
C H A P T E R  7 

Thermal Conversion: 
Combustion 

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

The simple act of burning biomass to obtain heat, and often light, is one 
of the oldest biomass conversion processes known to mankind. The basic 
stoichoimetric equation for the combustion of wood, represented by the empiri- 
cal formula of cellulose, (C6H505),, is illustrated by 

(C6H1005)n + 6nO2--~ 6nCO2 + 5nH20. 

Carbon dioxide (CO2) and water are the final products along with energy. If 
most biomass did not sustain its own combustion to make heat readily available 
in preindustrial times when and where it was needed, our historical develop- 
ment would not have reached its present state, and would probably have taken 
a different course. Up to the early 1900s, much of industrialized society utilized 
biomass combustion and a few related thermal processes for a wide range of 
applications including heating, cooking, chemical and charcoal production, 
and the generation of steam and mechanical and electric power. 

The science of combustion has advanced a great deal since then and im- 
proved our understanding of the chemical mechanisms involved. Improved 

191 



19 2 Thermal Conversion: Combustion 

combustion processes are available for conversion of virgin biomass and com- 
plex waste biomass feedstocks to heat, steam, and electric power in advanced 
combustion systems and in co-combustion systems supplied with both biomass 
and fossil fuels. Small-scale catalytic woodstoves have been developed that 
operate at higher overall thermal efficiencies with low emissions. Medium- to 
large-scale incinerators have been designed with heat recovery capability for 
efficient combustion and disposal of municipal solid wastes (MSW) with mini- 
mal emissions. And modern boiler systems are available for wood, municipal 
solid waste, refuse-derived fuel (RDF or the combustible fraction of MSW), 
and other biomass fuels for municipal and utility use. The technology has 
progressed far beyond the basic idea of just using biomass as a solid, combusti- 
ble fuel. 

It is noteworthy that of all the processes that can be used to convert biomass 
to energy or fuels, combustion is still the dominant technology. More than 
95% of all biomass energy utilized today is obtained by direct combustion. 

In this chapter, the basic chemistry of direct biomass combustion, develop- 
ments that have made it possible to improve operating efficiencies and environ- 
mental performance, and state-of-the-art systems that have been or are expected 
to be commercialized are examined. Improvements needed to overcome some 
of the operating problems and advancements that are expected from ongoing 
research are also discussed. 

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

A. DEFINITION 

Complete combustion (incineration, direct firing, burning) of biomass consists 
of the rapid chemical reaction (oxidation) of biomass and oxygen, the release 
of energy, and the simultaneous formation of the ultimate oxidation products 
of organic matter--CO2 and water. Chemical energy is released, usually as 
radiant energy and thermal energy, the amount of which is a function of the 
enthalpy of combustion of the biomass. In the idealized case, stoichiometric 
amounts of biomass and oxygen are present and react so that perfect combus- 
tion occurs; that is, each reactant is totally consumed and only CO2 and water 
are formed. Under normal conditions, such combustion does not occur with 
most carbon-containing solid fuels, including biomass. 

When biomass is combusted under normal conditions, a flame is produced 
as visible radiation, provided oxidation occurs at a sufficient rate. By use of 
thermodynamic data, the theoretical temperature at which the products of 
combustion form under adiabatic, reversible conditions can be calculated. The 
theoretical flame temperature for the combustion of wood of various moisture 
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contents with excess air is shown in Fig. 7.1 (Tewksbury, 1991). Green wood 
generally contains about 50% moisture by weight in the field, and excess air 
is used to promote complete combustion. It is apparent from Fig. 7.1 that 
both high fuel moisture levels and excess air significantly reduce the theoretical 
flame temperature. It is also apparent that to achieve maximum flame tempera- 
ture, dry fuel and small amounts of excess air are required. In actual practice, 
however, combustion is not adiabatic and the reactions that occur are irrevers- 
ible, so the actual flame temperature is less than the theoretical value. 

B. PaOCESS STEPS 

An extremely large amount of basic research has been carried out on the 
combustion of solid fuels, including fossil, biomass, and inorganic solid fuels, 
to ascertain the mechanisms and kinetics of the process. Each category of fuel 
combusts under different conditions which are determined by a variety of 
intensive chemical and physical properties of the solids and external ambient 
factors. An empirical view of biomass combustion involves the evaporation of 
the high-energy volatiles such as the terpenes, which burn in the gas phase with 
flaming combustion (cf. Shafizadeh and DeGroot, 1976). The lignocellulosics in 
the solid biomass, under the influence of high temperature or a sufficiently 

FLAME T E M P E R A T U R E  (~ 
2200 

2 0 0 0 ~  

1800 ~ ~  -~_.,,___.~~ 

1 6 0 0  - ~ " " ' " ~ ~  

1400 - 

1200 I 
0 10 

I I I 
20 30 40 50 

MOISTURE C O N T E N T  (%) 

E X C E S S  A I R  

'< 0 %  z 1 0 %  - ' 4 - -  2 0 %  - = 3 0 %  

FIGURE 7.1 Theoretical flame temperature vs wood moisture content and excess air. Adapted 
from Tewksbury (1991). 
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strong energy source, decompose to form pyrolysis products, which also burn 
in the gas phase with flaming combustion. The residual char burns at a lower 
rate by surface oxidation or glowing combustion. The cellulosics are converted 
mainly to combustible and noncombustible volatiles, including water and CO2, 
while the lignins contribute mainly to the char fraction. 

The temperature within the flame is a function of reaction time, combustion 
intensity, flame velocity, and energy transferred to the surroundings. The flame 
temperatures measured on combustion of acetylene, gasoline, hydrogen, and 
natural gas in air under controlled conditions are 2319, 2310, 2045, and 
1880~ respectively (Reed, 1983). The combustion of biomass does not reach 
these temperature levels because of the lower energy density of biomass and 
the mechanism of biomass combustion. Simplistically, the mechanism involved 
in the combustion of solid biomass can be viewed as a stepwise process, 
although all steps occur simultaneously in the combustion chamber. First, 
the increasing temperature dries the incoming, fresh biomass. The physically 
contained moisture in the biomass is vaporized. At about 150 to 200~ thermal 
decomposition and devolatilization of the solid biomass then begins on the 
biomass surface and volatile organic compounds are evolved as a gas, which 
burns in the combustion chamber. (Note that the discussion of biomass pyroly- 
sis in Chapter 8 addresses some of the important research on the mechanisms 
and kinetics of biomass devolatilization which also apply to biomass combus- 
tion.) The remaining fuel components in the carbonaceous residue are corn- 
busted by diffusion of oxygen to the solid surface at temperatures of about 
400 to 800~ and greater. This temperature range is attained by absorption 
of radiant energy from the hot combustion products and the combustion 
chamber surfaces. Temperatures as high as 1500~ have been recorded when 
the incoming fresh fuel is dry and the combustion process is carefully con- 
trolled. The use of preheated air permits similar temperatures in some systems 
even with biomass that contains some moisture. 

C. EMISSIONS 

During combustion, the chemically bound carbon and hydrogen in the various 
organic components ofbiomass are oxidized. Incomplete combustion can result 
in excessive emissions of particulate matter and partially oxidized derivatives, 
some of which are toxic. Chemically bound nitrogen and sulfur that may be 
present in the biomass are oxidized to nitrogen and sulfur oxides--mostly 
sulfur dioxide, SO2, but some sulfur trioxide, SO3; and mostly nitric oxide, 
NO, but some nitrogen dioxide, NO2. Air is the usual source of the oxidant, 
oxygen, for biomass combustion. Small amounts of nitrogen in the air are 
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also converted to nitrogen oxides at combustion temperatures according to 
the reactions 

N2 + 02 ~ 2NO 
2NO + 02--~ 2NO2. 

The equilibrium concentrations of NO formed from equimolar amounts of 
nitrogen and oxygen at various temperatures are shown in Table 7.1. It is 
evident that the higher the combustion temperature, the higher the NO concen- 
tration. The concentrations of chemically bound nitrogen and sulfur are zero 
to very low in most woody biomass species, but some biomass can contain 
relatively large amounts of these elements (Chapter 3). Elements such as 
chlorine, which can be present at relatively high concentrations in biomass 
such as MSW and RDF, but which are present in very small concentrations 
in woody biomass, are converted to chlorine compounds such as hydrogen 
chloride. Most of the chlorine derivatives are considered to be pollutants. 
Carbon monoxide, acid gases, unburned hydrocarbons, partially oxidized or- 
ganic compounds, polycyclic aromatic derivatives, trace metal oxides, nitrogen 
and sulfur oxides, chlorine derivatives, particulate carbon, and flyash are found 
in the flue gases of poorly controlled systems. The amounts of ash formed on 
oxidation of the metallic elements in biomass can be minor or major combus- 
tion products, depending on the composition of the biomass fuel. Biomass 
combustion systems should be designed to approach complete combustion 
under controlled conditions as closely as possible to extract the maximum 
amount of thermal energy, minimize undesirable emissions, and meet environ- 
mental regulations. 

