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AN INTRODUCTION TO 

SOLID WASTE INCINERATION 
 
 
1. INTRODUCTION.  This course is an Introduction to the basics of disposal of solid 

waste by incineration. 

 
2.  BASICS OF INCINERATION 
 
2.1  DEFINITION AND DESCRIPTION OF INCINERATION PROCESS. 
 
2.1.1  DEFINITION. Incineration is a controlled combustion process for reducing solid, 

liquid, or gaseous combustible wastes primarily to carbon dioxide, water vapor, other 

gases, and a relatively small, noncombustible residue that can be further processed or 

land-filled in an environmentally acceptable manner. 

 

2.1.2  DESCRIPTION. The incineration of solid waste involves a sequence of steps in 

the primary process, which includes drying, volatilization, combustion of fixed carbon, 

and burnout of char of the solids, which is followed by a secondary process, the 

combustion of the vapors, gases, and particulates driven off during the primary process. 

 

3.  CLASSIFICATION AND CHARACTERIZATION OF WASTE. 
 
3.1  WASTE CLASSIFICATION. Four types of waste are identified here.  The basic 

properties and descriptions of these four types are presented in Table 1. 

 

3.2  WASTE CHARACTERIZATION. Detailed combustion characteristics are needed 

for the calculation of heat balances for the incinerator. For design purposes, the most 

important characteristics are the higher heating value, moisture content, and percent of 

inert material in the waste. 
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3.2.1  Maintaining minimum moisture is important as the energy required to dry the 

waste reduces the energy available to volatize vapors and provide the necessary gas 

temperatures to complete the destruction of the unburned gases, vapors, and 

particulates. 

 

3.2.2  Plastic wastes typically have a high specific-heating value (i.e., Btu/lb). The 

composite waste Btu content is therefore sensitive to the percent of plastics and other 

dry, high-Btu material (e.g., cardboard, paper, etc.) in the incinerator feedstock. Tables 

2 and 3 provide combustion data on some materials in domestic and commercial 

wastes. Table 2 shows the nominal composition of discards in municipal waste 

(household waste). 

 

3.2.3  The percentages of components in the waste which is to be combusted must be 

determined on the basis of a waste characterization analysis. 

 

3.3  HEATING VALUE OF WASTES AND FUELS. 
 
3.3.1  HEATING VALUE. The heating value for combustible materials may be 

presented in many ways. Table 3 lists the "as-fired" heating values generally assigned 

to different types of waste, some chemicals, and major constituents in municipal-type, 

and industrial-type, wastes. Table 5 lists the chemical analyses of some municipal, 

residential, and commercial wastes and indicates the higher heating values of the 

combined waste stream for as-received, moisture-free, and ash-free material. Table 6 

lists the proximate analysis of 30 different components in municipal and commercial 

waste. 

 

3.3.2  EFFECT OF MOISTURE ON HEATING VALUE. Since moisture is in effect 

water, a non-burnable component in the waste, it is important that the water content be 

kept to a minimum. All water in the feed stock must be vaporized in the drying phase of 

combustion. 
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3.3.2.1  Vaporization of water requires a nominal 1000 Btu/lb. Type-2 waste, containing 

50% by weight water, requires approximately 12% of its heating value to dry the waste, 

and another 10% to raise the temperature of the water vapor to the required 

temperature for complete combustion. 

 

3.3.2.1.1  Where practical, the addition of moisture should be prevented by providing 

covers on disposal containers to keep out rain and snow . 

 

3.3.2.1.2  Alternative methods for the disposal of wet food waste and landscape wastes 

will also help to improve the quality of the waste stream. Note the difference between 

the as-discarded and the dry-basis values for the items listed in table 6. 

 

3.3.2.2  Table 7 shows the ultimate analysis of these same constituents. Table 3-8 

shows the ultimate analysis of some plastics commonly used in consumer products and 

containers and compares them with fuels used in power generation and space heating. 

 

3.3.3  Effect of Preprocessing and of Source Separation/Collection for Recycle 

Programs on the Fuel Value. 

 

3.3.3.1  The practice of preprocessing waste to remove inert materials, many of which 

are recyclable, is increasing as more communities and states are requiring waste 

stream recycling .   

