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1.0 INTRODUCTION

The main objectives of this report are to describe the
various emission control techniques used to control emissions
from medical waste incinerators (MWI's), to summarize the
emission test data generatéd during a comprehensive emission test
program, and to provide an emission test data analysis that
quantifies the performance of these techniques. Two general
types of emission control techniques are described: .combustion
controls and add-on air pollution control systems (APCS’s).
Combustion controls refer to the control of the combustion
process and the emission-generating mechanisms through proper
design, operation, and maintenance to minimize the generation of
emissions. Add-on APCS’s control or remove pollutants from the
exhaust gas stream after the gas stream exits the MWI system.
This document is one of a series of reports written to provide
background information used to develop emission standards and
guidelines for MWI'’s under Section 129 of the Clean Air Act.

This report presents technical information on the emission
control techniques available to control emissions from MWI's.
Section 2.0 first describes the general approaches to combustion
controls and subsequently describes specific designs and/or
operational features that are employed to control the combustion
process. Section 3.0 describes the add-on APCS’s. Section 3.1
describes wet scrubbers including the venturi and packed-bed
scrubbers in detail and briefly describes other types of wet
scrubbers including the Rotary Atomizing™ scrubber, Ionizing Wet
Scrubber™, the collision scrubber, and the Hydrosonic® scrubber.
Section 3.2 describes fabric filters. Section 3.3 describes dry
scrubbers including dry sorbent injection and spray dryer
systems. Finally, Section 4.0 summarizes available emission test
data and presents a test data analysis that quantifies the
performance of APCS’S (venturi/packed-bed scrubber, fabric
filter/packed-bed scrubber, dry sorbent injection/fabric filter,
spray dryer absorber/fabric filter), and three combustion
controls (increased secondary chamber residence time, increased
secondary chamber temperature, and proper charging procedures) .
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2.0 COMBUSTION: THEORY AND CONTROL

The emissions from an MWI are influenced strongly by the
combustion process conditions. Consequently, combustion control
can be an important element of MWI emission control measures..
This section describes the MWI combustion process and discusses
methods that are being used to control that process. Section 2.1
provides a brief overview of combustion theory and summarizes how
the process characteristics affect emissions. Section 2.2
describes general approaches to combustion control and describes
specific control practices that are typically used.

2.1 COMBUSTION THEORY

Combustion is defined genérically as a chemical oxidation
reaction characterized by the évolution of energy as light and
heat. The medical waste combustion process is characterized by a
complex combination of chemical feactions that involve the rapid
oxidation of organic substances in the waste and auxiliary fuels.
The goal of the process is to achieve complete combustion of the
organic material, while minimizing the formation and release of
undesirable poilutants.

This section presents a brief overview of the combustion
process as it relates to medical waste incineration and describes
the key physical and chemical phenomena that occur in combustion
systems. It also identifies the key operating parameters and
discusses their effect on the combustion process.

2.1.1 The Chemical Reactions |

Because medical waste is a heterogeneous mixture of general
refuse, pathological wastes, plastics, and laboratory wastes, the
specific chemical composition is unknown and varies with time.
However, the process can be described reasonably well by making
some simplifying assumptions about the key chemical reactions.
The organic portion of medical waste consists primarily of
carbon (C), hydrogen (H), and oxygen (0), with other elements
such as sulfur (S), chlorine (Cl), nitrogen (N), and a variety of
metals being found to a lesser degree. Key combustion reactions

involve these major waste constituents and the O, in the
combustion air.



The simplified equilibrium reactions that characterize the
MWI process aré: |

1. C + O, » COy + heat

2. 2 Hy + 05 »2 H, 0 + heat

3. H + Cl » HC1l + heat

4. 8 + 05 = 80, + heat

For equation 1, carbon monoxide (CO) also is formed if there
is incomplete combustion. For equation 3, the available
thermodynamic equilibrium data and bench-scale test data indicate
that organic chlorine reacts almost completely to form hydrogen
chloride (HCl) with small quantities of elemental chlorine (Cl,)
also produced. However, unless the H:Cl ratio in the feed is
very low, and external hydrogen sources (e.g., water vapor) are
unavailable, almost no Cl, is formed.l For equation 4, the
organic sulfur is oxidized during the combustion process to form
sulfur dioxide (SO,). Because HCl is a stronger acid than SO,,
it will react more quickly with available alkaline compounds.
Scme SO, may react with available alkéline compounds; however,
the amount of SO, involved in such reactions is expected to be
negligible due to the high HCl content of the flue gas. _
Consequently, essentially all of the organic sulfur in the waste
will leave the combustion chamber as vapor phase SO,.

While these simplified reactions identify the major
combustion products, they do not present a complete picture of
the combustion process. Because of incomplete combustion,
dissociation, and the formation of thermal and fuel nitrogen
oxides (NO,), the MWI exhaust gases will also contain trace
amounts of CO, NO,, methane (CHy), Cl,, and a wide range of
organic compounds. Also, volatilization of inorganic compounds
or entrainment of inorganic compounds in the combustion gases
contaminate the exhaust gases with particulate matter (PM),
including metals. A major goal of combustion controls is to
minimize concentrations of compounds other than those identified

in Equations 1-4 to levels as low as possible.




2.1.2 The Combustion Process

The primary objective of the MWI combustion process is the
complete combustion of all organic material in the waste feed.

As described in some detail in Section 2.2, MWI manufacturers and
operators use a variety of specific design and operating
techniques to achieve this goal. Despite this range of
techniques, the basic combustion process and the factors that
determine the ability of the process to achieve complete
combustion are reascnably consistent. As a background for the
more detailed discussion in Section 2.2, the paragraphs below
provide a brief description of the typical MWI process and
identify key factors that'affeqt performance.

The basic MWI design typical of most newer systems is
comprised of two, or possibly three chambers which are referred
to as the primary, secondary, and tertiary chambers. Medical
waste is fed into the primary chamber of these multiple-chamber
units. This medical waste comprises a mixture of organic
material (including volatile organics and fixed carbon),
inorganic material (including metal compounds), and water. As
this waste enters the primary chamber, it is exposed to a high-
temperature heat source (either an ignition burner or the burning
waste bed) and to combustion air. Key events that occur in the
primary chamber are:

1. Moisture in the waste is evaporated from the waste and
the water vapor temperature is raised to the temperature of the
primary chamber exhaust gases; ‘

2. Volatile organic materials in the waste are released and
some amount of vapor-phase combustion occurs above the waste bed;

3. Fixed carbon is burned via surface oxidation reactions
in the waste bed; and

4. Inorganic materials (particularly metals) are
partitioned as entrained solids in the exhauét gas, vapors in the
exhaust gas, and solid materials in the ash.

In most MWI systems, the combustion air supplied to the
primary chamber is insufficient to complete the reactions
described in Section 2.1.1. Consequently, a fuel-rich, exhaust

4



gas stream passes from the primary to the secondary chamber.
Additional combus;ion air is supplied to the secondary chamber
and the combustion reactions are carried towards completion.

How well this basic process achieves the goal of complete
organic combustion with minimal release of undesirable pollutants
is determined by three key factors that influence the combustion
process. In simplest terms, these factors are usually referred
to as time, temperature, and turbulence (or mixing). The
combustion reactions described in Section 2.1.1 are equilibrium
reactions. The degree to which these reactions move toward
completion is a function of reactant availability, reaction rate,
and time over which conditions are appropriate for the reaction
to occur. The reaction rates for all combustion reactions are
temperature dependent. The temperature at the point of
combustion must be sufficiently high to initiate the reaction,
and the degree of reaction completion depends on the time/
temperature envelop to which the reactants are exposed. The key
combustion reactions are oxidation reactions. Consequently,
oxygen must be in close contact with the material being combusted
for the reactions to proceed quickly. Turbulence is required to
expose unburned material (in both the waste bed and in the
secondary chamber) to the available oxygen in the incoming air.
Without waste-bed turbulence, much of the unburned organic
material (either volatile or fixed carbon) will be insulated
under layers of ash and will not have sufficient oxygen available
to complete the combustion process. The mixing created by
curbulence in the waste bed ensures that all combustible
materials contact the supply of oxygen at some point during the
burning cycle. Turbulence in the secondary chamber ensures that
volatiles and other unburned material are adequately mixed with
combustion air (oxygen) to complete the combustion process begun
in the primary chamber. Adequate secondary chamber temperature
and gas-residencé time are also required to complete combustion.
Most combustion control measures described in Section 2.2 are

related to time, temperature, and turbulence.




One other relationship that is an important prereguisite to
understanding combustion controls is the relationship between
combustion air and temperature. The stoichiometric amount of
combustion air is the quantity of air needed to provide exactly
the theoretical amount of oxygen for complete combustion of
carbon and hydrogen in the waste. Theoretically, 100 percent
stoichiometric air coincides with the condition of maximum
temperature (>1650°C {[3000°F]) in the chamber. A graphical
representation of the relationship between combustion temperature
and excess air level is shown in Figure 1. As the amount of
combustion air is increased above the stoichiometric point
(excess air), the combustion temperature is lowered because
energy is used to heat the combustion air from ambient
temperature to the combustion chamber temperature. The greater
the volume of the excess air, the greater the "heat loss" due toO
raising the air temperature. As the amount of excess air is
decreased, the combustion temperature increases until it becomes
maximum at the stoichiometric point. Below the stoichiometric
point, as the amount of combustion air is decreased, the
temperature decreases because complete combustion has not
occurred. Because the complete combustion reaction (which is
exothermic) has not occurred, the maximum heat is not generated.
Typically, the primary chamber of an MWI is operated in the
substoichiometric region of the curve, while the secondary
chamber is operated in the excess air region.

2.2 COMBUSTION CONTROL

Combustion controls are defined as any design features or
operating practices that are used by MWI manufacturers and
operators to reduce or limit the quantities of undesirable
pollutants emitted with the MWI exhaust gases and to maximize the
destruction, or burnout, of organic material in the solids bed.
In addition to enhancing the quality of gaseous exhausts and
solids discharge, the control measures are designed to minimize
the operation and maintenance costs of the incineration system.
These goals are often compatible in that the well-controlled
combustion conditions that lead to low emission levels and good

6
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ash qualit&'also tend to limit damage to the MWI system, thereby
promoting lower operation and maintenance costs.

The remainder of this section discusses the combustion
control mechanisms that have been implemented by different
manufacturers and operators to control emissions from MWI’'s. The
discussion is divided into three parts. The first provides a
general overview of the different combustion control approaches
that have been used. The second describes specific control
practices and presents the available information on the
effectiveness of these practices in controlling all pollutants of
interest that are emitted from MWI’s. The final subsection
provides a brief overview of how these different specific control
practices are related.

2.2.1 neral Approach

Each MWI manufacturer has developed a package 6f features in
its design that is aimed at controlling air emissions and ash
quality. The mixture of controls varies among manufacturers,
making each combustion system unique in its approach to
combustion control. While each system is unique and a wide
variety of specific practices are used, all of the systems
comprise some combination of three general approaches:

(1) controlling the rate of primary chamber chemical reactions,
thereby controlling the release rate of volatile organics and the
degree of ash burnout; (2) controlling waste bed turbulence,
thereby limiting entrainment of particles from the waste bed; and
(3) controlling secondary chamber combustion conditions, thereby
promoting the complete combustion of volatile organic material.
These general approaches are implemented by including design or
operating features that control some combination of the following
parameters: temperature of the reactants and reaction products,
residence time of reactants at reaction temperatures, and gas
turbulence and solids mixing of the reactants in the primary and
secondary chambers of the MWI.

When medical waste is charged to the primary chamber and is
exposed to a high-temperature heat source, such as an already
burning waste bed or auxiliary burners, numerous physical/

8



chemical reactions occur in and above the waste bed. These
reactions include vaporization of moisture in the waste, the
volatilization of organic material in the waste, both gas-phase
and surface chemical reactions that involve pyrolysis and
oxidation of .organic material, volatilization of inorganic
material in the waste, and the entrainment of solid materials in
the combustion gases. Reactions continue in the secondary
chamber for those gases and solid particles released from the
waste bed. By controlling the key parameters of temperature,
residence time, gas turbulence, and solids mixing of the
yeactants within each chamber, the rate and level of completeness
of the physical/chemical reactions are also controlled.

Combustion control within an MWI is usually based on
maintaining temperatures in both chambers within specified limits
by controlling the combustion air rate to each chamber, the waste
feed rate, and the auxiliary fuel burner operation. Limiting
combustion air in the primary chamber to below stoichiometric
conditions prevents rapid combustion, decreases the temperature,
and allows a quiescent condition within the primary chamber that
minimizes entrainment of PM. In the secondary chamber, however,
high temperatures can be maintained in a turbulent condition with
excess air (i.e., greater than stoichiometric levels) to ensure
complete combustion of organics in the gases emitted from the
primary chamber. )

Combustion controls are generally aimed at reducing CO and
organic emissions and limiting PM and metals emissions.
Generally, these combustion control measures have little or no
effect on emissions of HCl and SO,. 1In both caseé, most of the
chlorine and sulfur will be converted to HCl and SO, under the
entire range of combustion conditions which normally occur in an
MWI.

There are varied degrees of combustion control for MWI's,
depending not only on the manufacturer, but also on the type and
gsize of the incinerator. Combustion control systems vary from
simple, manually-controlled, manually-fed units to highly
complex, automatically-controlled, automatically-fed, continuous
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units. The specific combustion control practices used, their
interrelationships,; and their effects on the emission levels of
specific pollutants are discussed below.

2.2.2

Manufacturers and operators of MWI's use a variety of
techniques to address the combustion control objectives
identified in Section 2.2.1. The techniques that have been
widely applied to MWI'’s include feed rate control, control of
combustion air volumetric flow and distribution, temperature
control in the primary and secondary chamber, control of golids
retention time in the primary chiamber and gas residence time in
the secondary chamber, enhancement of gas mixing in the secondary
chamber, control of solids mixing in the primary chamber, sizing
and location of combustion air ports in the primary chamber,
primary chamber steam injection, and operator training. The
subsections below describe how each of these techniques‘is
implemented and present qualitative assessments of the effect of
the different techniques on pollutant emissions.

2.2.2.1 Control of Feed Rate.- Each incinerator system is
designed for a particular thermal input rate with the thermal
input coming from the waste feed and, when necessary, auxiliary
fuel burners. Under ideal conditions, the incinerator operates
with a constant thermal input. Under actual conditions, however,
the medical waste feed is a heterogeneous mixture with variable
volatile content, fixed-carbon content, ash content, moisture
content, and heating value. Incinerator operating conditions are
varied to the extent possible with changing waste characteristics
in order to promote controlled combustion and minimize pollutant
emissions. Rates of thermal and volatiles release from the waste
feed are controlled by controlling the combustion air rates in
combination with control of waste feed quantity and frequency.
This section describes waste feed control measures, while the
combustion air control measures are described in Section 2.2.2.2.

The effects of waste feed rates on combustion conditions and
emissions are closely tied to waste feed characteristics.
Increasing the feed rate with low-density, high-heating-value
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wastes (pléétics, rubber, paper) results in higher gas-phase and
solid-phase combustion rates, higher temperatures, higher
volatiles release rates, and higher gas velocities in the primary
chamber. Also, the higher temperature and resﬁlting increase in
volatiles release rates generate gas volumes that are likely to
exceed the excess air capacity and volumetric capacity of the
secondary chamber. All of these effects of increased waste feed
rates raise the potential for high-PM emissions from entrainment,
lower secondary chamber residence times, and the discharge of
incomplete combustion products to the environment. Increasing
the feed rate with high-density, low-heating-value wastes
(fluids, tissue, bones) generally creates lower primary chamber
temperatures due to the heat required to vaporize moisture and
the low amount of heat being released from the waste. With
wastes of this type, auxiliary fuel burners must often be
operated to maintain the temperatures in both chambers. The
large volume of water vapor and the small amount of combustible
gases coming from the waste bed coupled with lower primary
chamber temperatures increase the likelihood of the discharge of
incomplete combustion products.
| The methods used‘to control the feed rate for MWI's differ
between batch-duty units and intermittent- or continuous-duty
units. Batch-duty MWI’'s are designed to accept a single load of
waste at the beginning of the incineration cycle, and feed rate
control is simply a matter of how much waste is loaded into the
primary chamber at that time. If the waste being charged has a
significantly higher heating value than that specified for design
purposes, the primary chamber must be loaded at less than
volumetric capacity to decrease the thermal input from the batch
charge. These units range in size from 331 to 1,724 kg/batch
(150 to 3,800 lb/batch) and typically are loaded manually. Some
batch MWI’'s also have options for charge door lock-out tied to a
preset timer or to the primary chamber temperatﬁre to prevent the
operator from opening the door before the cycle is complete.

The intermittent- and continuous-duty MWI’s typically have a
mechanical charging device (ram feeder) that permits waste
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charging while the MWI is operating. Some small intermittent
units, however, do not have a mechanical loading device but are
charged manually, and some manufacturers offer a continuous
mechanical charging device (auger feeder) for charging their
continuous-duty MWI's. The ram feeder loading device feeds small
charges of waste material to the primary chamber at regularly
timed intervals. The size of each waste charge is controlled by
the size of the hopper and the amount of waste the operator
places into the hopper. The charging frequency can be controlled
manually or by a preset timer on the control panel. Also, the
charging cycle can be locked out or overridden by a control loop
that responds to temperature in the primary chamber or the
temperatures in both the primary and secondary chambers. To
approach a steady thermal input, manufacturers recommend a
charging procedure consisting of multiple charges at equally
timed intervals. The recommended charge size is 10 to 25 percent
of the rated hourly capacity, charged at 5- to l15-minute
intervals. The charging frequency may then need to be adjusted
to respond to variations in the waste composition.

2.2.2.2 Control of Combustion Air. For most MWI's, the
primary combustion controls are driven by control loops that
maintain the temperatures in the primary and secondary chambers
of the incinerator within specified limits. The control
parameter of greatest importance in maintaining these
temperatures within setpoints is the combustion airflow rate in
each chamber.

The combustion air in the primary chamber is typically
controlled to below stoichiometric amounts. As stated in
Section 2.1.2, limiting the combustion air in the primary chamber
to below stoichiometric conditions (generally 40 to 70 percent of
stoichiometric) limits the combustion rate by limiting the amount
of oxygen available for both solid-phase and gas-phase oxidation
reactions. By limiting these combustion reactions, the heat
release rate to the primary chamber is reduced with a
corresponding decrease in temperature. Also, limiting the
combustion airflow and the resulting combustion rate allows a
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quiescent ébndition to exist within the primary chamber that
1imits the entrainment of PM in the combustion gases exiting to
the secondary chamber. .

The combustion air in the secondary chamber is typically
controlled to greater than stoichiometric amounts (generally
150 to 250 percent of stoichiometric [i.e., 50 to 150 percent
excess air]). Consequently, the secondary chamber is said to
operate with excess air. Combustion gases are maintained at
higher temperatures in a turbulent condition with excess oxygen
to ensure complete combustion of the volatile organic compounds
and CO emitted from the primary chamber. Because the secondary
chamber temperature is operating in an excess air mode,
increasing the amount of combustion air to the secondary chamber
decreases the secondary chamber temperature.

Controlling the combustion air in an MWI permits a staged
combustion system for minimizing pollutant emissions from the
combustion process. By limiting the combustion air and the
temperature in the primary chamber, the formation of fuel NO, and
thermal NO, and the entrainment of particulate matter are
limited. Enough combustion airflow is maintained to ensure
minimum temperatures for the destruction of pathogens in the
waste and fixed-carbon burnout in the primary chamber. 1In the
secondary chamber, the combustion air is controlled at levels
that permit enough excess air for the required temperature, gas
turbulence, and residence time of the combustion gases both to
ensure the destruction of pathogens that have been entrained in
the primary chamber exhaust and tb complete the reaction of
organics in the exhaust gas stream. | '

The conversion of fuel-bound nitrogen tc NO, (fuel NO,)
depends in large part on the local availability of oxygen to
react with the volatile species, the amount of fuel-bound
nitrogen, and the chemical structure of the fuel -bound niﬁrogen.
Because of the substoichiometric amount of combustion air in the
primary chamber with the fuel, the formation of fuel NO, is
minimized. Combustion air control affects organics destruction,
metals volatilization, thermal NO, generation, and ash burnout
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only throuéh the effects of combustion air on temperature and
turbulence. The effects of temperature and turbulence on these
phenomena are described in subsequent sections.

Combustion air control is usually based on the temperatures
of the primary and secondary chambers. Thermocouples within each
chamber are used to monitor the temperatures continuously; this
information is then used to adjust the combustion air rate to
maintain the desired temperatures. Many manufacturers also use
timers and information about the loading and burndown cycles to
control the combustion air. Some manufacturers have also used
parameters such as gas flow, opacity, and oxygen concentration to
control combustion air, but these mechanisms are not typical.8

The level of combustion air control varies from manually
setting the combustion airflow dampers for each chamber to fully
modulating the combustion airflow over the entire operating
range. On some systems, the control settings are actuated by the
feedback from a monitored parameter (e.g., temperature), by a
specified time in a cycle (e.g., charge-door opening), or by a
control timer. The more advanced, elaborate combustion air
control systems offer more control of the temperature and hence
the combustion rate in the incinerator, but they are also more
complicated and more costly. The simple, manually set combustion
airflow dampers are generally set for an average charge of
medical waste with a typical composition. As the waste
composition varies and the combustion of the waste charge
proceeds, the combustion airflow through these dampers remains
constant. Consequently, over the duration of a burn cycle, the
percentage of stoichiometric air varies constantly in both
chambers, resulting in changes in the combustion rate,
temperature, turbulence, residence time, and pollutant emissions.
In contrast, the automatically controlled, fully modulated,
combustion air control systems permit continuous monitoring of
the chamber temperature and the control of the combustion airflow
rate according to that temperature. These changes in the
combustion airflow rate also modulate the combustion rate and
tend to smooth out temperature swings in both the primary and
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secondary chambers. The increased stability tends to minimize
the increases in pollutant emissions that can result from these
temperature swings found in less automated MWI's.

'Many of the newer, automatically controlled systems also
stop the combustion airflow to the primary chamber when the
charging door is opened, thereby compensating for the amount of
combustion air that enters through the charge door with the
charge. Many of these systems also operate with the combustion
airflow damper to the secondary chamber fully open at the time of
charging to ensure maximum excess air to combust the initial
release of volatiles that accompanies a fresh charge.

2.2.2.3 Control of Primary Chamber Temperature. Combustion’
control for the primary chamber of an MWI is typically based on
controlling the temperature in that chamber. A thermocouple
within the primary chamber is used to monitor the temperature
continuously. Feedback from the monitoring is then used on some
systems to control the combustion air rate at levels that
maintain a specific setpoint temperature within the chamber.
Control of the incinerator feed rate, use of auxiliary fuel
burners, and water injection are other methods that may be used
to control the primary chamber temperature.

The primary chamber must be operated at a temperature
sufficient to sustain combustion and to combust the fixed carbon
in the waste bed. The temperature in the primary chamber is
maintained by the combustion of the fixed carbon within the waste
bed, the combustion of a portion of the combustible gases in the
primary chamber just above the waste bed, and, when necessary,
auxiliary fuel burners. The typical operating ranges noted in
the literature are 400° to 980°C (750° to 1800°F) .2:4:5 The
lower setpoint is needed to maintain fixed-carbon combustion and
volatiles release from the waste bed, while temperatures below
the upper setpoint minimize slagging and refractory damage.

The volatiles release rate and the gas- and solid-phase
combustion rate are temperature dependent. Controlling the
temperature level in the primary chamber also controls the
combustion rate and the volatiles release rate from the waste bed
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at the time- of charging. If the temperature in the primary
chamber is not controlled, the resulting rapid volatiles release
immediately increases the volume of combustion gases leaving the
chamber, promotes the entrainment of both organic and inorganic
materials, reduces the gas residence time, and increases the
requirement for combustion air in the secondary chamber. Taken
together, these phenomena are likely to result in increased PM,
CO, metals, ahd trace organics emissions.

The formation of NO, from nitrogen in the combustion air
(thermal NO,) is limited in both chambers by limiting the peak
flame temperatures to less than 1649°C (3000°F), typically
through combustion air control. The formation of thermal NO, is
highly temperature dependent and.proceeds rapidly at temperatures
in excess of 1649°C (3000°F) (see Figure 2). The theoretical
flame temperature is the maximum flame temperature attainable
with a stoichiometric amount of air and no heat losses and is
typically in the range of 1649° to 1927°C (3000° to 3500°F) (see
Figure 3). The actual flame temperatures, however, for
substoichiometric and excess air conditions with the typical heat
losses due to radiation, convection, conduction, and
dissociation, are expected to be in the range of 1260° to 1371°C
(2300° to 2500°F). Temperatures in this range are less conducive
to thermal NO, formation than the peak temperatures associated
with stoichiometric air supply.6'7

Primary chamber temperatures affect both the amount of
metals being volatilized and the amount of metals being entrained
in the exhaust gases leaving the primary chamber. Increasing
primary chamber temperatures shifts the metals partitioning
towards the volatile fraction and the entrained particle fraction
and away from the ash fraction. Further, metals that volatilize
at primary combustion chamber temperatures tend to selectively
condense on small particles in the flue gas, a phenomenon known
as fine particle enrichment. Also, higher primary chamber
temperatures usually occur with conditions that cause increased
particle entrainment (i.e., increased waste bed turbulence,
increased combustion airflow, and increased volatiles release
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rates). Hence, the amount of entrainment, volatilization, and
enrichment of metals in the smaller-diameter PM is expected to
increase if primary chamber temperatures are raised.

Typically,'the primary chamber temperature is controlled by
‘controlling the feed rate and the combustion air as described in
previous sections. Other alternatives include using auxiliary
fuel burners and/or water injection. For systems that rely‘
primarily on airflow control, auxiliary fuel burners may be used
as necessary to maintain a minimum setpoint temperature. The
control of the auxiliary fuel burners varies substantially from
unit to unit. The least complex systems consist of simple on/off
switches that activate the burner or shut it off as setpoints are
reached. More sophisticated systéms fully modulate the burners
from low fire to high fire based on the primary chamber
temperature. Some manufacturers also offer a water injection
system for rapidly decreasing primary chamber temperatures that
exceed specific maximum setpoints. These systems are generally
simple on/off switches.

For batch-type MWI’'s, manufacturers controcl the temperature
by switching the burners and combustion air between high/low or

on/off settings based on a series of timers.g'10

2.2.2.4 Control of Secondary Chamber Temperature. The key
secondary chamber combustion control parameter for MWI's is
temperature. Typically, a thermocouple is used to monitor the
temperature continuously near the secondary chamber outlet. That
information is then used to modulate the amount of combustion air
supplied to that chamber and, in some cases, to modify primary
chamber operations to control the volatiles release rate.
Because the secondary chamber is operated in an excess-air
condition, increasing temperatures trigger an increase in the
combustion airflow rate to bring temperatures back to the
getpoint. (See Figure 1.) This increased combustion air reduces
the secondary chamber temperature because energy is required to
heat the excess air from ambient to flue-gas temperatures.

The primary function of the secondary chamber is to complete
the combustion process initiated in the primary chamber. This
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function ié'best accomplished if the secondary chamber is
operated within a specified temperature range. If temperatures
are too low, the gaseous and solid organics may not be completely
destroyed. Consequently, the system may emit excessive levels of
PM, CO, and organic emissions. If the temperatures are too high,
refractory damage may occur, residence time may be decreased, and
auxiliary fuel may be ﬁasted. The limited data on pathogen
destruction indicates that pathogens'can be destroyed at the
temperatures achievable in MWI’'s. Experimental work at the
University of Dayton Research Institute indicates that
temperature is the primary factor that affects the decomposition
of organics and that a threshold temperature exists above which
an organic compound rapidly combusts. The threshold temperature
found for polychlorinated dibenzo-p-dioxin (CDD) and
polychlorinated dibenzofurans (CDF) and potential precursors
(e.g., hexachlorobenzene) is near 930°C (1700°F) .7 Thermal NO,
formation is highly temperature dependent but only becomes
significant at temperatures in excess of 1650°C (3000°F). As
stated in Section 2.2.3, thermal NO, formation is limited by
limiting the peak flame temperatures within the secondary chamber
to less than 1650°C (3000°F). Typically, upper setpoint
temperatures in the MWI secondarylchamber (about 1200°C [2200°F]
keep flame temperatures below those levels, thereby limiting
thermal NO, formation, and prevent refractory damage. 1In
summary, a secondary chamber temperature operating range of 980°
to 1200°C (1700° to 2200°F) promotes effective destruction of the
organics and pathogens, conserves auxiliary fuel, prevents
refractory damage, and avoids thermal NO, formation.