The stoichiometric amount of oxygen is the minimum amount needed for 
complete combustion of the fuel. A limited amount of excess oxygen is often 

TABLE 7.1 Thermodynamic Equilibrium Concentrations 
of Nitric Oxide from Equimolar Amounts of Nitrogen 
and Oxygen ~ 

Temperature Nitric oxide 
(~ (ppm) 

727 43 
827 89 
927 251 

1027 500 
1127 1000 
1227 1630 
1527 5460 

aTewksbury (1991). 
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used with solid fuels to promote complete combustion. Since ambient air 
contains about 79 mol % nitrogen and is the usual source of oxygen under 
normal conditions, nitrogen is a major constituent of the flue gas. The tempera- 
ture attained in the combustion chamber depends on the rate of heat release, 
its dissipation and transfer, and the quantity of combustion gases. So the 
increase in combustion temperature is substantially less with air as the oxygen 
source compared to pure oxygen because of dilution of the combustion gases 
with nitrogen. The air~176 mass ratio is therefore an important parame- 
ter because it affects the rate of combustion and the final temperature of the 
combustion gases. Oxygen-enriched air and the use of small fuel particles or 
powders have been employed to maximize combustion temperatures. 

D. STOICHIOMETRIC MODEL 

A theoretical model of the combustion of biomass is illustrated by the complete 
oxidation of giant brown kelp. Note that kelp, for which complete analytical 
data were available, is used here simply to illustrate the utility of the model, 
which is applicable to all biomass species. Based on the empirical formula 
derived from the elemental analysis of dry kelp at an assumed molecular weight 
of 100, the combustion stoichiometry is 

C2.61H4.63N0.10S0.0102.23 ash26.7 4- 2.762502 -~ 2.61CO2 4- 0.10NO2 4- 0.01SO2 
+ 2.315H20 + 26.7ash. 

The experimentally measured ash content is assumed to be present in the 
original biomass and to be carried through the process unchanged. This is not 
strictly true since oxygen is chemically taken up as metal oxides are formed 
during standard ash determinations. The ash content is calculated as the 
difference between the weight of the residue after ashing the sample and the 
original sample weight, so it does not correspond to the actual ash-forming, 
metallic elements in the original, dry sample. But for purposes of illustrating 
the stoichiometry of complete combustion, this equation is adequate. The 
heat evolved by combustion of this particular sample of kelp is 12.39 MJ/kg 
(296.1 kcal/g-mol) with product water in the liquid state (Chapter 3). Since 
on the average, air is 20.95 mol % oxygen, the stoichiometric air requirement 
for complete combustion is 13.19 mol of air per mole of kelp, or an air-to- 
kelp mass ratio of 3.805. The ultimate concentration of CO2 in the dry flue 
gas is 19.85 mol %. 

Except for submerged combustion processes that are used for treatment of 
aqueous dissolved and suspended biosolids and a few other special combustion 
processes, the combustion of virgin and waste biomass involves solid fuels. 
Stoichiometric combustion data for four types of biomass, two coals, and one 
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coke are compared in Table 7.2. Each of the biomass fuels is assumed to contain 
15.0 wt % moisture. The stoichiometric air requirements are considerably less 
for biomass than for coals and cokes. The reason for this is that the C-to-H 
mass ratios of biomass are much less than those of fossil fuels. Also, most of 
the carbon in biomass is, effectively, already partially oxidized. Less oxygen 
is needed for complete oxidation. For the data in Table 7.2, it is assumed that 
organic nitrogen and sulfur in each solid fuel are oxidized to NO2 and SO2 
and that nitrogen in air is inert. The calculated amounts of NO2 and SO2 
formed on complete combustion are more than might be expected for a biomass 
fuel. The relatively high concentrations of organic nitrogen and sulfur in each 
biomass sample, except the pine wood sample, could potentially cause air 
pollution problems that require NOx and SOx removal from the combustion 
products before the flue gases are exhausted to the atmosphere. This will be 
discussed later. It is sufficient to state here that agricultural and forestry 
residues, wood chips, bagasse generated in sugarcane plantations, MSW, and 
RDF have been used as fuels for combustion systems for many years. 

E. PHYSICAL PARAMETERS 

The moisture content of green biomass can be quite high and can adversely 
affect the combustion process. If the moisture content is excessive, the combus- 
tion process may not be self-sustaining and supplemental fuel must be used, 
which could defeat the objective of producing energy by biomass combustion 
for captive use or market. High moisture can also cause incomplete combustion, 
low overall thermal efficiencies, excessive emissions, and the formation of 
products such as tars that interfere with operation of the system. Predrying 
of the fuel or blending it with dry fuel to reduce the equivalent moisture 
content before combustion may be necessary in these cases. Woody biomass 
fuels containing 10 to 20 wt % moisture are generally preferred for conventional 
biomass combustion systems. This moisture content range permits a close 
approach to complete combustion without incurring the costs of further bio- 
mass drying and allows temperatures in the combustion chamber to reach 750 
to 1000~ As already mentioned, lower moisture contents in biomass fuels 
can facilitate attainmant of even higher combustion temperatures. 

Another factor in biomass combustion is fuel particle size and particle size 
distribution. The furnace design often determines the optimum ranges of these 
parameters. But in general, the smaller the fuel particles, the more rapid and 
complete the combustion process. The larger particles require longer residence 
times in the combustion chamber at a given temperature. In commercial sys- 
tems, the capital and operating costs of fuel particle size reduction and predry- 
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ing are weighed against their beneficial effects on combustion and furnace 
design and costs. 

III. EQUIPMENT AND APPLICATIONS 

A. HARDWARE 

The purposes of solid fuel-burning equipment are to proportion and mix the 
fuel and air, to initiate and maintain ignition, to volatilize the fuel, to position 
the flames in areas of useful heat release, and to supply fuel and air at the 
proper rates and pressures to facilitate each of these functions (Reed, 1983). 
The specific equipment appropriate for most biomass combustion and energy 
recovery systems depends on the types, amounts, and characteristics of the 
biomass fuel; the ultimate energy form desired (heat, steam, electric or cogener- 
ated power); the relationship of the system to other systems in the plant 
(independent, integrated); whether recycling or co-combustion is practiced; 
the disposal methods needed for residues; and environmental factors. The 
design of efficient, large-scale biomass combustion systems requires detailed 
analysis of many parameters and hardware components. Among them are 
the numerical values and variability of moisture, volatile matter content, ash 
content, composition, and energy content of the biomass fuel; biomass han- 
dling, drying, and grinding equipment; the furnace design and associated heat 
transfer requirements and materials of construction; combustion and emissions 
controls; the amounts, composition, fusion temperature, agglomerating charac- 
teristics, and disposal of ash; and flue gas compositions and treatment that 
may be needed to meet emissions limitations. 

In conventional biomass combustion equipment, combustion of the solid 
fuel takes place on horizontal or inclined steel grates or in shallow suspension 
above the grate. The grate is a stationary, vibrating, reciprocating, or traveling 
platform, and the fuel is supplied in the batch, semicontinuous, or continuous 
mode. Many furnace designs have been used such as pile-burning systems 
(Dutch ovens), fixed- and moving-bed furnaces, multiple hearth furnaces, 
stationary and rotating horizontal and inclined kilns, overfeed, underfeed, and 
spreader stokers, and pulverized fuel burners. The principal difference between 
conventional solid fuel-burning equipment and liquid-fuel- or gas-burning 
equipment is that furnaces for solid fuels must allow for additional fuel resi- 
dence time for the slower burning chars to combust after all gases and volatile 
liquids have been driven off. One of the principal methods of expediting this 
process is by burning smaller fuel particles. Advanced combustion designs such 
as fluid-bed and cyclonic combustors further improve biomass combustion and 
are discussed in Part E. 
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The differences in the furnaces suitable for biomass combustion reside 
mainly in the design of the combustion chambers, the operating temperatures, 
and the heat transfer mechanisms. Refractory-lined furnaces operating at about 
1000~ were standard until the introduction a few years ago of water-wall 
incinerators. Ash buildup can occur rapidly in refractory-lined furnaces, and 
excess air must be introduced to limit the wall temperature. The water-wall 
incinerator has combustion chamber walls containing banks of tubes through 
which water is circulated, thereby reducing the amount of cooling air needed. 
Heat is transferred directly to the tubes to produce steam. There are numerous 
configurations, but the basic concept has not changed for many years, apart 
from operating conditions and materials improvements to improve heat transfer 
and thermal efficiencies. Considerable advancements have been made, how- 
ever, in ancillary hardware designs to control the combustion process and 
reduce emissions, to remove ash, and to remove flyash and emissions from 
the stack gas. Improvements have also been made in the methods used to 
recover sensible heat from the stack gases and heat from the condensate and 
boiler blowdown. Other overall efficiency improvements have resulted from 
advances in predrying hardware for moisture reduction in the incoming bio- 
mass fuel. 