 

3.3.3.2  Incinerator operators are finding this to be advantageous because it removes 

up to 20% of the waste that is non-burnable and which often creates ash-handling 

equipment difficulties. 

 

3.3.3.2.1  Processing the waste to produce an enhanced fuel product, called Refuse-

Derived Fuel (RDF), raises the fuel heating value. 
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3.3.3.2.2  If the waste is processed for both optimization of recyclable materials 

recovery (i.e., remove recyclable paper, cardboard, and plastic) and fuel beneficiation 

(i.e., remove glass, aluminum, steel and inerts), the heating value drops. The end 

product may now consist of only 43-55% of the original waste. Table 3-9 shows the 

effect of processing and materials recovery/recycle on the heating value of waste. 

 

4. OXIDATION. 

 

4.1  BASIC CHEMISTRY.  Incineration is an oxidation process, where organic 

constituents react with oxygen and release heat during the process. Combustion may 

be defined as the rapid chemical combination of oxygen with the combustible elements 

of a fuel. 

 

4.1.1  The two major combustible chemical elements of significance are carbon and 

hydrogen. Chlorine and sulfur are usually of minor significance as sources of heat, but 

they (primarily chlorine) are usually the major constituents concerning corrosion and 

pollution. 

 
4.1.1.1  Carbon and hydrogen, when burned to completion with oxygen, unite according 

to equations 1 and 2. 

 

• C + O2 = CO2 + 14,100 Btu/lb of C     (Eq. 1) 

• 2H2 + O2 = 2H2O + 61,100 Btu/lb of H2.     (Eq. 2) 

 

2.66 lb of oxygen (or 11.5 lb of air) are required to oxidize one pound of carbon and 

produce 3.66 lb of carbon dioxide. Similarly, 8.0 lb of oxygen (or 34.6 lb of air) are 

required to oxidize one pound of hydrogen and produce 9.0 lb of water vapor. 

 

4.2  STOICHIOMETRY. The ratio of the actual amount of oxygen supplied in the 

oxidation process to the amount actually required is called the Stoichiometric Ratio 

(S.R.). In the examples given, the S.R.= 1.0. The heat released (i.e., 14,100 Btu/lb when 
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carbon is oxidized, or 61,100 Btu/lb when hydrogen is oxidized) raises the respective 

products of combustion, plus other gases present, to high temperatures. 

 

4.2.1  The burning of compounds containing oxygen require less air since the 

compound already contains some oxygen that will be made available during the 

combustion process.  A typical waste stream component like cellulose, a major 

constituent in paper products, is destroyed according to equation 3. 

 

C6H10O5+6O2+(19.97N2) = 6CO2+5H2O+(19.97N2)+10,036 Btu/lb   (Eq. 3) 

 

4.2.2  Because oxygen is present in the "fuel," only 5.1 lb of air per pound of cellulose 

are required to completely oxidize the cellulose. The theoretical amount of combustion 

air will produce the highest temperature combustion product gas temperature (i.e., an 

adiabatic gas product temperature of 3,2500F). 

 

4.3  EFFECT OF EXCESS AIR. 
 
4.3.1  Since air is the usual source of the oxygen, excess amounts of air will dilute the 

gases and reduce the temperature of the gases. When mass burning unprocessed 

municipal waste, approximately 7.5 lb of air (S.R.1.0) are required to burn 1 lb of waste. 

Any processing that improves the fuel quality (i.e., removal of non-combustibles and 

high-moisture-content materials) will increase the heating value of the remaining waste 

and the specific air demand (i.e., pounds of air per pound of material actually being 

burned). 

4.3.1  Figure 1 shows the relationship between calculated flame temperature, 

stoichiometric ratio, and moisture content in the waste. 

 

4.4  EFFICIENCY. 
 
4.4.1  The objectives of combustion in an incinerator are the complete destruction of the 

organic constituents to form harmless gases and the prevention of the release of any 
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harmful material to the environment. Efficient conversion of the heat released into useful 

energy, though important, is secondary to safe and efficient destruction of the waste. 

