aggregate residue, and 
0.25 t of wastewater. Within the process, 0.03 t of oil was separated in the 
gas-cleaning train and recycled to the furnace for cracking into additional gas. 
A typical gas analysis was 40 mol % carbon monoxide, 23 mol % carbon 
dioxide, 5 mol % methane, 5 mol % C2+, 26 mol % hydrogen, and 1 mol % 
nitrogen. The energy balance expressed in terms of percent of the energy in 
the feedstock was a net 68% recovered in the product gas, 21% lost on conver- 
sion, and 11% used for in-plant electric power generation. The 181-t/day plant 
included front-end shredding and separation equipment for ferrous metal 
recovery, liquid separation equipment for recycling the condensed oil to the 
reactor, provision for removal of the slag from the hearth and quenching in 
a water bath, and treatment of the product gas by water scrubbing and electro- 
static precipitation. The reactor was a three-zoned, vertical shaft furnace operat- 
ing at about 50 cm of water. The RDF was fed to the top of the furnace through 
a gas seal and oxygen was injected at the bottom. The furnace was maintained 
essentially full of RDF which continually descends through the reactor. The 
oxygen in the hearth reacts with char to generate slagging temperatures to 
melt the glass and metals. Projections indicated that with a 1360-t/day plant 
composed of 181 to 317-t/day modular units, about 114 million L/year of 
methanol could be manufactured. 

Partial Oxidation of MSW with Air in a Slagging, Updraft Gasifier 

In the mid 1970s, Andco Incorporated developed and commercialized a slag- 
ging process called the Andco-Torrax System for converting MSW to low- 
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energy gas and an inert glassy aggregate (Davidson and Lucas, 1978; Mark, 
1980). Plants ranging in size from 2.4 to 7.5 t/h were installed in Europe, 
Japan, and the United States. Refuse is charged into the top of the gasifier 
without prior preparation except to shear or crush bulky items to about one 
meter or less in the longest dimension. As the refuse descends within the 
gasifier, it is dried and then pyrolyzed by the hot, oxygen-deficient gases 
produced in the hearth area. Char from the pyrolysis process and the noncom- 
bustible materials continue to descend. Primary combustion air at temperatures 
of about 1000~ is admitted to the gasifier immediately above the hearth to 
oxidize the char at temperatures sufficient to slag the inerts. The slag is 
continuously drained from the gasifier. The low-energy gas, the heating value 
of which is about 4.7 to 5.9 MJ/m 3 (n), from the top of the gasifier is burned 
in a secondary combustion chamber at slagging temperatures. The slag is 
collected from this unit also. The heat from the secondary combustion chamber 
is used for hot water, steam, and power production. It is believed that this 
process can be used for waste disposal and energy recovery with combined 
feeds of MSW and tires, sludge, or waste plastics, and for the manufacture of 
cement. The first Andco-Torrax plant in the United States was built at Disney 
World in Orlando, Florida. This plant was used for waste paper from restaurants 
in the theme park. The performance of the gasifier in this plant was felt to be 
unsatisfactory because "arching" of the feedstock frequently occurred in the 
upper zone of the gasifier and resulted in feed stoppage. This problem could 
probably have been eliminated without design changes by densifying the very 
light waste paper feed. 

RDF Gasification in an Atmospheric, Air-Blown, Circulating 
Fluid-Bed Gasifier 

The largest commercial RDF gasification plant in Europe is believed to be the 
system built in 1992 in Italy that produces low-energy gas at a feed rate of 
180 t/day of RDF, which is obtained from 600 t/day of MSW (Barducci et al., 
1995, 1996). The hot product gas from the fluid-bed gasifiers is burned in an 
on-site boiler or is used as industrial fuel. The flue gas from the boiler is 
cleaned in a three-stage dry scrubber system before being exhausted through 
the stack. The steam raised in the boiler drives a 6.7-MW condensing steam 
turbine. Alternatively, the product gas is supplied as fuel to a neighboring 
cement plant. When the plant is eventually completed by addition of other 
gasification units, the facility will have the capacity to process 1300 t/day of 
MSW. The gasification system for this plant was developed by TPS Termiska 
Processer AB (Morris, 1996). It consists of two circulating fluid~bed gasifiers, 
each of 54 GJ/h capacity. A downstream cleanup process for the hot product 
gas is expected to be installed in future plant additions. In this process, the 
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tars in the product gas are catalytically cracked at about 900~ in a dolomite- 
containing vessel located immediately downstream of the gasifier, and the 
particulates and alkalis are removed. This is expected to eliminate equipment 
contamination and filter clogging by tar condensation as the product gas is 
cooled. The TPS technology is expected to be used for similar projects in 
The Netherlands and the United Kingdom, and also for the biomass-fueled, 
integrated gasification, combined-cycle (BIGCC) power plant in Brazil. The 
BIGCC plant is expected to demonstrate the commercial viability of producing 
electric power from eucalyptus in an advanced technology plant of 30 MW 
capacity (see Section V, E). 

Wood Gasification in a Pressurized, Air-Blown, Bubbling 
Fluid-Bed Gasifier 

The first commercial, pressurized, air-blown, fluid-bed process for wood feed- 
stocks was developed by Omnifuel Gasification Systems Ltd. and was installed 
in a plywood mill in Ontario, Canada in 1981 (Bircher, 1982). The unit was 
an 84-GJ/h gasifier that was supplied with 5.9 t/h of wood chips and wood 
dust. It operated at about 760~ and 35.5 kPa gauge. The low-energy product 
gas was used on-site as boiler fuel. Air was introduced at the bottom of the 
bubbling bed of sand particles and maintained the bed in constant motion as 
it passed up through the bed. Some of the air caused combustion of feed to 
maintain the temperature in the desired range, and some reacted with char to 
yield additional gas. A typical wet gas analysis was 12.3 mol % carbon monox- 
ide, 4.6 mol % methane, 1.6 mol % C2+ hydrocarbons, 7.8 mol % hydrogen, 
and 73.7 mol % nitrogen, carbon dioxide, and water. Carbon conversion effi- 
ciencies of the order of 99% were obtained, and tar production was very low, of 
the order of 0.1 to 0.2%. Ash entrained in the product gas was removed by cy- 
clones. Some difficulty was encountered with gas combustion equipment be- 
cause of the large variation in gas quality and the plant has been shutdown (cf. 
Klass, 1985). This was attributed to the large range of wood feedstock moisture 
which varied between 5 and 50 wt %. The heating values of the product gas ranged 
from 3.1 to 7.9 MJ/m 3 (n). Operation with oxygen at 1420 kPa was projected to 
produce a gas with a heating value of 11.8 to 15.7 MJ/m 3 (n). 