B. RESIDENTIAL AND SMALL COMMERCIAL SYSTEMS 

Residential biomass fuels are usually chunks and pieces of wood and logs that 
are burned in small woodstoves and fireplaces, in contrast to medium- and 
large-scale municipal, industrial, commercial, and power-generating facilities 
that burn a large variety of virgin and waste biomass fuels such as MSW, RDF, 
sawdust, bagasse, rice hulls, wood chips, and industry-specific wastes. The 
residential wood fuels range from about 15 to 50% moisture content depending 
on the extent of air drying. The moisture content of seasoned firewood is 
typically about 20%. Most of the older woodstoves consist of conventional 
downdraft, updraft, or crossdraft fireboxes with fixed steel grates. Airflow is 
adjusted manually and the flue connections are sized for maximum loadings. 
Electric air blowers are sometimes used in the larger wood-burning appliances. 
The ash collects in a compartment below the grate. A common characteristic 
of the older woodstoves is that they permit long fuel residence times in the 
firebox to maximize fuel usage. Over the years, hundreds of woodstove mod- 
els of different designs have been marketed, many of which are claimed to 
have superior performance. Some of the modifications did effect small in- 
creases in thermal e~ciency, but many were strictly aesthetic changes. 

With few exceptions, it was not until the 1980s when major advances were 
made in woodstoves in response to government mandates to reduce pollution. 
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Catalytic woodstoves with secondary combustion chambers are good exam- 
ples of the application of modem technology to improve operating efficien- 
cies. These appliances are at the high end of the efficiency scale as compared to 
noncatalytic woodstoves; fireplaces are at the low end. A comparison of the 
operating efficiencies of woodstoves is shown in Table 7.3 (Long and Weaver, 
1985). The woodstove efficiency in this comparison corresponds to the usable 
heat over the energy content of the fuel input unadjusted for moisture content. 
The efficiencies range from a low of 13% for conventional fireplaces to 75% 
for airtight, catalytic woodstoves with a secondary combustion chamber. 

As discussed in Chapter 6, pellet-burning stoves for residential use, or pellet 
stoves as they are generally called, and pellet fuels made from wood, wood 
wastes, straws, RDF, waste paper, and other waste biomass have been commer- 
cially available for several years. Residential pellet standards have been pro- 
posed by the Pellet Fuels Institute in the United States (Table 6.5), where the 
annual market has averaged about 35,000 pellet stoves over a 10-year period 
(Pickering, 1995, 1996). Pellet stoves are marketed in both free-standing and 
fireplace-insert models. These stoves are equipped with hoppers which hold 
about 20 kg or more of pellets that are auger-fed, usually from the top, into 
the combustion chamber. The advanced design units employ forced air flow 
past the pellets, and passage of the hot combustion products through a heat 

TABLE 7.3 Comparison of Woodstove Efficiencies a 

Woodstove type Efficiency (%) 

Airtight catalytic 75 

Average airtight 63 

Parlor, box, potbelly 50 

Franklin (doors closed) 38 

Fireplace 25 

Remarks 

An airtight stove with a catalytic afterburner and a 
smoke chamber such as a double-drum stove or 
a design that provides for improved burning in a 
secondary combustion chamber. 

Any of the openable stoves with tight fitting doors 
that would not fall into the airtight catalytic 
category. 

Non-airtight stoves with flue connections smaller 
than 20.3 cm (8 in.). 

Non-airtight stove with a 20.3-cm flue connection. 

Equipped with heatalator or similar device to 
improve heating effect. 

Fireplace 13 Without heatalator. 

along and Weaver (1985). The efficiency does not include a correction for moisture content. 
When adjustments are made for moisture, the efficiency of the average airtight woodstove or 
fireplace for wood fuel with 20% moisture, for example, would be 50% rather than 63%, or 10% 
rather than 13%. 
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exchanger to heat circulating room air, and then through a simple flue to the 
outside. The advanced stoves are relatively complex and require several mo- 
tors, fans, and electronic modules to control fuel and combustion air. 

Small furnaces and boilers for wood fuels with and without backup oil or 
natural gas have been designed for burning logs, wood chips, sawdust, and 
pelletized wood wastes for central space heating in northern climates (cf. 
Brandon, 1981; Sahrman, 1983). The loading systems are gravity-fed hoppers 
or screw-fed hoppers (stokers) for chips, pellets, and sawdust. Logs and split 
logs are loaded manually. When thermal energy storage is employed, provisions 
are generally made for hot water storage and circulation through radiators 
when heat is required. One example of the controls for a conventional furnace 
and boiler is those used for one type of manually loaded round wood system 
(Brandon, 1981). Regulation of the heat output is achieved by varying the 
amount of combustion air available. Demand for heat from the building thermo- 
stat activates a control motor that opens a primary air vent to the furnace; 
when no heat is required, the vent closes and the fire dies down. If the wood 
fire is not controlled by the primary air vents, the heat is dumped to the 
building by switching fans or water circulators. This ensures safe operation 
by preventing overheating of the furnace or the boiler. Automated feeding 
systems for particulate fuels are often controlled so that both combustion air 
and fuel feeding are adjusted with the demand for heat. Controls for advanced 
space-heating units usually take into account the fact that wood combustion 
cannot be controlled by instantaneous on-off devices, as an oil or gas burner 
can. Combustion can be sustained in a low-level, standby mode, or a fast-start 
device such as an auxiliary oil burner can be employed to renew combustion 
when heat is needed. There are many variations in designs and controls for 
these systems. In comparative tests of 10 commercially available units for 
residential use, the overall efficiencies in terms of wood fuel input over useful 
output during the heating season ranged from about 40 to 50% for 9 of the 
10 units evaluated (Brandon, 1981). This is quite high for small systems. 

C. SOLID WASTE INCINERATION 

Landfilling of MSW is the preferred disposal method. But the shortage of 
suitable sites and the regulations and controls now applicable to the construc- 
tion and operation of new landfills, the operation of existing landfills, and the 
closure methods and subsequent monitoring requirements have led to renewed 
interest in incineration. MSW disposal by open-air burning and incineration 
in small- and large-scale facilities without energy recovery has been practiced 
for many years. Some small- and many large-scale MSW incineration systems 
now incorporate energy recovery systems for steam and thermal energy. Some 
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produce electric power as discussed below. MSW incineration plants with 
energy recovery span a large throughput range--about 50 to 4000 t/day of 
MSW. 

In the United States, three main technologies are used for waste-to-energy 
facilities: mass burn for MSW, modular mass burn, and RDF (Berenyi, 1995). 
Many of the modern plants in operation are based on European combustion 
hardware and utilize a waste-heat boiler or a waterwall system to produce 
steam. In mass burn technology, which is used in the majority of facilities, 
MSW is combusted as received or with minimum processing to reduce the 
size of the pieces and clumps present in the mixture and to separate some of 
the material. At most locations, large appliances, car batteries, and hazardous 
materials are removed at the tipping floor. Most mass burn plants use waterwall 
incineration technologies; some use refractory-lined furnaces, rotary combus- 
tors, and a few other configurations. Modular mass burn facilities often use 
one or more small-scale combustion units to process smaller quantities of 
MSW than the waterwall systems. Steam is commonly generated from the hot 
flue gases in many modular plants using a two-chamber furnace design. Final 
combustion occurs in the second chamber. For plants based on RDF technolo- 
gies, MSW is first shredded and then separated into the combustible fraction 
or RDF, and selected recyclables, such as the ferrous fraction, aluminum, and 
glass. RDF is usually burned in semisuspension or suspension-fired furnaces 
or cofired with other fuels. It is also cofired in minor amounts with coal to 
produce steam in some of the larger power plants or with dewatered municipal 
biosolids in some plants. Separation of the RDF and recyclables is accomplished 
with various combinations of magnets, eddy-current devices, air classifiers, 
trommel screens, rotary drums, flotation devices, and pulping devices (see 
Chapter 6). Some processes involve the production of powdered RDF or pellet- 
ized material for use as fuels. 

Numerous industrial solid wastes are disposed of in incinerators that have 
energy recovery capability. Most of these systems are smaller than MSW incin- 
erators. The compositions of specific industrial wastes are more uniform than 
those of MSW, but the range of waste categories is so broad that special 
hardware and furnaces must sometimes be used. Rotary kilns, multihearth 
furnaces, and fluidized-bed incinerators have been employed for industrial 
waste incineration systems. 