The methods used to control the temperature in the sécondary
chamber include controliing the feed rate and combustion air (See
Sections 2.2.2.1 and 2.2.2.2) and the use of secondary chamber
auxiliary fuel burners. The temperature in the secondary chamber
is typically controlled by modulating the combustion airflow.
Also, when necessary, the auxiliary fuel burners are operated to
maintain a minimum setpoint temperature. Auxiliary burner
control varies from a single on/off switch driven by the lower
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setpoint té’fully modulating burners that range continuously over
low-fire to high-fire in response toO secondary chamber
temperature. Also, since instantaneous peaks in the flow of
combustion gases generated in the primary chamber can occur, a
recommended operating practice is to keep the secondary chamber
auxiliary burner on at all times to ensure that the volatile
gases from the primary chamber combust completely during these
peak conditions.t?® '

2.2.2.5 Control of Primary Chamber Retention Time. The
nonvolatile combustible portion of the waste (fixed carbon) is
burned on the primary chamber hearth at high temperatures. The
fixed carbon is burned in surface oxidation reactions. This
solid-phase reaction requires higher temperatures and longer
exposure times than do the gas-phase reactions that occur above
the bed in the primary chamber and continue in the secondary
chamber.

After the volatilization of the waste material in the
primary chamber is complete, sufficient time must be provided for
the remaining fixed carbon combustion in the waste bed to be
completed. For batch and intermittent duty incinerators, there
is typically a burndown cycle that is controlled by a preset
timer and temperature feedback from the primary chamber. During
this cycle, the amount of fixed carbon remaining in the waste
slowly decreases. To combust this remaining fixed carbon, a
preset minimum temperature is maintained for a pfedetermined time
period. The thermal input needed to maintain temperature during
this time is supplied by fixed-carbon combustion and, when
necessary, auxiliary fuel burners. The desired burndown time is
preset by a timer, and the burndown cycle is initiated either
manually by a switch or through an automatic system that
ninitiates" the burndown cycle automatically by restarting the
burndown cycle every time the charge door is opened. 1In this
automatic system, burndown is tied to the last charge. A typical
burndown period for batch and intermittent units is in the range
of 2 to 4 hours.10,12
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For céhtinuous-duty incinerators there is no distinct
burndown period since the waste is continuously moving through
the system. However, during shutdown, some continuous-duty
incinerators with stepped hearths and internal transfer rams use
a distinct burndown procedure. After the last charge in a given
campaign, each ram goes into a sequential burndown mode. The
internal ash rams, starting with the initial or drying hearth,
are operated in a mode that progressively increases the distance
of each stroke over a prescribed time period until all the waste
has been transferred to the next hearth. At this point, the
underfire air to the initial or drying hearth is shut off, and
the same sequence of operations is applied to the next hearth
until all waste material is discharged to the ash pit. This
burndown sequence is usually preset by the manufacturer but can
be changed if ash quality is poor.

Three alternatives to the fixed-hearth systems described
above are the rotary kiln, the Pulse-Hearth™ and the stoker. For
the rotary kiln the retention time of the waste for burndown is
determined by the rate of rotation and the angle of incline or
rake of the kiln. One manufacturer of continuous-duty MWI'’s uses
a Pulse-Hearth™ for hoving waste material through the primary
chamber. The retention time of the waste for burndown in this
system is controlled by the frequency of the hearth pulses that
move the waste along the hearth. Another manufacturer provides a
stoker system to move waste through the primary chamber. The
stoker comprises a series of overlapping, alternating stationary
and movable grates. While a movable grate positioned over a
stationary grate is advancing, a movable grate positioned under
that stationary grate retracts to form a step 15 inches high.
This action causes waste to fall and mix as it moves across the
length of the stoker.

2.2.2.6 Control of Secondary Chamber Gas Residence Time.
In the modern MWI, the secondary combustion chamber serves as a
reaction vessel to complete conversion of the organic materials
released from the primary chamber. Although some of the
carbonaceous material in entrained particulate matter may
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combust, most of the chemical reactions in the secondary chamber
are gas-phase reactions that involve volatile organic materials
released from the waste and oxygen in the secondary combustion
air. The specific reaction chains by which the organic material
is converted to CO, and H,0 are not fully understood and are
likely to be guite complex. However, they are generally assumed
to behave accordlng to first order reaction kinetics. Under such
an assumption, the rate of conversion of organic material to CO,
and H,0 is a function of the temperature/time envelope provided
by the secondary combustion chamber. If the residence time is
not sufficient, given the system’s operating temperature,
complete combustion of the organics and conversion of CO to COo
will not be accomplished.

' The residence time in the secondary chamber is a function of
the size of the chamber and the volumetric flow through the
chamber. 1In its simplest form, the average residence time can be
calculated as:

v
s
Ats = Qs,
Eg. 1
where 7
Aty = secondary chamber residence time, secC;
Vg = secondary chamber volume, m3; and

Qg = combustion gas flow rate at secondary chamber

conditions, m3/sec.

The primary mechanism used to control residence time is
appropriate sizing of the secondary chamber during the design
process. Information collected from manufacturers indicates that
systems are sized to have secondary chamber residence times of
0.25 to over 2 seconds under normal operating conditions. The
two approaches that have been used to increase residence time are
to increase the size of a single chamber or to construct two
smaller chambers in series. For this latter approach, the two
chambers are typically called the secondary and tertiary chamber,
respectively. In theory, the two approaches should provide
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equivalent-iesidence times and emission reductions. No data that
demonstrate differences have been identified.

Volumetric flow also affects residence time. Typically,
this flow is not controlled directly in MWI‘s. Rather, it is a
function of the feed rate, combustion air, and temperature
control systems described earlier. Consequently, coﬁtrolling
these parameters to levels that are within design specifications
is the key to achieving design secondary chamber residence times.

Secondary chamber residence times affect the control of
organic emissions, CO concentrations, and, to a lesser extent, PM
emission rates. Residence time does not affect metals or acid
gas emissions. Increases in residence time at a given
temperature decreases emissions of CO and organic pollutants, if
properly mixed, by giving the oxidation reactions more time to
move to completion. Increased residence time can also decrease
PM emissions by providing additional time for the fixed carbon in
entrained particles to combust and by allowing more complete
combustion of condensible hydrocarbons. ,

2.2.2.7 Control of Secondary Chamber Mixing. The reaction
rate for organic materials in the secondary chamber is a function
of the temperature/time envelope provided by the chamber, but the
reaction will proceed toward completion only if the gas phase
organics from the primary chamber are well-mixed with the oxygen
from the secondary chamber combustion air. Hence, complete
combustion of the organics and CO in the secondary chamber
requires turbulent mixing of the primary chamber exhaust and
secondary chamber combustion air. As described in the paragraphs
below, manufacturers have used a variety of technigques to promote
turbulent mixing in the secondary chamber.

Two general types of techniques are used by manufacturers to
promote secondary chamber mixing. First, all manufacturers use
the location, direction, and velocity of the secondary air ports
to promote turbulent flow, although specific‘designs vary among
the different manufacturers. In addition, some manufacturers use
constrictions or physical barriers such as baffles in the
secondary chamber to increase gas velocity and create turbulent
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flow. Noté'that both types of techniques are related to the
design rather than the operation of the facility. However, the
system operation does play a key role in maintaining turbulent
conditions in that the different mechanisms designed to promote
mixing are related to combustion air and combustion gas
velocities. If the system operating rate drops to the point that
gas velocities drop below minimum design specifications,
insufficient mixing can result. '

Each manufacturer has a unique system for introducing
combustion air to the secondary chamber. Most MWI's contain a
short, narrow passage between the primary and secondary chambers
that is known as the flame port. Many designs introduce most of
the secondary air into this flame port at a direction
perpendicular to the flow of the primary chamber exhaust gases.
The high gas velocities in this area are purported to generate a
well mixed stream. While many systems introduce the major
portion of secondary combustion air into the flame port, other
designs introduce the air at different locations in the secondary
chamber. Common designs include high-velocity air jets at
multiple axial locations that introduce combustion air in a
direction perpendicular to the gas flows at velocities sufficient
to penetrate to the center of the chamber and airports near the
flame port opening that introduce air tangential to the gas
stream to promote cyclonic flow. One system introduces secondary
combustion air through a device known as a thermal exciter.13
" Although these designs have different geometries, they are all
designed to achieve complete penetration of the primary chamber
exhaust gas cross-section by the combustion air and to promote
gas turbulence throughout the secondary chamber.

In addition to careful introduction of secondary air, some
manufacturers use physical restraints in the secondary chamber to
promote turbulence. One manufacturer uses a long, narrow,
cylindrical secondary chamber to increase gas velocities and
thereby promote turbulence. Other designs include locating
baffles at multiple positions along the chamber and using a
refractory choke ring about halfway along the cylindrical chamber
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to generaté'turbulent flow. No quantitative measures of the
effect of these physical measures on gas turbulence are
available. -

A well-mixed gas stream is needed to ensure intimate contact

a more uniform temperature profile throughout the chamber and
minimizes poténtial "short-circuiting"” by portions of the gas
stream. Good mixing reduces both organic and CO emissions and
may provide some reduction in PM emissions. However, no
quantitative measures of mixing are available.

2.2.2.8 ] i :
Solids mixing can have conflicting'impacts on the control of
emissions from MWI’s. On the one hand, good mixing of the solids

of organics in the gas stream with oxygen. Mixing also provides
in the bed is needed to promote uniform temperatures in the bed,

enable release of all volatile organic materials, and provide

contact between all solid surfaces and the primary combustion air

to ensure complete fixed carbon burnout. 1In contrast, excessive

bed turbulence can lead to increased particle entrainment andg,
consequently, increased PM and metals emissions. Consequently,

bed mixing or turbulence must balance these effects.

The two principal types of mechanisms that are used to i
control solids mixing are the physical processes that are used to
move the waste along the primary chamber hearth and turbulence
generated by injection of primary combustion air into the bed.
Primary combustion air injection systems are discussed in
Section 2.2.2.9. The paragraphs below discuss the physical
mechanisms used to promote approprlate bed turbulence in three
types of units--the fixed-hearth system (both single and multiple
hearth), the pulse-hearth system, and the rotary kiln system.

The basic concepts for these three systems are described in
Section 2.2.2.5; the discussion below focuses on system
parameters that affect solids mixing.

The most common MWI configuration is the fixed-hearth
gystem. Historically, these systems were constructed with a
single hearth and had either no ram (smaller, batch-fed units) or
a single feed/ash ram. Feed/ash ram systems are found on larger
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MWI's both-to move waste/ash through the MWI effectively and to
provide solids mixing. Newer designs contain multiple (three to
four) hearths with a separate ram for each hearth. Single-hearth
systems may have only a feed ram where new waste charges provide
solids mixing. In general, these multiple-hearth systems mix
solids in the bed better than do the single-hearth systems. The
degree of turbulence in the bed of these systems can be
controlled by controlling ram speed and ram stroke length. An
increase in either of these parameters is likely to increase
turbulence in the bed.

One alternative to the fixed-hearth design is the pulse-
hearth design. Solids on these hearths are mixed via the pulsing
action used to move the solids along the hearth. The degree of
solids turbulence is a function of the pulse intensity. The
manufacturer of this system claims to achieve better solids
mixing than is‘achieved in fixed hearth units, but no data have
been received to support this claim.

In the past 3 years, a limited number of rotary kiln MWI's
have been installed in the United States. The rotary action
generates substantially greater solids mixing than is achieved in
either the fixed-hearth or the pulsed-hearth system. Within a
given kiln, the degree of turbulence in the waste bed is a
function of the rotational speed of the kiln, the angle of
incline or rake of the kiln, waste characteristics, and the waste
feed rate. ,

Ideally, control of solids mixing (or turbulence) in the
primary chamber should be optimized to address éonflicting
objectives--maximizing ash burnout and minimizing particle

' entrainment in the exhaust gas from the primary chamber. 1In
general, increasing mixing increases burnout, but it also
generates higher concentrations of particles in the exhaust gas.

2.2.2.9 : 1 £ POTLS the
Pri h r. The sizing and location of primary chamber
combustion air ports are designed to address three objectives
concurrently--to provide uniform airflows in the bed to control
volatiles release, to promote complete fixed-carbon burnout, and

Sizing and lLocation of Combustion Air Ports ir
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to minimizé'particle entrainment in the primary chamber exhaust
gas. Also, systems are designed to maintain bed temperatures at
levels that limit clinker formation and refractory damage.
Generally, combustion air is introduced to the primary
chamber as "underfire" air, but some systems introduce the
majority of primary chamber air through ports located immediately
above the waste bed. While most systems do introduce underfire
air into the side or bottom of the waste bed, the designs vary
widely with respect to location of the injection ports, port size
and geometry, and distribution of airflows along the combustion
zone. Locations of the air ports include the side walls below |
bed levels, openings in the hearth itself, and the centerline of
the ash ram. Geometries range from thin slots in the side walls
that run the length of a hearth to small-diameter, circular
openings in the hearth and the side walls to large-diameter low-
velocity openings in the side walls and ash rams. Manufacturers
also have different methods for distributing air along the
hearth. Some systems introduce air uniformly along the total
length of the hearth or along all hearths in a multiple hearth
system (with the possible exception of the first hearth). Other
systems vary the flow rates along the length of the hearth, with
some systems providing higher flows at the charging/drying hearth
and others providing higher flows at the discharge end.
Irrespective of the specific mechanism employed, the
underfire air system design has three key impacts on emissions.
First, the degree to which the system can operate in a consistent
fashion without plugging or malfunctioning, affects how well the
release of volatiles to the secondary chamber can be controlled.
Controlling the release of volatiles to the secondary chamber
affects CO and organic pollutant emissions. To reduce the
potential for air port plugging, some continuous MWI’s are
designed with a mechanism that allows combustion air ports to be
rodded or cleaned out while the MWI is in operation. o
Intermittent and batch MWI's require that the air ports be rodded
out on a daily basis prior to the start of the burn. Second, the
degree to which the system provides good oxygen contact with ash
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surfaces as the ash moves toward the discharge end of the chamber
affects ash burnout. Finally, the turbulence generated by the
combustion air system affects particle entrainment and PM
emissions. ' A

2.2.2.10 Steam Injection in the Pri hamber. Some
manufacturers use steam injection into the ash bed to facilitate
burnout of fixed carbon in the ash bed and at the same time help
prevent hot spots and clinker formation on the hearth.14:15 The
steam is injected into the ash bed through the underfire air
ports. The steam reacts with the fixed carbon in the waste/ash
bed to produce CO and hydrogen (Hy). This reaction is an
endothermic reaction (absorbs heat), thus reducing the
temperature in the ash bed. (The normal oxidization reaction of
oxygen with carbon is exothermic and evolves heat, causing the
ash bed temperature to rise and potentially resulting in hot
spots adjacent to the air ports). The steam injection promotes
complete burnout of the ash, and also helps to prevent hot spots
in the ash bed adjacent to the air ports which might promote
slagging.

Different techniques are used by different manufacturers for
injecting steam. One manufacturer uses a series of staged
hearths in its large incineration designs. The steam is injected
through underfire ports in the last hearth in lieu of air.13
Another manufacturer of an intermittent-duty incinerator mixes
the steam with the underfire air, which is distributed throughout
the entire area of the hearth.14‘ During operation, steam
injection is not used during the first part of the incineration
cycle. Once an ash bed is developed, the steam injection is
activated, and the steam is injected with the combustion air; the
amount of air injected is reduced by the volume of steam
injected.

2.2.2.11 Operator Training. Previous sections identify key
operating parameters for the incineration systems and indicate
the relationship between these parameters and potential
emissions. No studies have been conducted to determine the
effect of operator training (or the lack thereof) on emission
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levels. Néhetheless, it is reasonable to presume that operator
training can result in the reduction of emissions. An operator
who understands how the key operating parameters affect emissions
and who knows the preferred operating procedures can operate and
maintain the incinerator and APCS in a manner that minimizes
emissions. h

Using proper waste charging procedures for an incinerator is
an example of an operation that can affect emissions. Training
of the operator responsible for charging of the incinerator helps
to ensure that the incinerator is charged in such a manner as to
minimize emissions. The operator should be trained in the proper
handling procedures and steps for charging the unit to minimize
fugitive emissions during charging. These procedures typically
are provided by the manufacturer in the MWI operation manual.
Also, maintaining the proper frequency and size of each charge
insures that the proper charge rate (heat input rate) is
maintained, thereby enhancing controlled combustion. Many newer
incinerators use sophisticated controls that result in an
automated operation with few functions under the direct control
of the operator. For example, the system may include the
automatic control of the secondary burner and combustion air
rates as a result of temperature output from the secondary
chamber thermocouple. Also, some newer systems include an
automated feed system which controls the frequency and weight of
the charges. However, using automated controls does not
alleviate the need for operator training; it simply refocuses the
areas in which training is required. Although the operator may
not need to understand the theoretical aspects of how the
automated control system operates, someone responsible for the
operation of the unit must understand how the system is designed
and intended to operate, how to establish proper setpoints, and
how to recognize the telltale signs of a malfunction or need for
calibration/adjustment.

Operator training with respect to proper maintenance and
operation is important. If the incinerator and its combustion
control system are not properly maintained, then the system will
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not operaté'properly. The result is likely to be increased
emissions. For example, if the primary chamber underfire air
ports are not maintained such that they remain clear of debris,
the combustion air distribution will be affected and will affect
the primary chamber temperature and, ultimately, emissions and
ash quality.

3.0 ADD-ON AIR POLLUTION CONTROL SYSTEMS

Many APCS’s consist of one add-on control device to control
particulate matter (PM) and another to control acid gases
(primarily hydrogen chloride [HC1] gas). These add-on control
devices can be wet scrubbers, dry scrubbers, or fabric filters.
The following sections describe these add-on control devices.
Each section contains a general déscription of the control device
physical characteristics (i.e., the various pieces of equipment
and how they fit together), how the control device cleans the
flue gas of its primary pollutant(s) and its effectiveness, the
key operating parameters, and a qualitative discussion of how
much co-control of other pollutants can be achieved.
Additionally, each section contains a qualitative discussion of
the factors that affect the performance of the control device in
controlling PM, acid gases, metals, and CDD/CDF, including
specific design features and gas stream characteristics.

This section describes wet scrubbers, dry scrubbers, and
fabric filters and their application to MWI‘s. Section 3.1
describes venturi, packed-bed, and other types of wet scrubbers.
Section 3.2 describes pulse-jet fabric filters. Section 3.3
describes dry sorbent injection and spray dryer dry scrubbers.
3.1 WET SCRUBBERS _

A venturi scrubber in combination with a packed-bed scrubber
is the most common wet scrubber system used to control emissions
from MWI's. Venturi scrubbers are used primarily for PM control
and packed-bed scrubbers are used primarily for acid-gas control.
However, both scrubber types achieve some degree of control of
both PM and acid gases. A large amount of information and
emission test data are available for these scrubber typés. Other
types of wet scrubbers that have found limited application to
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control emissions from MWI’s include the Rotary Atomizing™
scrubber, the Ionizing Wet Scrubber™, the Calvert collision
scrubber, and the steam-ejector scrubber.

Section 3.1.1 describes wet scrubbing mechanisms. Venturi
and packed-bed scrubbers are described in detail in Sections
3.1.2 and 3.1.3. The other scrubbers mentioned above with
potential application to MWI’s. are briefly described in
Section 3.1.4. ' '

3.1.1 Wet Scrubbing Mechanigms

Wet scrubbers collect particles primarily through the
mechanisms of impaction and diffusion and remove gaseous
pollutants primarily through absorption. The following
subsections describe these mechanisms.

3.1.1.1 Collection of PM. Wet scrubbers capture relatively
small dust particles with relatively large liquid droplets.
These droplets are produced by injecting liquid at high pressure
through specially designed nozzles, by aspirating the particle-
laden gas stream through a liquid pool, or by submerging a
whirling rotor in a liquid pool. These droplets collect
particles through two primary collection mechanisms: impaction
and diffusion. With both of these mechanisms, PM collection
increases with an increase in relative velocity (liquid- or gas-
phase input) and a decrease in liquid droplet size.l6

In a wet scrubbing system, dust particles with diameters
greater than 1.0 micrometer (um) tend to follow the streamlines
of the exhaust stream. However, when liquid droplets are
introduced into the exhaust stream, particles cannot always
follow these streamlines as they diverge around the droplet
(Figure 4). The particle’s mass causes it to break away from the
streamlines and impact on the droplet. Impaction is the
predominant collection mechanism for scrubbers with a gas stream
velocity greater than 0.3 m/sec (1 ft/sec), which is well below
the gas stream velocity experienced in most scrubbers.17:18

Very small particles (less than 0.1 um in diameter)
experience random movement in an exhaust stream. These particles
are so tiny that they are "bumped" by gas molecules as they move
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Figure 4. Impaction.18

in the exhaust stream. This bumping, or bombardment, causes the
particles to move first one way and then another in a random
manner, i.e., to diffuse through the gas. This irregular motion
(or diffusion) can cause the particles to coliide with a droplet
and be collected (Figure 5).1° The rate of diffusion depends on
relative velocity, particle diameter, and liquid droplet
diameter. Collection by diffusion increases as particle size
decreases. This mechanism enables certain scrubbers to remove
the very tiny particles (smaller than 0.1 pum) effectively.19

In summary, impaction is the predominant PM collection
mechanism for particles greater than 1.0 um while diffusion is
the predominant mechanism for particles smaller than 0.1 um. For
particles between 0.1 and 1.0 um, neither mechanism dominates;
particles in this size range are collected by both mechanisms.
However, particles in this size range are not collected as
efficiently as are either larger particles by impaction or
smaller particles collected by diffusion.18,19

3.1.1.2 Abgorption of Gaseous Pollutants. The process of
dissolving gaseous pollutants in a liquid is referred to as
absorption. Absorption occurs when mass is transferred as a
result of a concentration difference between the liquid and the
gas from which the contaminant is being removed. Absorption
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continues as long as a concentration differential or lack of
equilibrium exists. In absorption, equilibrium depends on the
solubility of the pollutant in the liquid.20

To remove a gaseous pollutant by absorption, the exhaust
stream must be brought into contact with a ligquid. Figure 6
illustrates the three step process involved in absorption.

First, the gaseous pollutant diffuses from the bulk area of the
gas phase to the gas-liquid interface. Second, the gas molecule
moves (transfers) across the interface to the liquid phase. This
step occurs extremely rapidly once the gas molecules (pollutant)
arrive at the interface area. Third, the gas molecules diffuse
into the bulk area of the liquid, thus making room for additional
gas molecules to be absorbed.

The rate of absorption depends on the diffusion rates of the
pollutant in the gas phase (first step) and in the liquid phase
(third step). Gas diffusion and, therefore, absorption can be
enhanced by: ‘

1. Providing a large interfacial contact area between the
gas and liquid phases;

2. Providing good mixing of the gas and liquid phases
(turbulence), and
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3. Allowing gufficient residence, Or contact, time between
the phases for absorption to occur.20

A very important factor affecting the amount of a pollutant
that can be absorbed is its solubility. The solubility of the
pollutant governs the amount of liquid required and the necessary
contact time. More soluble gases require less liquid. Also,
more soluble gases will be absorbed faster. (For example, HCl is
absorbed more rapidly than 80, in water because HCl is much more
soluble.) Solubility is a function of both the temperature and,
to a lesser extent, the pressure of the system. AS temperature
increases, the amount of gas that can be absorbed by a liquid
decreases. For this reason, some absorption systems use inlet
quench sprays to cool the incoming exhaust stream, thereby
increasing absorption efficiency. Pressure affects the
solubility of a gas in the opposite manner. When the pressure of
a system is increased, the amount of gas absorbed generally
increases.21
3.1.2 Venturi Scrubbers

This section provides a general description of a venturi
scrubber system including equipment components, the gas cleaning
process, and key operating parameters followed by a discussion of
the factors affecting the performance of the venturi.
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3.1.2:1 General Description. A venturi scrubber system
typically is made up of the following components:

1. Scrubber vessel;

Cyclonic separator;.
Induced-draft (ID) fan;
Liquid recirculation system, and
System controllers.
These components are described in the following paragraphs.

Venturi scrubbers are designed to remove PM primarily by
impaction through high-energy contact between the scrubbing
liquid and the suspended PM in the gas stream.22 Figure 7
illustrates a simplified venturi scrubber vessel consisting of a
converging section, a throat section, and a diverging section.?23
The high-energy contact is achieved by directing the scrubbing
liquid and the gas stream to the throat section. The gas stream
to be scrubbed enters the converging section (or quench) and as
the gas flows towards the throat and the cross-sectional area
decreases, the gas velocity and turbulence increase. 23,24 Tne
exhaust gas, pulled through the throat by the system’s ID fan and
forced to move at extremely high velocities in the throat, shears
the liquid from the throat walls and atomizes the liquid into a
large number of small droplets.23'24 (Another method of
producing droplets is to atomize the liquid by supplying high-
pressure liquid through spray nozzles with small orifices).2%
Impaction of the PM on the droplets occurs in the venturi throat
and the exhaust stream exits through the diverging section where
it is forced to slow down.Z23 .

In venturi applications on MWI’'s, either a special quench
section and/or the converging section of the scrubber vessel acts
as a quench, both to saturate and to cool the gases prior to the
venturi throat. The hot MWI exhaust gas is cooled by evaporating
the quench liquid to an equilibrium temperature that, for most
incinerator applications, lies between 66° and 85°C
(150° and 185°F) .25 .

Two types of venturi scrubbers may be installed in MWI
applications--wetted- and nonwetted-approach venturis. Wetted-
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approach venturis are the most common. The primary difference
between these two types is that in a wetted-approach venturi,
which is illustrated in Figure 8, the scrubbing liquid is
introduced through nozzles located at the tdp of the converging
section to wet the scrubber walls. In a nonwetted-approach
venturi, the liquid is injected through nozzles that direct the
liquid directly into the throat without wetting the walls. |
Wetted-approach venturis are used when inlet gas streams are at
temperatures greater than 93°C [200°F]. Coating the scrubber
walls and throat with liquid reduces the tendency for BM to
abrade or cake on the walls or throat.26-28 |

Because of the variations in MWI gas flow rate caused by
waste charging and combustion air modulation, most venturi
installations, in addition to being wetted-approach venturis, are
variable throat venturis. Figure 9 illustrates a wetted-
approach, wvariable throat, venturi scrubber.2® variable throat
venturis use either a throat insert or an adjustable plate to
decrease or increase the cross-sectional area of the venturi
depending on the gas flow conditions.3% The purpose of the
variable throat is to maintain constant gas velocity across the
throat, thereby maintaining venturi PM collection performance.
Although a variable throat venturi can create restrictions in gas
flow that cause the MWI draft to become positive, a venturi
installed with a variable speed ID fan maintains negative draft
in the MWI. As shown in Figure 9, scrubbing liquid also can be
introduced through the throat insert.

The scrubbed gas from the venturi throat passes into the
diverging section where the gas slows down .23 Typically, the
base of the diverging section is submerged in a pool of liquid to
prevent abrasion of the metal surfaces by the collected pMm.31,32
This configuration is called a wetted or flooded elbow and is
illustrated in Figures 9 and 10.