Wood Gasification in a Low-Pressure, Air-Blown, Bubbling 
Fluid-Bed Gasifier 

In the mid- to late 1980s, a 258-GJ/h, fluid-bed wood gasification plant was 
built in Florida by Alternate Gas, Inc., for Southern Electric International 
(Miller, 1987; Makansi, 1987; Bulpitt and Rittenhouse, 1989). Each twin 
gasifier was 2.44 m in diameter and converted wood chips at the rate of 
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15.4 t/h into 129 GJ/h of low-energy gas. Hardwood, whole-tree chips, and 
sawmill residues were the feedstock. Before gasification, the feedstock was 
predried to 25% moisture in a triple-pass dryer equipped with burners that 
could burn either product gas or natural gas. About 10 to 20% of the wood 
charged was combusted in the refractory-lined gasifiers with 25% of the stoi- 
chiometric air required to provide the heat needed for gasification, which takes 
place at 790 to 815~ at 34.5 kPa gauge or less. The product gas was cleaned 
in two stages of cyclones to remove particulates and was then used as fuel for 
clay dryers. The gas had a heating value of 5.9 to 7.1 MJ/m 3 (n). The product 
char after separation from the ash was sold to a charcoal briquette manufacturer. 
The plant was operated successfully for more than a year and then dismantled 
and moved to a new location in Georgia by Southern International. 

Wood Gasification in an Air-Blown, Crossdraft Gasifier-Combustor 

Commercial systems consisting of a close-coupled gasifier and combustor are 
manufactured by CHIPTEC Wood Energy Systems and are widely used in the 
Northeast to supply hot water and steam to schools and commercial buildings 
(Bravakis, 1996). The plants are fueled with wood chips that are conveyed to 
the refractory-lined gasification chamber by an automated feeder. The fuel can 
contain up to 45% moisture. An induced draft fan draws air into the crossdraft 
gasifier, and the resulting low-energy product gas, which is produced under 
oxygen-deficient conditions, is passed to the combustion chamber. High tem- 
perature combustion, a 20:1 turn-down ratio, refractory heat storage, and 
controlled air allow the gasifier to respond quickly to boiler demand. Gasifier 
outputs range in size from 0.5 to 10.5 GJ/h, and the corresponding firing rates 
are 50.8 to 965 kg/h with wood chips having a 35% moisture content. The 
smaller systems have stationary grates and the larger systems are equipped 
with moving grates. 

Wood Gasification in an Air-Blown Updraft Gasifier 

An updraft, wood-chip gasifier was built by Applied Engineering Company in 
1980 in Georgia (Jackson, 1982). At that time, the unit was the largest of its 
kind. It was sized at 26.4 GJ/h, fed with 2.8 t/h of wood chips, and supplied 
a hospital with steam. A similar unit was built in late 1981 for the Florida 
Power Corporation. The unit fired one of six boilers in a 30-MW power system. 
The gasifier was cylindrical in shape, insulated with firebrick, and enclosed 
in a carbon steel shell. Air was injected at the bottom, and green tree chips 
having a heating value of about 9.3 to 10.5 MJ/kg and 40 to 50% moisture 
content were charged at the top. Ash was removed from the bottom. In the 
design used, oxidation of the wood char occurs at the top of the grate, which 
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is located just above the ash hoppers, and produces temperatures of about 
1370~ Pyrolysis and cracking occur in the middle of the gasifier, and incom- 
ing wood is dried by the exiting hot gases. Typical dry gas analyses were 26 
to 30 mol % carbon monoxide, 2 to 3 mol % hydrocarbons, 10 to 12 mol % 
hydrogen, and 58 to 59 mol % carbon dioxide and nitrogen. The heating value 
of the gas was 5.9 to 6.5 MJ/m 3 (n). The gasifiers were operated quite success- 
fully for an extended period of time. It is noteworthy that the carbon monoxide 
concentration was so high. This may have been caused by the use of green 
wood with high moisture contents and operation at relatively high temperature 
in the gasification zone. 

Rice Hull Gasification in an Air-Blown Updraft Gasifier 

Starting in the early 1980s, PRM Energy Systems, Inc., began to market gasifi- 
cation technology for converting biomass to low-energy fuel gases (Bailey and 
Bailey, 1996). Several commercial plants based on PRM's air-blown updraft 
designs for the gasification of rice hulls have been built and operated in 
Australia, Costa Rica, Malaysia, and the United States. High-silica ash is a 
salable by-product. An example of this technology is the plant installed in 
Mississippi in 1995 for the gasification of 300 t/day of rice hulls. The system 
converts unground rice hulls to fuel gas (121 GJ/h) for an existing boiler- 
power island which supplies electric power (5 MW capacity) and 6800 kg/h 
of process steam for parboiling rice. In operation, feedstock is metered into 
the gasifier by a water-cooled screw conveyor that discharges into the drying 
and heating zone of the gasifier. The gasifier is a refractory-lined, cylindrical 
steel shell that is equipped with a fixed grate at the bottom and is mounted 
in a vertical position. The gasification process is automatically controlled to 
maintain a preset first-stage gasification zone temperature. Almost all of the ash 
is removed from the bottom of the gasifier. The low particulate concentration in 
the product gas makes it possible to direct-fire a boiler without the use of 
emission control equipment. Total particulate emissions in the boiler exhaust 
of this plant were determined to be 0.103 kg/GJ. 