 

4.4.2  The oxidation of the combustible elements requires a temperature high enough to 

ignite the constituents, mixing of the material with oxygen, or turbulence and sufficient 

time for complete combustion, (i.e., the three "Ts" of combustion). Proper attention to 

these three factors can produce destruction/conversion efficiencies of 99.9%-99.95% in 

well-operated incinerators. 

 

4.5  EXCESS AIR. 
 
4.5.1  High-efficiency destruction (oxidation) of any combustible material requires that 

more oxygen be present than what is required by the chemistry of the process. Since 

combustion is a chemical process, the rate of oxidation is contingent upon many factors 

that can make the reactions occur at a faster or slower rate. The percent of excess 

oxygen present and available to the reaction is one of these factors. 

 

4.5.1.1  In general, combustible gases and vapors require less excess oxygen to 

achieve high-efficiency oxidation than do solid fuels due to the ease of mixing and the 

nature of the compounds in the gases and vapors. 

 

4.5.1.2  Solid fuel materials, because of the more complex processes involved in their 

combustion, require more excess air and more time. 

 

4.5.2  Quantities of excess air have been determined empirically for different fuels and 

are given in table 10. 

 

4.5.3 Increasing the quantity of excess air beyond the percentages indicated does not 

benefit the combustion process and lowers the gas temperature thereby reducing the 

efficiency of the downstream heat-recovery process. 

 

© J. Paul Guyer  2011                                                                                   9 
 



4.5.3.1 The best combination of combustion efficiency and energy recovery when mass 

burning municipal waste in a large water-wall incinerator has been observed to occur 

with a system S.R. of 1.4 to 1.5. 

 

4.5.3.2  The secondary combustion chambers in modular and packaged incinerators 

achieve their highest destruction efficiency at S.R.s of 1.5 to 2.0. 

 

5. MECHANISM OF COMBUSTION. 
 
5.1  PRIMARY COMBUSTION PROCESS. The thermal destruction of waste (or any 

other solid fuel with significant moisture content) is accomplished in four phases as 

described below: 

 

5.1.1  PHASE ONE. The first phase is the drying phase that occurs in the initial heating 

of the heterogeneous material. Moisture is driven off as the material is heated past the 

vaporization temperature of water. Drying is usually complete by the time the material 

has reached 300oF. 

 

5.1.2  PHASE TWO. The second phase is the volatilization of vapors and gases which 

occurs as the temperature of the waste continues to rise. Vapors and gases diffuse out 

as their respective volatilization temperatures are attained. Those vapors and gases 

having low flash points (i.e., the temperature at which a specific gas or vapor will ignite) 

may react with primary combustion air to burn at the surface of the bed of waste. If 

excess oxygen is not available, as in the case of starved-air incinerators, the low-

temperature volatilization of vapors and gases may react to form other hydrocarbons 

and/or partially oxidized compounds (i.e., carbon monoxide, etc.). These compounds 

must be burned later in the secondary combustion process where there is sufficient 

oxygen for complete combustion. The higher flash point gases and vapors will most 

likely burn only after they have been swept up in the gas flow and subsequently ignite 

when they are exposed to their respective ignition temperatures. How well they are 

destroyed will depend upon their being subjected to their requisite "three T" conditions 
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in the higher temperature zones of the furnace. The flash point for the gases and vapors 

driven off in this phase of the primary combustion process ranges from approximately 

500 to 1,300oF, which is usually several hundred degrees higher than their respective 

volatilization temperatures. Consequently, combustion of the gases and vapors occurs 

some distance above the bed in a zone where there is sufficient temperature and 

oxygen for them to be oxidized. If either or both conditions are not met, the partially 

oxidized vapors and gases will be carried through the system until the right conditions 

for completion of the oxidation process are met. Table 11 shows the ratios of air to 

weight of solids to burn different types of solid waste. 

 

5.1.3  PHASE THREE. The third phase in the burn-down of solids is the in-place 

oxidation of the burnable solids left after the vapors and gases have been volatilized. 

The remaining, partially oxidized cellulose, lignins, and other hydrocarbon solids, when 

further heated, oxidize to form carbon dioxide and water vapor. This portion of the 

combustion process occurs in or on the bed in a fairly violent manner. In excess-air 

systems, the residues from this phase are incompletely burned carbon (char) and inert 

non-combustibles. Starved-air systems will also have some unburned hydrocarbons. 