The PM entrained in the droplets from the venturi scrubber
subsequently is collected either in the packed-bed scrubber or in
a cyclonic separator. Typically, in MWI applications, the gas
passes from the wetted elbow to the base of a packed-bed scrubber
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used for aéid gas control where the entrained PM mixed with the
scrubbing liquid is ultimately removed from the system with the
scrubber liquid discharge (blowdown). (Packed-bed scrubbers are
described in Section 3.1.3.) However, in those applications
where a packed-bed scrubber is not used, the gas passes from the
wetted elbow to the base of a cyclonic separator (see Figure 10).
The gas is introduced tangentially to the cyclonic separator
where the particles and moisture are thrown outward to the walls
of the cylinder.33 The droplets coalesce ané drop down the walls
to a central location carrying the PM with them.33

The ID fan of a venturi scrubber system is located after the
cyclonic separator (or packed-bed scrubber if so equipped) and
pulls the exhaust gas through the system. Some installations
utilize a variable-speed ID fan that can be tied to the control
of the venturi throat insert and/or the MWI primary chamber draft
so that the desired draft in the MWI primary chamber and a
constant venturi throat pressure drop can be maintained. Other
systems utilize a single speed ID fan equipped with a damper to
control airflow.

The scrubber liquid recirculation system comprises a caustic
solution tank, caustic addition equipment, recirculation pump,
and piping. The liquid is recirculated through the system
continuously. In many systems, a single recirculation pump is
used (even on systems with packed-bed scrubbers) with a backup
pump in parallel. A small blowdown stream is bled off to remove
collected PM and a fresh water makeup stream is added to the
system to replace the blowdown and any evaporative losses.
Because the venturi scrubber liquid also absorbs a portion of the
HCl in the exhaust gas, the pH of the scrubber liquid decreases.
In most venturi scrubber applications, the scrubber liquid is a
caustic solution used to neutralize acid gases and to prevent
corrosion of equipment. A pH meter monitors changes in the
scrubber liquid pH and a controller adds caustic solution to the
system to maintain a pH of 7.0 or less.?2

Venturi system controllers include those for the venturi
throat insert, caustic feed, makeup water, and emergency water
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quench for-high-temperature excursions. The venturi throat
insert is controlled either pneumatically or hydraulically to
maintain constant throat velocity. The throat insert is moved
upward or downward based on the pressure drop measured across the
venturi throat. The rate at which caustic is added to the system
is controlled in order to maintain a preset pH, typically 7.0 or
slightly less.22 The rate at which makeup water is introduced to
the scrubber typically is set at a rate necessary to replenish
the liquid lost to blowdown and evaporation. ‘

3.1.2.2 Factors Affecting Performance. The performance of
the venturi scrubber relative to PM, acid gas, metals, and
CDD/CDF emissions is affected by the venturi design and operating
variables and also by key MWI operating variables. Key venturi
scrubber design and operating variables are the pressure drop
across the venturi throat, the liquid/gas (L/G) ratio, and the
scrubber liquid pH, surface tension, and turbidity (i.e., solids
content). Key process parameters that can affect venturi
scrubber performance are the particle size distribution and the
variations in temperéture, flow rate, and pollutant
concentrations that result from the heterogeneous nature of the
MWI process. '

Venturi scrubbers are used on MWI's primarily to control PM
emissions. The PM collection efficiency in a venturi scrubber

34 Figure 11

system increases as the pressure drop increases.
shows this relationship based on the particle size distribution
in Figure 12. The static pressure drop is a measure of the total
amount of energy used in the scrubber to accelerate the gas
stream and to atomize the liguid droplets. 1In MWI applications,
a common venturi scrubber pressure drop is 7.5 X 103 Pascals (Pa)
(30 inches of water column [in. w.c.]) but can range from
3.7 x 103 to 1.5 x 10% Pa (15 to 60 in. w.c.). The pressure drop
across the venturi is a function of the gas velocity and L/G
ratio and in practice is a surrogate measure for gas veldcity.36
The Calvert equation can be used to predict the pressure
drop for a given throat velocity. The Calvert equation is:
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AP = (5 x 10°2) v2 (L/G)

where
AP = pressure drop, in. w.c.
v = gas velocity in the venturi throat, feet/second, and
L/G = ligquid-to-gas ratio, gallons/1,000 actual cubic feet

(gal/Macf).
The equation implies that pressure drop is equal to the power
required to accelerate the liquid to the gas velocity. The
Calvert equation predicts pressure drop reasonably well for the
range of L/G ratios from 668 to 1,604 liters/1,000 actual cubic
meter (L/Macm) (5 to 12 gal/Macf). At L/G ratios above
1,604 L/Macm (12 gal/Macf), measqréd pressure drops are normally'
about 80 percent of the value predicted by the Calvert equation.
In practice it has been found that at L/G ratios less than
401 L/Macm (3 gal/Macf), there is an inadequate liquid supply
available to completely cover the venturi throat. Most venturi
scrubbers are designed for liquid feed rates between 936 and
1,337 L/Macm (7 and 10 gal/Macf), and there is virtually no
change in performance over this range given that the pressure
drop across the venturi throat remains constant .37

The performance of a venturi scrubber in removing PM is
strongly affected by the size distribution of the PM. For
particles greater than 1 to 2 um in diameter, impaction is so
effective that penetration of particles in this size range
through the venturi is quite low. However, penetration of
smaller particles, such as the particles in the 0.1 to 0.5 um
range, can be high. Small particle size distribution, resulting
from the condensation of partially combusted organic compounds
and metallic vapors, is typical for combustion sources including
MWI‘s.38 ‘

To attain a high PM collection efficiency, venturi scrubbers
need to achieve high gas velocities in the throat. At normal
venturi pressure drops between 5 x 103 and 1.5 x 10% Pa (20 and
60 in. w.c.), the gas velocity in the throat section typically
lies between 30 and 120 meter/second (100 and 400 feet/second).34
These high gas velocities atomize the water droplets and create
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the relatiéé velocity differential between the gas and the
droplets to effect particle-droplet collision.

The high exhaust gas velocities in the venturi result in a
very short contact time between the liquid and gas phases,
thereby limiting gas absorption into the scrubber liquid.34 The
limited residence time limits the amount of vaporous metallic and
organic compounds that may be absorbed. However, because of the
high solubility of HCl in water, a significant quantity of HCl
may be absorbed even though the residence time is short. One
vendor claimed an HCl removal efficiency of 90 percent across a
‘venturi scrubber.39‘ '

Other variables related to venturi scrubber performance are
the liquid surface tension and liquid turbidity. If surface
tension is too high, some small particles that impact on the
water droplet will "bounce" off and not be captured. High
surface tension also has an adverse effect on droplet formation.
However, surface tension typically does not significantly impact
scrubber performance. High liquid turbidity, i.e., high
suspended solids content, will cause erosion and abrasion of the
venturi section and ultimately lead to reduced performance -of the
system.40 Therefore, the presence of a blowdown stream to remove
suspended solids is important.

When hot MWI exhaust gases are quenched and saturated in the
converging section of the venturi, an equilibrium temperature of
between 66° and 85°C (150° and 185°F) typically is achieved.4?

In this temperature range, volatile metals and unburned organics
condense.4l As vaporous metals and organic constituents such as
CDD/CDF cool, they condense, or agglomerate, on PM.%42 The
greater the cooling, the greater these condensation and
agglomeration effects.4?

The variations inherent in the operation of MWI’'s translate
to variations in gas stream characteristics including '
temperature, flow rate, and pollutant concentrations. In many
MWI applications, a waste heat recovery boiler (WHB) is used both
to recover heat for use at the facility and to cool the MWI
exhaust gases prior to an APCS. The WHB tends to damp the
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variations in the exhaust gas temperature with the result that
the WHB outlet temperature fluctuates far less than the exhaust
gas temperature. With a L/G ratio of up to 1,337 L/Macm

(10 gal/Macf), this small fluctuation does not affect the
performance of the venturi significantly.

On venturi scrubbers controlling MWI’s without a WHB, the
MWI exhaust gas temperature variation can range from 927° to
1260°C (1700° to 2300°F). Venturi scrubbers in these
applications may be equipped with special quench sections ahead
of the converging section to cool the gas stream. Emergency
quench nozzles may be installed at the top of the converging
section that rapidly provide the necessary quench water to cool
the gases and to prevent damage to the system in upset
conditions. If the gases are not cooled to the typical
equilibrium temperature between 66° and 85°C (150° and 185°F),
then the venturi will be less effective in condensing volatile
metals and organics.

Variations in MWI exhaust gas flow rate are compensated for
by a variable throat venturi. Variations in the MWI exhaust gas
flow rate arise during waste charging and during combustion air
modulation in the MWI. Venturi scrubbers perform optimally when
they operate at conditions that approach steady state. The
variable throat venturi adjusts the throat cross-sectional area
to maintain constant velocity across the throat.

Variations in pollutant concentration in the MWI exhaust gas
are dependent primarily on wasﬁe composition. For example,
changes in the chlorine content of the waste directly affect the
HCl concentration in the exhaust gas. The PM and volatile
organics concentrations can also change as the combustion process
changes. Because venturi scrubbers are designed to remove a
certain percentage of the incoming PM based on the particle size
distribution and inlet loading, any increase in the inlet loading
is likely to cause an increase in the outlet PM loading because a
similar percentage of PM would be removed. Therefore, the
venturi scrubber system design must be based on the maximum gas
flow rate, PM loading, and pressure drop considering the particle
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size distribution. Similar effects would be likely on gaseous
pollutants, i.e., increases in HCl, metals, and CDD/CDF inlet
concentrations would cause increases in outlet concentrations of
these pollutants.‘
3.1.3 Packed-Bed Scrubbers

This section provides a general description of a packed-bed
scrubber system including equipment components, gas cleaning
process, and key operating parameters followed by a discussion of
the factors affecting the performance of the packed-bed.

3.1.3.1 General Description. A packed-bed scrubber system
typically comprises the following components:

1. Scrubber vessel;

2. Packing media;

3. Mist eliminator;

4. ID fan;

5. Liquid recirculation system; and

€. System controllers.
These components are described in the following paragraphs along
with the packed-bed gas cleaning process.

packed-bed scrubbers are designed to remove acid gases
(primarily HC1 and sulfur dioxide [SO,]) by absorption of the
gases into the scrubbing liquid and subsequent neutralization.
An alkaline solution typically is used to maintain a constant
scrubber liquid pH to prevent corrosion of scrubber components.
The scrubbing liquid typically used is caustic solution (NaOH)
although sodium carbonate (Na,CO3) and calcium hydroxide
(Ca[OH]5) (slaked lime) also can be used. When the acid gases
are absorbed into the scrubbing solution, they react with
alkaline compounds to produce neutral chemical salts.22 The rate
of absorption of the acid gases is dependent on the solubility of
the acid gases in the scrubber liquid; HCl is absorbed rapidly
while 80, is absorbed more slowly. The neutralization reactions
are essentially stoichiometric, i.e., the stoichiometric ratio of
alkaline compounds added to the system to that required for
complete neutralization of the acid absorbed into the scrubber
solution is essentially 1:1 in packed-bed scrubbers.22
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Packed:bed scrubber vessels used to control acid gases from
MWI's typically are countercurrent, vertical columns where the
gas flows upward through the scrubber vessel and the scrubbing
liquid flows downward. Figure 13 illustrates a countercurrent,
racked-bed absorber with packing media, liquid sprays, and a mist
eliminator. '

Sc¢rubbing liquid is evenly distributed by the liquid sprays
over the packing media and trickles down through the bed wetting
the surface of the packing and, thereby, exposing the gas to a
large, wetted surface area. The depth of the bed depends on many
factors including the type of packing used, pollutant concentra-
tion and solubility, the desired removal efficiency of
pollutants, type of scrubber liquid used, liquid and gas flow
rates, and system temperature. However, a packing depth of 1.5m
(5 £ft) using Intalox® saddles has been reported.35 Other vendors
specify packing heights that range from 0.9m (3 ft) to 3m (10 ft)
without specifying packing type.44'45 The exhaust gas is forced
to make many changes in direction as it winds through the
openings of the packing media, thereby causing the gas to mix
with the ligquid. The large surface area of liquid/gas interface,
the packing depth, and the random packing provide the necessary
contact area between liquid and gas, sufficient residence time,
and good mixing, respectively, for effective absorption to occur.

After passing through the packing, the gases flow through a
mist eliminator that removes entrained droplets of liquid that
may contain alkaline salts, absorbed acid gases, and PM. In a
combination venturi/packed-bed scrubber system, the venturi may
remove 90 percent of the PM from the MWI exhaust gas, and the
remaining particles can become entrained in droplets from the
packing media in the form of alkaline salts and other ultrafine
PM. Therefore, the appropriate mist eliminator must be selected
for the packed-bed scrubber to minimize PM emissions from the
overall combination system. Mesh-, chevron-, and diffusion-type
mist eliminators are available. At least one vendor has stated
that a venturi/packed-bed scrubber system equipped with mesh- and
chevron-type mist eliminators can achieve outlet PM
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concentratibns of 0.03 grains/dry standard cubic foot (gr/dscf)
while the diffusion-type mist eliminator can achieve
concentrations less than 0.01 gr/dscf.35'46

The ID fan, liquid recirculation system, and system
controllers were discussed above in Section 3.1.2.1 on venturi
scrubbers. With the exception of the variable throat and
eémergency water quench controllers, these discussions also apply
to packed-bed scrubbers.

3.1.3.2 Factors Affecting Performance. The performance of
the packed-bed scrubber relative to PM, acid gases, metals, and
CDD/CDF emissions is affected by the packed-bed scrubber design
and operating variables and also by key MWI operating variables.
Key packed-bed scrubber design and operating variables are
scrubbing medium, L/G ratio, packing height (liquid-to-gas
contact time), suspended solids content, pH, and type of mist
eliminator. Key MWI process parameters that can affect packed-
bed scrubber performance are variations in exhaust gas stream
temperature, flow rate, and pollutant concentrations that result
from the heterogeneous nature of the MWI process.

The scrubbing medium or liquid used in packed-bed scrubbers
to remove acid gases from MWI's typically is a caustic solution.
This alkaline solution absorbs acid gases from the MWI exhaust
gas stream and protects the scrubber components from corrosion by
neutralizing the acid gases. The high solubility of HCl gas in
this solution enhances the absorption of the HCl into the
solution and thereby enhances the effectiveness of the packed-bed
scrubber in removing HCl. When insoluble alkalis such as slaked
lime are used as a scrubbing medium in packed-bed scrubbers, the
suspended solids in the slurry deposit on the packing and cause
plugging.22 Therefore, caustic solution absorbs and neutralizes
acid gases, prevents corrosion, and eliminates plugging problems
associated with insoluble alkalis. ' v

The L/G ratio of a packed-bed scrubber is a design variable
that is specified along with the packing height and packing media
to achieve a specific control efficiency for a gaseous pollutant.
A L/G ratio between 2,674 and 3,342 L/Macm (20 and 25 gal/Macf)
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is typical for packed-bed scrubber applications on MWI's.35'44'45
The countercurrent packed-bed scrubber (typically used in MWI
applications) does not operate effectively if there are large
'variations in the liquid or gas flow rates.4” Generally, removal
efficiency is increased by an increase in the liquid flow rate toO

48 yowever, if either the liquid flow rate or gas

47

the scrubber.
flow rate is too high, a condition called flooding may occur.
Flooding is a condition where the liquid is "held" in the
pockets, or void spaces, between the packing media and does not
drain down through the packing. 47 The gas veloc;ty at which
flooding occurs is called the flooding veloc1ty. Flooding can
be reduced by reducing the ligquid flow rate.4® 1In packed-bed
applications to MWI's, a pump provides a constant liquid flow
rate. The packed-bed diameter is sized so that the maximum gas
velocity to be experienced by the packed-bed lies between 50 and
75 percent of the flooding velocity.49

The performance of a packed-bed scrubber in removing acid
gases from the gas stream depends on the effectiveness of the
absorption process that takes place on the packing media. The
packing media provides a large surface area for liquid-to-gas
contact and promotes good mixing of the gas and liquid. The
height of the packing determines the liquid-to-gas contact time;
the greater the height, the greater the residence time. Packing
heights of 1.5M (5 ft) using 7.6 cm (3 inch) "Intalox® saddles
have been reported. 35 Manufacturers guarantee HCl removal
efficiencies from 99 to 99.9 percent and S0, removal eff1c1enc1es
from 90 to 99 percent when a packed-bed scrubber is used in
conjunction with a venturi scrubber.35'44'45 The effectiveness
of the packed-bed scrubber in removing vaporous metals and
condensible organics such as CDD/CDF from the gas stream is
further enhanced as the gas stream is intimately contacted by the
liquid film on the packing because vaporous metals and
condensible organics may condense and be removed as PM.

The suspended and dissolved solids content and pH of the
scrubber liquid are monitored to maintain scrubber performance.
Solids accumulation at the entry to the packed bed and within the
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bed is a pfbblem that interferes with the absorption process by
restricting liquid flow through the bed. To prevent solids
accumulation, an adequate scrubber liquid blowdown rate must be
maintained. Most manufacturers have designed their systems with
a set blowdown rate that removes suspended and dissolved solids
and that does not require shutdowns for solids removal.35/44,45
The pH typically is maintained at or slightly below 7.0 by
monitoring pH and adding caustic solution as appropriate.22
Maintaining this pH level is impoftant to prevent corrosion
damage to scrubber components. ' .

Selection of the appropriate mist eliminator is important to
achieve low PM emissions. As described in Section 3.1.3.1, the
mist eliminator removes entrained droplets of liquid that may
contain alkaline salts, absorbed acid gases, and PM. A
diffusion-type mist eliminator can achieve a three-fold reduction
in PM emissions over the traditional chevron- and mesh-type mist
eliminators.35:46

The variations inherent in the operation of MWI’'s translate
into variations in gas stream characteristics including
temperature, flow rate, and pollutant concentrations. A packed-
bed scrubber controlling emissions from an MWI typically is
located after a PM control device such as a venturi scrubber or a
fabric filter. In both of these cases, the MWI exhaust gas
temperature is reduced before it reaches the packed-bed scrubber.
In the case of the venturi scrubber, the MWI exhaust gases are
cooled and saturated in the venturi and enter the packed-bed
scrubber at a temperature between 60° and 85°C (140° and 185°F).
In the case of the fabric filter, the MWI exhaust gases may be
cooled initially by passing through a heat exchanger or WHB
before passing through the fabric filter and a quench prior to
the packed-bed scrubber. In either case, the temperature
variations that occur in the exhaust gases leaving the MWI are
damped and the gas stream temperature entering the packéd-bed
scrubber will be within a relatively narrow range. Gas stream
temperatures in excess of 104°C (220°F) can damage or melt the
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plastic paeking media that typically is used in these
scrubbers.50

variations in MWI exhaust gas flow rate are compensated for
by the proper design and sizing of the packed-bed scrubber. As
already described, the liquid flow rate to the packed-bed
scrubber is set at a constant rate and the packed-bed scrubber
diameter is sized such that the maximum gas velocity experienced
by the system is 50 to 75 percent of the f£looding velocity.49
Therefore, as the gas flow rate varies in the MWI system,
sufficient liquid is available for effective absorption without
encountering flooding.

variations in pollutant concentratlon 1n the MWI exhaust
depend primarily on waste composition. Because HCl1l in the
exhaust gas is highly soluble in the scrubbing solution,
variations in HC1 concentration are not expected to affect the
performance of the packed-bed in removing HCl if the packed- -bed
has been properly designed for the maximum HCl concentration to
be encountered. The effectiveness of the packed-bed scrubber in
removing CDD/CDF and metals will depend in large part on the
effectiveness of the system in condensing and subsequently
collecting the resulting fine PM. The collection efficiency of a
packed-bed scrubber in removing condensed metals and CDD/CDF is
unknown.
3.1.4 Other Wet-Scrubbing Systems

Although venturi and packed-bed scrubbers are the systems
that historically have been installed most frequently for MWI
emissions control, other novel wet- -scrubbing systems are
beginning to penetrate the MWI market. Four types of systems
that have been applied to various waste combustion processes are
the Rotary Atomizing™ scrubber, the Ionizing Wet Scrubber™
(IWS™), the Calvert collision scrubber, and the Hydro-Sonic®
scrubber. These systems have been used more frequently at
municipal or hazardous waste incineration facilities, but they
are being actively marketed to MWI facilities. Because the
number of MWI installations of these systems is quite limited,
very little information has been collected to date on the
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performance of the systems or on the factors that affect
performance. Consequently, the discussion below is limited to a
brief description of each of the systems.

3.1.4.1 Rotary Atomizing™ §crubber§.51‘53 Rotary
Atomizing” scrubbers are designed to remove PM primarily through
impaction and acid gases primarily through absorption. Figure 14
illustrates a schematic of a rotary atomizing scrubber showing
the major components listed above. The Rotary Atomizing™
scrubber comprises a quench vessel (on systems without a WHB), a
prespray tower, a rotary atomizer, mist eliminators, and a liquid
recirculation system. Because the liquid recirculation system is
an integral part of the quench vessel, prespray tower, and rotary
atomizer section of this scrubbef and because it contains
Separate recirculation loops for each of these components, it is
described first.

The liquid recirculation system on the rotary atomizer
scrubber is unique in that there are three scrubber ligquid
recirculation loops. The liquid is staged in a countercurrent
direction with respect to the gas flow. There are three separate
scrubber liquid feed tanks that serve the rotary atomizer, the
prespray tower, and the quench vessel. The fresh, clean scrubber
liquid is fed to the rotary atomizer tank. Overflow from this
tank flows to the prespray tower tank and a purge from the
prespray tank then flows to the quench vessel. Blowdown from the
quench vessel then flows to a sewer discharge.

On systems without a WHB, the combustion gases from the MWI
are directed to the top of the quench vessel. The quench vessel
serves two functions: (1) to cool the MWI exhaust gases and
(2) to absorb a portion of the acid gases. The quench vessel
evaporatively cools the MWI exhaust gases (982° to 1204°C [1800°
to 2200°F]) to saturation (68° to 77°C [155° to 170°F] through
the introduction of the purge from the prespray section  through
spray nozzles located at the top of the vessel. The alkaline
(NaOH) quench water converts a large portion of the HCl and S0,
gases into sodium chloride and sodium sulfate salts. Once the
total dissolved solids content has reached 15 percent in the
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quench tank‘feeding the quench vessel, a blowdown stream is
activated that removes the dissolved and suspended solids from
the system. '

The saturated gases from the quench vessel (or from the WHB
if so equipped) then enter the prespray tower where mid-size PM is
removed by impaction on droplets'produced by nozzles located at
four different levels in the tower. Acid gases are further
neutralized in the prespray tower. This tower operates at an L/G
ratio of 8,020 L/Macm (60 gal/Macf) to completely saturate the
gases prior to entering the rotary atomizer section. The tower is
served by a prespray tank that uses the overflow from the rotary
atomizer section as feed liquid. Liquid that exits the base of .
the tower unevaporated flows back into the tank and is recycled to
the tower.

The saturated gases from the prespray tower subsequently pass
to the rotary atomizer section of the system. Figure 15
illustrates the rotary atomizer. The rotary atomizer creates a
constantly renewed high velocity water curtain equivalent to a
2.6 x 10° mmHg (5,000 pounds per square inch [psi]) spray nozzle.
This water curtain is generated by means of a high speed fotating
disc, that atomizes the water droplets and propels them toward the
wall of the rotary atomizer housing. The droplets rebound off the
wall creating a dense water curtain that acts as a filter pad.
This dense spray of droplets removes PM through impaction, while
gases are collected by absorption. The pressure drop across the
rotary atomizing scrubber is about 7.5 mmHg (4 in. H,0).

Scrubbing solution also is recirculated through the rotary
atomizer tank based on level control reward while fresh caustic
reagent is added based on pH control demand.

The gas then passes from the rotary atomizer section through
two Chevron-type mist eliminators that are used to collect and to
separate the water droplets from the gas stream. The liquid
collected by the mist eliminators is returned to the rotary
atomizing section tank. The scrubber manufacturer claims that
this 2-stage mist elimination system is rated at 99+ percent
overall in removing droplets that are 2 microns or larger in size.
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Figure 15. Schematic of rotary atomizer module.
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3.1.4:2 Ionizing Wet Scrubber™.54:55 The IWS™ uses a
combination of electrostatic forces and the common wet-scrubbing
phenomena to provide both PM and acid-gas control. The typical
system consists of a quench chamber to reduce gas temperature and
one or more of the modular "units" shown in Figure 16 in series.
Because each unit {(or stage) acts to remove a nearly constant
fraction of the acid gas and PM, the control efficiency is
increased by staging these units.

Each unit in the system has two major sections. The gas
stream passes through the entry plenum into the ionizing section
of the unit. Here particles are charged as they pass between
wires powered by a high-voltage DC power source and small
grounded electrode "mini plates." The gas stream thus passes
into the charged particle scrubber, which is a horizontal,
cross-flow, packed-bed scrubber with a Tellerette® packing
material. Acid gases are removed from the gas stream by
absorption and particles are collected in the scrubber section by
a combination of impaction and image force attraction, an
electrostatic property that causes the charged particles to
migrate to the neutral packing surfaces. Particles with

diameters of 3 to 5 um and larger are collected on packing

surfaces by impaction. Smaller particles are collected by image
force attraction. Particles are removed from these surfaces by a
constant cross-flow of scrubbing liquor.

3.1.4.3 Calvert Collision Scrubber.®® The Calvert
collision scrubber is designed to achieve high collection of both
PM and acid gases. The system comprises four major components in
series: the quencher, the condenser/absorber, a collision
scrubber, and an entrainment separator. A modified system
without the condenser/absorber is available if only moderate
control efficiencies are required. The major components of the
system are described in the paragraphs below.

The hot gas ffom the MWI enters the dual flow quenéh
chamber. The unit is called dual flow because two separate
liquid streams are introduced to the gas stream at different

€0




]

| Partce Cnargag SEChon—ShOTt nlensely Chargec High voitage DC

{ powe L0 energy consumplion __

poaene £.aments—COntNCLS fiUSPING Drevents sokcs duic up Collection Surfaces—Contnuousy fusnec -~
—

scruboer section

n

actor, A3sembiec Moagutes—Fast inexpensive figld instalianon

A gzruces cnatges as they enter scrubber section ' Al scrubber surfaces (packing water 0rCs S8

Piasi.c Shet ang Internais—Corrosion Resistant Mimimum maintenance electnically neutral Act as impingement suraces
) or collect partcies througn image force anraci.o”

Telierette packing ts excelient impingement 1a°3¢"

ang highly efficient collector Also creates

water groplets for adaitionai impingement and

collection surtaces

L

Exhaus: of IWS zan 22
connecieo Sirecty ¢ SIEl-
fan or to anomer WS 0
increases cohecucr
efficiency

inlet—Tc 50.000 ACFM

No moving Parts (only pump)

:. Recyciet Liguio—For gas absorotion SauCs
fiusning

Sealeg High Voitage DC Power Supply

Figure 16. Schematic of an ionizing wet scrubber™, >4

61




points. First, fresh makeup water is added to the inlet to
provide a wetted approach. Just beyond the inlet, recycled
scrubber water is added to the gas stream. These two liquid
streams reduce the gas stream temperature to saturation levels,
about 66° to 85°C (150° to 185°F), depending on inlet temperature
and moisture content.

The saturated gas stream moves from the quencher into a
horizontal, cross-flow or a vertical, counterflow packed-bed
absorber. Generally, a caustic or lime scrubbing solution is
used in the absorber. The HClL is removed from the gas stream and
additional gas cooling reduces the temperature to 49° to 54°C
(120° to 130°F). This temperature reduction results in
condensation of moisture from thé saturated stream. Small
particles in the gas stream act as condensation nuclei. The
moisture condensation on the surfaces of the particles
effectively increases their aerodynamic diameter, thereby
enhancing their collection downstream in the entrainment
separator.

The gas stream moves from the condenser/absorber into the
collision scrubber. There the gas stream is split into two equal
streams, turned, and impacted head on. At the point of collision
of the two streams, particles are collected on larger droplets
via the impaction and interception phenomena described in
Section 3.1.1. The particle-laden droplets in the gas stream
then enter a multistage entrainment separator. There, the
droplets are removed from the gas stream by impaction.

Additional removal of HCl also is achieved in the collision
scrubber and entrainment separator.

3.1.4.4 Hydro-Sonic® Scrubber.°7:58 Hydro-Sonic® scrubbers
comprise a family of wet scrubbers that have been used to control
PM and HCl emissions on several waste incineration processes.