Biomass Gasification in an Air-Blown Updraft Gasifier 

Several small-scale, fixed-bed, updraft gasifiers are operated commercially in 
Sweden and Finland for the gasification of a wide range of biomass feedstocks, 
including wood chips, saw mill residues, straw, and RDF (Patel, 1996). The 
gasifiers are marketed by Carbona Corporation and are refractory-lined shaft 
furnaces that are fed from the top by a hydraulically operated feeder. The units 
are equipped with hydraulically rotated mechanical grates at the bottom. Ash 
sintering is prevented by water vapor contained in the gasification air, and the 
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ash is removed through an ash discharge system installed at the bottom. The 
moisture content of the feeds can range from 0 to 45%, and the corresponding 
heating values of the product gas are about 5.5 to 3.8 MJ/m 3 (n). The gasifiers 
can be connected to a hot water or steam boiler depending on whether heat 
or electric power is desired, or alternatively, the product gas can be used for 
hot gas generation for kilns and dryers. 

Biomass Gasification in a Pressurized, Oxygen-Blown, Stratified, 
Downdraft Gasifier 

The National Renewable Energy Laboratory (Solar Energy Research Institute 
at that time) designed, built, and operated a 0.9-t/day prototype, downdraft 
biomass gasifier between 1980 and 1985 (Reed, Levie, and Markson, 1984; 
Schiefelbein, 1985; Babu and Bain, 1991). In 1985, Syn-Gas, Inc., scaled this 
process to a 22-t/day plant to develop the concept for the commercial produc- 
tion of methanol. Feedstocks included wood chips, urban wood waste, and 
densified RDF. Tests in the 22-t/day plant at 870 to 930~ with cedar wood 
feedstock and oxygen gave 87 to 91% carbon conversions and dry gas analyses 
of 39 to 45 mol % carbon monoxide, 24 to 30 mol % carbon dioxide, 5 to 6 
mol % methane, and 21 to 22 mol % hydrogen; the remainder was C2-C3 
hydrocarbons. The product gas had a lower heating value (wet) of 8.3 to 9.8 
MJ/m 3 (n). 

Directly Heated, High-Temperature, Steam-Oxygen Fluid-Bed Gasification 

The Rheinbraun High-Temperature Winkler process is an outgrowth of the 
successful operation of two atmospheric Winkler gasifiers operated on lig- 
nite feedstocks in Germany from 1956 to 1964 with a combined capacity of 
34,000 m3/h of synthesis gas, and subsequent operation of a 1.3-t/h pilot plant 
beginning in 1978 (Schrader et al., 1984). The process was developed by 
Rheinische Braunkohlenwerke AG and consists of gasification in a pressurized 
fluid-bed system supplied with oxygen and steam. Operating pressures and 
temperatures range up to 1013 kPa and 1100~ The operating results with 
lignite at 1013 kPa and 1000~ and oxygen and steam at 0.36 m 3 (n)/kg and 
0.41 kg/kg of dry lignite, gave 96% carbon conversion and a combined 
hydrogen-carbon monoxide yield of 1406 m 3 (n)/t. At this steam-to-lignite 
ratio and an exit gas temperature of 900~ the raw gas contained about 
2 mol % methane. These tests provided the information and data needed to 
construct a demonstration plant to produce 300 million m 3 (n)/year of synthesis 
gas for methanol synthesis at Rheinbraun's facility. Feedstock tests were con- 
ducted for customers worldwide with wood, peat, lignite, and coal feedstocks. 
Rheinbraun reported that each of these feedstocks is suitable for gasification 
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by their process. Wood, especially, can be converted at high reactor through- 
put rates. 

Directly Heated, Single-Stage, Pressurized, Steam-Oxygen 
Fluid-Bed Gasification 

The RENUGAS process was developed by the Institute of Gas Technology 
(Evans et al., 1987; Trenka et al., 1991; Trenka, 1996). After tests in a 9.1-t/ 
day PDU, a demonstration plant for 91 t/day of wood or 63 t/d of bagasse 
feedstock was constructed by the Pacific International Center for High Technol- 
ogy Research in Hawaii at the Hawaiian Commerce and Sugar Company. 
Bagasse, whole-tree chips, and possibly RDF are being tested in this plant. 
The gasifier has an inside diameter of about 1.2 m and is fed by a lockhopper 
and a live-bottom feed hopper. The development work was done in a 0.3-m 
inside diameter, 9.1-t/day PDU, so the scale-up factor is less than 10. For 92 
to 96% carbon conversion, the oxygen requirement ranges from 0.24 to 
0.34 kg/kg of wood feed, the dry fuel gas yield ranges from 1 to 1.2 m3/kg of 
wood feed, and the heating value of the gas is about 11.8 to 13.5 MJ/m 3 (n). 
A typical run with whole-tree chips consisted of a feed rate of 321 kg/h with 
wood containing 9 wt % moisture, 0.69 kg of steam/kg of wood, 0.26 kg of 
oxygen as air/kg of wood, and gasification at 910~ and 2189 kPa. The heating 
value of the raw gas on a dry, nitrogen-free basis was 13.6 MJ/m 3 (n) and 
contained 16 mol % carbon monoxide, 38 mol % carbon dioxide, 17 mol % 
methane, 1 mol % higher hydrocarbons, and 28 mol % hydrogen. The yield 
of this gas was 1.04 m 3 (n)/kg of wood (wet). This plant is being operated at 
pressures up to 2027 kPa over a range of steam/oxygen ratios. The objectives 
are to demonstrate medium-energy gas production for power generation, hot- 
gas cleanup, and synthesis gas production. A special system for gas cleanup 
is being tested in both the 9.1-t/day PDU and the 91-t/day plant (Wiant et 
al., 1993). 