D. ELECTRIC POWER PRODUCTION 

Before discussion of advanced, biomass combustion systems, it is in order to 
consider electric power generation with biomass fuels because several advanced 
technologies are being used or are planned for this application. A typical utility 



204 Thermal Conversion: Combustion 

boiler consists of a furnace, where heat is transferred to enclosed water-cooled 
tubes, and a convection section, where more heat is transferred to the water 
tubes. Steam superheating can occur, and various economizers and recupera- 
tors may be installed. The steam is produced at rates of about 100 to 4500 t/ 
h and converted to electric power in high-speed steam turbine generators, 
which range in capacity from about 20 to 1300 MW. In the United States, a 
very high percentage of electric power generation by utilities is by turbine- 
generator systems in which steam is expanded in variations of the Rankine 
cycle (Miller and Allen, 1985). This cycle, originally developed with steam 
engines, closely approximates the Carnot cycle when used with low-pressure 
steam. As pressures increase to obtain higher saturated steam temperatures, 
the Rankine cycle does not improve as much as the Carnot cycle because the 
low-temperature heat being added to bring the condensate back to boiler 
saturation temperature becomes a major portion of the total heat content of 
the saturated steam. But with regenerative feedwater heating and reheating 
the steam after it has been partially expanded through the turbine, Rankine 
efficiencies can approach Carnot efficiencies. Overall thermal efficiencies for 
power production usually range from about 28 to 34%. Some plants have been 
reported to operate at up to 40% overall efficiencies. The thermal energy in 
terms of fuel consumption needed to generate 1000 kWh of electricity is 
assumed in most U.S. tabulations in non-SI units to be about 1.8 bbl of 
crude oil, 0.47 ton of coal, 0.6 ton of dry biomass, or 10,000 ft 3 of natural 
gas. This is equivalent to thermal energy consumption of about 11 MJ/kWh 
(10,400 Btu~Wh). Fossil-fueled steam-electric plants typically use about 
10.5 to 12.7 MJ (10,000 to 12,000 Btu) of fuel input per kilowatt-hour gen- 
erated. 

At full load, one of the largest single-boiler, stoker grate, wood-fueled, 
electric utility plants--a central station power plant in Burlington, Vermont 
that generates 50 MW of net production--consumes dry equivalent wood 
at a rate of 925 t/day (Tewksbury, 1987). Net electrical production was re- 
ported to be 280,137,900 kWh for a total green wood fuel consumption of 
394,612.9 tonne (435,060.7 ton) at 50 wt % moisture over a 1-year period. 
At an average energy density of 18.6 GJ/t (16.0 million Btu/ton) for dry 
wood, this corresponds to thermal energy consumption of 13.10 MJ/kWh 
(12,424 Btu~Wh) generated and a thermal efficiency of 27.5%. The opportuni- 
ties for fuel savings in conventional electric power generation facilities are 
obvious. Note that at 100% resistance heating efficiencies, 1.0 kWh is equiva- 
lent to 3.60 MJ (3412 Btu) of thermal energy independent of the generating 
process. 

Modern fossil-fired plants typically have capacities from 300 to 900 MW; 
600 MW is the approximate average for U.S. utilities (Miller and Allen, 1985). 
Some plants have been built with capacities of 1300 MW. Steam conditions 
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have effectively been standardized at 16,500 kPa and initial temperatures of 
538~ with reheat to 538~ Some plants utilize supercritical pressures of 
approximately 24,100 kPa, mostly with steam temperatures at 538~176 

Some plants also utilize double-reheat  and steam temperatures  up to 565~ 
A few advanced plants were designed to operate with steam pressures up to 

34,500 kPa and steam temperatures  up to 650~ The net heat rate and the 
labor cost and investment  per ki lowatt-hour decrease with increasing plant 
size, so larger plants are desirable. 

Biomass-fired boilers are typically limited to steam product ion rates up to 
227 to 273 t/h (250 to 300 ton/h) according to some analysts because of 

fuel availability, fuel cost considerations, and materials handling difficulties 
associated with low-density fuels (Tillman, 1985). This restriction in turn 
limits the max imum economical pressure to about 10,300 kPa compared to 
coal-fired units, which range from 16,500 to 24,100 kPa, increases the steam 
rate requirement,  and limits the number  of feedwater heaters to 1 to 4, com- 

pared to the 8 feedwater heaters commonly  associated with fossil-fired units. 
The characteristics of biomass power plants shown in Table 7.4 illustrate how 
these limitations can affect the technology. Biomass-fired cogeneration power 
plants usually have capacities in the range 5 to 25 MW, whereas condensing 
power plants have capacities up to 60 MW. Cogeneration is the simultaneous 
conversion of thermal energy into electrical energy and some other form of 

TABLE 7.4 Biomass Power Plant Characteristics ~ 

Characteristic 

Size, MW 
Minimum 
Maximum 

Typical throttle steam pressure, atm 
Minimum 
Maximum 

Typical steam rate, kg/kWh 
Minimum 
Maximum 

Typical heat rate chargeable to power, MJ/kWh 
Minimum 
Maximum 

Generation mode 

Condensing 
Cogenera tion power 

1 10 
35 50 

30 40 
100 100 

7.7 3.6 
13.6 5.4 

4.9 13.2 
6.3 21.1 

aTillman (1985). The generation mode is for a back-pressure turbine. The minimum heat rate is 
based on large systems and biomass fuel containing 15 wt % moisture. The maximum heat rate 
is based on small systems and biomass fuel containing 50 wt % moisture. 
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energy. For example, steam produced in a boiler drives a steam turbine to 
generate electric power, and the waste heat is recovered and used for heat or 
process steam production. The overall thermal efficiency is higher because of 
the recovery of additional, useful energy. From a practical standpoint, the 
availability of fuel at a sustainable, competitive price is probably the most 
important factor that determines plant size. 

The 50-MW plant in Burlington, Vermont, was limited in capacity by the 
wood fuel available within the area circumscribed by a radius of 80 km 
(50 mi.) from the plant. This is considered by most energy specialists to be 
the maximum distance that wood fuel can be obtained and economically 
transported to the plant by truck or rail. For captive sources of biomass fuels, 
the capacity can be larger. One example is the 60-MW, wood waste-fueled 
power plant located in Williams Lake, British Columbia (Baker, 1995). This 
plant is located in the center of a major lumber industry region that has five 
large sawmills located within 5 km of each other. The mills produce more 
than 540,000 green tonnes of bark, sawdust, and other wood waste products 
per year. 

Efficiency improvements in the conversion of thermal energy to electric 
power are a direct route to increasing power plant capacity. Several techniques 
have been developed that offer large improvements in efficiency. Among them 
is the combined cycle configuration. In one configuration of a combined cycle 
plant, a combustion turbine drives a generator and the hot exhaust is fed to 
a heat recovery steam generator. The steam from this unit drives a steam 
turbine generator and the exhaust is used to provide process steam or is 
condensed and returned to the heat recovery steam generator. There are many 
variations of this design. Integrated gasification-combined cycle (IGCC) con- 
figurations for coal-fired systems are an example. IGCC systems are also appli- 
cable to biomass feedstocks and will be discussed in Chapter 9. The systems 
can be designed to operate at an overall energy conversion efficiency consider- 
ably larger than the sum of the efficiencies of separate systems that convert 
the same total quantity of fuel to electric power. Some projections indicate 
that overall thermal efficiencies as high as 70% might be possible. 

Another approach to increasing power plant efficiencies is to use a nonther- 
mal conversion method for power production, such as fuel cells. Fuel cells 
rely on electrochemical conversion of the chemical energy in the fuel to electric 
power. In the cogeneration mode, these systems have been reported to be 
operable at overall efficiencies as high as 85% (Schora, 1991). Large-scale 
power plants based on fuel cells have not been developed yet and are not 
expected to be available for generating central station power until well into 
the twenty-first century. 

The U.S. Department of Energy has developed a strategic plan that delineates 
how electric power generation from biomass can be significantly increased in 
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the U.S.A. (U.S. Dept. of Energy, 1996). The U.S. biomass power industry in 
the mid-1990s represented an investment base of $15 billion and supported 
about 66,000 jobs. DOE's projections indicated the potential for biomass power 
to grow to an industry of 30,000 MW employing 150,000 persons in mainly 
rural areas and producing 150 to 200 billion kwh by the year 2020. This 
would require 127 million tonnes of dry biomass fuel annually according to 
DOE's estimates, which is equivalent on a gross energy content basis to about 
2.36 EJ/year and the annual gross generation of about 223 billion kwh at 85% 
availability and 33% overall thermal efficiency. If the required fuels were all 
dedicated biomass energy crops, 80,940 km 2 (8.1 million ha) of growth area 
would be required at a conservative yield of 15.7 dry t/ha-year. Various strate- 
gies have been proposed to achieve the 30,000-MW target, including the 
cofiring of biomass fuels and coals as a bridging strategy. For example, the 
cofiring of wood wastes in coal-fired utility boilers has the potential to reduce 
fuel costs, support local economic development, and address environmental 
concerns (cf. Tillman et al., 1995). 