The design most likely to be used on MWI systems is the fan
drive, tandem nozzle shown in Figure 17. This design consists of
two subsonic nozzles equipped with water sprays in series. As
the water spray is injected into the high-velocity gas stream,
very fine high-velocity water droplets are generated. Collisions
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between the droplets and particles take place in the highly
turbulent flow regimes in the mixing tubes, as does absorption of
HCl into the droplets. Cyclonic mist eliminators are then used
to remove the pollutant-laden droplets from the gas stream.

3.2 FABRIC FILTERS

Historically, fabric filters (or baghouses) have been used
to control PM and nonvaporous metals emissions from combustion
sources and other industrial processes. Fabric filters are often
combined with other air pollution control techniques to achieve
control of acid gas and organic pollutant emissions in addition
to PM control. The two most common combinations are a fabric .
filter downstream from a sorbent-injection system (typically dry
sorbent injection is used, but facilities can use spray dryers)
and a fabric filter and packed-bed scrubber in series. Other
components of these combined systems are discussed later in this
report and will not be addressed in this section. The discussion
below focuses on the fabric filter component of the systems with
reference to later diécussions_as appropriate.

Fabric filters are typically classified with respect to
their location relative to the fan and to their type of cleaning
mechanism. All systems installed to date at MWI facilities have
been negative-pressure systems (i.e., systems installed upstream
from an induced-draft fan). Also, all of the systems use pulse-
jet cleaning, although some vendors indicate that they would use
a4 reverse-air system if a client so preferred.®?-61 pecause
bulse-jet systems dominate the industry, the discussion below
focuses on these systems.

The remaining discussion is divided into three subsections.
The first presents-a brief overview of fabric filter PM
collection principles. The second subsection presents a general
description of the pulse-jet fabric filter. It describes
components of the system and identifies key design and operating
variables. The final subsection identifies primary control
system and combustor design and operating variables that affect
performance and discusses how these factors affect the
performance relative to PM, HCl, metals, and CDD/CDF emissions.
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3.2.1 Fabrlc Filter Collection Principles

Fabric flltratlon systems have been used for years to
control PM emissions from a wide variety of industrial processes,
to collect product materials from manufacturing processes, and to
maintain dust loadings at acceptablé levels in clean room
environments. A substantial amount of research has been
conducted on the performance of -these PM and dust control
systems. The results of this research have led to an
understanding of the overall performance of fabric filter systems
in removing particles from gas streams and of the specific
collectlon mechanisms that apply. For MWI exhaust streams
controlled by fabric filters in comblnatlon with dry sorbent
~injection, information collected to date suggests that the fabric
filter also plays a role in controlling other pollutants.

However, the mechanisms of control for other pollutants are not
fully understood. This subsection describes those mechanisms
that are generally accepted as the key mechanisms for fabric
filtration of PM. It also briefly discusses the mechanisms that
are postulated to affect the control of other pollutants.

A fabric filter is a collection of bags constructed of a
fabric material (nylon, wool, or other) hung inside a housing.

The combustion gases are drawn into the housing, pass through the
bags, and exhaust from the housing through a stack to the
atmosphere. When the exhaust from the incinerator is drawn
through the fabric, particles are retained on the fabric
material, while the cleaned gas passes through the material. The
collected particles are then removed from the filter during the
pulse-jet cleaning cycle. The dusty material cleaned from the
bags falls to a collection hopper and is removed from the hopper
for transfer to a storage area Or disposal site.

with a new filter, the open areas in the fabric are of
sufficient size that particles easily penetrate the bag. Over a
short time, a cake builds on the bag surface; this cake acts as
the primary particle collection medium. Particles are collected
on a filter and cake by a combination of several mechanisms. The
most important are impaction, direct interception, and diffusion.
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As the exhaust gas flows through the cake and filter, it
makes numerous turns around obstructions encountered in the cake
or filter media and creates a flow pattern characterized by
curved streamlines. In collection by impaction, the particles in
the gas stream have too much inertia to follow the gas stream-
lines around the fiber or through pores in the cake. They leave
the gas stream and deposit directly onto the fiber or the surface
of the cake. 1In the case of direct interception, the particles
have less inertia and barely follow the gas streamlines around
the fiber. If the distance between the center of the particle
and the outside of the fiber or pore is less than the particle
radius, the particle surface will contact the surface of the
fiber and be "intercepted." Impaction and direct interception
mechanisms account for 99 percent of the collection of particles
with an aerodynamic diameter greater than 1 um in fabric filter
systems.62'63 ‘ |

For submicron particles, such as those generated by
homogeneous condensation of volatile metals, diffusion acts as a
key collection mechanism. Small particles that are affected by
collisions on a molecular level behave individually through
random motions. The particles do not necessarily follow the gas
streamlines, but instead move randomly throughout the fluid, a
phenomenon called Brownian motion. At some point in their random
flow through the fluid, a fraction of these small particles come
in contact with a surface of the filter medium and are
collected.62,63
3.2.2 Pulse-Jet Fabric Filter Description®2:63

A schematic of a pulse-jet fabric filter is shown in
Figure 18. The primary components of the systems are the bags
and auxiliary equipment, the housing that contains the bags, the
inlet or dirty-side plenum that receives combustion gases and
distributes them to the bags, the clean-air plenum that receives
the cleaned combustion gas from the bags before it is discharged
to the atmosphere, and the hopper and discharge system.

The bag compartment is separated from the clean-air plenum
by a flat metal plate called a tube sheet. In larger systems,
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Schematic of a pulse-jet baghouse.
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the bag coﬁpartment is frequently separated into multiple,
smaller compartments. These compartments can be taken off-line
individually for bag cleaning or maintenance. However, most
smaller units, such as those used at MWI facilities, have a
single compartment with bags arranged in a rectangular array.
Within this compartment, bags are suspended from the tube sheet
and supported internally by rings or cages. Bags are held firmly
in place at the tube sheet by claspé and have an enclosed bottom
(usually a metal cap). Dust-laden gas is filtered through the
bag, depositing dust on the outside surface of the bag. All
pulse-jet systems filter the gas from the outside to the inside
of the bag. 62,63

The dust cake is removed from the bag by a blast of
compressed air injected into the top of the bag tube. The blast
of high-pressure air stops the normal flow of air through the
filter. The air blast develops into a standing, or shock, wave
that causes the bag to flex as the shock wave travels down the
bag tube. As the bag flexes, the cake fractures, and deposited
particles are discharged from the bag. The shock wave travels
down and back up the tube in approximately 0.5 seconds. 82

The blast of compressed air must be strong enough for the
shock wave to travel the length of the bag and shatter or crack
the dust cake. Pulse-jet units use air supplies from a common
header that feeds into a nozzle located above each bag. In most
baghouse designs, a venturi sealed at the top of each bag is used
to create a large enough pulse to travel down and up the bag.
Alternatively, some baghouses operate with only the compressed
air manifold above each bag. For either type system, the pres-
sures involved are commonly between 414 and 689 kPa (60
and 100 psig).

As the shock wave moves down the bag, dust is released from
the bag surface into the open area on the dirty side of the bag.
A portion of the dust is immediately entrained in the incoming
gas stream and deposited on the surface of the bag just cleaned,
thereby maintaining a cake on the bag surface. The remainder
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falls into the hopper at the base of the baghouse and is
subsequently discharged. 62,63

Most pulse-jet filters at MWI facilities use bag tubes that
are 10 to 15 cm (4 to 6 in.) in diameter and 1.8 to 5.8 m (6 to
19 ft) in length. 59-62,64 Tne bags are usually arranged in rows
and are cleaned one row at a time in sequence. The preferred
method of cleaning initiation is based on pressure differential
with a timer override to prevent extended operation without
cleaning. Cleaning may alternately occur in a timed sequence.
3.2.3 Factors Affecting Performance

The performance of the fabric filter relative to PM, acid
gas, metals, and CDD/CDF emissions is affected by the fabric
filter design and operating parameters and also by key MWI
operating parameters. Key pulse-jet filter design and operating
parameters are the air-to-cloth ratio (or filtration veiocity),
bag material, operating temperature, pressure drop across the
filter, and cleaning frequency. Key process parameters that can
affect fabric filter performance, particularly long-term
performance, are variations in temperature, flow rate, and
pollutant concentrations that result from the heterogeneous
nature of the MWI procéss. Process startup/shutdown procedures
can also affect long-term performance.

The air-to-cloth (A/C) ratio is actually a measure of the
superficial gas velocity through the filter medium. It is a
ratio of the flow rate of gas through the fabric filter (at
actual conditions) to the area of the bags and is usually
measured in units of m3/sec/m2 (acfm/ftz). Data obtained from
air pollution control device vendors indicate that pulse-jet
fabric filters for MWI’'s typically are designed with an air-to-
cloth ratio in the range of 0.008 to 0.02 m3 /sec/m?

(1.6 to 4.3 acfm/ftz) of bag area.59-61,64 papric filter systems
are designed to operate with as high an A/C ratio as feasible in

order to limit size and cost. However, in general, the lower the
A/C ratio, the lower the PM emission rate. Short-term exceedance
of the design ratio is not likely to have a substantial effect on
emissions. However, long-term exceedances will increase
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particle-phase emissions from bleed-through and have the
potential to cause bag failure through abrasive action. Under a
failure condition (e.g., tears at the collar or multiple pinhole

attached to particles are likely to increase substantially. The
fabric filter should be designed with an A/C ratio based on the
maximum expected gas flow rate. Therefore, at lower gas flow
rates, the operating A/C ratio will be lower and the PM
collection performance would be expected to be the same or higher
than that at the design A/C ratio.

Bags vary‘with respect to type of comnstruction and material
of construction. The three major types of construction are woven
bags, felted bags, and membranes: A wide variety of materials
have been used to construct bags. Usually both bag type and
material are selected based on a vendor’s experience with systems
installed on comparable processes. Key factors that are
considered in making the selection are the cleaning method,
resistance of the material to abrasion and chemical attack,
expected operating temperature, and costs. For MWI's, both
fluctuating temperatures and resistance to acids are of concern.
The choice of bag material and construction can affect the
performance of the system in removing PM. Felted bags typically
are recommended in pulse-jet fabric filters controlling emissions
from MWI’'s. The relatively thick felt fabric provides maximum
particle impingement and collects PM more efficiently than woven
fabric at comparable gas velocities.®5 Gore-Tex® membrane bags
can also be used to achieve low outlet PMlloadings (i.e.,

22.5 mg/dscm [0.01 gr/dscf]).61 If felted bags are used,
synthetic materials that are temperature- and acid-resistant are
recommended. Vendor recommendations include acrylic, P-84
(Raster® Scrim), and Rylon®.60.61

The operating temperature of the fabric filter is critical
to the long-term performance of the éyStem. The system must be
operated within a relatively narrow temperature range to prevent
bag failure due to chemical attack or temperature-driven
degradation. Because the exhaust gas from an MWI can contain
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HCl, the unit should be operated at temperatures sufficiently
high to ensure that no surface temperatures drop below the acid
dewpoint. Otherwise, condensation of HCl will result in
corrosion of the housing or bags. The boiling point of HCI
(aqueous hydrochloric acid) is 110°C (230°F); gas temperatures
should be maintained at or above 120°C (250°F) to ensure that no
surfaces are cooled below the dewpoint. Each type of bag
material has a specified maximum recommended operating
temperature. If the system is operated at temperatures somewhat
higher than the maximum recommended operating temperature, bags
will degrade over time; operation at substantively higher
temperatures can cause bags to fail completely. Gas temperatures
should be within a temperature rahge bounded by the HCl dewpoint
and the maximum recommended operating temperature for the
specific material to prevent bag failures and the attendant
increase in particle-phase emissions.

In addition to its importance in maintaining fabric filter
integrity, temperature can also directly influence the control of
acid gases, volatile metals, and CDD/CDF. All of the mechanisms
described earlier related to these pollutants are temperature
dependent. For all of the postulated mechanisms, improved
control is achieved with lower temperatures in the baghouse.
Consequently, the temperature should be maintained at as low a
level as possible, given the acid gas constraints described
above, to enhance control of these pollutants. Vendors suggest
an optimal temperature range of 120° to 150°C (250° to 300°F) to
achieve the best control in combined dry-injection/fabric
filtration systems.59'61'64

Pressure drop across fabric filters generally is maintained
within a narrow range by controlling the cleaning cycle of the
system. Pressure drops below the minimum indicate that either
leaks have developed or excessive cleaning is removing the base
cake from the bags. Either condition decrease performance
immediately. Pressure drops greater than the maximum indicate
that either bags are "blinding" or excessive cake is building on
the bags because of insufficient cleaning. Over time, high
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pressure drops lead to bag erosion and degradation and,
subsequently, to decreased performance. The pressure drop on MWI
systems generally is maintained in the range of 1.5 to 5 in.
w.c.59-61,64

As suggested by the above discussion, the fabric filter
Ccleaning cycle can have a significant impact on fabric filter
performance. Typically, one of two procedures is used to
determine a cleaning cycle. For the simpler of the two, vendor
engineers monitor facility operations carefully during equipment
shakedown. The pressure drop pattern is observed, and a timed
cleaning sequence is established to keep the pressure drop well
within acceptable limits. This timed cycle is then incorporated
into subsequent operating procedures. As an alternative, the
system can be equipped with a pressure drop sensor, and a control
loop can be used to initiate the cleaning cycle when the pressure
drop reaches a specified upper level. Either system can work
well, but a malfunction in either system or changes in the
process create performance problems. Too frequent cleaning can
cause the cake to deplete, resulting in an increase in emissions
of PM. On the other hand, cleaning that is too infrequent will
result in excessive cake buildup and an increased pressure drop
through the system. This latter scenario creates two potential
problems. If the pressure drop becomes too great, the system
will lose draft to the primary chamber of the MWI, and fugitive
emissions can be generated. The excessive cake buildup also
results in substantial increases in local gas velocities at some .
points in the bags. These increased velocities can generate an
immediate increase in emissions via particle seépage or bleed-
through and can result in increased abrasion that deteriorates
bag integrity.

The variations inherent in the operation of MWI’'s translate
into variations in gas stream characteristics including
temperature, flow rate, and pollutant concentrations. Of these
three gas stream characteristics, temperature is most critical.
All fabric filter control systems installed on MWI's incorporate
some type of gas-cooling system upstream of the filter. For
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those systéms that do not have WHB's, the ability of these
cooling systems tO respond to rapid temperature changes in the
combustof exhaust is a key to the long-term performance of the
fabric filter. 1If these systems do not cool the gas stream
properly, periodic temperature exceedances lead to bag
degradation and reduced collection efficiency.

Variations in the MWI exhaust gas flow rate are compensated
for by the proper design of the fabric filter system. The fabric
filter system should be designed with an A/C ratio based on the
maximum expected gas flow rate. Therefore, at lower gas flow
rates, the A/C ratio will be lower and the PM collection
performance would be expected to be the same oI higher than that
at the design A/C ratio. )

The PM loading and particle size distribution must be
considered during the design of a fapric filter and also during
operation; however, within certain limitations (%10 to 20 percent
of design values), changes in these parameters do not seriously
affect fabric filter efficiency.65 Nevertheless, an increase in
mass loading may reguire more frequent cleaning of the bags as a
result of faster filter cake buildup.65 A major advantage of a
properly designed fabric filter system is its ability to perform
well over the normal variation in MWI exhaust gas
characteristics.

3.3 DRY SCRUBBERS ,

This section describes the application of dry scrubbers to
MWI’'s. Dry scrubbing techniques that could be applied to MWI's
can be grouped into two major categories: (1) dry sorbent
injection, and (2) spray dryer absorber systems. During the past
several years, many dry sorbent injection systems have been
installed on MWI’'s. Many spray dryer absorber systems have been
installed cn municipal waste combustors (MWC’s) but only one has
been installed on an MWI to date. .

Dry scrubbers use an alkaline sorbent to react with and to
neutralize the acid gases in the MWI exhaust gas stream.
Additionally, activated carbon can be injected to control mercury
and CDD/CDF through adsorption. The reaction product is a dry
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solid that is collected along with fly ash and any unreacted
sorbent in a PM control device such as a fabric filter. In MWI
applications, dry scrubbers are invariably ‘followed by a fabric
filter. The following paragraphs describe dry scrubbers and
their operation. Section 3.3.1 describes dry scrubbing
principles. Section 3.3.2 describes dry sorbent injection
systems. Section 3.3.3 describes spray dryer absorber systems.
3.3.1 Dry Scrubbing Principles '

Dry sorbent injection systems use adsorption to control acid
gases while spray dryer absorbers use absorption and
adsorption.66 The addition of activated carbon also controls
mercury and CDD/CDF emissions through adsorption. The principles
of adsorption and absorption as applied to dry scrubbers are
briefly described below.

3.3.1.1 Adsorption. During adsorption, one or more gaseous
components are removed from an effluent gas stream by adhering to
the surface of a so0l1id.®7 The gas molecules being removed are
referred to as the adsorbate, while the solid adsorbing medium is
called the adsorbent.®’7 1n dry injection systems, the adsorbents
Or sorbents typically include a finely divided alkaline material
such as calcium hydroxide (hydrated lime), magnesium oxide, or
sodium bicarbonate. Activated carbon can be added for the
control of mercury and CDD/CDF.

Adsorption occurs in a series of three steps as illustrated
in Figure 19.68 1n the first step, the contaminant diffuses from
the bulk area of the gas stream to the external surface of the
adsorbent particle.®® 1In the second step, the contaminant
molecule migrates from the relatively small area of the external
surface to the pores within each adsorbent particle.68 In the
third step, the contaminant molecule adheres to the surface of
the pore.68 In the dry sorbent injection system, the acid gas
molecules adsorb onto the surface of and react with the sorbent
particles (usually hydrated lime) to neutralize the acid gases by
forming neutral chehical salts.

Effective adsorption of acid gases, mercury, and CDD/CDF in
dry scrubber applications requires the following:
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1. A-large interfacial surface area between the gas and the
sorbent;

2. Good mixing of the gas and sorbent phases;

3. Sufficient residence, or contact, time between the
phases for adsorption and subsequent neutralization to occur; and

4. Sufficient sorbent (type and amount) to adsorb and to
neutralize the acid gases and to adsorb mercury and CDD/CDF.

Adsorption of vapor-phase organic and metallic compounds
such as CDD/CDF and mercury also occurs in dry scrubber
applications, especially when activated carbon is injected. The
bresence of a large interfacial contact area formed by the
activated carbon and the fine particles of the alkaline sorbent
provides numerous surface sites for condensation and/or
adsorption of these vapor-state compounds to occur. Turbulence
and adequate residence time also promote adsorption of these
compounds. The temperature of the gas stream must be low enough
to allow condensation of these compounds to occur but not so low
as to allow condensation of HCl gas that causes corrosive
conditions. Additionally, the adsorption proceés may be enhanced
by the filter cake on the filter bags in a fabric filter.

3.3.1.2 Absorption. Section 3.1.1.2 described how gaseous
pollutants are absorbed in wet scrubber applications. Many of
the principles described there also apply to absorption in spray
dryer applications. Effective absorption of acid gases in spray
dryer applications requires the following:

1. A large interfacial contact area between the gas and
slurry droplets; ‘

2. Good mixing of the gas and slurry droplets (i.e.,
turbulence), and

3. Sufficient residence, or contact, time between the
Phases for absorption and subsequent neutralization to occur.

In the case of spray dryer absorber systems, the absorbing
medium is the liquid slurry droplets as opposed to the scrubbing
liquid used in packed-bed scrubbers. The acid gases are absorbed
into the droplets where they are neutralized by the lime in the
droplets. Subsequently, the liquid in the droplets is evaporated
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so that thé'reaction products along with unreacted sorbents are
dried for collection in a PM control device. After the sorbent
has been dried, adsorption of unreacted acid gases and vaporous
metals and organics onto sorbent particles may occur as the dry
sorbent and exhaust gases pass to the PM collection device. This
adsorption process may be enhanced by the filter cake on the
filter bags in a fabric filter.
3.3.2 Dry Sorbent Injection

This section provides a general description of the dry
sorbent injection system including equipment components and gas
cleaning process followed by a discussion of the factors
affecting the performance of the system including key operating
and design parameters and gas stream characteristics.

3.3.2.1 General Description. A dry sorbent injection
system typically is comprised of the following components:

1. Sorbent storage/feed hopper;
Sorbent transport system;
Venturi/injector;
Reaction/expansion chamber (optional); and

n o W N

Recycle system (optional).

Figure 20 illustrates a schematic of a dry injection system
showing the major components listed above with the exception of
the venturi and the recycle system. The following paragraphs
describe these components along with the dry injection system gas
cleaning process.

The dry injection scrubber uses injection of a dry, finely
divided alkaline sorbent such as calcium hydroxide (hydrated
lime), magnesium oxide, or sodium bicarbonate for the adsorption
of acid gases and powdered activated carbon for the adsorption of
mercury and CDD/CDF. The alkaline sorbent typically is stored. in
a storage bin that also acts as a feed hopper for the system.
This bin may have a cone shaped bottom to direct the sorbent to a
rotary airlock, slide gate, or volumetric screw feeder that
meters sorbent into the pneumatic line that feeds the MWI exhaust
gas duct. The bin may also be equipped with a shaker mechanism
and/or a screw auger that help prevent clumping of the sorbent.
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The feediné'system typically is controlled by a microprocessor
system that controls the operation of the rotary airlock, slide
gate, Or screw feeder in some systems, the sorbent injection rate
is controlled by opening and closing the airlock. By controlling
the length of time and the number of times in a given time period
that the airlock or slide gate remains open, the sorbent
injection rate can be closely controlled. Other systems simply
feed sorbent on a continuous basis using a controller that
controls the speed of the screw feeder.

Typically, the sorbent is transported to the MWI exhaust gas
duct pneumatically. As the sorbent is metered into the pneumatic
line, a blower propels the sorbent through the line to the duct.
Additionally, the system’s draft pulls the sorbent through the
line. The action of the blower and the system draft provides the
initial fluidization of the sorbent for transport to the duct.
Other, simpler systems use a gravitational feed approach instead
of a pneumatic system where the sorbent is fed through a vertical
pipe from a feed hopper located above the duct.

In many systems, the sorbent is injected into the duct
upstream of or at a venturi section of the duct. The purpose of
the venturi is to introduce turbulence to the gas stream and
sorbent, thereby providing good mixing and enhancing adsorption
of the acid g;ases.'-"o"’:L Some systems have an adjustable venturi
throat that compensates for the variations in the MWI exhaust gas
flow rate.’9 As in a wet venturi system, adjusting the venturi
maintains a constant gas velocity across the throat, thereby
preventing the reagent from falling out in the duct.”0

In some dry injection systems, a reaction chamber (expansion
chamber) ig included that allows increased residence time for
adsorption and neutralization to occur.’9 One vendor utilizes a
specially designed heat exchanger that both cools the gases and
provides increased residence time.60 From the reaction chamber,
the gas stream, containing the entrained sorbent particles and
fly ash, is ducted to a fabric filter.

Some manufacturers include a sorbent recycle system that
recycles a portion of the collected sorbent/fly ash pback to the
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sorbent iniéction system.’l The primary purpose of the recycle
stream is to increase reagent utilization and thereby reduce
overall sorbent costs.’® Recycle systems are installed on a
case-by-case basis based on the economics of the installation.

The buildup of a cake on the filter bags in the fabric
filter provides additional intimate contact between the gaseous
pollutants and sorbent for adsorption to occur. Emission test
data suggest that the fabric filter cake plays a role in
collecting HCl,vvola;ile'metals, and organic pollutants such as
CDD/CDF in combination dry sorbent injection/fabric filtration
systems. /1,72 Additionally, specific tests suggest that HCl
control in such systems is related to cake build-up and depletion
and that volatile mercury and CbD/CDF control is improved when
activated carbon is used as a sorbent in the cake.’2 Testing to
investigate the effectiveness of injecting activated carbon (in
addition to hydrated lime), in controlling both mercury and
CDD/CDF emissions across a dry sorbent injection/fabric filter
system, was conducted in September 1991. The results of this
test along with the results of the entire test program are
presented in Section 4.0 of this report.

3.3.2.2 PFactors Affecting Performance. The performance of
the dry sorbent injection system relative to acid gas, metals,
and CDD/CDF emissions is affected by the dry injection system
design and operating variables in‘promoting adsorption of these
compounds and also by key MWI operating variables. Dry injection
systems control primarily acid gases by adsorption; metals and
CDD/CDF are also controlled by this mechanism but to a lesser
extent. While PM is not controlled by dry injection, a BM
control device located downstream of the dry injection system
collects flyash from the MWI along with the dry, solid reaction
product and any unreacted sorbent. The following paragraphs
describe the key dry injection system design and operating
variables that promote adsorption including sorbent fluidization
and particle size, retention/reaction time, stoichiometric ratio,
and gas stream moisture content and temperature. Additionally,
key process parameters that can affect dry injection system
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performancé'are discussed including variations in gas stream
temperature, flow rate, and pollutant concentrations that result
from the heterogeneous nature of the MWI process.

Maintaining proper sorbent particle size and fluidization is
important in providing surface adsorption sites and in fully
utilizing the injected sorbent. The sorbent (typically hydrated
lime) has particle sizes that allow 90 percent by weight of the
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material to pass through No. 325 mesh screens. This particle

size range is approximately the consistency of talcum powder.71
Sorbent particles in this size range provide sufficient total
alkaline sorbent surface area for effective adsorption to

occur. 71

Larger particles have a smaller total surface area and
would require larger fan capacity .to fluidize the sorbent. The
dry injection fluidization system (transport blower) capacity
must be sufficient to fluidize the sorbent adequately. The
sorbent must be fluidized uniformly across the duct so that all
portions of the gas stream are contacted by sorbent particles.l"2
The use of a venturi constriction helps to provide the turbulent
conditions necessary for intimate contact between the gaseous

71  Insufficient

compounds and the surface of the particles.
filuidization allows sorbent to fall out of the gas stream unused
and may ultimately lead to plugged lime feed pipes and/or MWI
exhaust gas ducts.

Adequate retention/reaction time is necessary for effective
adsorption of acid gases, metals, and CDD/CDF. Retention time in
dry injection systems is prolonged through the use of specially
designed reaction/retention chambers to provide intimate mixing
between the gas stream and sorbent particles. One vendor
supplies a specially designed heat exchanger both to extend the

60 In some cases, an

retention time and to cool the gases.
extended duct is used to prolong retention time while other
systems compensate for a lack of retention time by operating the
system at a higher stoichiometric ratio or extending the
dirty-air side of the fabric filter.

The stoichiometric ratio is defined as the molar ratio of

calcium in the lime fed to the dry sorbent injection system to
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the theoretical amount of calcium required to completely react
with the HCl and SO, in the MWI exhaust gas. Because of mass
transfer limitations, incomplete mixing, differing rates of
adsorption and reaction (SO, reacts more slbwly than HCl), and
the presence of other acid gases that react with the calcium in
the lime (e.g, hydrogen fluoride, sulfur trioxide),
stoichiometric ratios in excess of 1:1 are regquired. Vendors
design dry injection systems with extended retention times to
operate at stoichiometric ratios of sorbent (hydrated lime) to
HCl that range from 1.3:1 to 2:1.59,61,64 at guch stoichiometric
ratios, these vendors guarantee HC1l reductions that range from 90
to 99 percent.>9:61,64 pgjigher removal efficiencies can be
achieved by increasing the stoichiometric ratio.>59,61,64

The gas stream moisture content and temperature are
important variables in achieving effective acid gas
neutralization. Some vendors recommend using evaporative coolers
both to humidify and to cool the gas stream.60:61,64 Tnis
process increases the reagent activity.61 These evaporative
coolers may be used in conjunction with or without the use of a
WHB but typically are used when no WHB is present.so'el'64 Other
vendors use combinations of evaporative coolers and heat
exchangers or heat exchangers alone.%%:64 The optimum
temperature for the neutralization of acid gases ranges from 121°
to 177°C (250° to 350°F) according to vendors. 59-61,64 The lower
the temperature, the hlgher the HCl and SO, removal. 59
Additionally, one vendor reported that lower temperatures improve
the removal efficiency of lead, mercury, and cop. 5°

The variations inherent in the operation of MWI’'s translate
into variations in gas stream characteristics including
temperature, flow rate, and pollutant concentrations. Because
dry sorbent injection systems are located after gas cooling
devices (WHB's, heat exchangers, or evaporative coolers) and
because these devices are designed to achieve a setpoint outlet
temperature, the effect of MWI exhaust gas temperature variation
is minimized. The optimum temperature for gaseous pollutant
removal in dry sorbent injection systems is approximately 121°C
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(250°F) . The boiling point of HCl (aqueous hydrochloric acid) is
110°C (230°F); gas temperatures maintained at 121°C (250°F)
maximize gaseous pollutant removal and ensure that no surfaces
are cooled below the dewpoint. However, condensation of HCl on
cool surfaces (resulting in corrosion of metal components) can
occur even when measured gas temperatures are greater than 121°C
(250°F) , particularly on systems without insulation. Insulation
around ductwork and the dirty- and clean-air sides of the fabric
filter will minimize the condensation of HCl on internal metal
components by preventing cold spots. Corrosion caused by
condensation of HCl can occur on the clean side (clean air
plenum, outlet ductwork, and outlet stack) even though most of
the HCl1l has been removed from the.gas stream. Some combination
of insulation and/or corrosion resistant materials can be used to
reduce corrosion problems.