Directly Heated, Pressurized, Steam Gasification Process 

This process was developed in the 1970s and early 1980s to the pilot plant 
stage (0.6 m diameter by 12.2 m, rotating, inclined kiln) by Wright-Malta 
Corporation (Hooverman and Coffman, 1976; Coffman and Speicher, 1993). 
Since then, the process has been improved by using a stationary kiln having 
an internal rotor with vanes. Much of the development work was performed 
with a stationary kiln that is 0.3 m inside diameter by 3.7 m long. The process 
is reported to convert as-harvested green wood or any other wet biomass 
into medium-energy gas of heating value 15.7 to 19.6 MJ/m 3 (n) in the self- 
pressurized kiln at pressures of about 2027 kPa at 590~ and residence times 
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of about 1 hour. Steam is generated from the moisture in the feedstock and 
is normally not supplied to the kiln. No air or oxygen is used, and recycled 
wood ash serves as catalyst. As the biomass moves through the kiln from the 
cool feed end, it is gradually heated and partially dried, yielding steam. It then 
undergoes pyrolysis, yielding gas, liquids, tars, and char, all of which move 
cocurrently down the kiln where they undergo steam gasification and reforming 
to yield more gas. The inorganic residue is discharged at the hot end, and the 
hot gas is removed at the cold end after passage through heat-transfer coils 
in the kiln. The wood decomposition exotherm is reported to be sufficient to 
sustain the process after initial heat-up by an auxiliary boiler. Work in a small 
kiln showed that at pressures of 1378 to 2736 kPa and temperatures of 590 
to 620~ with sodium carbonate catalyst, any type of green biomass can be 
gasified to 95 to 98% completion as long as it contains sufficient moisture. 
Dry gas compositions were about 5 to 10 mol % carbon monoxide, 40 to 
50 mol % carbon dioxide, 15 to 22 tool % methane, and 20 to 28 mol % 
hydrogen. It was estimated that 907 t/day of green biomass at 11.6 MJ/kg 
would provide an output of 329 t/day of methanol. 

Indirectly Heated Steam Gasification 

This process, originally called the Pearson-BrightStar Process, was developed by 
BrightStar Technology, Inc. It consists of the conversion of biomass feedstocks, 
particularly sawdust and wood chips, by steam gasification in indirectly heated, 
tubular reactors to afford synthesis gas suitable for methanol production 
(Smith, Stokes, and Wilkes, 1993) or a medium-energy gas suitable for use in 
gas turbines (Menville, 1996). A 0.9- to 4.5-t/day pilot plant was operated in 
Mississippi with sawdust and wood chip feedstocks, but sewage sludge, other 
biomass feedstocks, and lignites have been tested. The process gasifies partially 
dried wood at 10 to 15% moisture content with injected steam at a steam-to- 
carbon ratio of about 2 at low pressure and high temperature to maximize 
synthesis gas and minimize methane formation. The process is believed by 
BrightStar to be the first of its kind to utilize externally heated tubular reactors 
through which the feedstock and steam are passed. Brightstar Synfuels Com- 
pany, a joint venture of BrightStar and Syn-Fuels Corp., completed construction 
of a commercial demonstration module in 1996 in Louisiana. This plant re- 
quires about 22 dry t/day of wood residue feedstock and has a net energy 
output of 13.2 GJ/h exclusive of the energy required for reformer firing. 

Indirectly Heated, Dual Fluid-Bed, Steam Gasification 

A dual fluid-bed process for biomass was developed in the United States in 
the 1970s and early 1980s by the EEE Corporation (Bailie, 1980, 1981). It 
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was commercialized in Japan by EBARA Corporation. This process, called the 
Bailie process after its inventor, consists of two circulating fluid-bed reactors 
that permit the use of air instead of oxygen for conversion of biomass to 
medium-energy gas. In one bed, feedstock combustion occurs with air to heat 
the sand bed. The hot sand is circulated to the other reactor where steam 
gasification of fresh feed and recycled char occurs. The cooled sand is recircu~ 
lated to the combustion reactor for reheating. This configuration produces a 
product gas with a heating value of 11.8 MJ/m 3 (n) or more. The composition 
of the gas from the gasifier operated at 650 to 750~ in one of the pilot plants 
fed with RDF in Japan was 34.7 mol % carbon monoxide, 11.2 mol % carbon 
dioxide, 12.7 mol % methane, 8.0 mol % other hydrocarbons, 30.0 mol % 
hydrogen, 2.5 mol % nitrogen, and 0.9 mol % oxygen. The heating value was 
17.6 MJ/m 3 (n). The pilot plant data indicated that 60% of the carbon resided 
in the medium-energy gas, 30% was converted to char, and the remaining 10% 
formed liquid and char. The energy yield as medium-energy gas was between 
50 and 60%. The plants operated with RDF feedstocks in Japan were a 36-t/ 
day pilot plant, a 91-t/d demonstration plant, and a 408-t/day commercial 
plant. These plants have been shut down. 

Indirectly Heated, Dual Fluid-Bed, Steam Gasification 

This process was developed by Battelle in the 1980s in a dual-bed PDU having 
a capacity of 20 to 25 t/day (Paisley, Feldmann, and Appelbaum, 1984; Paisley, 
Litt, and Creamer, 1991). Heat is supplied by recirculating a stream of hot 
sand between the separate combustion vessel and the gasifier. The PDU used 
a conventional fluid-bed combustor. In a commercial plant, both the gasifier 
and the combustor would be operated in the entrained mode to achieve higher 
throughputs. Tests have been conducted with wood and RDF. The operating 
ranges of the gasifier in the PDU were 630 to 1015~ at near-atmospheric 
pressure. The largest gasifier used was 0.25 m inside diameter and had a 
maximum wood throughput of 1.7 t/h. The heating value of the product gas 
was 17.7 to 19.6 MJ/m 3 (n) and was reported to be independent of the moisture 
level of the feed. A thermally balanced operation with wood feedstock was 
achieved at throughputs of 1.5 t/h. Combustor carbon utilization was complete 
at temperatures above 980~ and gasifier carbon conversion to gas was 50 to 
80% at temperatures above 705~ Typical nitrogen-free gas compositions were 
50.4 mol % carbon monoxide, 9.4 mol % carbon dioxide, 15.5 mol % methane, 
7.2 mol % ethane and ethylene, and 17.5 mol % hydrogen. Carbon conversions 
with RDF were similar to those of wood over a temperature range of 650 to 
870~ The heating values of the product gases were about 21.6 to 23.6 MJ/ 
m 3 (n). A commercial plant based on this process has been built to supply 
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fuel gas to a central station power plant in Vermont (Paisley and Farris, 1995; 
Farris and Weeks, 1996). 