 

5.1.4  PHASE FOUR. The fourth phase in the process involves the final burn-down of 

char and the consolidation and cooling of the inert residues, known as bottom ash 

(metals and ceramic oxides; primarily alumina, silica and calcia, plus lesser amounts of 

other oxides; see table 12).  This material is the end product, which, after a short period 

of cooling on the hearth/grate, is dumped into the ash-receiving system. In small units, 

the ash may be dumped directly into a dry collection hopper. In large units, the grate 

continually dumps the ash into the ash quench pit where it is cooled by water. 

 

5.2  SECONDARY COMBUSTION. 
 
5.2.1  The final destruction process requires specific conditions. The secondary 

combustion zone (i.e., secondary combustion chamber in packaged and modular units 

and the high temperature secondary combustion zone in large field-erected units) must 
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provide the desired temperature, turbulence, and excess air required to achieve 

complete destruction of all the unburned gases, vapors, and particulates released from 

the primary combustion process. 

 

5.2.1.1  The complete destruction of high-flash-point, low-heat-content vapors and 

particulates requires more time and greater turbulence than does the complete 

destruction of the more easily burned materials. 

 

5.2.1.2  The secondary combustion zone or chamber in which this final combustion 

process occurs is therefore designed to provide a sufficient volume to achieve the high-

temperature residence times required to complete the oxidation of these harder-to-burn 

materials. 

 

5.2.1.3  By maintaining the temperatures and oxygen partial pressure in the secondary 

combustion zones well above the requisite minimum conditions, the reactions involved 

in the complete destruction of the high-flash-point and/or the low-heat-of-combustion 

compounds is allowed to proceed at a rate fast enough to assure a high degree of 

destruction during the limited residence time in this zone or chamber. 

 

5.2.2  Common practice in the design of secondary combustion chambers for municipal 

waste incinerators is to provide a nominal minimum of 1 to 2.5-seconds gas residence 

time and nominal secondary gas temperatures in the range of 1,800 to 2,000oF. Also, 

since the combustion of these volatiles will not be complete unless sufficient oxygen is 

available, additional air is introduced. 

 

5.2.2.1  For unprocessed municipal solid waste (MSW), the optimal percent excess air 

required to achieve high destruction efficiency and high-efficiency energy recovery in a 

large waterwall furnace is approximately 40-50% (i.e., a Stoichiometric Ratio of 1.4 to 

1.5, which provides an atmosphere containing 6.6%-7.7% excess oxygen). 
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5.2.2.2  The smaller modular and packaged units achieve their highest destruction 

efficiencies with 50-100% excess air, or greater (i.e., a stoichiometric ratio of 1.5 to 2.0). 

They pay for this higher dilution of exhaust gas by having lower efficiency energy 

recovery. 

 
5.2.2.3  Introduction of this amount of excess air has been found to be necessary in 

order to supply the necessary partial pressure of oxygen required to achieve the highest 

destruction efficiency practical for the conglomeration of materials in municipal waste. 

 

5.2.3  TIME FOR PRIMARY COMBUSTION AFFECTED BY THE METHOD OF 
BURNING. 
 
5.2.3.1  The time required for complete burndown of municipal solid waste in the 

primary combustion chamber is a function of how the solid waste is fed into the system. 

The time required varies from six hours to a few minutes, depending upon the design of 

the furnace and the method used for feeding and supporting the waste while it is being 

burned. 

 

5.2.3.1.1  MASS BURN SYSTEMS. These systems are the dominant type used to burn 

solid waste. A mass burn system uses a hearth or a grate to support a large mass of 

raw or processed waste as it is progressively burned down. The burndown process 

typically requires a nominal four to six hours from the time the waste is introduced into 

the primary combustion chamber until the ash is discharged. Incinerators operating 

under oxygen-deficient conditions (starved-air primary combustion mode) require longer 

burn-down times than the furnaces operating in the oxygen-rich condition (excess-air 

primary-combustion mode). 

 

5.2.3.1.2 Injection-Fed, Dispersed-Bed System. This type of feed and method of 

distributing the waste as it is being burned is used in the fluidized-bed incinerator. 