The most realistic approach to attainment of 30,000 MW of on-line biomass 
power in the United States within the next few decades is to develop large- 
scale, integrated biomass production-conversion systems that operate at high 
overall thermal and net energy production efficiencies (Chapter 14). This is 
perhaps the only practical approach, although efficiency improvements in 
power generation via advanced combined-cycle schemes and high-efficiency, 
nonthermal generation with fuel cells will help reduce the amounts of dedicated 
energy crops needed. Energy crop yields and costs are most certainly primary 
factors in achieving the 30,000-MW target. 

A contrasting viewpoint is that large-scale, biomass-fueled power generation 
systems are unlikely to be economically competitive with natural gas or coal- 
fired generation, but that they can fill important niche markets, especially 
via distributed generation (Whittier, Haase, and Badger, 1996). Distributed 
generation is defined as any modular technology that is sited throughout a 
utility's service areaminterconnected to the distribution or subtransmission 
system--to lower the cost of service. They typically have capacities less than 
50 MW. Distributed generation is claimed to provide multiple benefits to 
utilities and end users, including lower capital costs and reduced financial risk 
compared to those of the larger generation systems; deferral of upgrades to 
substations; provision of power in increments that match projected demand 
patterns; and various forms of grid support. Other advantages are that the 
logistics of sustaining operations are simplified and most of the biomass conver- 
sion technologies qualify as distributed generation candidates. 

Assessments of commercial biomass power technologies indicate that oppor- 
tunities exist, particularly for niche market applications, when the business 
conditions are right. Federal legislation can have a large impact on these 
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opportunities. For example, the U.S. Public Utilities Regulatory Policies Act of 
1978 (PURPA, PL 95-617) created a utility market for independent, nonutility 
power producers by requiring public utilities to purchase power from them 
at the so-called avoided cost, or the utility's cost of purchasing or generating 
the power itself. Many small power producers and cogenerators took advantage 
of this arrangement by generating power for on-site use and selling the surplus 
to the local utility. One technology that fared quite well under PURPA, when 
Standard Offer contracts in California allowed independent power producers 
to lock in payments that started at $0.08 to $0.09/kWh, is bubbling, fluid-bed 
combustion. It was a key technology that allowed plants to achieve favorable 
economics in a changing regulatory and fuel price environment. The flexibility 
of 3 such plants (net capacities of 10, 10, and 25 MW), for example, permitted 
them to accept a very wide range of biomass fuels and to meet California's 
strict emissions requirements using ammonia injection and limestone additive 
for NOx and SOx control over a 7-year operating history (Ferris, 1996). When 
scheduled shutdowns and reduced loads were required by the utility that 
purchased the power, the advanced designs of these plants made it possible 
for them to be operated as peaking units after the utility offered payments up 
to $0.06/kWh under curtailment contracts. 

E. ADVANCED COMBUSTION SYSTEMS 

Other advanced combustion systems for solid biomass fuels also offer consider- 
able advantages over conventional designs and are in commercial use or under 
development. A few of them are described here. 

Combustion of waste biomass is often employed not for energy recovery, 
but for waste disposal purposes. One of the most difficult of biomass solids 
to combust is municipal biosolids (sewage). Its high moisture content of 95% 
or more and its chemical and physical properties require special dewatering 
techniques and furnace designs when combustion is used as the primary 
disposal method. Supplemental fuels are usually required, but it is possible to 
use dewatered biosolids for self-sustained combustion. In one plant, thickened 
biosolids at a concentration of about 4% solids is dewatered to about 38% 
solids, and then combusted in a six-hearth incinerator (U.S. Environmental 
Protection Agency, 1985). The dewatered material contains about 70% volatile 
solids, but only has a net heating value of 1.7 MJ/kg. Yet stable autogenous 
combustion is obtained by automatically controlling the injection of primary 
air into the bottom stage of the furnace to take advantage of the draft effect 
that changes according to the load to the furnace and the biosolids properties. 
The temperature in the hottest hearth is held between 700 and 900~ The 
control measures used prevent unstable combustion, high air-fuel ratios, and 
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discharge of unburned biosolids; they also minimize clinker and slag formation. 
Autogeneous combustion was attained with a small amount of heavy oil at a 
rate of 8 L/t of dewatered biosolids. Oil consumption is commonly 170 L/t 
of biosolids. 

The disposal of waste automobile tires is a major problem. In the United 
States, it is estimated that more than 200 million tires per year are disposed 
of in some form or recycled for retreading or reuse. About 75% are disposed 
of in landfills. Combustion of whole tires and tire chips is already being 
practiced to provide supplemental fuel for the combustion of high-moisture 
wood residue fuels. But emissions of metal oxides, volatile organic compounds, 
and sulfur oxides from the tires have precluded the use of high ratios of tire 
fuel in conventional combustors. The ability to handle the high steel wire 
concentrations, which can be as much as 10% of the total weight of the tires, 
has limited waste tire usage as fuel. A circulating fluidized-bed combustion 
system has been designed to combust tires with nearly 100% conversion of 
the carbon, good emissions characteristics, and the capability of separating 
the wire (Murphy, 1988). Carbon monoxide levels of 25 ppm in the flue 
gases have been readily maintained with excess air. Sulfur oxide capture with 
limestone in the fluidized bed and ash recycle can be as high as 80%. The 
sand is withdrawn from the bottom of the unit and after the temperature is 
reduced to about 315~ the material is passed over a rotating drum magnet 
for wire removal. The dewired sand is screened to remove any oversized 
particles before return to the combustor. 

Fluid-bed combustion has been given a great deal of attention in recent 
times because of its advantages, particularly in large-scale systems (cf. Murphy, 
1991). Typically, combustion takes place in a cylindrical vessel in which air 
is dispersed through an orifice plate at the bottom of the unit. The air then 
passes through a bed of an inert refractory, pieces and particles of fuel, and 
ash and residual inorganic particles remaining from combustion, thereby caus- 
ing the effective volume of the bed to increase and the bed to become "fluidized." 
Small particles burn rapidly above the fluidized bed while larger particles filter 
into the bed where they are dried and gasified. Most of the residual char is 
burned in the fluidized bed while volatiles burn both in and above the bed. 
The fuel is fed to this rapidly mixed bed, where flameless combustion occurs 
at about 650~ This temperature can be substantially below flame temperature. 
Because of the lower heat input requirements, many high-moisture-content 
fuels can be combusted without supplemental fuel. Materials such as limestone 
are often added to the bed to minimize pollutants in the flue gases. The constant 
motion of the fluidized bed ensures good mixing and intimate contact of the 
air and fuel, improves combustion, reduces emissions, and makes it possible 
to combust a wide range of fuels having different shapes, sizes, moisture 
contents, and heating values. Excellent heat transfer rates to boiler tubes or 
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materials immersed in the bed can be obtained. Bubbling and circulating 
fluidized-bed designs are the principal hardware configurations. 

The combination of fluidized-bed technology and cyclonic combustion has 
led to the development of innovative two-stage systems for disposal of waste 
biomass with heat recovery (Rehmat and Khinkis, 1991). The first stage is a 
sloped-grid, agglomerating fluidized-bed reactor that can operate under either 
substoichiometric or excess air conditions. When municipal biosolids are 
burned, the noncombustibles are agglomerated to form a vitrified, glassy matrix 
that is removed from the bottom of the fluidized bed. The inert agglomerate can 
be safely used in construction applications and is reported to meet leachability 
standards in landfills. The amount of supplemental fuel required to maintain 
temperatures of about 815 to 1100~ in the bed depends on the heating value 
of the fuel. The second stage is a cyclonic combustor where flue gas from the 
fluidized bed is further combusted. The cyclonic combustor provides sufficient 
residence time at operating conditions to oxidize all carbon monoxide and 
organic compounds to CO2 and water. The combined system is reported to 
have a destruction and removal efficiency for organic materials greater than 
99.99%. The system is used mainly for waste disposal, but can be operated in 
the autogenous mode with dry waste biomass feedstocks. 