Indirectly Heated, Pulse-Enhanced, Fluid-Bed, Steam Gasification 

This process was developed by Manufacturing and Technology Conversion 
International, Inc. (Durai-Swamy, Colamino, and Mansour, 1989; Durai- 
Swamy et al., 1990). Biomass is reacted with steam in an indirectly heated 
fluid-bed gasifier at a temperature of 590 to 730~ This process uses pulse- 
enhanced, gas-fired, Helmholtz pulse combustors consisting of compact, multi- 
ple resonance tubes which serve as the in-bed heat transfer surface. The pulsed 
heater generates an oscillating flow in the heat transfer tubes that results in 
turbulent mixing and enhanced heat transfer. Higher heat transfer coefficients 
than those available in conventional fire-tube configurations were estimated 
for this process. A medium-energy gas is produced at steam-to-biomass ratios 
of about 1.0. Based on carbon, the dry gas, char, and tar and oil yields were 
typically 90%, 4 to 8%, and 1 to 3%, respectively. Dry gas compositions from 
a wide variety of biomass (wood chips at 20 wt % moisture, pistachio shells 
and rice hulls at 9 wt % moisture, and recycled waste paper with plastic) 
ranged from 19 to 24 mol % carbon monoxide, 20 to 28 mol % carbon dioxide, 
8 to 12 mol % methane, and 35 to 50 mol % hydrogen. The C2-Cs hydrocarbons 
ranged from a low of about 0.5 mol % to a high of about 6 mol % depending 
on the feedstock. The higher heating values of the product gas ranged from 
12.9 to 15.9 MJ/m 3 (n). This work was conducted in a reactor shell 2.9 m in 
height; the overall height was 4.6 m including the plenums. The biomass feed 
rates were about 9 to 13.6 kg~.  Pilot tests in different scales of reactors from 
0.2 to 68 t/day with different feedstocks have been carried out. A 15-t/day 
demonstration unit has been constructed and operated on waste cardboard 
feedstocks in California, and after relocation to Maryland, the plant was oper- 
ated on wood chips, straw, and coal (Mansour, Durai-Swamy, and Voelker, 
1995). A 109-t/day plant for processing black liquor has been built in North 
Carolina, and a similar plant has been built in India for processing spent 
distillery waste. Several cogeneration plants ranging in size from 5 to 50 MW 
are envisaged for more than 500 sugar mills in India. 

C. APPARENT ADVANTAGES OF 
STEAM GASIFICATION 

Except during startup, wood pyrolysis is reported to have been carried out 
commercially in the 1920s and 1930s without an external heat source. For 
example, the Ford Motor Company's continuous wood pyrolysis plant was 
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operated on hogged hardwood dried to 0.5% moisture content and an external 
heat source was not needed (Chapter 8). Presuming oxygen is excluded in 
such processes and that exothermic partial oxidation is not a factor, several 
exothermic reactions can contribute to the self-sustained pyrolysis of wood- -  
the conversion of carbon monoxide and carbon dioxide to methane or metha- 
nol, char formation, and the water gas shift (Table 8.2). Methanation has one 
of the highest exotherms per unit of carbon converted. These reactions or 
modifications and combinations of them seem to have occurred in the self- 
sustained process at a sufficient rate to make the overall process self-sustaining 
under the operating conditions used by Ford Motor Company. 

When applied to biomass feedstocks, few steam gasification systems in 
which oxygen and air are excluded have been described or operated as autother- 
mal processes since this early work. Wright-Malta Corporation's directly 
heated, pressurized steam gasification process for the production of medium- 
energy gas described earlier is one of these (Hooverman and Coffman, 1976; 
Coffman and Speicher, 1993). An external heat source is needed only during 
startup, and water is added as a cofeedstock if the biomass feedstock contains 
insufficient moisture (i.e., less than about 50 wt %). The process was described 
as follows (Coffman, 1981): 

As the biomass moves through the kiln from the cool feed end, it is gradually 
heated and first partially dries, yielding steam; then pyrolyzes, yielding gas, liquids, 
tars, and char. These move co-currently down the kiln. The liquids and tars steam 
reform, yielding more gas; the char steam-gasifies, yielding still more gas. The hot 
gas moves back through coils in the auger and kiln wall, giving its heat to the 
process, and being discharged at the cool end. This regenerative heat and wood 
decomposition exotherm are sufficient to sustain the process after initial heatoup 
by an auxiliary boiler. Over-all energy efficiency, raw biomass to clean, dry product 
gas is estimated to be 88-90%. 

As shown in Table 9.1, most of the steam gasification reactions listed are 
endothermic, but as noted in the discussion of the Wright-Malta process, 
substantial amounts of carbon dioxide and methane are formed. Many of the 
gasification reactions that yield these products are exothermic. Char formation 
and the water gas shift are also exothermic (Table 8.2). Estimated equilibrium 
gas compositions from the steam gasification of green biomass at different 
pressures and temperatures shown in Table 9.11 indicate that at the tem- 
perature and pressure ranges of the WrightmMalta process, about 2 MPa and 
900 K, substantial quantities of carbon dioxide and methane are formed. 
Calculations show that the process can be exothermic under these conditions. 
The heat of the exotherm and the sensible heat of the exiting gases, which 
are passed through tubular heat exchangers in the kiln, and the enthalpy of 
methanation, which occurs in the kiln and the heat exchangers, apparently 
drive the process. The total heat released is apparently large enough under 
Wright-Malta's operating conditions to sustain steam gasification. 
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TABLE 9.11 Estimated Equilibrium Product Gas Compositions as Function of Pressure and 
Temperature for the Steam Gasification of Biomass Containing 50.0 wt % Moisture ~ 

Gas composition 

Pressure Temperature H~ CO COL CH4 H~O 
(MPa) (K) (mol %) (mol %) (mol %) (mol %) (mol %) 

0.1013 900 32.5 21.5 25 4 17 
1000 37 45 10.5 1.5 6.5 
1100 38 57 3 0.5 2 
1200 38 60 1 1 1 
1400 38 62 nil nil nil 

1.0133 900 17 8 33 9 32 
1000 25 22 25 6 21 
1100 31.5 40 13 4 11 
1200 35 53 5 2 5 
1400 38 61 nil nil nil 

2.0265 900 13 6 34 11 35 
1000 20.5 16.5 28 8 26 
1100 27.5 33 18 5.5 16 
1200 32.5 48 8 3 8 
1400 36.5 60 1 1 1 

3.0398 900 11 5 35 12.5 3 
1000 18 14 30 9.5 2 
1100 25 29 20 7 18 
1200 30 45 10.5 4 10 
1400 35 59 2 2 2 

acomposition of dry biomass assumed to be 44.44 wt % C, 6.22 wt % H, and 49.34 wt % O. 
Sums of equilibrium gases may not equal 100 because of rounding. 

