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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.

e C+0,=CO;+ 14,100 Btu/lo of C (Eq. 1)
e 2H,+ O, = 2H,0 + 61,100 Btu/lb of H2. (Eq. 2)

2.66 |b of oxygen (or 11.5 Ib of air) are required to oxidize one pound of carbon and
produce 3.66 Ib of carbon dioxide. Similarly, 8.0 Ib of oxygen (or 34.6 Ib of air) are
required to oxidize one pound of hydrogen and produce 9.0 Ib 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.

C6H1005+602+(19.97N2) = 6C02+5H20+(19.97N2)+10,036 Btu/lb (Eq 3)

4.2.2 Because oxygen is present in the "fuel,” only 5.1 |b 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 3,250°F).

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 Ib of air (S.R.1.0) are required to burn 1 Ib 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.

45.1.1 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.
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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 300°F.

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 1,3000F, 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 2,000°F. 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 °F 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 1,8000F 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.

526 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.qg.,

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.
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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,

© J. Paul Guyer 2011 17



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 NOXx 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 1,600°F 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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Table 1
Classification of wastes to be incinerated
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Combustion data for paper, wood and garbage
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Btu Weight in Content by welight
Weste Value/b as R/, Woaeight in in Pe rcentage
Fired Loose Ash Moisture
Type O waste 8.500 10 5 10
Type 1 waste 8,500 10 10 25
Type 2 waste 4,300 20 7 50
_Typo 3 wasto 2,600 s S5 70
Type 4 weste 1,000 55 5 85
Kerosense 18,900 50 0.5 0
Bonzono 18,210 55 0.5 [}
Toluene 18,440 52 0.5 [+]
Hydrogen 61,000 0.0053 [] 0
| Acetic acid 6,280 65.8 0.5 0
Mothyl aicohol 10,250 49.6 0 0
Ethyl alcohol 13,325 49.3 0 [
Turpentine 17,000 536 0 [
Naphtha 15,000 416 0 0
Nowspapar 7.975 7 1.5 -]
Brown paper 7,250 7 1.0 6
Magazines 5,250 35 2.5 5
Corrupsted paper 7.040 7 5.0 5
Plastic coated paper 7.340 7 28 5
Cooted milk cartons 11,330 5 1.0 3.5
Cltrus nnds 1.700 40 0.75 75
Shoe leather 7.240 20 21.0 7.5
Butyl sole composition! 10,900 25 30.0 1
Polycthyleno 20,000 40-60 ) 0 0
Potyurethane, foamed 13.000 2 2 0 0
Latex 10.000 1% i 45 0 0
Rubber waste 9,000-11,0001 62-125 20-30
Carbon 14,093 138 0 0
Wax paraffin 18,621 54-57 0 0
1/3 wax - 2/3 paper 11,500 7-10 3 1
Tor or asphalt 17,000 60 1 0
1/3 tar - 2/3 paper 11,000 10-20 2 1
Wood sawdust, pine 9,600 10-12 3 10
Wood sawdust 7.800-8,500 10-12 3 10
Wood bark, fir 9,500 12-20 3 10
Wood bark 8,000-9,000 12-20 3 10
Corn cobs 8,000 10-15 3 5
Rags, silk or wool 8,4008,900 | 10-15 2 5
Rags, linen or cotton 7.200 10-15 R S S Al Sa—
Animal fats 17,000 50-70 *}
Cotton seed hulls 8,600 25-30 2 10
Coffee grounds 10,000 25-30 2 20
|_Linoleum scrap 11,000 70-100 20-30

The chart shows the various Btu values of matenals commonly encountered in incinerator
designs. The values given are approximate and may vary based on their exact characterstics of
molisture content.

SOURCE: Incinerator Standards, Incinerator Institute of America (National Solid Waste
Management Association), November, 1968,

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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Portland, Broward City, FL
Oregon
Analyses Residential Commercial Mixed Mixed
Carbon 29.45% 40.17% 34.67% 40.94%
Hydrogen 6.72 6.48 6.60 5.77
Oxygen 28.44 3133 29.86 21.64
Sulfur 133 245 1.86 0.09
Chiorine 0.19 0.31 0.25 0.41
Nitrogen 1.50 0.50 1.00 0.50
Moisture 26.34 11.24 18.98 2458
Ash 6.09 753 6.79 6.07
Total 100.00% 100.00% 100.00% 100.00%
Higher Heating Value (HHV), Btu per Pound
As Received 6,281 7,107 6,694 6,756
Ory 9,946 8,053 9,000 8,958
Moisture/ 10,639 8,721 9,680 10,291
Ash Free
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)

32

© J. Paul Guyer 2011



0L
£tt's
03'1
A4
$$°9
60°S
81'¢

18°C
§0°2¢
3 24

001
60°0¢€
9822
00°0
80°S
9p'e
68° 0

et
£6°9

ezt

Lw'e

L6T
a9
$9°L

pE'S

£ ez
W'Y

FA |

50
$0°0
S$0°0
910
¥Z°0
30
0t'o
6170
StU°t
€170

0°2
yett
o0t
00
61°0
<o
0z 0
6070
o
oL
80°0
SSs°0
L0°0
o
1270
€070
o
810

'
. « = 1 1
P AND et el DD O N

-

NN A~ND )
.