Because the waste is diluted as it is rapidly distributed throughout the volume of the 

fluidized bed, much less time is required for complete destruction. The thermal 
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destruction of waste in a fluidized-bed incinerator requires essentially the same 

sequence for progressive destruction of the material, but instead of occurring in discrete 

zones, all of the processes occur simultaneously in a single large bed. Air and small 

particles of waste are continuously injected at a high rate into the bed, and ample 

oxygen is always available to all parts of the bed. This allows each distinct piece of 

waste to undergo its drying, volatilization, oxidation of the gases and vapors, 

combustion of organic solids, and complete burn-down of the char in all parts of the bed 

at the same time. Residence time for destruction of the small, (-2 inch), sized waste in 

the 1,500 0F bed is of the order of minutes. 

 

5.2.3.1.3  CO-FIRING OF REFUSE-DERIVED FUEL (RDF). Co-feeding and co-firing of 

specially prepared refuse, RDF, with coal in a coal-fired boiler allows the waste to be 

destroyed at a rate comparable with that of burndown of the coal fed to the boiler 

furnace. This method of destruction of waste requires that the waste be sized, prepared, 

and fed into the furnace in a manner that assures that the 10-20% by weight of waste 

will burn down at a rate faster than that required for the 80-90% by weight of coal, for 

which the boiler was originally designed. Thus, a spreader stoker furnace burning 2-in. 

coal is co-fired with 0.75-1.5 in.-diameter pellets or cubes of RDF.  Suspension-fired 

boiler furnaces firing pulverized coal are co-fired with fluff RDF. 

 

5.2.4  SPECIAL DESIGN CONSIDERATIONS. 
 
5.2.4.1  In the case of incinerators used to burn hazardous substances, a minimum 

residence time of 2 seconds at a minimum of 1,800oF is used in the design criteria for 

achieving the 99.99% destruction efficiency required by law for hazardous waste 

incinerators. Some states are also requiring this higher efficiency destruction on 

municipal waste incinerators in order to assure the destruction of dioxins. 

 

5.2.4.2  Toxic materials may be formed during primary combustion by the reaction of 

partially burned hydrocarbons with chlorine and must be destroyed in the secondary 

combustion process. 
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5.2.4.3  Figure 2 shows the relationship of destruction efficiency of biphenyls and 

chlorobenzenes (autogenous ignition temperature of 1,3190F and 1,2450F, 

respectively), with time and temperature. 

 

5.2.5. MECHANICAL FEATURES USED TO ACHIEVE PROCESS CONTROL. The 

design of a mass burn furnace requires special provisions: 

 

5.2.5.1   Controlled introduction of air at the appropriate locations above and below the 

bed is required in order to accomplish the drying, volatilization, and combustion 

processes in the respective zones of the combustion chamber. 

 

5.2.5.2  Incinerators with primary combustion chambers operating in the starved-air 

mode require proportionately larger amounts of secondary air. This larger amount of air 

tends to cool the gases and requires that an auxiliary burner be provided to heat and 

maintain the gases at the required temperature. Typically, the less the amount of air 

delivered to the primary chamber (i.e., starved-air mode), the more air and the greater 

the auxiliary burner (either oil or natural gas fired) input to the secondary. This requires 

that the starved-air units (SAU) be provided with a larger volume secondary chamber 

than their comparable capacity excess-air unit (EAU). Table 13 lists the typical air 

distribution for primary and secondary combustion chambers/zones for modular and 

field-erected incinerators. 

5.2.6  CHAMBER GEOMETRY AND INSULATION. Well-designed units make 

provision for the necessary features (i.e., insulation, size and shape of the chambers, 

etc.) for attaining and maintaining the temperatures desired in the respective zones of 

the furnace. For this reason, a primary chamber designed to operate in the starved-air 

mode will use a different configuration and type of insulation than a unit designed for 

operation in the excess-air mode. 

 

5.2.7  CHAMBER VOLUME/GAS RESIDENCE TIME. 
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5.2.7.1  The combustion chamber must be sized to provide adequate residence time for 

complete destruction. The time required in the primary chamber is a function of the 

characteristics of the waste, the type of charging used, and the mode of operation (e.g., 

the starved-air mode requires more time than does the excess-air mode). 