It s hou ld  be emphas ized  that  m a n y  invest igators  who  have special ized in 

b iomass  gasification have ques t ioned  the val idi ty of the s team gasification of 

b iomass  w i thou t  the appl ica t ion  of external  heat  because only  a few au to the rma l  

sys tems have been  repor t ed  to be operable.  It is impor t an t  to develop addi t ional  

data to establ ish whe the r  such  sys tems can be self-sustaining over long periods.  

If they are, adiabatic,  au to the rma l  s team gasification wou ld  have several  advan-  

tages for bo th  m e d i u m - e n e r g y  gas p roduc t i on  and  synthes is  gas p roduc t ion .  

These inc lude  acceptabi l i ty  of a wide range of green  b iomass  feedstocks w i thou t  

p re t rea tment ;  lower  process  energy  consumpt ion ;  direct  in terna l  hea t ing  of 

the reactants  and  therefore  more  efficient energy  uti l izat ion;  e l imina t ion  of 

the need  for feedstock dryers,  an oxygen  plant ,  and more  complex  indirect ly  

hea ted  gasifiers and  indirect ly  heated,  dual,  circulat ing,  f luid-bed gasifiers; and  

lower  overall  opera t ing  costs because  of process  simplicity.  Ano the r  advantage  

wou ld  involve env i ronmen ta l  benefits;  s team gasification is r epor ted  to avoid 
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formation of dioxins and to convert any chlorinated compounds that may be 
present to salts and clean gas (Mansour, Durai-Swamy, and Voelker, 1995). 
The disadvantage may be the relatively long solids residence time in the gasifier 
compared to some of the other processes. This can increase the plant's capital 
cost for a given throughput rate. 

D. PROCESS COSTS 

Many economic analyses of biomass gasification for low- and medium-energy 
gas, synthesis gas, and methanol production have been performed after biomass 
gasification developments started to increase in the 1970s. The basic approach 
to many of these analyses is illustrated here by focusing on the manufacture of 
methanol. For stand-alone methanol plants using biomass feedstocks, the se- 
quence of operations has generally consisted of gasification to a low- or medium- 
energy gas, steam reforming to essentially all hydrogen and carbon oxides, water 
gas shift to produce a gas with a molar ratio of hydrogen:carbon monoxide of 
2 : 1, acid gas scrubbing to remove carbon dioxide, and methanol synthesis. The 
gas compositions that would ideally be obtained from each step, using Bailie's 
indirectly heated steam-gasification process as the source of the synthesis gas, 
are shown in Table 9.12. Analysis of the cost of synthesis gas production alone, 
which was reported in the early 1980s for this process (Bailie, 1980, 1981), re- 
sulted in a projected capital cost of $22,050/dry t ($20,000/dry ton) of biomass 
feedstock capacity per day, and a synthesis gas cost of $3.04 to $3.39/GJ ($3.21 
to $3.57/MBtu) at a feedstock cost of $31.58/dry t ($28.64 dry ton), or $1.70/GJ 
($1.79/MBtu). At that time, the posted prices of natural gas and methanol were 
$3.16/GJ ($3.00/MBtu) and $10.54/GJ ($10.00/MBtu), or $0.145/L ($0.56/gal). 
Average capital costs for the steam gasification of biomass in mid-1990 nominal 
dollars range from about $55,000 to $88,000/dry t ($50,000 to $80,000/dry ton) 

TABLE 9.12 Idealized Gas Compositions from Bailie's Indirectly Heated, Steam 
Gasification Process Applied to Methanol Synthesis from Biomass a 

Synthesis gas Reformer gas Water gas Scrubbed gas Methanol synthesis 
Gas (mol %) (mol %) (mol %) (mol %) (mol %) 

H2 21.14 50.44 54.60 66.67 
CO 38.88 38.97 27.30 33.33 
CO2 18.15 10.59 18.10 0.00 
CH4 15.57 0.00 0.00 0.00 
C2H 6 6.16 0.00 0.00 0.00 
CH3OH i00.00 

aBailie ( 1980, 1981) 
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of biomass feedstock capacity per day depend ing  upon  plant  size and other  fac- 

tors, so the impact  of time on equ ipmen t  costs is evident. The feedstock and 
operat ing costs are also higher. 

A plethora of economic  project ions has appeared in Nor th  America on the 

p roduc t ion  of synthesis  gas and methano l  from biomass since this early work. 
Governmenta l  regulat ions regarding motor  fuel composi t ions  and the use of 
oxygenates are undoub ted ly  responsible in part  for this renewed interest. The 
details of a comparat ive economic  analysis that compared  the capital, operating,  

and methano l  p roduc t ion  costs of Wright-Malta 's  s team gasification process, 

Battelle's steam-air  gasification process, IGT's s team-oxygen RENUGAS pro- 
cess, and Shell Oilg coal gasification process as applied to the steam-oxygen 

gasification of biomass are summarized in Tables 9.13 and 9.14 (Larson and 
Katofsky, 1992). 