Variations in flow rate may cause problems with fluidization
of sorbent in the duct. Flow rate variations may be compensated
for by a variable speed fan that is tied to the incinerator
~draft. Some systems have adjustable venturi constrictions that
maintain both a constant velocity across the venturi and
turbulent mixing as the flow rate changes.72

Variations in pollutant concentrations in the MWI exhaust
gas are dependent primarily on waste composition. The
stoichiometric ratio typically is specified based on the maximum
expected HCl concentration through the system. Therefore, as the
HC1l concentration varies up to the maximum amount, the
stoichiometric ratio of lime to the theoretical amount required
will remain high enough for effective HC1 removal. It is not
clear how variations in the concentrations of metals and organics
observed in MWI exhaust gas streaﬁs would impact the
effectiveness of the dry sorbent injection system in removing
these pollutants.

3.3.3 Spray Drver Absorbers

This section provides a general description of a spray dryer
absorber system including equipment components and gas cleaning
process followed by a discussion of the factors affecting
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performance of the system including key operating and deS1gn
parameters and gas stream characteristics.
3.3.3.1 General Description. A spray dryer absorber system
typically is comprised of the following components:
1. Sorbent preparation system;
-- storage
-- slaker
-- mixing tank
-~ feed tank
2. Atomizers; and
3. Spray dryer absorber vessel.’3
The primary differences between a dry sorbent injection
system and a spray dryer absorber system are: (1) the physical
form of the alkaline sorbent and (2) the design of the system

74 1In a

used for contacting the sorbent with the acid gas stream.
dry sorbent injection system, the sorbent is dry while in a spray
dryer system, the sorbent is fed as an alkaline slurry. In a dry
sorbent injection system, the dry sorbent is injected into a duct
and may be followed by a reaction chamber while in a spray dryer
system, the wet slurry is atomized in a spray dryer absorber
vessel. '

Figure 21 illustrates a spray dryer absorber. 1In this
system, the alkaline reagent, usually pebble lime, is prepared as
a slurry containing 5 to 20 percent by weight solids by slaking
the lime.’3 Slaking is the addition of water to convert calcium
oxide to calcium hydroxide.76 ‘Proper slaking conditions are
important to ensure that the resulting calcium hydroxide slurry
has the proper particle size distribution and that no coating of
the particles has occurred due to the precipitation of
contaminants in the slaking water.’® From the slaker, the slurry
passes to the mixing tank where the slurry is thoroughly mixed
before passing to the slurry feed tank. ‘

The prepared slurry is atomized into the gas stream in a
large absorber vessel having a residence time of 6 to 20 seconds.
Atomization of the slurry is achieved through the use of:

(1) rotary atomizers or (2) air atomizing nozzles. Generally,
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only one rétary atomizer is included in a spray dryer absorber.
However, a few applications have as many as three rotary
atomizers.’4 '

In rotary atomizers, a thin film of slurry is fed to the top
of the atomizer disk as it rotates at speeds of 10,000 to
17,000 revolutions per minute. These atomizers generate very
small slurry droplets having diameters in the range of
100 microns. The spray pattern is inherently broad due to the
geometry of the disk.’’

High pressure air is used to provide the physical energy
required for droplet formation in nozzle-type atomizers. The
typical air pressures are 483 to 621 kPa (70 to 90 psig). Slurry
droplets in the range of 70 to 200 microns are generated. This
type of atomizer generally can operate over wider variations of
the gas flow rate than can be used in a rotary atomizer.
However, the nozzle atomizer does not have the slurry feed
turndown capability of the rotary atomizer. For these reasons,
different approaches must be taken when operating at wvarying
system loads.’8 '

The shape of the scrubber vessel must be designed to take
into account the differences in the slurry spray pattern and the
time required for droplet evaporation for the two types of slurry
atomizers. The length-to-diameter ratio of a spray dryer
absorber vessel using rotary atomizers is much smaller than that
for absorber vessels using air atomizing nozzles.’?

3.3.3.2 Factors Affecting Performance. Thevperformance of
the spray dryer system relative to acid gas, metals, and CDD/CDF
emissions is affected by the spray dryer system design and
operating variables in promoting absorption of these compounds
and also by key MWI operating variables. Spray dryer systems
control primarily acid gases by absorption; metals and CDD/CDF
also are controlled by this mechanism but to a lesser extent.
While PM is not controlled by a spray dryer, a PM control device
collects fly ash from the MWI along with the dry, solid reaction
product and any unreacted sorbent. The following paragraphs
describe the key spray dryer system design and operating
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variables that promote absorption including stoichiometric ratio,
slurry droplet size, the approach-to-saturation and outlet gas
temperature, and retention/reaction time. Additionally, key
process parameters that can affect dry sorbent injection system
performance are discussed including variations in temperature,
flow rate, and pollutant concentrations that result from the
heterogeneous nature of the MWI process.

The stoichiometric ratio is defined as the molar ratio of
calcium in the lime slurry fed to the spray dryer to the
theoretical amount of calcium required to completely react with
the HCl and SO, in the flue gas at the inlet to the spray

dryer.79

However, because of mass transfer limitations,
incomplete mixing, differing rates of reaction (SO, reacts more
slowly than HCl), and the presence of other acid gases that react
with calcium (e.g., hydrogen fluoride, sulfur trioxide), more
than the theoretical amount of lime is generally fed to the spray

79

dryer. Stoichiometric ratios in the 1.2 to 1.3 range can

reportedly achieve 90 to 95 percent removal of HCl and HF and 60
to 85 percent removal of 802.80

The slurry droplet size would be expected to affect the
performance of the spray dryer in removing acid gases, metals,
and CDD/CDF. Smaller droplet size increases the surface area for
adsorption and reaction between lime and acid gases and increases
the rate of water evaporation.79 Additionally, it is important
that all of the slurry droplets evaporate to dryness prior to
approaching the absorber vessel side walls and prior to exiting
the absorber with the gas stream.’’ Accumulations of material on
the side walls or at the-bottom of the absorber would necessitate
an outage since these deposits would‘further impede drying.77
pProper drying of the slurry requires generation of small slurry
droplets and adequate mixing with the hot flue gases.77

Drying that is too rapid can reduce pollutant collection
efficiency since the primary removal mechanism is absorption into
the droplets.77 There must be sufficient contact time for
absorption to occur and for the slurry to evaporate to dryno:ess.T7

For this reason, spray dryer absorbers controlling MWC’s are
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operated with an approach-to-saturation range of 32° to 82°C (90°
to 180°F).77 The approach-to-saturation is the difference
between the wet bulb and dry bulb temperatures measured by wet
and dry bulb monitors at the outlet of the spray dryer vessel.’’
An increase in the approach-to-saturation is sensed by the
automatic control system that quickly reduces the slurry feed
rate, 81 _ | |

The spray dryer outlet temperature is controlled by the
amount of water in the slurry. More effective acid gas removal
occurs at lower temperatures, but the temperature must be kept
high enough to ensure that the slurry and reaction products are
adequately dried prior to collection in the fabric filter. 1In
addition, a minimum spray dryer absorber vessel outlet
temperature of approximately 240°F is required to control
agglomeration of PM.7° ,

In MWC applications, the amount of lime fed is generally
controlled by one of two means. In one approach, the lime-slurry
feed rate is controlled by an acid gas analyzer/controller
(generally based on S0, or HCl emissions) at the stack. As the
outlet acid gas concentration increases or decreases, the lime-
slurry feed rate is accordingly raised or lowered, respectively,
to maintain a specified outlet, acid gas concentration. The
second approach uses a constant lime-slurry feed rate that is
sufficient to react with peak expected acid gas concentrations.’?

For effective absorption of gaseous pollutants to occur,
adequate retention/reaction time is required. The retention time
in spray dryers is determined by the size of the spray dryer
absorber vessel. Retention times in spray dryers controlling
emissions from MWC's range from 10 to 15 seconds.®80

The variations inherent in the operation of MWI’'s translate
into variations in gas stream characteristics including
temperature, flow rate, and pollutant concentrations. For those
systems equipped with a WHB or heat exchanger, the variation in
the MWI exhaust gas temperature is damped. The spray dryer
outlet flue gas temperature is controlled at levels well above
its saturation value by controlling the amount of water in the
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slurry. This control precludes any sorbent from contacting
downstream surfaces as a wet powder leading to solids buildup.
It also assures operation well above the dew points of any acid
gases. Becausé of the presence of calcium chloride (a very
hygroscopic, difficult-to-dry solid), temperatures are typically
controlled at 110° to 160°C (230° to 320°F) by limiting the
amount of water injected.82 ’

Flow rate variations may be compensated for by a variable
speed ID fan that is tied to the incinerator draft.

Variations in pollutant concentrations in the MWI exhaust
gas are dependent primarily on waste composition. A second
control loop can be provided based on the pollutant emission
levels in stack gases to regulate'the addition of reagent to the
system. In many cases, the sorbent rate is fixed at a
conservatively high rate to ensure low stack emissions, but waste
disposal plus sorbent operating costs are increased. 82
4.0 PERFORMANCE OF EMISSION CONTROL MEASURES

One component of the background information development for
MWI's was a comprehensive emission test program. The program
generated emission test data on a wide variety of pollutants
including all of those for which emission limits are to be
established (PM, CO, HCl, SO,, NO,, CDD/CDF, Cd4, Pb, and Hg).
These test data provide information on the effects of combustion
system operating parameters on emissions and on the performance
capabilities of add-on APCS's. This section summarizes the
results of the test program. Section 4.1 briefly describes the
test program and facilities tested and presents a summary of the
test data. Section 4.2 presents a discussion of the test results
including a comparison of the emission results obtained when
incinerating different waste types, a discussion of the effects
of combustion control parameters on emissions, and a discussion
of the performance of four APCS’s--a combination dry injection
fabric filter (DI/FF), a combination venturi scrubber/packed-bed
scrubber (VS/PB), a fabric filter in series with a packed-bed
scrubber (FF/PB), and a spray dryer/fabric filter combination
(SD/FF) --with respect to PM, HCl1l, CDD/CDF, and metals emissions.
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Note that tests on the DI/FF and SD/FF systems were performed
with and without activated carbon injection. Section 4.3
presents demonstrated emission control levels (i.e., emission
limits) assoc1ated with each of the emlss1on control techniques
described above.
4.1 TEST PROGRAM SUMMARY
4.1.1 ility and Test ndition Descriptions

The emissions test program generally consisted of triplicate
test runs under multiple sets of operating conditions at seven
MWI facilities, which are denoted herein by the letters A, B, J,
K, M, S, and W. At the four facilities equipped with add-on
APCS’'s (A, B, J, and M), simultaneous measurements were made at
the APCS inlet and outlet for PM, HCl, SO,, CDD/CDF, and metals.
Operating parameters that were varied to achieve different
operating conditions included waste feed type, waste feed
charging mode, and secondary chamber temperatures. Table 1
provides a summary of the test conditions and the test program
conducted at each facility, including the test condition numbers,
the -aste type charged, the target waste charge rates, and the
target secondary/tertiary chamber temperatures.

Summary tables for the incinerator and APCS operating data
collected from the test program are‘included in Appendix A.
Table A-1 presents pertinent incinerator operating data for each
of the 25 test conditions (77 test runs) that were conducted as a
part of this program, and Tébles A-2 through A-5 present
pertinent APCS operating data for those facilities with add-on
APCS’'s. The paragraphs below briefly describe the systems at
each of the seven facilities tested and the general structure of
the test program at each site; more detailed descriptions of the
facilities are included in the individual test reports. 83-90

4.1.1.1 PFacility A. The incineration unit at Facility A is
a Cleaver-Brooks Model 780-A/31 intermittent-duty MWI with three
combustion chambers. The primary chamber operates at starved-air
levels, while the secondary and tertiary chambers operate with
excess air. The nameplate charging capacity of the unit is
295 kg/hr (650 lb/hr) at an assumed waste heating value of
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TABLE 1. MATRIX OF TEST CONDITIONS FOR TESTS CONDUCTED
AT EACH FACILITY

T Target tertiary/

. N Target waste charge | secondary chamber l
Facility Test condition Waste type? rate, lb/hr temp., °F |

A 1 G500 520 1800

A 2 G500 455 1600

A 3 G500 600 2000

A 4 G100 600 1800

A 5 RB 420 1600 .

A 6 RB 455 1800

A 7 "RB 520 2000

A 1A G500 560 1800

A 8 G500 - 560 1800

A 9 G500 560 1800

B 1 General 800 1800

J 1 General 750° 1800

J 2 General - -

K 1 General 200 1900

K 2 General 300 1900

K 3 General 3008 1600

M 1 General 780 1800

M 2 General 780 1800

S 1 Pathological 100 1900 4

S 2 Pathological 160 1600 B

S 3 General 160 1600

w 1 General 200 1900

w 2 General 300 1900 ]

w 3 General 3009 1600 ]]

2G500 - general medical waste generated at a 500-bed hospital
G100 - general medical waste generated at 2 100-bed hospital
RB - red bag waste
General - general medical waste
Pathological - pathological waste
bat facility J, the target charge rate was 750 Ib/batch.
CAt facility J, test condition 2 refers to testing during the burndown phase of the batch where test
condition 1 was conducted during the burn phase.
dsame hourly charge rate as test condition 2 but larger charges were charged less frequently.

S1




19,800 kJ/kg (8,500 Btu/lb). The facility is equipped with a WHE
for energy recovery and a DI/FF APCS. |

Two separate test sequences were conducted at Facility A.
During the first sequence, emissions were measured simultaneously
at the DI/FF inlet and outlet under seven sets of test conditions
based on waste feed type and tertiary chamber operating
temperature. The target operating characteristics for these test
conditions were: Condition 1--general medical waste from a
500 bed hospital (G500) at a tertiary chamber temperature of
980°C (1800°F); Condition 2--G500 waste at 870°C (1600°F);
Condition 3--G500 waste at 1090°C (2000°F); Condition 4--general
medical waste from a 100 bed hospital (G100) at 980°C (1800°F) ;
Condition 5--red bag waste from a 500 bed hospital (RB) at 870°C
(1600°F); Condition 6--RB waste at 980°C (1800°F); and
Condition 7--RB waste at 1090°C (2000°F).

The second test sequence was designed to evaluate the effect
of activated carbon injection on DI/FF performance.' During the
second test sequence, emissions>were measured simultaneously at
the DI/FF inlet and outlet. The incinerator operating target was
identical to Condition 1 above and the DI/FF system was operated
at three carbon levels--none (Condition 1A), 0.45 kg/hr (1 1lb/hr)
(Condition 8), and 1.14 kg/hr (2.5 lb/hr) (Condition 9). The
actual incinerator operating parameters for all test runs within
both test sequences are presented in Table A-1 while the actual
DI/FF operating parameters are presented in Table A-2.

4.1.1.2 Facility B. The incinerator at Facility B is a
Basic Environmental Engineering, Inc., Model 1500 continuous-duty
MWI with both secondary and tertiary chambers and a WHB. The
primary chamber of this unit operates at near stoichiometric
conditions, while the secondary and tertiary chambers operate at
excess-air conditions. The nameplate charging capacity of this
MWI is approximately 680 kg/hr (1,500 lb/hr) of medical waste
with an assumed heating value of 19,800 kJ/kg (8,500 Btu/lb).
This MWI is equipped with an Andersen 2000, Inc., venturi
scrubber followed by two packed-bed scrubbers in series. The two
packed-bed scrubbers were installed in series because space
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1imitations prevented the installation of a single packed-bed
scrubber of suitable size. Emissions were measured at the inlet
and outlet of the APCS at one test condition:  burning general
medical waste from the hospital at a nominal secondary chamber
temperature of 980°C (1800°F). The actual Facility B operating
parameter values for each test are included in Table A-1, and the
APCS operating parameter values for each test are presented in
Table A-3. .

4.1.1.3 Facility J. The incinerator at Facility J is a
Simonds Model 2151B batch-duty MWI with two combustion chambers.
This unit has a nominal capacity of 340 kg/batch (750 lb/batch)
at an assumed heating value of 22,400 kJ/kg (9,600 Btu/lb).
After a batch is charged to the primary chamber, the unit is
sealed and completes an operating cycle with three components--a
low-air phase (burn phase), a high-air phase (burndown phase) ,
and a cooldown phase. The unit is equipped with an APCS
comprising an air-to-air heat exchanger, and a FF/PB. Emissions
measurements were obtained during each of the first two
components. of the operating cycle. Simultaneous measurements
were made upstream from the heat exchanger and downstream from
the FF/PB under one set of test conditions considered to
represent normal operating conditions for the facility. Separate
tests were conducted during two components of the operating
cycle--the low-air phase (Condition 1) and the high-air phase
(Condition 2). Limited CEM data were also collected during the
cooldown phase of the process. The values for the incinerator
operating parameters for the six test runs are included in
Table A-1, and APCS operating data for facility J are presented
in Table BA-4. The incinerator was charged with general medical
wastes for these tests. Note that although only one test
condition was used at Facility J, the manual test data are
separated into two conditions that represent the low-air and
high-air components of the process cycle, respectively.

4.1.1.4 Facility K. The incineration unit at Facility K is
an Environmental Control Products (now Joy Energy Systems) Model
480-E intermittent-duty, dual-chamber MWI. The unit nominally
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operates at starved-air conditions in the primary chamber and
excess-air conditions in the secondary chamber. It has a
charging capacity of 145 kg/hr (320 lb/hr) at an assumed heating
value of 19,800 kJ/kg (8,500 Btu/lb). The unit is not equipped
with an APCS. C

The emission test program at'Fac{fity K included a total of
eight test runs under three different test conditions defined by
charging characteristics and secondary chamber temperatures.
Condition 1 consisted of frequent charges at less than design
feed rates. For Condition 1, waste was charged approximately
every 6 minutes at 9.1 kg (20 1lb) per charge for an average feed
rate of 91 kg/hr (200 1lb/hr). Condition 2 represents the unit’s
design feed rate with frequent charges. 'For Condition 2, the
nominal charging conditions were to charge 14 kg (30 1lb) of waste
every 6 minutes for a total charging rate of 140 kg/hr
(300 1b/hr). Condition 3 represents the unit’s design feed rate
with infrequent charges. For Condition 3, plans called for
charging 140 kg/hr (300 lb/hr) waste in 23 kg (50 1lb) batches
every 10 minutes. During all three conditions, general medical
waste was charged to the unit. The target secondary chamber
temperatures were 1040°C (1900°F) during Conditions 1 and 2 and
870°C (1606°F) during Condition 3.

4.1.1.5 Facility M. The incineration system at Facility M
was custom designed and sized by ThermaAll, Inc. The primary
components of the system are a rotary kiln, which is also called
the primary combustion chamber, followed by a fixed secondary
combustion chamber. The system is equipped with a WHB. The
system is designed with a heat input rate of 10.5 x 106 kJ/hr
(10 x 106 Btu/hr), which corresponds to a feed capacity of
454 kg/hr (1,000 lb/hr) at an assumed waste feed heating value of
21,000 kJ/kg (10,000 Btu/lb). Currently, the system is limited
to a feed rate of 354 kg/hr (780 lb/hr) (permit limit) and at
that level, the rotary kiln is designed to operate at
stoichiometric conditions. The APCS at Facility M comprises a
spray dryer followed by a pulse-jet fabric filter (SD/FF).
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The test program at Facility M comprised three runs at each
of two sets of test conditions. The incinerator operating
conditions were identical for both conditions with the charge
rate maintained at about 354 kg/hr (780 lb/hr) and a secondary
chamber set point maintained at g9g82¢C (1800°F). The exhaust gas
temperature from the rotary kiln or primary chamber was typically
about 780°C (1450°F). During both conditions, general medical
waste was charged to the unit. The primary difference between
the two conditions was that, during the second condition,
approximately 1.1 kg/hr (2.5 1lb/hr) activated carbon was added to
the lime slurry to treat the exhaust gas.

- 4.1.1.6 Facility §. The incinerator at Facility S is a
Consumat Model C-75P intermittent-duty,vdual-chamber MWI. This
unit is designed to fire either general medicél waste or

100 percent pathological waste. When general waste is fired, the
unit is designed to operate at starved-air conditions in the
primary chamber and excess-air conditions in the secondary
chamber. The unit operates with excess-air conditions in both
chambers when pathological waste is being fired. The nominal
charge capacity is 80 kg/hr (175 lb/hr) for pathological waste
and 110 kg/hr (250 1b/hf) for general medical waste. These
charge capacities are based on a heating value of 2,300 kJ/kg
(1,000 BTU/1lb) for pathological waste and a heating value of
19,800 kJ/kg (8,500 Btu/lb) for general medical waste. This
facility has no APCS.

Emissions were measured at the Facility 8 secondary chamber
exhaust under three test conditions defined by waste type, waste
charging rate, and secondary chamber temperature. Plans for
Condition 1 called for 45 kg/hr (100 1lb/hr) pathological waste,
which is below design capacity, to be charged in equal charges at
15-minute intervals. During Condition 2, pathological waste was
to be charged at 73 kg/hr (160 1b/hr) in equal charges at
15-minute intervals. For Condition 3, general medical waste was
to be charged at 73 kg/hr (160 1b/hr) in equal charges at
15-minute intervals. Target secondary chamber temperatures were
870°C (1600°F) for Conditions 2 and 3 and 1040°C (1900°F) for

85




Condition 1. Note that for all runs actual secondary chamber
The
relatively high primary chamber temperatures suggest that

temperatures are substantially below target values.

substantial waste combustion occurred there, and under such
conditions, the secondary burner appeared to have insufficient
capacity to maintain the target temperatures.

4.1.1.7 Facility W. The Facility W incinerator is an
Environmental Control Products (now Joy Energy Systems) Model-
480 E/SR-12H intermittent-duty, dual-chamber MWI. It is designed
to operate at starved-air levels in the primary chamber and
excess-air levels in the secondary chamber. The unit has a
charge rating of 175 kg/hr (385 lb/hr) at an assumed heating
value of 19,800 kJ/kg (8,500 Btu/lb). This facility has no APCS.

The test program at Facility W involved three sets of test
conditions defined by charging practices and secondary chamber
temperature. Measurements were made at the secondary chamber
exhaust while general medical waste was charged to the unit. The

planned levels for Condition 1, which represents below design

feed rates with frequent charges
temperatures, were a charge rate
equal charges at 6-min intervals
temperature of 1040°C (1900°F).

represents design feed rate with

and high secondary chamber
of 90 kg/hr (200 lb/hr) with
and a secondary chamber
which

frequent charges and high

For Condition 2,

secondary chamber temperatures, the charge rate was increased to
136 kg/hr (300 1b/hr) with the same charging frequency and
secondary chamber temperature as Condition 1. For Condition 3,
which represents design feed rate with infrequent charges and low
secondary chamber temperetures, the average charging rate was
maintained at 136 kg/hr (300 1lb/hr), but the frequency was
changed to 10-min intervals and the secondary chamber temperature
was decreased to 870°C (1600°F). For all conditions,; general
medical waste was charged to the unit.
4.1.2 Test Data Summary

The emission test program generated data on a wide variety
of pollutants for 25 test conditions (77 separate test runs) at

the seven sites. As described above, emissions measurements were
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made downstream from the secondary chamber and/or WHB ("post-
combustion" emissions) at all sites; measurements also were made
downstream of an APCS ("post-APCS" emissions) at four sites.
Table 2 presents average post-combustion and post-APCS emission
concentrations by facility and test condition. For those
pollutants expected to be affected by add-on APCS’s, Table 2 also
presents removal efficiencies based on mass emission rates.
Tables B-1 and B-2 in Appendix B present post-combustion emission
data in concentration units corrected to a uniform excess air
level (7 percent O5) for each test run conducted at the seven
sites. Table B-1 presents data on PM, CO, HCl, SO,, and NO,
emissions, while Table B-2 presents data on CDD/CDF, Cd, Pb, and
Hg emissions. These data are presented with a mixture of English
and SI units in accordance with most common usage.

Graphical summaries of post-combustion emissions
concentrations are presented in Appendix C for PM (Figure C-1),
CO (Figure C-2), HCl (Figure c-3), SO, (Figure C-4), NOL
(Figure C-5), CDD/CDF (Figure C-6), Cd (Figure C-7), Pb
(Figuré c-8), and Hg (Figure C-%9). Each of the graphs displays a
substantial amount of information about the distribution of
emission concentrations separately for each test condition. The
concentration levels for each individual test run are indicated
by the symbol '*’ on each graph. In each graph and for each test
condition, the range of emissions is shown along with a small bar
in the range that denotes the average emission concentration.

Post-APCS emission concentrations corrected to a uniform
excess air level (7 percent O,) for PM, HCl, CDD/CDF, Cd, Pb, and
Hg for each test run are presented in Table B-3. Table B-3 also
presents APCS removal efficiencies based on mass emission rates
for those runs for which data wére sufficient to permit
calculations. Appendix D provides graphical summaries for the
post-APCS emissions concentrations for those pollutants that are
expected to be affected by the add-on APCS’S. These graphs,
which are analogous to those presented in Appendix C for post-
combustion pollutant concentrations are presented for PM
(Figure D-1), HCl1 (Figure D-2), SO, (Figure D-3), CDD/CDF
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(Figure D-é), Cd (Figure D-5), Pb (Figure D-6), and Hg (Figure
D-7).
4.2 DISCUSSION OF THE TEST RESULTS

This section summarizes general findings based on an
examination of the MWI and APCS operating parameters and emission
test data. Substantial insight about the performance of the
combustion systems and add-on APCS’s .tested can be gained by a
careful examihation of the information presented in Table 2 and "
Appendices B through D.

Table 2 presents emission concentrations for PM, CO, HC1,
S0,, NO,, CDD/CDF, and three metals. With the exception of CO
and NO,, emissions of each of thgse pollutants can be affected
substantially by waste characteristics. Emissions of four of the
pollutants--PM, CO, CDD/CDF, and to a lesser extent, NO,--are
likely to be affected by the combustion system characteristics.
Section 4.2.1 discusses the effects of waste types on post-
combustion emissions. In particular, emissions measured for test
conditions burning red bag waste and general medical waste are
compared and emissions measured for test conditions burning
pathological waste and general medical waste are compared.
Section 4.2.2 discusses the effects of variations in combustion
barameters on measured emissions. First, the relationships of
CDD/CDF emissions to CO and PM emissions are discussed. Second,
the relationships between emissions of CDD/CDF, CO, and PM and
combustion process parameters are discussed. In Section 4.2.3,
the variations in CO and THC emissions during the
burndown/cooldown phases of the batch and the intermittent MWI
operating cycles are described. In Section 4.2.4, the operating
cycle of batch MWI’'s is discussed. 1In Section 4.2.5, the effect
of combustion parameters on metals partitioning is described.
Finally, Section 4.2.6 presents a discussion of the performance
of the four APCS’s: DI/FF, SD/FF, VS/PB, and FF/PB.
4.2.1 Effects of Waste Types on Emiggions

The test programs conducted at Facilities A and S were
designed to evaluate the effect of different waste types on
emissions. The test program at Facility A was designed to
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characterize emissions during combustion of two general medical
wastes, (general waste from a 500-bed hospital [G500] and general
waste from a 100-bed hospital [G100]), and red bag infectious
wastes. The test program at Facility S was designed to compare
emissions from the combustion of pathological waste and general
waste.