 

5.2.7.1.1  Of principal interest to the furnace designer is the projected hourly throughput 

required, the average moisture in the waste, and the major constituents, including the 

percentage of inerts and highly combustible materials. 

 

5.2.7.1.2  Best performance is obtained by providing as uniform a feeding of the waste 

to the primary combustion chamber as possible. Similarly, allocation of space in the 

secondary chamber is a function of the volume of the total gas throughput and the need 

to provide the necessary 1.0 to 2.5 seconds of residence time, at temperature, before 

the gases are discharged to the downstream components. 

 

5.2.8  TURBULENCE. Turbulence takes on two forms in the waste combustion process, 

slow agitation of the solid waste and turbulent mixing of gases and air in the gas 

combustion zones. 

 

5.2.8.1  Continuous and/or routine agitation of the solid waste during the drying and 

volatilization phases assures that material in the lower part of the bed will not be 

insulated from the heat and gases sweeping over the top of the bed. By providing some 

physical means (usually a patented grate system) for the continual turning of the waste, 

the drying process will proceed at a more uniform rate. 

 

5.2.8.2  Excessive and violent agitation of the bed by vigorous turning or by high-

velocity flow of air up through the bed can be detrimental. Although drying may be more 

rapid and the waste is more frequently exposed to the radiated heat from the chamber 

walls, the lightweight ash and partially burned material on the surface could be 

excessively agitated. 

 

© J. Paul Guyer  2011                                                                                   16 
 



5.2.8.2.1  Vigorous agitation will result in excessive amounts of solids being carried up 

with the gases. Some of these solids (e.g., flakes of paper and partially burned 

lightweight material) will burn with the gases as they enter the secondary zone and end 

up as fly ash. However, some of this solid material will continue to burn long after it 

leaves the secondary zone simply because it takes much longer to oxidize the solid 

material than it does to oxidize the gases. Unless special equipment is provided, the 

burning material may cause fires in the bag house. 

 

5.2.8.2.2  Aside from the fire potential, the excess solid particulate creates problems by 

fouling the heat transfer surfaces and by producing additional loading to the gas 

cleanup system. 

 

5.2.8.2.3  Release of these unburned artifacts can also contribute to the adverse 

emissions from waste incinerators. The release of dibenzo-p-dioxins (dioxins) and 

dibenzofurans (furans) has been associated with this condition; it has been postulated 

that the airborne unburned carbon provides the sites for reaction of the chlorine gas 

released from the oxidized, chlorine-containing waste with other unburned 

hydrocarbons to form any number of chlorinated hydrocarbons, including small amounts 

of dioxin and furan. 

 

5.2.9  SECONDARY CHAMBER TURBULENCE. 
 
5.2.9.1  High turbulence in the secondary combustion zone is necessary in order to 

assure proper mixing of the organic vapors and gases with the secondary combustion 

air. Complete mixing assures that the oxidation reaction proceeds to completion, since 

all of the carbon and hydrogen in the gases and vapors can come in contact and react 

with an adequate supply of air (oxygen) to convert these hydrocarbons into carbon 

dioxide and water vapor. 

 

5.2.9.2  Improper design and/or operation of the devices intended to provide proper 

turbulence in the solids and the gases will retard and impede the drying, volatilization, 
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and oxidation processes critical to high-efficiency destruction of municipal solid waste. 

This results in low throughput, a high percent of unburned material in the ash, and 

serious emissions problems. Improper operation of a well-designed furnace by 

excessive loading or improper balance of the draft system can produce the same effect. 

 

6. COMBUSTION PROCESS CONTROL. 
 
6.1  PROCESS CONTROLLED BY DESIGN. 
 
6.1.1  The most recent combustion research indicates that the best correlation to 

complete destruction of individual compounds is the unique combination of the "3 Ts" 

required for that specific compound. Thus, a design for a municipal waste furnace that 

does not provide for neither the careful control and monitoring of the envelope of three 

"Ts" required for the constituents in MSW nor the proper apportionment of air can only 

expect poor performance, excessive maintenance problems, and the release of 

unacceptable levels of pollutants to the environment. 