g\omo\—-wo\m

05°0
86°$
¢80
20°1
1
89°1
LU0
St°¢
2U°0
810
t6°1
9 0
€F°0
60°0
Lo
00°0
S0°0

80
o
Z°0
0z Ik
[AFA
¥ ot
£0°9¢
8T 0F
Lu'st
PPoOP
£0°02
0z 1t
L°L
£8°¢¢
8°p1
$9°%T
L9°1r
$8°Lt
114
56° 1
£1°QL
0s°sh
90°pZ
i8°81
$9° 1
€67 0P
$5°8¢t
F8LF
£0°¢P

§°0
£€6°0
$0°0
06°S
L6°S
s
$6°S
39
8879
¥6°9

LY
09°9
$€°0T
€0°L
[ARR
veolt
L6
89°S
89
%S
o1°9
SZ°6
(A
¥0°9
s
SU'%
oL°s
677
809
ot-9

820
850
L0
(A4
32705
S1°28
81°9%
$9°9¥
0€°€S
15°6%
63°6¢
00°5s
$9°LL
TT°¢S
10°2F
Pl €L
65°6$
86°LY
90°6%
A AT
YLy
gL 6S
CL'Sy
L Ly
12°L9
0"y
€Ley
16°2¢
06'9%
PI'6Y

SIYSY

SOTWRASD PUC SSRYD
SITLIPION

gsnag

XIeg pue pooY

SaAca] 831) odry
F3RID uAR]

FIURY LOPIVH 2dwO[Z
200XES wes( e
sBunwaTIy UIwabaoAz
QoeD AIULIYD wnndey
sbes

b E (Y

uoIITSOdwd) HTCS pUe (¥R
B804S 2YICdT

§I0d PITAI

POYOO) '$ERIVH POR
FpPa38 pue spurd s3I
S$035¢H poog SqeiIebas
[TER Yuor

SuoaeY P03 aodeg
8UOXLD N[IN paxCH
10deg POIROD DTISPLd
210 ‘oTise(d

Ultd 21iseld

20603 POXIN

sXog 12ded "ONAIOD
suizedey Ipery

Xaded woig

23dedsyan

B L e I N L L

us¥

anjios

whoxIIN

UETES 4oY

veboapiy

ucqIe)

AVFUOSNOD

s s s e eA AL A A S A S SR AT A AR S AR A NS AR AT A AL AR S AN NN ST A SRS AARAR R

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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RDF After Source Separation

Raw MSW RDF
% Original
Material 100% 66-65% 43-55%
Heating 4,300-4,600 7,000-8,000 6,200-6,500
Value
(Btu/lb)
Table 9
Effect of processing and recycle programs
Fuels Percent Excess Air
Gaseous Natural Gas 5-10
Refinery Gas 8-15
Blast Furnace Gas 15-25
Coke Oven Gas 5-10
Liquid Oill 3-15
Solid Coal (Pulverized) 15-30
Coke 20-40
Wood 25-50
Bagasse 25-45
MSW (Excess Air) 40-50
MSW (Starved Air) 130-150

Table 10

Excess air at furnace outlet

© J. Paul Guyer 2011
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Air Needed for

High Heat value,?® Complete Combustion

Btu per 1b 1b per 1b
Material of MAFP waste of MAF Waste®
Paper 7.9¢C 3.9
nood 8,400 5.3
Leaves and Grass 8,600 6.5
Rags, wceol 8,500 5.7
Rags, cotton 7,200 5.4
Garbage 7.30¢C 3.3
Rubper 12,500 9.4
Suet | 16,200 12.1

Values are necessarily approximate, since the ultimate
composition of the combustible part of the materials varies,
depending upon sources. The heating value ¢of the materials as
it is received is obtained by multiplying the moisture-free
and ash-iree Btu value of the materials by 1-(% moisture + %
ash)/100. For example, garbage with an MAF value of 7,200 and
containing 35 percent ash or other noncombustible material
will have an "as-fired" heating value of 4,380 Btu per lb.

MAF means moisture-free and ash-free if ash refers to total
noncombustible materials.

These values are also approximate and are based on 0.75 lb of --
air per 1,000 Btu for complete combustion. For wvarious
percentages of excess air, multiply these values by (100 plus
percent of excess air. For example, after adjusting for
moisture and ash, MAF paper requires 11.8 1b of air for
complete combustion (i.e., (5.9)(200/100) = 11.8 1b/1b).

SOURCE: Municival Refuse Disposal, Institute for Solid Wastes,
Arerican Public Works Association, 1970, P. 174.

Table 11

Amounts of air needed for combustion of various kinds of waste
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Table 12
Chemical analysis of waste-to-energy facility ashes and other material
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Type of Primary Chamber Air Secondary Dilution

Unit Under-Fired Over-Fired Chamber Air
Modular 50% - 60% il 80 - 100% 100 - 200%
Starved-Air
Modular -60% 40 - 50% 60 - 100% 50 - 100%
Excess-Air
Water-Wall 80 - 140% -60% minimal minimal

NOTE: The percentage of stoichiometric air given above is based on a S.R. in the gases
leaving the secondary chamber of 1.5-2.0.

Table 13

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