4.2.1.1 Emissions from Combustion of General Medical Waste

Versus Red Bag Waste. In general, emission concentrations at
Facility A showed substantial overlap between general waste runs
and red bag runs. Neither waste type produced substantially
greater emissions for the pollutants measured. Additionally, for
the pollutants most likely to be affected only by waste
characteristics and not combustion conditions (HCl, S8O,, and
metals), the concentrations associated with red bag waste
generally are within the ranges obtained when general waste was
fired at Facility A and the other four intermittent-duty units.
The results of this test program indicate that uncontrolled
emissions from the combustion of red bag and general medical
waste are comparable.

ﬁhile the emissions from red bag and general waste
combustion are generally comparable, two additional observations
(one related to Hg and one related to HCl) on the red bag/general
waste comparison at Facility A are noted below. The principal
difference in emissions resulting from burning red bag and
general waste at Facility A is in the Hg emissions. Figure 22
‘shows the effects of waste type on emissions of Hg at Facility A.
As indicated in Figure 22, Hg emissions from burning G100 (waste
obtained from another hospital) are one to two orders of
magnitude lower than Hg emissions measured while burning G500 and
red bag wastes. Also, with the exception of the first run of
test condition 6 (RB at 1800°F), the Hg concentrations associated
with burning G500 waste are higher than those from burning red
bag waste. Figure 23 compares the Hg concentrations measured at
Facility A with the Hg concentrations measured at other
facilities. The Hg concentrations found during the G500 (general
medical waste) runs at Facility A are substantially higher than
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those typiéélly found at other facilities burning general medical
waste. Although the source of the Hg in the Facility A waste has
not been identified, the data indicate that the general waste
stream at Facility A has an Hg source that differs from those at
the other facilities tested. Overall, these data indicate that
Hg emissions may vary substantially from facility to facility and
between waste types, with neither RB nor general medical waste
consistently having higher Hg emissions.

Figure 24 shows the effects of waste type on emissions of
HCl at Facility A. It is clear from Figure 24 that HCl
concentrations measured during two of the three test condition 7
runs (RB at 2000°F) were substantially higher than those during
the other red bag runs. These higher concentrations are the
result of spiking hexachlorobenzene as a cytotoxic surrogate
during these runs and are not attributed to the red bag wastes.
Additionally, two general waste runs (test condition 3, run
number 2 and test condition 8, run number 1) had HCl
concentrations somewhat higher than the other general waste runs.
However, no differences in waste feed conditions were noted
during these runs, and the increased HCl concentrations for these
runs are assumed to be attributable to normal waste variability.

4.2.1.2 Emissions from Combustion of General Medical Waste
Versus Pathological Waste. Table 3 presents the post-combustion
emissions measured at Facility S during the combustion of general
and pathological wastes. At Facility S, for the majority of
pollutants (PM, CC, HCl, CDD/CDF, and Pb), the emissions from the
pathological waste runs were substantially less (often as much as
an order of magnitude less) than those from general waste
combustion. The emission characteristics for the other
pollutants were more varied as described below.

The concentrations of Cd emissions were generally lower for
pathological runs than for general waste runs. The lone
exception was test condition 1, run no. 3, which had a Cd
concentration (504 ug/dscm at 7 percent O,) that was more than an
order of magnitude higher than the next highest concentration
(26 pg/dscm at 7 percent 0,) from the pathological runs. A
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review of the charging records provided no indication that the
wastes used for this run were differént from those used for the
other pathological runs. |

The Hg concentrations from three pathologlcal runs and one
general waste run at Facility S were below the detection limit.
The other two general waste runs had concentrations of 10 ug/dscm
at 7 percent O, OY less. However, two of the pathological runs
(10 and 5) had Hg concentrations of 116 and 182 ug/dscm at
7 percent O,, respectively. Review of test records provided no
additional information that could explain the higher levels.
Consequently, they are assumed to be within the normal range of
Hg emissions from combustion of pathological waste. Mercury
emissions from the combustion of pathological waste are low in
comparison to test runs conducted at other facilities where
general medical waste and red bag waste were combusted.
Additionally, Hg emissions from the combustion of general medlcal
waste at Facility S were significantly lower than the Hg
emissions measured at other facilities. Overall, Hg emissions
from Facility S during combustion of pathological waste and
general medical waste fall into the low end of the range of Hg
emissions measured from all facilities during this test program.

The two pollutants that showed consistently higher
concentrations when pathological wastes were burned than when
general wastes were burned at Facility S are NO, and SO,. A
significant amount of heat input to the primary chamber from
auxiliary fuel is required during the combustion of pathological
waste. Because pathological waste combustion requires the use of
substantially more natural gas than the combustion of general
waste, the higher NO, concentrations are not unexpected.
Initially, the higher SO, levels were somewhat surprising.
However, a review of the biological literature suggest that the
sulfur level in pathological tissue is high enough to explain the
S0, concentrations found at Facility S. o1 Consequently,'both the
NO, and SO, concentrations found at Facility S are assumed to be
reasonable uncontrolled levels for pathological waste combustion.
Overall, the waste-related pollutant emissions from pathological

107




wastes are significantly lower than from general medical wastes.
The figures in Appendix C provide a comparison of Facility § data
with data from all of the other tests.

4.2.2 Effects of Combustion Controls

A wide variety of combustion control measures were described
in Section 2.2 As a part of the test program, two of those
parameters--waste feed rate and secondary chamber temperature--
were varied intentionally between different test conditions.
Additionally, facilities with different design secondary chamber
residence times were selected for testing. Variations in primary
chamber temperature and combustion air rates as indicated by
excess air levels were monitored during each test run. The post-
combustion emission data were analyzed to assess the effects of
variation in these combustion parameters on PM, CO, and CDD/CDF
emissions. These pollutants were selected because they are the
pollutants most likely to be affected by combustion controls.

The subsections below summarize the results of these
analyses. First, the interrelationships among CO, PM, and
CDD/CDF emissions are described. Then, the relationships among
emissions of each of these three pollutants and combustion
process parameters are discussed.

Initial examination of the data in Table 2 suggest that the
batch unit at Facility J operates quite differently than the
other units tested and that emissions for the Facility S
pathological waste combustion were different than those for the
Facility S general waste condition. Because of these
differences, analyses of combustion controls and PM, CO, and
CDD/CDF emissions were conducted using only the data from
continuous and intermittent units firing general waste.

4.2.2.1 R ionshi DD F PM an migssions.
One of the goals of the data analysis was to determine whether
relationships between emissions of CDD/CDF and CO and between
emissions of CDD/CDF and PM could be established. If strong
relationships between these pollutants exist, then CO and/or PM
could be used as surrogates for CDD/CDF emissions. The results
show that, overall, the relationship between CDD/CDF and CO is
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strong over the full range of data and that large (order of
magnitude) changes in CO are indicative of changes in CDD/CDF
emissions. However, small changes in CO at low CO levels are not
" related to changes in CDD/CDF emissions. These results are
described in more detail below.

Examination of the complete set of test data from continuous
and intermittent units showed CDD/CDF emissions to be strongly
related to both CO and PM emissions. Figures 25 and 26 show
plots on a log-log scale of CDD/CDF versus CO and PM,
respectively. Note that these plots suggest a nearly linear
relationship on a log-log scale between CDD/CDF emissions and
both PM and CO emissions over the full range of the test data.
This visual observation is confirmed by the estimated
correlations among the data which yield correlation coefficients
of 0.74 between the logs of CDD/CDF and PM and 0.85 between the
logs of CDD/CDF and CO.

While these results suggest reasonably strong relationships,
further insight into the relationships can be obtained by looking
at several subsets of the data. First, the data are divided into
two groups--those from newer facilities with better overall
combustion control measures (A, B, and W) and those from older
facilities (S and K). The results for the two groups are quite
different. For the newer facilities a strong correlation (0.90)
petween the logs of CDD/CDF and CO still exists, but the
correlation between the logs of CDD/CDF and PM is substantially
weaker (0.55). However, for older facilities both correlations
remain strong (0.90 for PM and 0.93 for CO).

On balance, these data show a strong relationship between
CDD/CDF and CO over a wide range of emissions represented by the
test data as a whole. However, the results should be interpreted
cautiously for any smaller range of data. Examination of the
relationship between the logs of CDD/CDF and CO at Facility &,
which has emissions at the low end of the emission ranges, showed
essentially no relationship between CO concentrations and CDD/CDF
emissions.
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Taken together, the data suggest quite different
interpretations, depending on the magnitude of changes in CO
levels. Large (order of magnitude) changes in CO concentrations
appear to be indicative of changes in CDD/CDF emissions.

However, because small changes in CO concentratlons at low levels
such as those found at Facility A are not related to changes in
CDD/CDF emissions, CO does not provide a good surrogate for
CDD/CDF emissions at low concentrations.

4.2.2.2 Effect of Combustion Parameters on PM, CO, and
CDD/CDF Emissions. The three pollutants that are most affected
by combustion control parameters are PM, CO, and CDD/CDF. 1In

developing the matrix of test conditions for this test program,
several combustion control parameters were considered potentially
to have an impact on emissions of PM, CO, and CDD/CDF. These
parameters include secondary/tertiary chamber residence time,
secondary/tertiary chamber temperature, primary chamber
temperature, and waste charge rate. One of the goals of the test
program was to measure the impact of as many of these parameters
as possible on emissions by selecting MWI facilities and test
conditions that would allow the appropriate comparisons of
emission results to be made. The evaluation of the effect of
combustion parameters on measured emissions are presented in two
sections. The effects of variations in the secondary/tertiary
combustion chamber control parameters--secondary/tertiary chamber
temperature and secondary/tertiary chamber gas residence time--on
emissions are discussed in Section 4.2.2.2.1. . The effects of
variations in the primary combustion chamber control
parameters--primary chamber temperature and waste charging
procedures--on emissions are discussed in Section 4.2.2.2.2.

4.2.2.2.1. Secondary/tertiary chamber combustion control
rameters. In the secondary/tertiary chambers of MWI's,

combustion gases from the primary chamber containing volatiles
are further combusted under excess-air conditions. Effective
combustion in the secondary/tertiary chambers is accomplished
when sufficiently high temperatures are attained, turbulent
conditions are achieved in the presence of sufficient oxygen
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(good mixiﬁg of combustion air with volatiles), and sufficient
residence time at high temperature is allowed. Because all MWI's
are designed to operate the secondary/tertiary chambers in an
excess-air mode and because all MWI’'s incorporate secondary
chamber designs that introduce some degree of turbulent mixing
between combustion air and primary chamber exhaust gases, the
focus of the test program was to select MWI facilities with
specific features, to operate them at specified conditions, and
to measure post-combustion emissions to determine the impact of
secondary/tertiary chamber temperature and residence time on
emissions. This section first sSummarizes the variations in
secondary/tertiary combustion control parameters integrated into
the test program design and subsequently presents an evaluation
of the emission results with respect to these combustion control
parameters.

Testing conducted at Facilities A, W, and K included test
conditions where general medical waste was charged to the MWI and
target secondary/tertiary chamber temperatures were 870°C
(1600°F) and 980° to 1040°C (1800° to 1900°F). (Facility A also
included a test condition where general medical waste was charged
and the target secondary/tertiary chamber temperature was 1090°C
[2000°F).) At Facilities B and M, testing comprised charging
general medical waste with a target secondary/tertiary chamber
temperature of 980°C (1800°F). Testing at Facility S included
one test condition where general medical waste was charged and
the target secondary/tertiary chamber temperature was 870°C
(1600°F). These MWI facilities were selected for testing in part
because they had different design secondary/tertiary chamber
residence times. Facility A has a design secondary/tertiary
chamber residence time of 1.34 seconds at 1800°F. The design
secondary chamber residence time at Facility W is 1.0 second;
Facility K is 0.33 second; Facility B is 1.75 seconds; and
Facility M is 2.1 seconds. In designing the test program in this
manner, the effect of secondary/tertiary chamber temperature and
residence time on the emissions of CDD/CDF, CO, and PM could be
evaluated. Figures 27, 28, and 29 present the data from these
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tests for CDD/CDF, CO, and PM, respectively, as a function of
both secondary/tertiary chamber temperature and residence time.
The data presented in these figures are the averages of the three
test runs conducted at each test condition. The data for each
facility are plotted in order of increasing residence time (x-
axis). The data for the 980°C (1800°F) test conditions conducted
at five of the six facilities are represented by solid triangles.
The data for the 870°C (1600°F) test conditions conducted at
three of the six facilities are represented by opeﬁ squares. For
each figure, to highlight the general trend of the results,
separate lines have been added to connect the 980°C (1800°F) data
points and the 870°C (1600°F) data points. Note that although CO
and CDD/CDF emissions were measured during the 870°C (1600°F)
general medical waste test condition at Facility A, PM emissions
were not measured. Therefore, the PM results from the 870°C
(1L600°F) RB test condition are shown because, as discussed
earlier, there is little difference in the general medical and RB
emission rates. Also, note that the PM emissions are not shown
for Facility M. The results of the PM test at Facility M showed
that, as expected, a rotary kiln MWI has a higher post-combustion
PM emission rate than other MWI's because of the increased
turbulence of the ash bed in rotary kilns. Therefore, the PM
data from Facility M were not comparable to the data from fixed
hearth MWI's. In reviewing the test data, the following general
observations can be made: ‘ ‘

1. An increase in the secondary/tertiary chamber
temperature from 870°C (1600°F) to 980°C (1800°F) decreases the
emissions of PM, CO, and CDD/CDF for the tests conducted on units
with residence times of less than or equal to 1 second. As the
secondary chamber residence time increases, the effect on
emissions of increasing the secondary chamber temperature
decreases. Secondary chamber temperature has much less effect on
emissions for the facilities which had longer residence times and
better combustion air control. At Facility A (with a design
secondary chamber residence time of 1.34 seconds), there is
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essentiall?’no decrease in emissions as a result of increasing
the secondary chamber temperature; ‘

5. As indicated by the downward trend in the lines
connecting the 870°C (1600°F) data and the 980°C (1800°F) data,
as the secondary/tertiary chamber residence time increases, the
emissions of CDD/CDF, CO and PM decrease;

3. The emissions measured at Facilities A, B, and M at a
nominal secondary/tertiary chamber temperature of 980°C (1800°F)
and a secondary/tertiary chamber residence time of at least 1.34
seconds are significantly lower than the emissions measured under
operating conditions with 870°C (1600°F)-secondary chamber
temperatures and shorter residence times.

4.2.2.2.2. Primary chamber c¢ombustion control parameters.

In the primary chamber of most MWI’'s, waste is combusted under
substoichiometric air conditions. The purpose of maintaining a
substoichiometric air condition in the primary chamber is to
maintain control of the waste combustion rate. The objective is
to completely combust the waste in the primary chamber at a rate
that does not generate more combustible gases than the
secondary/tertiary combustion chambers can efficiently and
completely combust. The rate at which combustion proceeds in the
primary chamber can be controlled in several ways. These primary
chamber combustion control methods were described in Section 2
and include: (1) proper waste charging procedures; (2) contrel
of combustion airflow to the primary chamber; and (3) use of a
water spray. Proper waste charging procedures are operational
practices that include charging waste in charges of similar
weight at regular intervals. The other two methods incorporate
MWI combustion control system designs that use primary chamber
temperature as an indicator of the rate of combustion in the
primary chamber. In these designs, when primary chamber
temperature exceeds a specified setpoint temperature, a control
loop is triggered that either decreases the combustion airflow
into the primary chamber or activates a water spray system to
help reduce temperatures below the setpoint.
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All Mﬁi's control combustion in the primary chamber through
proper waste charging procedures. The combustion air rate and
distribution to the primary and secondary combustion chambers
also are controlled to some degree for all MWI’s; however,
sophistication of the design of the air control system varies and
the level and degree of air control achieved varies widely. Some
MWI systems have combustion control designs that allow the
combustion air rate and distribution to be varied very little, if
at all, from predetermined settings during the combustion
process. As a result, these MWI’'s must rely solely on proper
charging procedures to maintain operation of the unit within the
limits of the preset conditions to achieve proper combustion.

Combustion control at Facility A is achieved through use of
a combination of techniques. First, the primary air combustion
rate is set at a level which will maintain the primary chamber at
a substoichiometric condition when the unit is charged at or near
the design rate. Second, a water spray system is provided in the
primary chamber to help quench the primary chamber combustion if
the temperature begins to exceed the desired level; the water
spray system is activated at a setpoint temperature of 730°C
(1350°F). Third, the waste charge amount and frequency is
carefully monitored and controlled. Secondary combustion air is
provided via a separate system which is independently controlled;
the secondary combustion air is fully modulated.

At Facilities K and W, a single combustion air blower
provides the air for the primary and secondary combustion
chambers. Combustion control is accomplished through the use of
a modulating damper that controls the distribution of the
combustion air to the primary and secondary chambers. The
control system at Facility W is fully modulated whereas at
Facility K, the modulating damper does not move very much about a
preset position.

One of the objectives of this test program was to determine
the impact on emissions of alternative waste charging practices.
At Facilities K and W, (MWI's with the same capacities but
different secondary chamber residence times), the following waste
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charging pféctices were employed: test condition 1 comprised
undercharging waste, i.e., charging at a rate (200 1lb/hr) less
than design capacity at é-minute intervals; test condition 2
comprised charging waste at the MWI capacity chérge rate

(300 lb/hr) at 6-minute intervals; and test condition 3 was
comprised of charging waste at the MWI capacity charge rate
(300 1lb/hr) at 10-minute intervals (larger, less-frequent
charges) . } '

Table 4 presents the average emission rates of PM, CO, and
CDD/CDF for the test conditions conducted at Facilities K and w.
It is clear that at Facility K, emissions of PM, CO, and CDD/CDF
increase from test condition 1 to test condition 2 to test
condition 3. The differences in emissions between test
conditions 1 and 2 are relatively small. The differences in
emissions between test conditions 2 and 3 are dramatic with a
four-fold increase in PM emissions, an order of magnitude
increase in CO emissions, and a five-fold increase in CDD/CDF
emissions. Note also, that the average primary chamber
temperature for test conditions 2 and 3 conducted at the design
capacity charge conditions (1820°F and 1835°F, respectively) also
were significantly higher than for test condition 1 (1620°F).
These data indicate that at Facility K, infrequent waste charging
(large charges every 10 minutes as opposed to smaller charges
every 6 minutes) coupled with poor combustion control in the
primary chamber (as indicated by higher primary chamber
temperatures), and a lower secondary chamber temperature, results
in a significant increase in emissions.

The data obtained at Facility W also show an increase in
emissions of PM, CO, and CDD/CDF from test condition 1 to test
condition 2. The average primary chamber temperature for test
condition 2 was also higher than for test condition 1. However,
when the size and frequency of the charges were changed (larger,
less frequent charges--test condition 3) no increase in emissions
was noted. For test condition 3, the primary chamber temperature
was actually lower than for condition 2, indicating that
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Facility W incorporates more effective primary chamber combustion
controls than Facility K.

At Facility A, the primary combustion chamber temperature
was controlled and maintained at a temperature of less than 730°C
(1350°F) for all runs, indicating goocd combustion control in the
primary chamber. Proper waste charging procedures were followed
for all test conditions. Charge rates were adjusted based on the
target secondary/tertiary chamber temperature (i.e., lower charge
rates were used for the 870°C [1600°F] secondary chamber test
condition than for the 980°C [1800°F] test condition). The
emission results obtained during the test at Facility A indicate
that proper waste charging procedures coupled with good control
of primary chamber temperatures, a longer residence time (than
Facilities K and W), and good control of secondary/tertiary
chamber temperature produce the lowest emissions of PM, CO, and
CDD/CDF between Facilities A, W, and K.

4.2.3 Emissions During Burndown and Cooldown Phases

Manual emission test data were collected at the seven
facilities during only the normal combustion component of the
operating cycle. However, CEM data were collected during the
burndown/cooldown phase at Facility A and during the cooldown
phase at Facility J. Figures 30 and 31 show example plots of CO
and THC concentrations for one 24-hour periocd at Facilities A and
J, respectively. Corresponding plots of the primary and
secondary chamber temperature profiles over the same 24-hour
periods are shown in Figures 32 and 33. The data from the other
test runs are comparable to those shown in the example plots.

These 24-hour CEM data indicate that at the two facilities
tested, CO and THC emissions during the cooldown period are
substantially higher than those during "normal" operations.

Also, given the very high levels of CO emissions measured (always
over 1,000 ppmv and sometimes as high as 50,000 ppmv) and the
strong relationship between Co'emissions and CDD/CDF found at
these high CO levels, CDD/CDF emissions during cooldown could be
substantial.
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Furthei examination of the CEM data for the cooldown period
provides insight into potential control options. Figures 34 and
35 provide an expanded view of the cooldown period for the data
presented earlier. These figures overlay the CO concentration
curve and the temperature plots. Note that at both facilities,
primary chamber temperatures remain elevated for some period
after the cooldown period starts. (In fact, for some runs not
shown at Facility J, the primary chamber temperature actually
increased during cooldown). These elevated temperatures indicate
that waste burnout at these facilities has not been completed
before the start of the cooldown period. Cohsequently, unburned
organic material may still be released to the secondary chamber.
However, during the cooldown period the auxiliary fuel combustion
in the secondary chamber is substantially reduced or completely
shutdown, thereby accounting for the reductions in secondary
chamber temperature shown in the graphs. This secondary chamber
temperature decrease is accompanied by increases in CO
concentrations. (

The available CEM data suggest that primary chamber
Lemperatures may be indicative of complete burndown. Generally,
CO concentrations appear to remain at high levels until primary
chamber temperatures fall to the 120° to 150°C (250° to 350°F)
range. These data suggest, therefore, that the significant
emissions during the cooldown period may be controlled by
maintaining the secondary chamber temperature at normal operating
levels until burndown is complete, as indicated by primary
chamber temperature.

4.2.4 Qperating Cycle of a Batch MWI

Batch MWI‘'s operate on a different cycle than intermittent
and continuous MWI‘s. In batch MWI'’s, all of the waste to be
burned during a complete batch cycle is loaded into the primary
chamber prior to operation with no additional waste charging
during operation. The batch operating cycle normally takes 1 to
2 days depending on the size of the MWI and the amount of waste
charged. In intermittent and continuous MWI's, waste is charged
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in small chérges on a regular basis throughout much of the
operating cycle. ‘

In addition to the waste charging differences, the burn
cycle of a batch MWI proceeds differently than that of a
continuous or intermittent MWI. The burn cycle of a batch MWI
comprises three distinct phases--a low-air phase, a high-air
phase, and a cooldown phase. During the low-air phase,
combustion of the waste proceeds very slowly and primary chamber
temperature increases gradually over several hours. Combustion
proceeds more rapidly during the high-air phase and the primary
chamber reaches and maintains maximum operating temperatures.
Continuous and intermittent MWI’s do not incorporate a low-air
phase and, therefore, reach maxifmum operating temperatures in
only a fraction of the time required for a batch unit.

Table 5 presents the average post-combustion emission
concentrations for test conditions conducted at the batch MWI at
Facility J during the low-air phase (test condition 1) and the
high-air phase (test condition 2). Additionally, Table 5
presents post-combustion emission concentrations for the test
conditions indicated for Facilities A, B, M, and W where the
target secondary/tertiary chamber temperatures were the same or
similar to the tests conducted at Facility J. In comparing the
emission concentrations for the low-air phase at Facility J with
the emission concentrations at the other facilities, the post-
combustion emission levels for all pollutants except Hg are
significantly lower for the batch MWI than for the intermittent
and continuous MWI’s. The emission concentrations for the high-
air phase at Facility J, however, are comparable to the
concentrations from the other facilities. These comparisons
suggest that during the high-air phase of operation, batch MWI's
achieve a somewhat steady-state operating level that is
equivalent to the steady-state levels of continuous and
intermittent units.
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4.2.5 Metals Partitioning

In general, combustion control measures are not used to
limit metals emissions from MWI’'s. However, some combustion
parameters, particularly primary chamber temperature and
combustion air controls in the primary chamber, can affect the
partitioniné of metals among the different incinerator exhaust
streams. The data from the EPA test program were examined to
determine whether the relative fractions of Cd, Pb, and Hg that
were partitioned to the bottom ash and exhaust gas'varied
substantially across test runs, and if so, whether the
differences could be related to process operating conditions.

Data from the emission tests were sufficient to estimate
relative fractions of metals distributed to the bottom ash and
stack gas for a total of 15 test conditions at 4 -“:zilities.
Table 6 summarizes the average fraction of Pb, Cd, and Hg
partitioned to each of the two streams by facility and test
condition. Note that for Facility A, the ash samples collected
for each run were composited across the different runs by test
condition prior to metals analysis. Consequently, only one
sample was obtained per test condition and this one sample was
compared to average stack gas emissions over the runs that
constituted the test conditions. For other facilities, the
values in Table 6 are based on distinct ash and stack gas samples
for each of three runs per test condition.

With the exception of the data from Facility S, the
partitioning data are relativély’consistent and follow expected
patterns. Generally, almost no Hg remains in the bottom ash,
with the percentage ranging from less than 1 percent at
Facilities A and W to about 6 peréent at Facility K. Cadmium
partitions primarily to the stack gas with the percentage in the
bottom ash ranging from about 14 percent at Facility W to about
37 percent at Facility A. Finally, Pb partitions approximately
equally in the bottom ash and stack gas with the percentage in
the bottom ash ranging from 44 percent at Facility K to
59 percent at Facility A. Among these three facilities, the
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TABLE 6. SUMMARY OF BOTTOM ASH AND STACK GAS METALS
DISTRIBUTION
Cadmium Lead Mercury’
B-Ash Stack B-Ash Stack B-Ash Stack
Test fraction, fraction, fraction, fraction. fraction. fraction.
Facility| condition mean mean mean mean mean mean
A 1 0.245 0.755 0.559 0.441 0.000 1.000
3 0.140 0.860 0.489 0.511 0.000 1.000
4 0.258 0.742 0.671 0.329 0.003 0.997
5 0.297 0.703 0.584 0.416 0.000 1.000
6 0.235 0.765 0.541 0.459 0.000 1.000
7 0.389 0.611 0.700 0.300 0.001 0.999
K 1 0.366 0.634 0.331 0.669 0.065 0.935
2 0.378 0.622 0.430 0.570 0.063 0.937
3 0.355 0.645 0.523 0.477 0.063 0.937
M 1 0.150 0.850 0.301 0.699 a a
2 0.104 0.896 0.324 0.676 a a
S 1 0.793 0.207 a a a a
2 a a a a a a
3 0.722 0.278 0.937 0.063 0.663 0.337
w 1 0.163 0.837 0.416 0.584 0.003 0.997
2 0.156 0.844 0.898 0.102 0.024 0.976
3 0.109 0.891 0.431 0.569 0.000 1.000

2A1] B-ash values at detection limit.

B-ash: Bottom ash
Stack: Incinerator exhaust gas

Fraction could not be determined.

distribution showed some variation, but the variation could not

be related to waste type or primary chamber temperature.

The distribution at Facility S differed substantially from

those at the other facilities with significantly greater

fractions of metals remaining in the bottom ash.

The percentages
of metals in the bottom ash were Cd--75 percent and

Pb--90 percent. The results appeared to be consistent across
waste types. In general, primary chamber operating data appeared
to be reasonably consistent across facilities, and no explanation
was found for the difference between Facility S and the other

the data from Facility S should be |
interpreted cautiously in that ash levels were near detection

limits.

facilities. However,
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4.2.6 APCS Performance

The emission test program generated performance data for
four APCS's--a DI/FF system at Facility A, a VS/PB system at
Facility B, a FF/PB system at Facility J, and a SD/FF system at
Facility M. At Facilities B and J, performance data were
collected for only a single test condition at each facility;
consequently parametric analyses of APCS performance at these
facilities were not feasible. However, data were collected for a
range of operating conditions at Facility A, making detailed
analysis of the DI/FF system performance possible.