 

6.1.2  Fortunately, the reactions involved in the combustion process can be modified 

significantly by restricting/balancing the flow of air during the different stages/phases of 

the combustion process. 

 

6.2  EFFECT OF AIR CONTROL ON THE PRIMARY COMBUSTION PROCESS. 
 
6.2.1  The four phases in the thermal destruction of waste by oxidation release chemical 

compounds generated from these reactions that can be altered by the conditions under 

which these compounds are formed. The amount of air available to the process will 

determine how far each different stage or phase can go through to completion, 

assuming all other conditions are met.  Excess amounts of air has drawbacks as well. 

 

6.2.2  DRYING PHASE. Since this phase involves the driving off of absorbed and 

bound moisture in the waste, this phase of the combustion process does not produce 
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energy, but it does produce products (water vapor and excess air) that can have a 

negative effect on subsequent phases of the total oxidation process. It is, therefore, 

advantageous to provide only the necessary heat and air required to remove as much 

moisture from the bed/fuel as is practical. The air-control system must inject only that 

amount of air needed to dry the waste, since this same air will be used downstream to 

provide oxygen to the other phases of the combustion process. Excessive amounts of 

air (i.e. more than is required for drying) will only upset the balance needed to control 

the subsequent phases). 

 

6.2.3  VOLATILIZATION PHASE. Depending upon the availability of air, the chemical 

compounds released as the rising temperature reaches and exceeds the respective 

volatilization temperatures may or may not burn. Careful apportionment of air will 

determine how these reactions proceed.  Typically, a primary combustion zone/chamber 

operating with a S.R. of 0.5 to 0.9 will provide less air through the bed and thus 

produces less agitation of the bed; as a result, fewer particulates are released from the 

bed. Also, the less the released gases and vapors are oxidized, the greater the amount 

of gases and vapors that will survive unburned through the primary combustion zone; as 

a result, a greater amount will be available as fuel in the secondary combustion zone. At 

lower gas temperatures, less NOx is likely to form, and it will take longer to achieve the 

completion of this volatilization phase. The lower temperature and larger volume of 

unburned gases will require additional heat be supplied to the secondary combustion 

chamber in order to ensure that the requisite temperature for final destruction is attained 

and maintained. On the other hand, primary combustion zones/chambers operating with 

a S.R. of 0.95 to 1.1 will produce more particulate matter, because almost twice as 

much air is passing through and around the bed. In addition, the chamber will operate at 

higher temperatures since more of the gases and vapors will burn in and above the bed, 

resulting in higher levels of NOx. It will also discharge smaller amounts of unburned 

gases and vapors to the secondary zone chamber, although they will be at a very high 

temperature and will therefore probably not require significant additional heat beyond 

that provided by the unburned gases and vapors as they are burned in the secondary 

combustion process. Even when operating with a primary combustion chamber S.R. of 
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1.0 to 1.1, the primary combustion gases will still contain significant amounts of CO and 

other partially burned combustible gases, vapors, and particulates. This fuel, when 

burned, will contribute enough heat to the secondary combustion process that usually 

there is no problem maintaining the gas temperature well above the minimum 

temperature of 1,600oF for autogenous combustion of the gases and vapors. This is 

true even when additional air for secondary combustion is added to raise the S.R. to the 

desired 1.4 to 1.5. 

 

6.2.4  IN-PLACE OXIDATION OF BURNABLE SOLIDS. This third phase of the primary 

combustion process produces the hottest zone of the bed. It is controlled by introducing 

only enough air to complete the burndown of the nonvolatile organic materials. 

Insufficient air in this stage will mean that these materials will go unburned, only be 

partially burned, and/or will require a longer time for burndown. If the burndown is not 

completed in this phase, it will occur concurrent with and compete for the air in the 

burndown of the char in the last stage. Any material not burned will mean that heat will 

not be generated and effectively lost to this stage of the process. Excess air during this 

stage will produce hotter combustion products because of the higher rate of 

combustion, which will also produce more NOx. The higher agitation caused by greater 

air flow will produce more fly ash in the gases. 