Direct-fired gas turbines are another innovative development in biomass 
combustion (McCarroll and Partanen, 1995). The compressor section of the 
gas turbine provides pressurized combustion air to burn biomass in an external, 
pressurized combustor capable of operating at pressures required by the gas 
turbines. Hot combustion gases are ducted through a cyclonic separator into 
the hot section of the gas turbine to drive a generator. Hot exhaust gas from 
the turbine at about 480~ can be either used directly as a source of thermal 
energy or fed into a heat recovery steam generator to produce process steam. 
Full utilization of both types of energy in the cogeneration mode is expected 
to allow system efficiencies in excess of 70%. This type of direct-fired turbine 
is believed suitable for small and medium-sized industrial and commercial 
applications up to 5 MW in capacity. Low-ash, debarked wood particles less 
than 0.3 cm long and containing less than 15% moisture are the preferred 
fuel, but other processed biomass can also be used. A similar 3-MW, direct- 
fired, gas turbine system used dried sawdust fuel containing 12 to 25% moisture 
as it entered the combustor (Hamrick, 1987). This system has been modified 
and upgraded, and a 5-MW commercial plant was built in Tennessee to demon- 
strate the technology (Rizzie, Picker, and Freve, 1996). The power will be 
sold to the Tenessee Valley Authority. The plant is fueled with fresh sawdust 
from local sawmills, and will later be used with other biomass fuels. Fine- 
tuning of this plant is expected to produce a net output of up to 6.6 MW in 
the open cycle mode at a heat rate of 14.2 MJ/kWh. 
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Pulsed combustion is another advanced technology under development for 
biomass (Buchkowski and Kitchen, 1995). A pulse combustor consists of a 
combustion chamber in the form of a short pipe with an air and fuel admitting 
valve at one end and a length of reduced-diameter pipe at the opposite end. 
The valve, which allows flow in only one direction, admits air from a blower 
to the combustion chamber, where it mixes with the fuel to form an explosive 
mixture. Ignition is provided by a spark plug and a rapid increase in pressure 
follows. The gases are driven out through the small-diameter tail pipe. A 
vacuum follows the explosion and a new charge of fuel and air are drawn 
into the combustion chamber. The cycle is repeated many times per second. 
Although fuel gases are suitable fuels, pulverized hog fuel and sawdust with 
less than 15% moisture may be suitable alone as fuels after the system is 
operational. A wood fuel feed auger was employed for the initial studies. Pulsed 
combustion was achieved momentarily, which indicates that a practical design 
is possible. Pulsed combustion is reported to offer high heat transfer rates, 
efficient combustion, low nitrogen oxide emissions, and a source of kinetic 
energy for providing the motive force for a drying system. 

An innovative approach to large-scale biomass combustion for power gener- 
ation is the whole-tree-burning concept in which whole trees, including 
branches, are supplied directly to the combustion chamber using conveyors 
and rams (Ostlie and Drennen, 1989). The whole trees are stored in large piles 
in drying buildings for 30 days before combustion. Condenser waste heat 
supplies dry, heated air to these buildings. The combustion chamber is a two- 
stage combustion unit. In the first stage, a water-cooled grate supports the pile 
of trees. Burning releases gases which combust above the pile at temperatures 
reported to be as high as 1480~ Temperatures within the pile are reported 
to be 100~ The second stage of combustion occurs below the bed as char 
falls through openings in the grate. Ash collects at the bottom of the second 
stage for removal through an ash discharge. Underfire air at approximately 
340~ enters the secondary combustion chamber and is used for control. 
Raising or lowering the flow rate and the temperature of the air raises and 
lowers the combustion rate of the trees and the release of volatiles. Introduction 
of secondary air above the pile assures complete burning of the volatiles, while 
the boiler sections installed above the primary combustion chamber ensure 
maximum steam production. 

F. SOME OPERATING PROBLEMS 

The fouling of heat exchanger surfaces can be a major problem with solid 
biomass fuels, especially straws and herbaceous residues. Fouling occurs be- 
cause of formation in the conversion zone of low-fusion point alkali metal salt 
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eutectics such as the alkali metal silicates. If the temperature is above the 
fusion point of the salts, particulates form in the combustion gases that can 
stick to heat exchanger surfaces when the gases leave the zone. The problem 
can be severe in biomass combustion systems, but is usually not severe in 
biomass gasifiers (Chapter 9). Furnace-boiler systems for solid biomass fuels 
are often designed to keep the temperature in the combustors below about 
900~ to reduce slagging and formation of molten agglomerates. Careful design 
of the internals is necessary to avoid contact of the hot gases that may contain 
low-fusion point particulates with higher temperature surfaces. 

Another method of eliminating this problem with solid biomass fuels when 
the combustors and gasifiers are operated above slagging temperatures is to 
remove the ash from the bottom of the units as molten slag. This technique 
is well established with coal fuels, which often have higher ash contents than 
biomass, and seems to be quite effective. It is important to note that some 
biomass, although high in mineral matter, may be low in alkali metals. Fouling 
by sticky particulates should therefore be far less with this type of biomass. 
An obvious approach to the reduction of alkali metal fouling is to remove the 
alkali metals from the fuel before conversion. Extraction of the water-soluble 
salts has been evaluated, but unless it is effective and low in cost, it adds 
unnecessary complexity and expense to the process. 

A slagging index developed by the coal industry has been used to rate solid 
fuels for fouling. This index corresponds to the mass of alkali metal as oxides 
(K20 + Na20) per energy unit in the fuel and is useful for rating biomass 
feedstocks too. The calculation is made by 

0.1[(% ash)(% alkali in ash)](MJ/dry kg) -~ = kg alkali/GJ 

An index range of 0 to 0.17 kg/GJ (0 to 0.4 lb/MBtu) is a low slagging risk; 
0.17 to 0.34 kg/GJ (0.4 to 0.8 lb/MBtu) indicates the material will probably 
slag; and an index greater than 0.34 kg/GJ indicates virtual certainty of slagging 
(Miles et al., 1993). When applied to hybrid poplar, pine, and switchgrass by 
use of the data in Tables 3.3 and 3.4, the corresponding indexes are 0.11, 
0.009, and 0.85 kg alkali/GJ, respectively. 

Another fouling mechanism that can occur is corrosion of boiler tubing 
and erosion of refractories due to formation of acids and their buildup in the 
combustion units from conversion of sulfur and chlorine present in the fuel. 
Fortunately, the amounts of these elements in most biomass are nil to small. 
The addition of small amounts of limestone to the media in fluidized-bed units 
or the blending of limestone with the fuel in the case of moving-bed systems 
are effective methods of eliminating this problem. Other sorbents such as 
dolomite, kaolin, and custom blends of aluminum and magnesium compounds 
are also effective (Coe, 1993). 
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IV. E N V I R O N M E N T A L  ISSUES 

A. SMALL-SCALE WOOD BURNING 

Wood-burning units for cooking, water heating, and space heating are used 
worldwide, particularly in developing countries. Eighty percent of the energy 
required for cooking and water heating in India in the 1980s, for example, 
was derived from burning firewood (Jayaraman, Bhatt, and Rao, 1988). At 
that time, about 130 million tonnes of firewood were consumed annually in 
about 140 million ovens and woodstoves. The equipment used on an everyday 
basis in homes and on farms had average thermal efficiencies as low as 8 to 
12%. The escape of smoke and unburned volatiles and charcoal buildup was 
common. Radiation losses from the openings were large, while thermal conduc- 
tion through the thick walls and floor consumed nearly 25 to 30% of the heat 
input. Unfortunately, the equipment has not changed much and continues to 
be used today; the environmental problems still exist. 

The situation is very different in many industrialized countries. Environ- 
mental improvements started to be made in the 1980s. Residential firewood 
usage in the United States has been concentrated in the Northeast and North 
Central States. In 1983, about 9 to 11% of U.S. space heating input was from 
firewood (Lipfert and Dungan, 1983). Other more localized data showed that 
in 1983, wood fuel accounted for 33.8% of residential heating in Vermont 
(Clendinen, 1983) and was a major heat source for 18% of New York state's 
households (Lassaie et al., 1983). The early 1980s was the period when oil 
prices peaked, and U.S. sales of woodstoves were in the range of one million 
units per year. In the mid-1990s, total annual usage of residential wood fuel 
for the 10 million wood-burning stoves in the United States (Pickering, 1996) 
was about 30.5 million dry tonnes (Energy Information Administration, 1995). 
About 4% of the total number of woodstoves were pellet stoves, and the annual 
wood pellet fuel sales were about 550,000 dry tonnes (Pickering, 1995). 

The growing markets that began in the early 1980s for woodstoves led to 
concerns with air pollution and resulted in the enactment of legislation and 
ordinances by several governmental bodies to control emissions (cf. Klass, 
1984). Considerable attention was given in the United States to the reduction 
of emissions and improving combustion efficiency. A detailed comparison of 
the performance of a conventional closed airtight stove, a conventional open- 
door Franklin stove, and a catalytic stove is presented in Table 7.5 (Sheldon, 
1984). It is apparent that the catalytic woodstove, which was one of the new- 
design stoves when tested, had the lowest emissions and the highest operating 
efficiences. Of particular interest is the heat transfer efficiency as defined in 
this table; that is, the useful heat output expressed as a fraction of the heat 
generated in combustion. 
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The effort to improve woodstove characteristics in the 1980s in the United 
States resulted from some of the state initiatives taken to mandate improved 
stove performance. New woodstoves sold in Oregon after 1986 had to reduce 
particulates and carbon monoxide in the flue gas with designs and devices 
such as dual-combustion chambers and catalytic converters. The Oregon Envi- 
ronmental Quality Commission standards set an emission rate for particulates 
of 15 g/h for non-catalytic wood-stoves, and 6 g/h for woodstoves equipped 
with catalytic combustors. The standards for particulates became mandatory 
on July, 1986 and were further reduced to 9 and 4 g/h on July 1, 1988. 
Local ordinances were also enacted. The City of Aspen, Colorado, passed an 
ordinance that allowed only one traditional fireplace per new structure, includ- 
ing apartment buildings. Another Colorado community required an on-line 
heat sensor in each fireplace chimney to warn the community computer that 
the fire was not out when excessive haze made it necessary for the community 
to order all fires doused by means of a red signal light next to each fireplace. 
This Orwellian approach to a community problem is probably the ultimate in 
pollution control. 