TABLE 9.13 Gasification Processes Used for Economic Analysis of Methanol Production a 

Process deve loper :  Wr igh t -Mal ta  Battelle IGT Shell Oil 

Circulating Bubbling 
Gasifier type: Rotor kiln fluid bed fluid bed Entrained 

Gasification process type: Steam Steam Steam-oxygen Steam-oxygen 

Feedstocks 
Type: Wood Wood Wood Wood 

HHV, MJ/dry kg 20.93 20.12 19.12 19.12 
Moisture, wt % 45 10 15 11 
Feed rate, dry t/d 1650 1650 1650 1650 

Steam, t/t dry feed 0 0.314 0.3 0.03 
Oxygen, t/t dry feed 0 0 0.3 0.50 
Air, t/t dry feed 0 1.46 0 0 

Gasification 
Pressure, MPa 1.5 0.101 3.45 2.43 
Exit temperature, ~ 600 927 982 1045 

Exit gas (dry) 
H2, mol % 20.7 21.1 30.7 33.9 
CO, mol % 6.9 46.8 22.2 50.7 
CO~, mol % 37.9 11.3 35.2 14.9 
CH4, mol % 34.5 14.9 12.0 0.2 
C2+, mol % (2-3) b 6.1 0.4 
Yield, kmol/t dry feed 82.1 58.3 74.7 73.1 
Molecular weight, kg/kmol 21.82 21.15 22.25 21.00 
Cold gas efficiency, %' 79.4 80.7 72.3 80.9 

aLarson and Katofsky (1992). 
/'This process produces about 2 to 3 mol % C2+, but is not included in the analysis. 
'HHV of product gas/Sum of HHVs gasifier (and combustor in Battelle case). 



V. Commercial and Near-Commercial Biomass Gasification Methods 323 

TABLE 9.14 Estimated Capital, Operating, and Production Costs of Methanol 
from Biomass a 

Process developer: Wright-Malta Battelle IGT Shell Oil 

Wood feedrate, dry t/day 1650 1650 1650 1650 
GJ/h 1439 1383 1315 1315 

Methanol production, t/day 1004 705.1 965.9 915.9 
GJ/h 949.2 667.0 913.9 866.3 

103 L/day 1269 891 1220 1157 

Capital cost, $106 
Installed hardware 

Feed preparation 7.4 18.6 16.4 34.6 
Gasifiers 64.0 7.23 29.0 29.0 
Oxygen plant 0 0 41.7 59.6 
Reformer feed compressor 0 11.0 0 0 
Reformer 16.7 15.5 16.7 0 
Shift reactors 9.40 9.40 9.40 9.40 
Union Carbide Selexol treatment 13.7 14.5 19.4 27.4 
Methanol synthesis-purification 48.5 45.1 38.0 43.7 
Utilities/auxiliaries 49.9 30.3 42.6 50.9 

Subtotal: 200 152 213 254 
Contingencies plus: 77 52 71 84 

Total working requirement 277 204 284 338 

Working capital 20.0 15.2 21.3 25.4 

Land 2.30 2.30 2.30 2.30 

Operating costs, $106/yr 
Variable costs 

Biomass feedstock 22.7 21.8 20.7 20.7 
Catalysts & chemicals 1.92 2.88 1.92 1.92 
Purchased energy 7.13 0.65 3.08 5.28 

Subtotal: 31.7 25.3 25.7 27.9 

Fixed costs 

Labor 0.99 1.18 0.99 0.99 
Maintenance 5.99 4.55 6.39 7.63 
General & direct overhead 4.99 4.25 5.25 6.05 

Subtotal: 12.0 9.98 12.6 14.7 

Total operating costs 43.7 35.3 38.4 42.6 

Levelized costs, $/GJ 

Capital 5.64 4.61 8.33 8.01 
Biomass 3.02 3.09 3.82 3.09 
Labor & maintenance 1.85 1.82 2.68 2.47 
Purchased energy 0.95 0.09 0.57 0.79 
Product methanol 11.46 9.61 15.40 14.36 
Product methanol, $/L 0.20 0.17 0.27 0.25 

aAdapted from Larson and Katofsky (1992). All costs are in 1991 U.S. dollars. Capacity factor, 90%. 
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According to this analysis, the capital, operating, and methanol production 
costs from a plant supplied with 1650 dry t/day of wood feedstock ranges 
from $204 to $338 million, $35.3 to $43.7 million/year, and $0.17 to $0.27/I., 
respectively. The feedstock cost was assumed to range from $38.19 to 
$41.88/dry t. At a 90% capacity factor, methanol production ranges from 293 
to 417 million L/year depending on the process. Production is highest with the 
Wright-Malta process and lowest with the Battelle process because a substantial 
portion of the feedstock is used as fuel to the combustors for the latter process. 
A generally conservative approach was used for this economic assessment. All 
unit operations with the exception of biomass gasification were established, 
commercial technologies when the analysis was performed. The overall cost 
of methanol is more attractive for the two indirectly heated steam gasification 
processes (Wright-Malta and Battelle) compared to the methanol cost estimated 
for the directly heated gasification processes (IGT and Shell). The cost of the 
oxygen plant is a major contributor to product cost for the directly heated 
processes. Also, a few of the assumptions made by the analysts appear to 
disproportionately and adversely affect the cost of methanol from the Wright- 
Malta process, which when adjusted would provide still lower cost methanol. 
The utilities and purchased energy costs for this process seem to be excessive 
because only a small amount of purchased energy would be necessary, as 
already mentioned in the discussion of the reported autothermal nature of this 
process. In addition, the requirement for 17 gasification kilns operating in 
parallel to achieve a target plant capacity of 1650 t/day because of the kilns' 
low throughput capacity contributed significantly to product cost for the 
Wright-Malta process. Nevertheless, this type of comparative analysis illus- 
trates the various facets of such economic assessments that should be examined 
and emphasizes where improvements might be made in the economics of 
each process. 

E. ADVANCED POWER SYSTEMS 

Modern, combined-cycle electric power generation systems using gas turbines 
as the primary generators offer higher thermal efficiencies than conventional 
steam-turbine systems. Many of the commercial plants in operation today use 
natural gas-fired, combined-cycle systems in which the hot exhaust from the 
gas turbines is processed in heat recovery steam generators to afford steam 
for injection into steam turbines for additional power generation and improved 
efficiency. Steam injection into the gas turbines along with combustion gases 
adds further efficiency improvements. Overall thermal efficiencies to electric 
power are up to twice those of conventional fuel-fired steam turbine systems. 
Availabilities can be high, the environmental characteristics are excellent, and 
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capital costs are considerably less per unit of electric power capacity compared 
to the costs of conventional coal-fired plants. One of the largest combined 
cycle, natural gas-fired plants in the worldma 2000-MW central station plant 
in Japan--operates at 95% availabilities (adjusted for mandated inspections). 