 

6.2.5  CHAR BURNDOWN. This phase normally requires only enough air to achieve 

final destruction of the carbonaceous material remaining after the burning of the 

hydrocarbon during the third stage. Insufficient combustion air at this stage will mean 

that the ash residues will contain excessive amounts of carbon. Thus, the primary 

combustion process will not have achieved maximum volume and weight reduction in 

the waste destruction process, and the ash residues will be biologically active since it 

contains organic material. Excessive air to this stage will achieve the desired 

destruction of the carbon, but it will also introduce more air into the primary chamber, 

which will counter the effect of trying to maintain the control of air introduced to the 

system in the other stages. Since this final stage requires the lowest percentage of the 
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primary combustion air, the effect of introducing moderate levels of excess air in this 

stage has the least effect on the total system. 

 

6.3  EFFECT OF AIR CONTROL ON SECONDARY COMBUSTION. 
 

6.3.1  Since this is the last of the two processes, the secondary combustion process is 

designed to provide the final destruction and "polishing" of the combustion gases to 

achieve as benign a discharge gas as possible. This requires that the amount of air and 

the points of introduction to the secondary combustion process be closely controlled. 

 

6.3.2  Large water-wall incinerator systems may achieve the highest destruction rates, 

produce the lowest CO concentrations (below 30-50 ppm), and have the highest 

combustion efficiency, with exit gas S.R.s of 1.4 to 1.5 and secondary gas temperature 

maintained above 1,6000F for 1.0 to 2.0 s. (see figure 3). 

 

6.3.3  The smaller modular and packaged incinerator units achieve their best 

performance with exit gas S.R.s of 1.5-2.0 and exit gas temperature in the 1800-20000F 

range. To attain these temperatures with the higher air dilution, auxiliary burners must 

be used. 

 

6.4  EFFECT OF AIR CONTROL ON EMISSIONS. 
 

6.4.1  Control of the stoichiometry, temperature and time relationship in the secondary 

combustion process have been shown to be the primary factors in meeting emissions 

requirements. 

 

6.4.1.1  Analysis of operating waste to energy facilities in the United States and Canada 

have shown that the lowest levels of chlorinated hydrocarbons and benzopyrenes are 

achieved when the CO levels are below 50 ppm (see figure 3). 
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6.4.1.2  The achievement of low NOx is a function of what happens to the air as it 

passes through both the primary and secondary chamber. Since the kinetics of NOx 

formation is a function of both temperature and the stoichiometric ratio of the gas (i.e., 

NOx decomposes in sub-stoichiometric gases), systems that use the starved-air mode 

of operation in the primary combustor have lower levels of NOx than do excess-air 

systems, even though they operate their secondary combustion chambers under 

essentially the same temperature, time, and S.R. conditions. Figure 4 shows the 

equilibrium concentration of NOx. 
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Figure 1 

Theoretical temperature of the products of combustion 
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Figure 2 

Relationship of destruction efficiency of biphenyls and 
and chlorobenzenes with temperature 
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Figure 3 

Logarithmic plot of PCCD versus carbon monoxide and combustion efficiency 
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Figure 4 

Equilibrium concentrations of NOx 

© J. Paul Guyer  2011                                                                                   26 
 



 

Table 1 

Classification of wastes to be incinerated 
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Table 2 

Combustion data for paper, wood and garbage 
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Table 3 

Btu and other pertinent combustion values for selected materials 
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Table 4 

Nominal composition of discards in U.S. municipal solid waste 
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Table 5 

Chemical analyses of some residential and commercial wastes 
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Table 6 

Proximate analysis of waste components in household discards 

(percent by weight) 
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Table 7 

Ultimate analysis of some waste components 

(dry basis, percent by weight) 
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Table 8 

Ultimate analysis of some commonly used plastics and fuels 

(percent by weight) 
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Table 9 

Effect of processing and recycle programs 
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Excess air at furnace outlet 
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Amounts of air needed for combustion of various kinds of waste 
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Chemical analysis of waste-to-energy facility ashes and other material 

© J. Paul Guyer  2011                                                                                   37 
 



 
 

Table 13 
Comparison of Under-Fired Air and Over-Fired Air 
Patterns in Different Types of Combustion Systems 
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