The performance of these four APCS’s is described in three
subsections below. The first briefly summarizes the performance
of VS/PB system and FF/PB system found at Facilities B and J,
respectively. The second presents the results of the evaluation
of the effect of system operating parameters on the DI/FF
performance at Facility A including the effect of activated
carbon injection. The third subsection describes the performance
of the SD/FF system at Facility M and the effect of activated
carbon injection on system performance.

4.2.6.1 Performance of the VS/PB and FF/PB Systems.
Pollutant specific removal efficiencies for PM, HCl, CDD/CDF, and
three metals (Cd, Pb, and Hg) are shown for each run at
Facilities B and J in Table 7. Note that for Facility J, the
test runs represent different components of the operating cycle.
Those test runs designated by BR are from the low-air component
of the cycle, while those designated as BD are from the high-air
component of the cycle.

The data from Facility B indicate that the VS/PB system
performs very well with respect to HCl emissions with a
consistent removal efficiency of 99.8 percent or greater and
reasonably well with respect to CDD/CDF (approximately 70 percent
removal). Given the moderately high VS pressure drop (30 in.
water gauge), the PM removal efficiency was quite low, about
60 percent on the average. The particle size data collected at
the inlet to the VS/PB suggest that the particles at this
facility are relatively fine (about 60 percent of PM in the
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TABLE 7. PERFORMANCE OF THE VS/PB AND FF/PB AIR
POLLUTION CONTROL SYSTEMS

Removal efficiency. pefcent
Facility | APCD | Test PM HCl CDD/CDF Cd Pb Hg
B VS/PB | MMI-1 48.3 100 66.3 34.9 40.6 62.5
MM1-3 21.2 100 69.4 34.2 44.7 a
MM1-4 72.4 99.8 77.8 54.9 50.1 44.0
J -FF/PB | JI-BR | >94.2 92.4 b 93.6 99.3 65.3
J12-BD 97.6 82.7 b 98.9 99.3 59.7
J3-BR 73.7 90.4 b 92.0 98.2 81.9
J4-BD 94.4 69.1 b 98.9 99.4 79.7
J5-BR 56.8 89.1 b 92.4 98.9 87.6
J6-BD 95.0 97.1 64.1 98.1° 99.0 - 69.5

30utlet Hg emissions measurements were higher than inlet Hg emissions measurements.
bOutlet emissions were higher than inlet emissions measurements by factors of § to 2.500.

submicron range), which may in part explain the low efficiencies.
Due in part to a low average inlet loading of 0.1 gr/dscf at

7 percent O,, Facility B did achieve moderately low outlet PM
concentrations with the outlet concentration averaging

0.046 gr/dscf at 7 percent O,. The VS/PB system provided some
removal of Cd (41 percent) and Pb (42 percent), but the
performance relative to Hg varied widely (no control up to

62.3 percent removal) suggesting that on the average, little Hg
control is achieved by the system.

The FF/PB at Facility J generally performed guite well with
respect to PM and metals emissions. The PM removal efficiencies
were generally 94 percent or higher with the exception of two
low-air component (74 and 57 percent) runs that had. low inlet PM
loadings (0.004 gr/dscf for both runs). For all six runs, the
outlet PM loadings were less than 0.004 gr/dscf at 7 percent O,
.with an average outlet loading for the six runs of 070018 gr/dsct
at 7 percent O,. When metals inlet concentrations were at
"typical" levels such as those achieved during the high- air
component of the cycle, Cd removal efficiencies exceeded
98 percent while Pb removal efficiencies exceeded 99 percent.
For Hg, which showed no real variation between the two operating
cycle components, the overall removal efficiency was about
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73 percent-with no apparent relationship between removal
efficiency and inlet loading. The HCl removal efficiencies at
Facility J ranged from 69 to 97 percent with an average of

87 percent. The variation in efficiency had no apparent
relationship to inlet HCl1l concentrations, and no apparent pProcess
differences were found to account for the one extremely low
efficiency (69 percent on Test J4) or the generally poor
performance of the system. Subsequent to the test program, a
representative of the engineering firm that designed the facility
visited the facility to examine the APCS. He found that
approximately 2 months after theé test, six of the eight scrubber
spray nozzles were plugged with material commonly encountered
during start-up.92 Although there had been a 2-month interval
since the test, the nature of the plugging material convinced the
engineering firm representative that it had probably been there
during the test and prevented adequate scrubbing liquor from
entering the scrubber and may have contributed to the low HCl
removal efficiencies.®?

For all but one test run at Facility J, the levels of
CDD/CDF were substantially higher at the APCD outlet than at the
heat exchanger inlet. An understanding of the system
configuration at Facility J helps in interpreting these results.
The exhaust from the incinerator first passes through an indirect
air-to-air heat exchanger into the fabric filter before passing
through the packed bed scrubber and out the stack. The post-
combustion sample location was upstream of the heat exchanger and
the post-APCS sample location waé downstream from the packed bed.
The temperature drops from over 590°C (1100°F) at the inlet of
the heat exchanger to 85°C (185°F) at the outlet of the packed
bed scrubber. Although the exact amount of time required to
accomplish the drop in temperature is unknown, this range spans
temperatures over which de novo synthesis of CDD/CDF is known to
occur. Consequently, CDD/CDF formation potentially occurred in
the heat exchanger, and/or fabric filter, and is not unexpected.
These data indicate that the CDD/CDF that is formed in the system
is not retained in the fabric filter or packed bed scrubber.
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4.2.6.2 Performance of the DI/FF Contrel System. AsS

outlined in Section 4.1.1.1, twO test Sequences were performed on
the DI/FF system at Facility A. During 1990, tests were
conducted under 7 different operating conditions. Generally,
these different conditions were related to the incinerator
cperation and were not expected to affect the APCS performance.
However, lime rates were varied during those tests and factors
such as baghouse inlet temperatures and inlet gas moisture
content, which could affect the DI/FF performance, were monitored
during all tests. Subsequently, during 1991, additional tests
were conducted under three test conditions to assess the effects
of carbon injection on APCS performance. The paragraphs below
describe the performance of the Di/FF relative to PM, HC1l,
CDD/CDF, and metals emissions and summarize the results of the
evaluation of the effects of operating parameters on performance.
The data on PM concentrations at the outlet of the DI/FF
system at Facility A that were presented in Table B-3 indicate
that the system typically achieves outlet PM levels corrected to
7 percent O, of 0.004 gr/dscf or less. The four exceptions to
these low readings were test condition 1, run 1 (0.068 gr/dscf),
test condition 5, run 2 (0.056 gr/dscf), test condition 5, run 3
i0.088 gr/dscf), and test condition 7, run 1 (0.020 gr/dscf), all
of which were obtained during the first series of tests. Such
large variations in outlet concentrations are unusual for fabric
filter systems, and examination of plant operating data showed no
readily apparent differences in operating conditions during the
runs with high PM loadings. Also, the data showed no
deterioration in metals performance during those runs. Between
the 1990 and 1991 test series, all of the filter bags and the
entire outlet plenum were replaced. During the 1991 test series,
PM concentrations were consistently low with all runs measuring
0.004 gr/dscf or less @ 7 percent O,. The inconsistent results
obtained during the first test series indicate that the fabric
filter system might have been in need of repair at that time.
Consequently, the high PM levels found during a few runs at the

133




first series of tests are not considered representative of FF
performance. '

Two measures of HCl performance were considered for
Facility A, mass emission rate-based removal efficiency and
concentration-based removal. Because the two measures were
highly correlated (r = 0.99) and concentration-based measures
were available for more test runs than were mass emission rate-
based measures, concentration-based éfficiencies were used in the
analyses. Table 8 presents average removal efficiencies and
inlet and outlet concentrations for each of the nine test
conditions. The average removal efficiencies fange from
93.2 percent for Condition 5 to 98.6 percent for Condition 8.
The average for Condition 5 was strongly influenced by a low
efficiency of 88 percent on one of the three runs. This
efficiency was substantially below the next lowest value of
92 percent.

TABLE 8. FACILITY A HCl PERFORMANCE SUMMARY

Iniet HCI (ppmdv) Outlet HCI (ppmdv) Efficiency c;'mccntration-
Test condition (@ 7% O5), mean (@ 7% O,), mean based, mean
1 1,770 47.9 97.5
2 1,370 40.5 97.1
3 1,740 82.4 95.3
4 1,050 18.7 98.3
5 1,600 108 93.2
6 1,770 , 72.8 95.4
7 2,450 67.2 97.0
‘ 1A 1,670 69.5 96.0
| 8 2,230 34.4 98.6
9 ’ ‘ ” 40.8 97.9

The HCl1 performance data were examined further graphically
and with a combination of correlation and regression analyses to

134



assess the affects of carbon injection, stoichiometric ratio, gas
temperature, and gas moisture on HCl performance. NoO
relationship was found between performance and either gas
moisture or gas temperature. However, HCl performance of this
system appears to be related strongly to stoichiometric ratio and
may be related to carbon injection, although the evidence related
to carbon injection is much weaker than that related to
stoichiometric ratio. These relationships are depicted
graphlcally in Figure 36, which shows a plot of HCl removal
efficiency as a function of stoichiometric ratio with the carbon
injection runs circled. The HC1l efficiency has a strong
nonlinear relationship to stoichiometric ratio. For all runs
having a stoichiometric ratio of 6 or more, efficiencies of at
least 97 percent are achieved, while efficiencies for runs with
stoichiometric ratios of less than 6 range between 88 and

99 percent. Note that in the lower regime, the carbon runs
showed much higher efficiencies on average than did the noncarbon
runs. However, because performance did not appear to improve
with increased carbon usage, the effect of carbon usage on HC1
performance is considered to be inconclusive.

Metals emissions data were obtained for only seven of the
nine test conditions at Facility A. Table 9 summarizes the
removal efficiencies achieved by the DI/FF system for Cd, Pb, and
Hg for these seven conditions. The removal efficiencies for Cd
and Pb were 99 percent or greater irrespective of process
conditions. However, the Hg removal efficiencies were obviously
affected by carbon addition. During the six conditions that
involved no carbon injection (Nos. 1, 3, 5, 6, 7, and 1a),
essentially no Hg removal was achieved. At a carbon injection
rate of 0.45 kg/hr (1 lb/hr) (Test Condition 8), the average
removal efficiency was 86 percent, and at a carbon injection rate
of 1.13 kg/hr (2.5 1lb/hr) (Test Condition 9), an average Hg
removal efficiency of about 95 percent was achieved. Taken
together, these data indicate that the DI/FF system can
consistently achieve Cd and Pb removal efficiencies of
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99 percent,-and with carbon injection, the system can achieve Hg
removal efficiencies in excess of 85 percent.

TABLE 9. SUMMARY OF METAL EFFICIENCIES BY TEST CONDITIONS
AT FACILITY A

Test condition | Cd removal efﬁ:;ency, % | Pb rem:;;.l efficiency, % | Hg removal efficiency, %
i 99.5 99.5 9.0
3 99.5 99.3 42.7
5 98.8 99.7 a
6 99.4 99.6 10.7
7 99.1 99.4 a
1A 99.6 99.7 a
gb 99.6 99.7 86.3
9° ' 98.8 99.5 . 94.7

3Measured outlet Hg concentrations were higher than measured inlet Hg concentrations.
bactivated carbon at 1.0 Ib/hr.
CActivated carbon at 2.5 1b/hr.

The run-specific CDD/CDF inlet and outlet concentrations for
Facility A are presented in Appendix B. Analysis of these data
suggest that in the absence of carbon injection, the DI/FF system
at Facility A achieves essentially no reduction in CDD/CDF. The
CDD/CDF mass flux data averaged across test conditions, which are
presented in Table 10, provide further insight into the
performance of the system relative to CDD/CDF emissions.

Table 10 contains average CDD/CDF mass flux rates by
conditions in units of ug total CDD/CDF per hour for three
different DI/FF streams--the postcombustion gas stream to the DI
unit, the stack gas stream exhausted from the FF (post-APCS), and
the FF catch discharge. Table 10 also presents the ratio of
CDD/CDF stack gas mass flux to the postcombustion CDD/CDF mass
flux and the ratio of the total APCS CDD/CDF discharge rate
(stack gas plus FF catch) to postcombustion CDD/CDF mass flux.

For the test conditions involving no carbon injection
(Conditions 1, 2, 3, 6, 7, and 1A), the post-APCS to
postcombustion ratio ranges from 0.47 to 1.24 with an average of
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TABLE 10. SUMMARY OF CDD/CDF PERFORMANCE DATA FOR THE DI/FF
AT FACILITY A

CDD/CDF mass flux, ug/hr Total APCS
Post-APCS to | discharge to
Test Post- Post- 'FF postcombus - postcombus -
condition| combustion APCS catch tion ratio tion ratio
10 759 943 285 1.24 » 1.62
2 615 514 467 0.84 1.60
3 €23 520 892 0.83 . 2.27
6 745 353 €25 0.47 1.31
7 786 884 502 1.12 1.76
1a€ 325 201 245 0.62 1.37
8c'd 591 23.8 540 0.040 0.95
g9C.& 576 . 10.2 1,140 0.018 2.00

8sum of the CDD/CDF measured in the post-APCS and FF catch streams.
bData from 1990 test series.

Cpata from 1991 test series.
QActlvated carbon at 1.0 lb/hr.

®Activated carbon at 2.5 1lb/hr.

0.85. These ratios are consistent with essentially zero CDD/CDF
control in the absence of carbon injection. However, when carbon
was injected at a rate of 1 lb/hr, the ratio fell to 0.04 which
is equivalent to a 96 percent reduction in CDD/CDF emissions.
When the carbon injection rate was increased to 2.5 lb/hr, the
ratio fell to 0.018, which represents a 98.2 percent CDD/CDF
removal efficiency. On balance, these data suggest that a DI/FF
system with carbon injection can achieve average CDD/CDF removal
efficiencies of 95 percent or greater.

While the data in Table 10 indicate that DI/FF systems with
carbon injection can reduce stack emissions of CDD/CDF, they also
indicate that CDD/CDF formation occurs within the DI/FF system.
With the exception of the 1 lb/hr carbon injection conditions,
which comprised only two runs with variable results, the ratio of
total CDD/CDF discharged to postcombustion CDD/CDF range from 1.3
to 2.3. These ratios suggest that at this facility with
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incinerator APCS inlet levels in the range of 300 to 500 ng/dscm
at 7 percent O, the amount of CDD/CDF formed in the system can be
50 to 100 percent of that entering with the combustion gas. To
date, no relationship between this formation rate and DI/FF
operating conditions has been found.

4.2.6.3 Performance of the SD/FF Control System. The SD/FF
system at Facility M was tested under two sets of operating

conditions. During Condition 1, normal facility operating
conditions for both the incinerator and APCS were used. The same
operating levels were used during Condition 2, except that
activated carbon was added to the lime slurry to produce a carbon
rate of about 1.1 kg/hr (2.5 1lb/hr). In general, most process
parameters were maintained at nearly constant levels for all runs
except stoichiometric ratio. Because the lime feed rate was
nearly constant, the stoichiometric ratio fluctuated somewhat
with inlet HCl loadings. The only major operating difference
occurred during Run 1. For that run the lime concentration in-
the slurry was maintained at 6 percent by weight in contrast to

9 percent by weight for the other five tests. Consequently, the
lime feed rate and stoichiometric ratio were lower for Run 1 than
for the other five runs. Because all other parameters varied so
little, the only factor that was examined in detail was the
effect of carbon addition. The paragraphs below provide a
general discussion of the performance of the system with respect
to PM, HCl, CDD/CDF, and metals and discuss the effect of carbon
addition on CDD/CDF and metals performance.

The SD/FF system yielded outlet PM concentrations that
ranged from 0.0006 to 0.00398 gr/dscf at 7 percent O,, and with
the exception of Run 2, all concentrations were below
0.002 gr/dscf at 7 percent O,. Average outlet PM concentrations
were 0.0038 for Condition 1 and 0.0011 for Condition 2, and
carbon appeared to have no effect on emissions.

Because analytical data were outside allowable quality
control limits for two runs, HCl performance data are available
for only four test runs. These data are shown in Table 11.
Although the data are somewhat limited, they do indicate that
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stoichiometric ratio is important to the system’s performance.
Additionally, the data indicate that if a stoichiometric ratio of
two or greater is maintained, HCl control efficiencies of at
least 99 percent were achieved by the system.

TABLE 11. HCI1 EEBFOBMANCE DATA FOR FACILITY M2

Activated | HCl concentration,
carbon ppmdv _at 7% O,

Lime rate, rate, Removal
lb/hr SR lb/hr Inlet Qutlet efficiency

37 3.39 0 724 4.50 99.3

34 1.91 . 1,220 26.1 97.8

31 2.29 . 946 <0.049 >89.99

32 2.11 . 1,030 <0.045 >95.99

a4Cl analytical data for run number 1 and 2 were outside control limits
and are not reported.

The SD/FF performance data for metals and CDD/CDF are
summarized in Table 12. These data indicate that for Cd and Pb,
the SD/FF is highly efficient (99.7 percent or greater) under
both test conditions. These findings were consistent across test
runs within each condition. However, for both Hg and CDD/CDF,
the system yielded substantially greater reduction with activated
carbon addition than without. For Hg, the average removal
efficiency without activated carbon was about 30 percent with the
efficiencies on individual runs ranging from no control to
50 percent. When activated carbon was added not only was the
average removal efficiency higher (90 percent), but system
performance also was more consistent with efficiencies for
individual runs ranging from 84 to 96 percent. These data show
that an overall Hg removal efficiency achieved by a SD/FF system

with activated carbon injection is similar to that achieved by a
DI/FF system with activated carbon injection. . ‘

With no activated carbon added to the system, the average
CDD/CDF removal efficiency was 84 percent with a range of 56 to
95 percent. As was the case with Hg, addition of activated
carbon both increased average efficiency and provided more

consistent performance. The average removal efficiency was about
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TABLE 12. SUMMARY OF CDD/CDF AND METALS PERFORMANCE
FOR SD/FF SYSTEM?

Condition 1 Condition 2
Pollutant Parameter (no carbon) (with carbon)
Cd postcombustion, ug/dscm 471 492
post-APCS, ug/dscm 1.77 0.84
Removal efficiency, % 99.7 -99.8
Pb postcombustion, pg/dscm 3,590 4,410
post-APCS, ug/dscm . 5.7 : 2.5
Removal efficiency, % 99.9 . 999
Hg postcombustion, ug/dscm 2,590 2,630
post-APCS, ug/dscm 1,980 284
Removal efficiency, % . 29.6 90.0
CDD/CDF postcombustion, pg/dscm ) 192 199
post-APCS, pug/dscm 32.2 3.30
Removal efficiency, % 94.0 98.3
CDD/CDF postcombustion, ug’hr 820 848
(balance) post-APCS, pg/hr 131 14.5
SD catch, pg/hr 12.8 5.27
FF catch, pug/hr 589 484
post-APCS: postcombustion ratio 0.16 0.017
Total out:Total in ratio 0.89 0.59

98 percent with individual runs having efficiencies in the range
of 95 to 99 percent. Two additional observations concerning the
CDD/CDF data in Table 12 are worth noting. First, even without
activated carbon addition a substantial reduction in CDD/CDF
emissions was achieved by the system, a dramatic contrast to the
absence of control found with the DI/FF system. Second, unlike
the results obtained for the DI/FF system, the mass balance
around the control system shows no evidence of CDD/CDF formation
across the system. Although no definitive explanation was found
for why CDD/CDF formation occurred in the DI/FF system but not in
the SD/FF system, the system characteristics that may have the
greatest effect are the quick cooling/adsorption obtained with
the slurry spray in the SD/FF, the longer gas/lime residence time
prior to the FF provided by the SD vessel, and the lower FF
temperatures of the SD/FF system (146°C [295°F]) compared to the
DI/FF system (163°C [325°F]). In addition, it should be noted
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that the Mﬁi preceding the SD/FF system is a rotary kiln design
with significantly higher post-combustion levels of PM. This
increased level of PM would indicate that significantly more
carbon existed in the gas stream entering the SD/FF than in the
gas stream entering the DI/FF, which may have aided the
performance of the SD/FF. The results from these tests indicate
that an overall CDD/CDF removal efficiency of at least 98 percent
can be achieved by this SD/FF system with activated carbon
injection. '

4.3 DEMONSTRATED EMISSION CONTROL LEVELS

The purpose of this section is to present demonstrated
emission control levels (i.e., emission limits) associated with
each of the emission control techniques discussed earlier. Each
of nine pollutants is presented in a separate subsection. Each
subsection includes tables showing the emission limits and
figures presenting the data used to establish these limits.

The emission limits‘were developed from actual test data
from EPA-sponsored emission tests conducted at seven MWI'’s.
Table 13 presents a summary of information on the type and size
of each MWI tested. Other data were also considered (e.g.,
emission test reports submitted to State agencies), but none of
these data were used in establishing emission limits because the
test reports were incomplete (i.e., lacked process or design
information and/or lacked information on sampling techniques).

In establishing the emission limits for all pollutants, the
amount of data available and variation in that data were taken
into consideration. Except for HCl controlled by DI/FF systems,
the emission limits were set above the highest 3-run average
shown by the data. For HCl controlled by DI/FF systems, the
emission limit is set above the highest individual runs with SR’s
above 6:1. For pollutants and/or MWI types where limited test
data are available, appropriate data from related pollutants
and/or MWI types were considered.

The numerical emission limit only has meaning when coupled
with an averaging time. During each of the tests conducted at
the seven MWI facilities, emissions were measured over three
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TABLE 13. TESTED MWI FACILITIES

Facility Description

A | 650 1b/hr, intermittent, ram-fed; 2-sec residence time in
secondary chamber; DI/FF system tested with and without
activated carbon injection

B 1,500 lb/hr, continuous, ram-fed; 2-sec residence time in
secondary chamber; VS/PB system ‘

J 750 1b/batch, batch, manually fed; 1.75-sec residence time
in secondary chamber; FF/PB system

X 300 1b/hr, intermittent, manually fed; 0.33-sec residence
time in secondary chamber

M 800 lb/hr, centinuous, ram-fed; 2-sec residence time in

secondary chamber; SD/FF system tested with and without
activated carbon injection

[ 250 lb/hr, intermittent, manually fed; 0.2-sec residence
time in secondary chamber; conditions 1 and 2 =
pathological waste, condition 3 = mixed medical waste

W 300 lb/hr, intermittent, ram-£fed; 1l-sec residence time in
secondary chamber

4-hour periods. Therefore, the emission limits are based on a
12-hour average consisting of three 4-hour test runs.

Continuous, intermittent, batch, and pathological MWI's are
four different MWI types (based on their physical design
characteristics, operating characteristics, and overall emission
profiles). However, for continuous, intermittent, and batch
units, there is a period in the combustion cycle when the
emission profiles are similar. In continuous and intermittent
units, this period occurs during waste-charging. 1In a batch
unit, this period occurs in what is sometimes referred to as the
vhigh-air" or "burndown" phase. 'In all three MWI types, this
period can be distinguished by the temperature in the primary
chamber. This is also the period of highest emissions.
Consequently, data taken during this period from these three MWI
types have been combined in establishing one set of emission
l1imits for continuous, intermittent, and batch MWI’s. There is
no corresponding period in a pathological unit during which
emissions are comparable to the other types of units. Therefore,
data from only pathological units have been used to set emission
limits for pathological MWI's.
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The nine pollutants discussed in this section fall into two
categories: those dependent upon the composition of the waste

being burned and those dependent upon the MWI combustion process.
Waste-related pollutants (HCl, SO,, Cd, Pb, and Hg) are formed as
a result of the presence of components within the waste and are
unaffected by combustion controls. Combustion-related pollutants
(PM, CO, and CDD/CDF) are emitted at different levels from
different MWI's depending on the waste-charging patterns, the

temperature maintained in the secondary chamber, and the gas
residence time in the secondary chamber. Nitrogen oxides can be
considered both waste-related and combustion-related. However,
neither the combustion controls nor the add-on controls evaluated
in this analysis achieved any NO, reduction (see Section 4.3.9).

Because combustion conditions do not affect waste-related
pollutants, applying only combustion control options result in
uncontrolled emission levels of these pollutants. As a result,
combustion control limits have not been established for these
pollutants.

Establishing emission limits for the combustion-related
pollutants was difficult because not all possible combinations of
combustion control and MWI type were tested. Of the four MWI
types, only intermittent units were tested at each of the three
combustion control levels (see Table 14).

TABLE 14. COMBUSTION CONTROL DATA vs. MWI TYPES

Uncontrolled 1-sec 2-sec

Continuous B.M
Intermittent K. S (condition 3) w A
Batch J

‘ Pathologi;al S (conditions 1 and 2)

For continuous, intermittent, and batch MWI’s, data from
facility K (conditions 1 and 2) and facility S8 (condition 3)
represent uncontrolled emission levels; data from facility W
(conditions 1 and 2) were used to establish the emission limits
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for 1- sec combustlon and data from fac111t1es A, B, J

(condition 2), and M were used to establish the emission limits

for 2-sec combustion. Data from test condition 3 at facilities K

and W were not considered in establishing emission limits based

on combustion control because both MWI's were purposely
overcharged during these test conditions to show the effects of

poor MWI operation.

For pathological MWI's, only one level of combustion control
was tested (uncontrolled at facility S). To establish emission
limits for pathological MWI's at each combustion control level,
the relationships of the emission limits established for the
other types of MWI's were applied to the data for the
pathological MWI’'s to calculate emission limits for the untested
conditions.

' control options reflecting add-on controls combine 2-secC
combustion with an add-on control device. Emission limits for
these control options were established based on inlet/outlet
tests conducted on MWI's with add-on control. Typically, the
emission reduction capability is expressed as a percent reduction
relative to the 2-sec combustion emission limit. Exceptions to
this approach are PM, Pd, and C4d emissions from fabric filter
systems, which are capable of achieving constant outlet levels
for these pollutants. For pollutants that are unaffected by
combustion controls (waste- related pollutants for all MWI's and
PM for pathological MWI's) the 2-sec combustion emission limit is
equivalent to the uncontrolled emission level (the highest 3-run
average of uncontrolled emission data).

The remainder of this section is divided into nine
subsections, one for each pollutant. These subsections present
the emission limits for each MWI type and show the data used to
determine the emission limits.

4.3.1 Particulate Matter

Table 15 presents the PM emission limits under each control
option for continuous, intermittent, batch, and pathological
MWI's. Figures 37 through 39 present the data used to develop
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these emission limits. At the facilities tested, the PM
emissions were reported in gr/dscf. However, to be consistent
with emission limits for other pollutants, the PM emission limits
in this section are expressed in metric units (milligrams per dry
standard cubic meter [mg/dscm]). '

TABLE 15. PM EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

PM emission limits,
mg/dscm at 7 percent O,

Control option Continuous, intermittent, batch Pathological
1-sec 600 NA?
2-sec - 300 -NA?
Wet systcmsb 150 58
FF/PBP 30 30
DI/FF® 30 30
SD/FFY 30 30
Fabric filter systems with carbon

injectionb 30 30

2No applicable limit. Highest 3-run average of uncontrolled
data = 115 mg/dscm (facility S condition 2).
cludes 2-sec combustion.

4.3.1.1 Combustion Controls--PM. Figure 37 presents PM
emission data for continuous, intermittent, and batch MWI's
burning general medical waste. Data from facilities K and S
reflect uncontrolled PM emission levels. The PM emission limit
for 1-sec combustion is based on facility W, and was set
relatively close to the majority of individual test runs because
l-sec combustion will exhibit less variation in PM emissions than
uncontrolled levels. Test data show that at higher residence
time, combustion-related emissions are less affected by the MWI
opération. The PM emission limit for 2-sec combustion is based
on facilities &, B, and J. In this case, the emission limit has
been set very close to the highest 3-run average and very close
to most of the individual test runs because the large amount of
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Figure 37. PM emissions for continuous, intermittent, and batch
MWI‘s with combustion controls.
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data available for these units indicate that this limit can
consistently be achieved. Facility M was not considered in
developing the PM limit for 2-sec combustion because the unit at
this facility is a rotary kiln MWI that, as expected, had higher
PM emissions due to the turbulence of the waste in the primary
chamber. This turbulence results in entrainment of non-
combustible ash, which will not be affected by combustion
control.