The U.S. Environmental Protection Agency promulgated a New Source 
Performance Standard for woodstoves in 1988 (Barnett and Morgan, 1991). 
Woodstoves that had passed Oregon's 1988 regulations were "grandfathered" 
into the U.S. standards. The final 1990 standards for particulates were 4.1 g/ 
h for catalytic stoves and 7.5 g/h for noncatalytic stoves. Fireplaces, old uncerti- 
fled woodstoves, EPA-certified woodstoves, and wood pellet stoves, all fueled 
with wood, are estimated to produce an average of 47, 42, 6.0, and 1.2 g/h 
of particulate emissions, respectively (Hearth Products Association, 1997). 
Interestingly, the wood pellet stoves have the lowest emissions. The overall 
impact of the regulations imposed in various parts of the United States and 
the national standards was that the woodstove manufacturing industry rede- 
signed their products and incorporated new control systems to make them 
less polluting and more efficient. Emissions from modern woodstoves are now 
up to 80 to 90% lower than those of the older woodstoves, and the overall 
thermal efficiencies are notably higher than those of the older stoves. 

B. BIOMASS BURNING REGULATIONS 

Uncontrolled burning of biomass in the open air, as encountered in slash-and- 
burn agriculture, sugarcane trash burning, forest fires, and the clearing of 
forest land for development, emits large numbers of pollutants to the atmo- 
sphere. Some 345 chemicals have been identified as being released to the 
atmosphere from such fires (Khalil and Rasmussen, 1995; Graedel, Hawkins, 
and Claxton, 1986). Many of these compounds are greenhouse gases and 
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ozone-depleting compounds that are believed to affect the earth's climate. Some 
national, state, and local governments have enacted legislation or regulations to 
attempt to limit large-scale burning of biomass in open air, but most of what 
occurs is beyond human control. Some local governments have prohibited or 
limited even small-scale biomass burning such as leaf burning. 

In contrast to uncontrolled biomass burning, regulations exist or are being 
developed in industrialized countries that apply to controlled burning of bio- 
mass and other fuels. Many different types of emissions- and ash-removal 
systems have been installed and operated in large-scale commercial biomass 
combustion plants to meet national and regional regulations and emissions 
limits. Worldwide, regulations that govern the use of virgin and waste biomass 
combustion processes range from nonexistent to very detailed and complex. 
The United States is in the latter category. The state programs complicate 
matters further because they are often at odds with federal programs and 
are sometimes more severe than the national requirements. Some regulatory 
systems in the United States are designed to meet California's South Coast 
regulations, which are more constrictive than those of the U.S. Environmental 
Protection Agency and are believed to be among the most stringent in the 
world (cf. Moore and Cooper, 1990). Some of the U.S. federal requirements 
are reviewed here to illustrate how national mandates can affect commercial 
biomass combustion technologies. Basically, federal regulations that affect 
biomass combustion are divided into two groups--one concerned with emis- 
sions and one concerned with residue or ash disposal. 

The development of U.S. federal pollution policies began in 1970 when the 
U.S. Environmental Protection Agency was established. The details of pollution 
legislation have been undergoing continual revision since then. Included in 
this legislation is the Clean Air Act of 1970, the New Source Performance 
Standards of 1971, the Resource Conservation and Recovery Act of 1976, the 
Pollution Prevention Act of 1990, the Clean Air Act Amendments of 1990, 
and the Revised New Source Performance Standards of 1991. The Clean Air 
Act Amendments of 1990 have been called the most complicated and far- 
reaching environmental legislation ever enacted. Titles II, III, IV, and VI of 
this Act deal with mobile sources, hazardous air pollutants, acid deposition 
control, and stratospheric ozone protection, respectively. Title V of this legisla- 
tion established a program for issuing operating permits to all major sources 
of air pollution in the United States. A "major source" was defined in Part D 
of Title I of the Act as having "the potential to emit." As originally proposed, 
the standards applied only to "furnaces and boilers" with a heat input of 
250 million Btu/h used in the process of burning fossil fuels for the primary 
purpose of producing steam by heat transfer. 

Subsequent revisions expanded the source category to cover some steam 
generators firing nonfossil fuels and those used in commercial and institutional 
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applications, and quantified emission limits for sulfur and nitrogen oxides and 
particulates (Dykes, 1989). An air pollution program was formulated for the 
entire country. The Hazardous and Solid Waste Amendments of 1984 amended 
the Resource Conservation and Recovery Act of 1976 and set as national policy 
that "wherever feasible, the generation of hazardous waste is to be reduced or 
eliminated as expeditiously as possible" (U.S. General Accounting Office, 
1994). The Pollution Prevention Act of 1990 broadened the scope of the 
policy by stating that pollution "should be prevented or reduced at the source 
whenever feasible" for all environmental mediamair, land, and water. A com- 
prehensive pollution prevention strategy has thus become a national policy of 
the United States. This strategy affects a multitude of sources of emissions and 
residues, including virgin and waste biomass combustion systems. 

A potential barrier to the adoption of solid biomass fuels is the problem 
posed by the disposal and utilization of the ash (cf. McGinnis et al., 1995). 
Users must have a means to dispose of the ash that is cost effective and does 
not degrade the environment or become a regulatory burden for the ash 
producer. Soil amendment with the ash would avoid the problems created 
by landfill disposal, but there is uncertainty regarding the variability of ash 
composition and the fate of the heavy metals and toxic organic compounds 
present in the ash. At the federal level, wood ash disposal may be regulated, 
but certain exemptions may apply, depending on the nature of the facility, 
the fuel, and the ash (Rughani et al., 1995). Determination of whether wood 
ash is to be treated as a hazardous waste is based on the corrosiveness of 
the ash and whether it exceeds certain threshold concentrations for toxic 
contaminants as measured by a Toxic Characteristic Leaching Procedure 
(TCLP). The regulatory concentration limits in the leachate by the TCLP are 
shown in Table 7.6. The standard for corrosiveness of aqueous ash leachate 
is a pH of 2 or less or 12.5 or more. Ash exceeding these thresholds must be 
handled and disposed of in a designated hazardous waste facility (cf. McGinnis 
et al., 1995). If the ash is not so designated, soil amendment is a preferred 
disposal option among large producers, whereas landfilling is the preferred 
option for small producers. Most wood-fueled facilities that burn "clean wood," 
or wood that has not been treated with chemicals, and "treated wood," or 
wood that has been treated with chemicals, have not experienced problems 
with ash being designated as hazardous materials. The federal regulations for 
ash disposal from municipal waste combustion facilities are more complicated 
(cf. Malloy and McAdams, 1994; Clearwater and Hill, 1989). Because of the 
composition of municipal wastes and the large variations, strict application of 
the threshold values in Table 7.6 to the ashes from MSW and RDF combustion 
facilities would appear to make it more difficult for them to be classified as 
nonhazardous materials. 
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TABLE 7.6 U.S. Regulatory Threshold Concentrations in Leachate by Toxic Characteristic 
Leaching Procedure Analysis ~ 

Threshold Threshold 
Analyte (mg/L) Analyte (mg/L) 

Arsenic 5.0 1,1-Dichloroe thylene 0.7 

Barium 100.0 2,4-Dinitro toluene 0.13 

Cadmium 1.0 Endrin 0.02 

Chromium 5.0 Heptachlor 0.008 

Lead 5.0 Hexachlorobenzene 0.13 

Mercury 0.2 Hexachlorobutadiene 0.5 

Selenium 1.0 Hexachloroethane 3.0 

Silver 5.0 Lindane 0.4 

Benzene 0.5 Methoxychlor 10.0 

Carbon tetrachloride 0.5 Methyl ethyl ketone 200.0 

Chlorobenzene 100.0 Nitrobenzene 2.0 

Chlordane 0.03 Pentachlorophenol 100.0 

Chloroform 6.0 Pyridine 5.0 

o-Cresol 200.0 Tetrachloroethylene 0.7 

m-Cresol 200.0 Toxaphene 0.5 

p-Cresol 200.0 Trichloroethylene 0.5 

Cresol (total) 200.0 2,4,5-Trichlorophenol 400.0 

2,4-D 1 0 . 0  2,4,6-Trichlorophenol 2.0 

1,4-Dichlorobenzene 7.5 2,4,5-TP (Silvex) 1.0 

1,2-Dichloroethane 0.5 Vinyl chloride 0.2 

aAdapted from McGinnis et al. (1995). 