Integration of coal gasification processes with combined-cycle technologies 
has opened the way for coal to fuel similar power generation plants at high 
efficiencies. Integrated gasification-combined cycle (IGCC) systems are in oper- 
ation throughout the world and have made it possible to resurrect the use of 
low-cost, high-sulfur fossil fuels for power generation because the gasification 
process is, in effect, a desulfurization process. Oxygen-blown gasification plants 
have dominated both commercial and demonstration coal gasification units 
since as far back as the 1920s. Seventeen commercial plants, having a total of 
153 coal gasifiers, are reported to be in commercial operation worldwide (cf. 
Simbeck and Karp in Swanekamp, 1996). Oxygen is used rather than air in 
these plants because they produce synthesis gas-based chemicals and premium 
fuels. In the United States, modern air- and oxygen-blown, fluid-bed gasifica- 
tion processes equipped with hot-gas cleanup systems are being perfected for 
use with coal feedstocks in IGCC plants. These plants are expected to have 
good emissions characteristics with one exception--carbon dioxide emissions 
per unit of fuel will be about the same as those of conventional fossil-fueled 
power plants. Biomass fuels, because of their relatively short recycling time, 
would avoid this problem. 

It is apparent from the discussion of biomass gasification in this chapter 
that innovative processes for producing low- and medium-energy fuel gases 
have been developed for virgin and waste biomass feedstocks and are either 
about to be or have already been commercialized. These technologies are much 
improved over conventional, air-blown gasification processes. The availability 
of suitable fuel gases from modem biomass gasification processes facilitates 
their coupling with combined cycle power plants in the same manner as fossil- 
fueled IGCC plants. Biomass-fueled IGCC plants (BIGCC), particularly those 
having smaller capacities and those used for combined waste disposal and 
energy recovery, are expected to contribute to the expected 600 GW of new 
electric generating capacity needed worldwide over the next several years. 
IGCC plants fueled with both coal and biomass as sequential or combined 
feedstocks would appear to be a viable alternative because, as already pointed 
out, some gasification processes are capable of converting both feedstocks. 
The heat load for conventional Rankine steam-cycle power production using 
boilers and steam turbines is about 14.8 to 16.9 MJ/kWh; BIGCC technology 
should have about 25% less heat load and therefore considerably improved 
economics. The economics of BIGCC systems even as small as 1 to 10 MW 
in capacity can be very site-specific, but appear to be capable of reasonable 
rates of return (Craig and Purvis, 1995). Larger biomass integrated-gasification/ 
steam-injected gas-turbine (BIG/STIG) cogeneration plants are projected to be 
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attractive investments for sugar producers, for example, who can use sugarcane 
bagasse as fuel (Larson et al., 1991). 

A 30-MW power plant fueled with eucalyptus wood from short-rotation 
energy plantations is planned in Brazil to demonstrate BIGCC technology 
(Carpentieri, 1993; de Queiroz and do Nascimento, 1993). This plant is pro- 
jected to operate at an availability of 80% and an overall thermal efficiency of 
43% to produce 210 GWh/year from 205,835 m3/year of wood chips contain- 
ing 35 wt % moisture. The energy cost is estimated to be $0.045 to $0.065/kWh. 
The first plant is estimated to have a capital cost of $60 million to $75 million 
(U.S.); subsequent plants are estimated to cost $39 million to $45 million 
(U.S.). For sugarcane bagasse, which will be tested as a potential feedstock, 
the heat rate is estimated to be 8.368 GJ/MWh with fuel consumption at 
50 wt % moisture content of 1.021 kg/kWh. It is estimated that the cost of 
electric power production in 53-MW BIG/STIG plants in Brazil using briquetted 
sugarcane bagasse is $0.032 to $0.058/kWh (Larson et al., 1991). 

Other advanced technologies that are receiving considerable attention in- 
clude improved designs for combining small biomass gasifiers with motor- 
generator sets or gas turbines in the multiple-kilowatt range and in the 1 to 
5 MW range. Numerous configurations are being developed, although some 
assessments have ruled out conventional steam turbines because of their rela- 
tively low efficiency and high cost at small sizes. Examples of small systems 
under development include a 1-MW system consisting of a fixed-bed, down- 
draft gasifier, a gas cleaning system, and a spark-ignited gas engine-generator 
set; and a 1-MW system consisting of a pressurized fluid-bed gasifier, a hot- 
gas cleanup system, and a gas turbine (Purvis et al., 1996). 

Another advanced technology that can use biomass gasification for power 
generation employs fuel cells. Fuel cells are devices that electrochemically 
convert the chemical energy contained in the fuel into direct current electricity 
and the oxidation products of the fuel. The fuels can be natural gas and the 
product gases from the gasification of solid fuels, including biomass and de- 
rived fuels such as hydrogen, and intermediate liquid fuels such as 
hydrocarbons and ethanol. In one sense, fuel cells are similar to electric batter- 
~es, but the Iuel and oxidant are continuously supplied trom external sources. 
So, unlike batteries, fuel cells are not consumed or depleted in the process. 
Also, because fuel cells are not heat engines, they are not Carnot limited and 
can achieve high fuel-energy-to-electric power conversion efficiencies that can 
be above 60% based on the energy content of the fuel supplied to the fuel cell. 
Among the fuel cell configurations, three different types are being developed for 
power generation by units 100 kW to 25 MW in capacity. They are differenti- 
ated by the electrolytes used within the cel l~phosphoric acid, molten carbon- 
ate, and solid oxide. Some designs such as those that use molten carbonate 
and solid oxide electrolytes are operated at sufficiently elevated temperatures 
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to be suitable for use in cogeneration applications. A few of these designs are 
believed to be operable at overall efficiencies as high as 85% based on the 
energy content of the fuel supplied to the fuel cell. A few small-scale power 
units using biomass fuels for specialty applications may become available in 
the next few years, but large-scale fuel-cell power plants are not expected to 
be available for generating central station power until well into the twenty- 
first century. 
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