Figure 38 presents PM emission data for pathological MWI's
(facility S, uncontrolled). Compared to PM emissions from an MWI
firing general medical waste, PM emissions from a pathological
MWI will be lower, more stable, and less affected by combustion -
control. Pathological MWI's operate with excess air in the
primary chamber, which limits the generation of incomplete
combustion products but increases the entrainment of ash. The
result is a higher fraction of non-combustible material (not
affected by combustion control) in the PM emissions. Emissions
of PM from pathological MWI's will be very stable because of the
homogeneous nature of pathological waste and the absence of
incomplete combustion products. Because combustion controls do
not reduce PM emissions from pathological MWI‘s, no limits were
established for the 1-sec and 2-sec control options.

4.3.1.2 Add-On Controls--PM. Figure 39 presents PM removal
efficiencies and outlet levels achieved with the add-on control
technologies tested. The PM outlet concentrations achievable
with wet systems depend on the inlet loadings and therefore are
based on a percent reduction rather than a constant outlet value.
Facility B data indicate that wet systems are capable of
achieving a PM removal efficiency of at least 50 percent. This
performance is applicable to all MWI types.

The remaining control technologies use a fabric filter to
control PM emissions. The emission limit for these technologies
is based on a constant outlet value achievable with a fabric
filter as demonstrated at facilities A, J, and M. Test
conditions 1 through 7 at facility A were not considered in
establishing the PM emission limit for fabric filter systems.
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Outlet PM concentrations varied significantly for these tests,
which were obtained during the first series of tests at
facility A. Prior to the second series of tests, the fabric
filter bags were replaced. The consistently low outlet PM levels
achieved during this second series of tests, along with data from
facilities J and M, indicate that the fabric filter was not
functioning properly during the first series of tests at
facility A, which invalidates PM runs 1 through 7 at facility A.
Based on facility A (conditions 1A, 8, and 9), and on facilities
J and M, PM concentrations of 30 mg/dscm are achievable by fabric
filter systems.
4.3.2 Carbon Monoxide

Table 16 presents the CO emission limits under each control
option for continuous, intermittent, batch, and pathological
MWI’s. Figures 40 and 41 present the data used to develop these
emission limits.

TABLE 16. CO EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

CO emission limits, ppmdv at 7 percent O,

Control option Continuous. intermittent, batch Pathological

1-sec 500 50

2-sec 50 .10

Wet systems? 50 10

FF/PB? 50 10

DI/FF2 50 10

SD/FF2 50 10

Fabric filter systems with carbon 50 10

injection® ﬁ

8Jncludes 2-sec combustion.

4.3.2.1 Combustion Controlg--CO. Figure 40 presents Cco
emission data for continuous, intermittent, and batch MWI's
burning general medical waste. Data from facilities K and S
reflect uncontrolled CO emission levels. The CO emission limit
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for 1-sec ébmbustion is based on facility W, and was set
relatively close to the majority of individual test runs, because
1-sec combustion will exhibit less variation in CO emissions than
uncontrolled levels (as previously discussed for PM emissions).
The CO emission limit for 2-secC combustion is based on

facilities A, B, J, and M. In this case, the emission limit has
been set very close to the highest 3-run average and very close
to each of the individual test runs because the large amount of
data available for these units indicate that this limit can
consistently be achieved.

Figure 41 presents CO emission data for pathological MWI's
(facility S, uncontrolled). Compared to CO emissions from an MWI
firing general medical waste, CO emissions from a pathological
MWI wili be lower and more stable, but improved combustion
control will further reduce CO emissions. Pathological MWI's
operate with excess air in the primary chamber, which limits the
generation of incomplete combustion products. However,
combustion control will further reduce these emissions.

Emissions of CO from pathological MWI’'s will be very stable
because of the homogeneous nature of pathological waste. The CO
1imit for 1-sec combustion control is calculated using the ratio
of the l-sec CO limit to the uncontrolled CO emission level for
generai-waste units (500/1,200) and applying this ratio to the
uncontrolled CO emission level for pathological MWI’'s (130).
Uncontrolled emission levels are represented by the highest 3-run
averages of the uncontrolled emissions data (facility S

condition 3 for continuous, intermittent, and batch MWI’‘s and
facility S condition 2 for pathological MWI’s). The CO limit for
2-sec combustion control is calculated using the ratio of the
2-sec CO limit to the uncontrolled CO emission level for general-
waste units (50/1,200) and applying this ratio to the
uncontrolled CO level for pathological MWI’'s (130).

4.3.2.2 Add-On Controls--CO. Add-on control devices are
not effective in further removing CO emissions. As a result, the
1imits for all add-on control technigues are the same as those of
2-sec combustion control.
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4.3.3 Dioxins and Furans

Table 17 presénts the CDD/CDF emission limits under each
control option for continuous, intermittent, batch, and
pathological MWI's. Figures 42 through 44 present the data used
to develop these emission limits.

TABLE 17. CDD/CDF EMISSION LIMITS FOR CONTINUOUS,
INTERMITTENT, BATCH, AND PATHOLOGICAL MWI'S

CDD/CDF emission limits, ng/dscm at 7 percent O

Control option Continuous, intermittent, batch Pathologiéa.l

1-sec 7,000 260

2-sec 1,500 60

Wet systems?® . 450 20

FF/PB? 7,000P 260°

DI/FF2 1,500 60

SD/FF2 1,500 60

Fabric filter systems with carbon

injection? 80°¢ 3¢
WWW&

8[ncludes 2-sec combustion.

b imits reflect CDD/CDF generation across FF/PB system.
CThe CDD/CDF emission limits achievable with a FF/PB system
with activated carbon injection are not known.

4.3.3.1 Combustion Controls--CDD/CDFE. Figure 42 presents
CDD/CDF emission data for continuous, intermittent, and batch
MWI's burning general medical waste. Data from facilities K and
S reflect uncontrolled PM emission levels. The CDD/CDF emission
1imit for 1-sec combustion is based on facility W, and was set
relatively close to the majority of the individual test runs
because 1-sec combustion will exhibit less variation in CDD/CDF
emissions at uncontrolled levels (as discussed earlier for PM and
CO). The CDD/CDF emission limit for 2-gsec. combustion is based on
facilities A, B, J, and M. 1In this case, the emission limit has
been set very close to the highest 3-run average and very close
to each of the individual test runs because the large amount of

155




CDD/CDF (ng/dscm) (at 7% 02)

- *
40000 -
35000 -
30000 -
25000 - -
20000 - *
15000 -
*
10000 - *
. . . |
* -
5000 -+
. *
& $ *
; —
0. » L JN SEPUEE N SR PO S
K K § . W W AAA A A AAAAABJ J MM
1 2 3 1 2 12 3 4 6 71 8 9 1 1 2 1 2
a
Uncontrolied 1--38¢ comb. 2-sec combustion

Figure 42. CDD/CDF emissions for continuous, intermittent, and
batch MWI’'s with combustion controls.
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data available for these units indicate that this limit can
consistently be achieved.

Figure 43 presents CDD/CDF emission data for pathological
MWI's (facility S, uncontrolled). Compared to CDD/CDF emissions
from an MWI firing geneal medical waste, CDD/CDF emissions from a
pathological MWI will be lower and more stable, but improved
combustion control will reduce CDD/CDF emissions. Pathological
MWI’'s operate with excess air in the pfimary chamber, which
limits the generation of incomplete combustion products.

However, CDD/CDF emissions can be further reduced by combustion
control. Emissions of CDD/CDF from pathological MWI's will be
very stable because of the homogeneous nature of pathological
waste. The CDD/CDF limit for 1-sec combustion control is
calculated using the ratio of the 1-sec CDD/CDF limit to the
uncontrolled CDD/CDF emission level for general-waste units
(7,000/25,000) and applying this ratio to the uncontrolled
CDD/CDF emission level for pathological MWI’'s (910) .
Uncon;rolled emission levels are represented by the highest 3-ruh
averaées of the uncontrolled emissions data (facility S condition
1 for continuous, intermittent, and batch MWI’'s and facility S
condition 1 for pathological MWI's). The CDD/CDF limit for 2-sec
combustion control is calculated using the ratio of the 2-sec
CDD/CDF limit to the uncontrolled CDD/CDF emission. level for
general-waste units (1,500/25,000) and applying this ratio to the
uncontrolled CDD/CDF emissions for pathological MWI'S (s10) .
4.3.3.2 Addé-On Controls--CDD/CDF. Figure 44 presents the
CDD/CDF removal efficiencies and outlet concentrations of the

add-on control technologies tested. The CDD/CDF emission limit
for the wet systems is based on the 70-percent removal efficiency
demonstrated at facility B. The three fabric filter systems
without activated carbon injection achieved varying levels of
CDD/CDF control. 1In fact, formation of CDD/CDF occurred in one
system.

Formation of CDD/CDF occurs when there is intimate contact
between a gas stream containing CDD/CDF precursors and fly ash,
which acts as a c;talyst. The optimum temperature window for fly
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ash catalyééd CDD/CDF formation is between 300°F and 600°F. The
CDD/CDF formation is minimized when using combustion control or
wet systems because these options provide: (1) rapid cooling of
the gas stream through the temperature window and (2) quick
dispersion (or removal in the case of wet systems) of CDD/CDF
brecursors and fly ash. In DI/FF and SD/FF systems, the presence
of an acid gas sorbent (lime, for example) also limits the
formation of CDD/CDF. - The fabric filter in a FF/PB- system, on
the other hand, can provide those conditions conducive to CDD/CDF
formation. 1In fact, test data have shown CDD/CDF formation in a
FF/PB system. '

The emission limit for the EF/PB system is based on test
data from facility J, which shows a generation of CDD/CDF across
the system. Figure 44 shows the outlet CDD/CDF emissions at
facility J. Because facility J burns general medical waste, the
actual test data could not be used directly in establishing an
emission limit for pathological MWI’s. As a result, the limit
for the pathological MWI has been calculated based on the CDD/CDF
generation rate at facility J. The generation rate is based on
the FF/PB outlet limit (7,000 nanograms [ng] /dry standard cubic
meter [dscm]) and the 2-sec combustion limit (1,500 ng/dscm) at
facility J. This generation rate was applied to the 2-sec
combustion limit for pathological MWI’'s to determine the FF/PB
limit for this MWI.

The CDD/CDF emission limit for the DI/FF system is based on
test data from facility A. This test data showed no consistent
CDD/CDF removal from the DI/FF system without carbon injection.
Therefore, the limit for this technology is the same as that of
2-sec combustion control.

Test data from facility M indicate that a SD/FF system on a
rotary kiln MWI is capable of achieving 80-percent CDD/CDF
reduction. However, this significant reduction may be due to the
rotary kiln design (the higher PM emissions may aid in the
removal of CDD/CDF). It is not known if a SD/FF system (without
activated carbon injection) can achieve this same level of
control on the other MWI designs. On the other hand, a SD/FF
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system is not expected to generate CDD/CDF for the reasons
described above. Therefore, the limit for this technology is the
same as that of 2-sec combustion control.

Test data from facilities A and M indicate that the DI/FF
and SD/FF systems with activated carbon injection are effective
in significantly reducing CDD/CDF emissions (see Figure 44).

These two fabric filter systems (with activated carbon injection)
are able to achieve at least 95-percent CDD/CDF control. Because
data are not available from a FF/PB system with activated carbon
injection, and because the FF/PB system tested without carbon
injection generated CDD/CDF, it is not known what CDD/CDF
reductions are achievable with the activated carbon in a FF/PB
system.

4.3.4 BHydrogen Chloride

Table 18 presents the HCl emission limits under each control
option for continuous, intermittent, batch, and pathological
MWI’'s. Figures 45 through 47 present the data used to establish
these emission limits.

4.3.4.1 Combustion Controls--HCl. Figure 45 presents HCl

emission data for continuous, intermittent, and batch MWI's
burning general medical waste, and Figure 46 presents these data
for pathological MWI's. Because emissions of HCl are waste-
related, combustion controls do not reduce HCl emissions.

4.3.4.2 BAdd-on Controls--HCl. Figure 47 presents the HC1
removal efficiencies of the add-on control technologies tested.
The emission limit for wet systems is based on test data from
facility B, while the emission 1imit for fabric filter systems is
based on data for a DI/FF system from facility A and a SD/FF
system from facility M. The data show that each of these systems
can reduce HCl emissions by at least 97 percent. This
corresponds to an emission level of 42 ppmdv for a'typical
continuous, intermittent, or batch unit (97 percent reduction
from a typical uncontrolled level of 1,400 ppmdv); and 4 ppmdv
for pathological units (97 percent reduction from a typical
uncontrolled level of 120 ppmdv).
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TABLE 18. HCl EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

HCI emission limité, ppmdv at 7 percent O,

Contro} option Continuous, intermittent, batch Pathological
1-sec Na2 NA?
2-sec NA2 NA?
Wet systemsP 42¢ 4°
FF/PBb | 42¢ ' 4
DUFF® 42° 4c
SD/FFY 42¢ 4°
Fabric filter systems with carbon . 42°¢ 4°¢

_ﬁ__uiection

2No applicable limit.

YIncludes 2-sec combustion.
®These emission limits correspond to a reduction of 97 percent.

For the DI/FF system without a retention chamber, as at
facility A, greater than 97 percent reduction is achieved when
the stoichiometric ratio is at least 6:1. (In some cases,
similar reductions can also be achieved with lower stoichiometric
ratios). The 3-run test averages at facility A were not used in
establishing the HCl emission limit because, as shown on
Figure 47, the stoichiometric ratio was below 6:1 for at least
1 run at each of the test conditions, except test condition 4.
Test data for a DI/FF with a retention chamber are unavéilable.
However, as noted earlier in this report, vendors indicate that a
50 percent lower stoichiometric ratio can be used in a system
with a retention chamber to achieve the same reduction as a
system without a retention chamber.

For the SD/FF system at facility M, test runs were conducted
with stoichiometric ratios between 1.9 and 3.4, and the resulting
emission reductions were greater than 98 percent for each run.
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The SD is a retention chamber, which allows the stoichiometric
ratio to be lower at Falicity M than at Facility A.

The HCl removal efficiencies at facility J were relatively
low and were also not considered in establishing the HCl emission
limits for the fabric filter systems. During the tests conducted
at this facility, nozzle plugging resulted in poor performance,
thereby invalidating these tests. '

4.3.5 Sulfur Dioxide

Table 19 presents the SO, emission limits under each control
option for continuous, intermittent, batch, and pathological
MWI’'s. Figures 48 and 49 present the data used to establish
these emission limits.

TABLE 19. SO, EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'’S

SO, emission limits, ppmdv at 7 percent O,

Control option Continuous, intermittent, batch Pathological
1-sec NA? NA?
2-sec NA? NA?
Wet systemsP NA? NA2
FF/PBP NA2 ‘ NA2
DI/FF? NA? NA?
SD/FFP NAZ NAZ
Fabric filter systems with carbon NA? NAZ
injection

2No applicable limit.
cludes 2-sec combustion.

4.3.5.1 Combustion Controls--8S0,. Figure 48 presents SO,
emission data for continuous, intermittent, and batch MWI's
burning general medical waste, and Figure 49 presents these data
for pathological MWI's. Because emissions of Soz‘are waste-
related, combustion controls do not reduce SO,.

4.3.5.2 Add-On Controlg:--SO-,. At the low inlet SO, levels
associated with MWI’'s, test data indicate that add-on controls
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are not effective in reducing these emissions. Therefore, SO,
emission limits have not been established for these remaining
control technologies.
4.3.6 Lead

Table 20 presents the Pb emission limits under each control
option for continuous, intermittent, batch, and pathological
MWI’'s. Figures 50 through 52 present the data used to develop
the emission limits. ' A

TABLE 20. Pb EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

T Pb emission limits, mg/dscm at 7 percent O,
Control option Continuous. ‘intermittent, batch Pathological
1-sec ~ NA® NAD
2-sec NA? NAb
Wet systems® 3.7 0.24
FF/PB® 0.10 0.10
DI/FF® 0.10 0.10
SD/FF® 0.10 0.10
Fabric filter systems with carbon
injection® - 0.10 0.10

aNo applicable limit. Highest 3-run average of uncontrolled emissions data = 6.8 mg/dscm (facility A,
condition 6).

bNo applicable limit. Highest 3-run average of uncontrolled emissions data = 0.44 mg/dscm (facility S,
condition 1).

CIncludes 2-sec combustion.

4.3.6.1 Combustion Controls--Pb. Figure 50 preéents the Pb
emission data for continuous, intermittent,'and batch MWI's
burning general medical waste, and Figure 51 presents this data
for pathological MWI's. Because emissions of Pb are waste-

related, combustion controls do not reduce Pb emissions.

| 4.3.6.2 Add-On Controls--Pb. Figure 52 presents Pb removal
efficiencies and outlet levels achieved with the add-on control
technologies tested. The limit for wet systems is based on test
data from facility B, which indicate that wet systems are capable
of achieving at least 45-percent reduction in Pb emissions. The
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remaining control technologies use a fabric filter to control Pb
emissions. As is the case for PM, the Pb emission limit is based
.on a constant outlet achievable with a fabric filter. Test data
from facilities A, J, and M indicate that fabric filter systems
can achieve a Pb level of 0.10 mg/dscm.
4.3.7 Cadmium

Table 21 presents the Cd emission limits under each control
option fér continuous, intermittent, batch, and pathological
MWI’s. Figures 53 through 55 present the data used to develop
the emission limits.

TABLE 21. Cd EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

Cd emission limits, mg/dscm at 7 percent O,

Control option , Continuous, intermittent, batch Pathological
1-sec NA?2 NAD
2-sec NA2 NAD
Wet systems® 1.1 0.10
FF/PB® 0.05 0.05
DI/FF¢ 0.05 0.05
SD/FF¢ 0.05 0.05
Fabric filter systems with carbon

injection® 0.05 0.05

8No applicable limit. Highest 3-run average = 1.9 mg/dscm (facility A condition 8).
bNo applicable limit. Highest 3-run average = 0.17 mg/dscm (facility S condition 1).
Includes 2-sec combustion.

4.3.7.1 Combustion Controls--Cd. Figure 53 presents the Cd
emission data for continuous, intermittent, and batch MWI’s
burning general medical waste, and Figure 54 presents the data
for pathological MWI’'s. Because emissions of Cd are waste-
related, combustion controls do not reduce Cd emissions.
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4.3.7.2 Add-On Controls--Cd. Figure 55 presents Cd removal

efficiencies and outlet levels achieved with the add-on control
technologies tested. The limit for wet systems is based on test
data from facility B, which indicate that wet systems are capable
of achieving at least 40 percent reduction in Cd emissions. The
remaining control technologies use a fabric filter to control Cd
emissions. As is the case for PM and Pb, the Cd emission limit
is based on a constant outlet achievable with a fabric filter.
Test data from facilities A, J, and M indicate that fabric filter
systems can achieve a Cd level of 0.05 mg/dscm.

4.3.8 Mercury '

Table 22 presents the Hg emission limits under each control
option for continuous, intermittent, batch, and pathological
MWI’s. Figures 56 through 58 present the data used to develop
the emission limits.

TABLE 22. Hg EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

Hg emission limits, mg/dscm at 7 percent O,
Control option Continuous, intermittent, batch Pathological
1-sec NA? NA2
2-sec NA2 NA2
Wet systems? Na2 NA2
FF/PBP NA? NA2
DUFF® NA? NA?
SD/FFP NA2 NA2
Fabric filter systems with carbon 0.47¢ 0.01°

ANo applicable limit.
cludes 2-sec combustion.
CThis emission limit corresponds to an 85 percent reduction.

4.3.8.1 Combustion ggntrols?—Hg.' Figure 56 presents the Hg
emission data for continuous, intermittent, and batch MWI's
burning general medical waste, and Figure 57 presents this data
for pathological MWI‘s. Because emissions of Hg are waste-
related, combustion controls do not reduce Hg emissions.
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4.3.8:2 Add-On Controls--Hg. Test data from facilities A,
B, J, and M (wet systems and fabric filter systems without carbon
injection) showed no consistency in removing Hg emissions from
MWI’s. Control of Hg is dependent on the presence of carbon at
relativeiy low temperature for a sufficient period of residence
time. There is not enough carbon in an MWI exhaust gas stream to
consistently reduce Hg. Therefore, emission limits have not been
established for these devices. On the other hand, as shown in
Figure 58, test data from facilities A and M show that injection
of activated carbon into fabric filter systems can achieve at j
least 85-percent control of Hg. = This reduction corresponds to
0.47 mg/dscm for a typical continuous, intermittent, or batch
unit; (85-percent reduction from a typical uncontrolled level of
3.1 mg/dscm) and an emission level of 0.01 mg/dscm for
pathological units (85-percent reduction from a typical
uncontrolled level of 0.05 mg/dscm). It is not known whether
carbon injection in a wet system will reduce Hg.
4.3.9 Nitrogen Oxides

Table 23 presents the NO, emission limits under each control

option for continuous, intermittent, batch, and pathological
MWI’'s. Figures 59 and 60 present the data used to establish
these emission limits.

4.3.9.1 Combustion Controls--NO. . Figure 59 presents NO,
emission data for continuous, intermittent, and batch MWI's
burning general medical waste, and Figure 60 presents this data
for pathological MWI‘s. Because emissions of NO, are not
affected by increased residence tiﬁe in the secondary chamber,
the l1-sec and 2-sec control options will not reduce emissions of
NO,,.

4.3.9.2 Add-On Controls--NO,.. None of the control systems
evaluated reduced NO, emissions. Therefore, NO, emission limits
have not been established for the add-on control technologies.
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TABLE 23. NO, EMISSION LIMITS FOR CONTINUOUS, INTERMITTENT,
BATCH, AND PATHOLOGICAL MWI'S

NO, emission limits, ppmdv at 7 percent O,

Control option Continuous, intermittent, batch Pathological
1-sec . : NA2 NAZ
2-sec NA2 NA?Z
Wet systems® Na2 Na2
FF/PBP NA® " NA?
DI/FFP NA? NA®?
| SD/FF® Na2 NA?
Fabric filter systems with carbon
injectionb ) ~ NA? NA2
2No applicable limit.

cludes 2-sec combustion.
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TABLE A-3.

APCD CPERATING PARAMETERS FOR_ FACILITY B
Scrubber Scrubber
inlet outlet Pressure

Test Condition temp., °F temp., °F drop in H,O

MM1_ 1622 1 545 136 31 "

MM1_3624 1 543 138 31 "

MM1_4626 1 541 142 31 “
[ MM1_5627 1 a ___a 31 "

@pata not measured.




TABLE A-4. APCD OPERATING PARAMETERS AT FACILITY J

Scrubber Scrubber
FF inlet ’ inlet pressure drop,
Test Condition temp., °F temp., °F in H,O
Jl BR305 1 372 148 0.45
J2_BD305 2 373 134 0.36
J3 BA307 1 371 136 0.46
| 74_BD307 2 375 135 0.40
IJS BR309 1 374 133 a
JEWBDBOQ 2 376 a a

Apata not available.
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APPENDIX B.

TEST PROGRAM EMISSION DATA SUMMARY
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TABLE B-2.

POST-COMBUSTION EMISSION CONCENTR.ATIONS FOR
CDD/CDF AND METALS

Facility |Test Condition { CDD/CDF, ng/dscm| Cd, ug/dscm |Pb, ug/dscm| Hg, pg/dscm
A MB1_1523 1 665 ' 365 3,441 18,007.9
A MBI1_2524 1 410 283 2,928 11,715.5
A MB1_3531 1 394 358 3,530 5,992.2
A MB3_1505 2 229 b b b
A MB3_2507 2 531 b b b
A MB3_3508 2 505 b b b
A EB1_1517 3 250 343 3,730 14,848.5
A EB1_2518 3 b b b b
A EB1_3521 3 485 729 3,509 25,708.3
A EB1_4522 3 b 603 2,994 8,403.2
A |EB1.5525 3 318 b b b
A MB131502 4 b 143 2,155 363.5
A MB132515 4 271 420 2,549 43.1
A EB6_1426 5 b 144 4,911 402.0
A EB6_2427 5 b 102 4,625 3,012.5
A EB6_3430 5 b 190 6,534 238.9
A EB7_1509 6 691 260 6,855 9,960.8
A EB7_2511 6 317 329 7,642 154.6
A EB7_3514 6 b 263 8,629 842.7
A EB7_4516 6 553 211 3,927 4,816.3
A EB8_1529 7 319 190 4,685 1,891.0
A EB8_2530 7 484 201 5,156 1,906.1
A EB8_3601 7 574 239 5,766 116.7
A B2 90791 1A 158 396 952 9,580.0
A B3_90991 1A 274 364 2,180 7,300.0
A B4 91091 1A 279 446 1,377 3,770.0
A B5 91191 8 306 346 2,600 6,300.0
A |Bs 91291 8 517 3,520 1,620 8,460.0
A B7 91391 9 471 241 459 8,479.8.
A B8 91491 9 429 1,210 2,280 6,830.0
A B9 91691 9 347 690 1,760 13,200.0
B MM1_1622 1 1,554 498 3,810 167.0
B MM1_3624 1 1,388 285 2,620 414.0
B MM1_4626 1 1,411 373 3,520 516.0
B MM1_5627 1 b b b b




TABLE B-2.

(continued)

Facility |[Test Condition { CDD/CDF, ng/dscm | Cd, pug/dscm {Pb, pg/dscm| Hg, pg/dscm
J J1_BR305 1 4 44 718 527.0
J J2_BD305 2 5 152 5,187 654.0
J J3_BR307 1 3 23 634 2,862.0
J J4_BD307 2 599 252 5,028 8,620.0
J J5_BR309 1 94 22 1,063 383.0
J J6_BD309 2 3,036 216 6,412 908.0
K 1M4_602 1 4,818 b b b.
K LM4R 604 1 b 163 7,012 208.8
K 1LM6_605 1 6,325 173 1,549 75.6
K ILM1_530 2 3,247 110 1,316 '152.3
K IM2 531 2 8,336 392 1,855 124.5
K IM3 601 2 10,213 140 2,439 139.7
K LM7_606 3 48,571 430 3,482 5,926.0
K LM8 607 3 27,769 478 2,121 85.4
K 1LM9_608 3 30,243 202 2,416 172.4

M MW1 1118 1 144 494 3,801 2,200.0
M MWwW2_1119 1 129 369 3,570 643.0
M MW3_1120 1 301 548 3,590 4,930.0
M MWwW4 1121 2 242 524 4,250 2,420.0
M MW5 1122 2 292 402 4,730 2,240.0
M MW6_1123 2 63 549 4,260 3,220.0
S CC1_920 1 279 16 512 4.3
S CC3_922 ‘ 1 1,994 504 814 <0.9
S CC10_102 1 468 <1 ] 116.2
S CC5 924 2 427 13 329 182.5
S CC6_925 2 157 26 202 <0.7
S CC9_928 2 1,144 22 389 <0.5
S CC2 921 3 12,728 55 2,380 10.7
S |cc4 923 3 40,969 42 1,210 5.2
S CC8 927 3 20,457 67 2,050 0.7
w CF1_815 1 3,084 296 4,754 286.3
w CF5_821 1 3,562 336 6,372 120.0
w CF6_822 1 539 209 2,864 146.4
W CEF2 818 2 4,070 333 4,476 613.0




aAll concentrations corrected to 7 percent O5.
Data not measured.

TABLE B-2. (continued)

Facility |Test Condition | CDD/CDF, ng/dscm| Cd, ug/dscm |Pb, ug/dscm| Hg, pg/dscm
w CF3_819 2 : 8,102 461 7,537 880.7
w CF4_820 2 5,671 361 6,741 35.7
w CF7_826 3 5,215 731 4,316 6,543.4
w CF8 827 3 2,679 619 7,710 939.4
w CF9_828 3 7,198 401 4,008 432.7
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APPENDIX C.

GRAPHS OF POST-COMBUSTION EMISSION DATA
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APPENDIX D.

GRAPHS OF POST-APCS EMISSION CONCENTRATIONS
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