Energy facilities that fire virgin and waste biomass, or that cofire these fuels 
with fossil fuels, may be subject to some of the emission standards under 
subpart D of the Code of Federal Regulations, Part 60 (Dykes, 1989). In 1984, 
the U.S. Environmental Protection Agency expanded the standards, which 
initially pertained only to fossil-fuel-fired systems, to include all steam genera- 
tors firing nonfossil fuels in industrial-commercial-institutional steam generat- 
ing units. Biomass-fired or cofired boilers became subject to selected emission 
limits under Subpart D. Fuels designated under the standards included fossil 
fuels, wood, municipal-type solid waste, and chemical by-product fuels. 

Because of their complexity, the U.S. environmental laws and revisions of 
various performance standards for industrial-commercial-institutional steam 
generating units must be studied in detail to ascertain how they apply to existing 
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and new systems. With regard to biomass combustion systems specifically, in 
addition to municipal waste combustors and some biomass-fueled systems 
which are already subject to pollution control regulations (cf. U.S. Environmen- 
tal Protection Agency, 1986, 1987, 1995), it appears that both virgin and waste 
biomass-fueled plants will eventually be covered in depth (cf. U.S. Environmen- 
tal Protection Agency, 1996). Pollutants to be considered for regulation include 
CO, SO2, NOx, HC1, lead, cadmium, mercury, particulate matter, and dioxins 
and furans. 

C. EMISSION CONTROLS 

Perfect combustion of biomass and most other fuels would help minimize the 
emissions of particulate matter, and gaseous and toxic compounds. In practice, 
this can be difficult to attain, even with natural gas, the dominant component 
of which is methane, the simplest of all organic fuels (Chisholm and Klass, 
1966). The carbon monoxide content of the flue gas is a good indicator of the 
completeness of combustion. The less carbon monoxide, the more complete 
the combustion process and the lower the emissions of organic compounds. 
As already indicated, a wide range of variables and independent parameters 
affect how closely perfect combustion can be approached for solid biomass 
fuels: particle size range and distribution, moisture content, composition, and 
heating value; air-fuel ratios, mixing, and reaction time; temperature and 
sometimes pressure range in the combustion chamber; and furnace design and 
heat-transfer methods. A compromise is often made between the operating 
parameters that promote complete combustion and those that minimize the 
emissions of inorganic derivatives. Under the best of conditions, a solid biomass 
fuel should consist of small, uniform particles, be low in moisture and ash 
contents, and have zero to very low chlorine, nitrogen, and sulfur contents. 
With the proper processing, virgin biomass such as wood can approximate 
these characteristics, whereas municipal solid waste is representative ofbiomass 
fuels that might be the furthest removed from them. 

Emissions from biomass-fueled boilers can be controlled by a variety of 
methods. The control systems needed depend mainly on the composition 
of the feedstock. First, good combustion control is essential to maximize 
combustion and to minimize emissions of unburned hydrocarbons and carbon 
monoxide. Efficient removal of particulate matter in the flue gases can be 
achieved by various combinations of cyclonic separation, electrostatic precipi- 
tation, agglomeration, and filtration. Removal of acid gas emissions can be 
achieved by flue gas scrubbing and treatment with lime. There are several 
approaches to the control of NOx emissions (Clearwater and Hill, 1991). 
Combustion control techniques include use of staged combustion, low excess 
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air, and flue gas recirculation. Staged combustion involves reduction of the 
maximum attainable flame temperature and the control of residence time. In 
the primary stage of combustion, the maximum flame temperature and thermal 
NOx formation are reduced by the transfer of heat, which is not returned, or 
by combustion with substoichiometric amounts of air. The formation of NO 
from chemically bound nitrogen is also largely avoided in the primary stage 
under these conditions if the residence time is sufficient to permit nitrogen 
to form. Combustion is then completed in the second stage with excess second- 
ary air at short residence times to minimize NO formation. Potential add-on 
controls include selective noncatalytic and catalytic reduction and natural 
gas reburning techniques. Selective noncatalytic reduction, such as ammonia 
injection, is one of the preferred methods because it has been effectively 
employed in several MSW combustion plants and has been shown to afford 
NOx emissions in the range of 120 to 200 ppmv. As discussed at the end of 
this section, staged combustion can be carried out without actually using 
hardware designed for staged combustion. The technique is quite effective for 
minimizing NO~ in the Burlington, Vermont power plant. 

Toxic polychlorinated dibenzo-p-dioxins ("dioxins" or PCDDs) and poly- 
chlorinated dibenzofurans ("furans" or PCDFs) can form on combustion 
of chlorine-containing biomass and be emitted in the flue gases and possi- 
bly in adsorbed form on flyash or in particulate matter. The isomer 2,3,7,8- 
tetrachlorodibenzo-p-dioxin, a strong carcinogen and a contaminant found in 
the defoliant Agent Orange used in the Vietnam War, is claimed to be the 
most lethally toxic of man-made chemicals when administered to guinea pigs 
(Esposito, Tiernan, and Dryden, 1980). The compound is destroyed when the 
temperature is 1000~ for as little as a millisecond or at lower temperatures 
for longer periods (Barnes, 1983). At stack gas temperatures below 200~ 
the PCDDs and PCDFs are predominantly found on the particulate matter. 
These data suggest that control of combustion and downstream temperatures 
coupled with particulate matter reduction measures can reduce or eliminate 
PCDD and PCDF emissions. 

MSW-fueled boiler systems present greater air pollution problems than most 
other biomass-fueled plants. Some of the advanced emission control systems 
used with a 350-t/day plant that meets California's stringent South Coast Air 
Quality Requirements are described here to illustrate how effective the controls 
are. This particular plant is believed to have the lowest emissions of any refuse- 
to-energy plant in the world (Moore and Cooper, 1990). It is designed to 
generate 52,200 kg/h of steam at 435~ and 4483 kPa to supply a turbine 
generator developing 11.4 MW of electrical power. Combustion of MSW results 
in the formation of acid gases derived from chemically bound chlorine, fluorine, 
and sulfur in the refuse. These gases and particulate carryover from the boiler 
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must be removed before the flue gases are exhausted to the atmosphere. The 
flue gases enter the bottom of a dry scrubber through a cyclonic section 
designed to remove flyash particles larger than 150/J,m. From the cyclone, 
the gases flow upward through a spray section where atomized lime slurry is 
introduced. The lime reacts with the acid gases to produce nonacidic salts. 
Water in the slurry is completely evaporated by the flue gas, which lowers the 
temperature of the gas leaving the unit. The resulting dry reaction product 
falls out into a scrubber hopper. The remaining particulate matter in the flue 
gas is conditioned by a material (Tesisorb) that promotes particle agglomeration 
for subsequent removal by glass fabric filters. The removal efficiencies of the 
acid gases and particulates are in the high 90s on a percentage basis. Nitrogen 
oxides are reduced by ammonia injection above the combustion zone, and 
careful control of combustion conditions minimizes carbon monoxide, dioxin, 
and furan emissions. The carbon monoxide and nitrogen oxide emissions 
ranged from 18 to 25 ppmv and 48 to 69 ppmv, respectively. The dioxin 
emissions meet California's requirements, assuming the lower analytical detec- 
tion limit is the actual emission. 

It cannot be emphasized enough that the combustion process in biomass- 
fueled power plants should always be controlled with the objective of maximiz- 
ing boiler efficiency and minimizing stack gas emissions. These goals might 
be considered to be contradictory, since high-efficiency combustion generally 
means higher flame temperatures, which can result in higher NOx emissions. 
However, in a power steam generator firing whole tree chips, it is quite possible 
to achieve rated boiler efficiency and low NOx formation at the same time. 
Operation of the 50-MW plant in Burlington, Vermont under the proper 
conditions with 100% green, whole tree chips containing 40 wt % moisture 
afforded NO~ emissions as low as 0.062 kg/GJ while still achieving a boiler 
efficiency in the range 68 to 73%, which is in the high end of the design 
range, without the use of postcombustion treatment or flue gas recirculation 
(Tewksbury, 1991). At full load, this plant is designed to burn 90.7 t/h of 
green wood fuel; the nominal steam capacity is 217,687 kg/h at 8828 kPa and 
510~ This performance was achieved at full load by careful control of the 
fuel distribution on the grates and the air-fuel ratio, and by balancing the 
overfire air and underfire air. Substoichiometric firing of the wood on the 
grates kept flame temperature and NOx formation low, but generated a high 
level of CO. A second level of combustion higher in the fire box occurs when 
additional air is added to complete the combustion process at a temperature 
where little or no further NO~ is created. This operating mode simulated a 
two-stage combustion system. When the plant must be operated at minimum 
load, about 33% of normal load, a similar operating mode provided the best 
results, although the NO~ emissions were slightly higher than before. 
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