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CHAPTER 1 
BASELINE INSPECTION TECHNIQUES 

Air pollution source inspection is not easy.  Agency inspectors must have the technical skill 
to quickly and accurately evaluate the compliance status of a wide range of industrial sources 
that are subject to many complex regulations.  They must compile the necessary information 
in strict accordance with established legal and procedural requirements.  The job often 
demands substantial physical exertion to observe tests in elevated areas and to evaluate 
equipment operating conditions.  Occasionally, the job involves working with adversarial or 
emotional people who can test the inspector's patience and professionalism. 
 
Source inspections can have a very beneficial impact when performed well. Inspectors have a 
key role in encouraging compliance without the expense and time commitment involved with 
litigation.  Inspectors can clarify regulatory requirements and improve communication 
between the source, the agency, and the community.  Inspectors can also provide important 
“feedback” to the agency concerning the adequacy of the promulgated regulations. 
 
Inspections can have a negative impact on the agency’s overall compliance program when 
performed poorly.  Superficial inspections can inadvertently convince some source owners or 
operators that the agency is unable or unwilling to enforce environmental regulations.  
Conscientious operators who install and maintain environmental controls compete at an 
economical disadvantage with those who choose to ignore the requirements.  Residents close 
to noncomplying facilities can be subject to both health risks and nuisance problems.  
Furthermore, the inability to achieve National Ambient Air Quality Standards because of the 
lack of compliance at certain facilities could result in stringent regulations on all sources in 
the Air Quality Control Region. 
 
Effective and methodical inspections can be performed well by people with a wide range of 
educational backgrounds and experience.  This section presents some of the basic procedures 
necessary to compile compliance related data and observations into a form that can be readily 
evaluated.  Introductory material concerning on-site source inspections is also provided. 
  
Responsibilities of Inspectors 
 
Inspectors do not only conduct compliance inspections; they balance a variety of job 
responsibilities that compete for available time.  Many aspects of the agency’s overall 
enforcement program are affected by some role played by the inspector: 
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• Compliance evaluation 
• Testing and sampling 
• Agency representation 
• Litigation assistance 
• Citizen complaint investigation 

 
Due to these responsibilities, the job demands a broad range of skills and an ability to use 
time wisely. 
 
Compliance Evaluation 
 
One of the primary duties of an agency inspector is to compile technically defensible 
conclusions regarding the compliance status of the facility being evaluated.  These 
conclusions must be reached in a manner fully consistent with all legal requirements. These 
requirements include the need to conduct the inspections and ancillary work in a manner that 
protects all legal rights of the source and its employees and in a manner consistent with 
agency policies.  One of the most important of these policies is the agency’s health and 
safety plan.  Inspections must be conducted in accordance with all OSHA requirements and 
agency and plant health and safety policies.  Agency personnel should not make any requests 
or take any actions that endanger plant personnel or themselves. 
 
Testing and Sampling 
 
Agency personnel are often called on to observe emissions tests to determine compliance 
with promulgated rules and regulations.  These tests must be conducted in strict accordance 
with applicable reference methods to ensure that the emission rate data represent an accurate 
and fair measurement of the actual emissions.  Agency personnel must understand the many 
complex testing methods and the types of sampling errors that can affect the results. 
 
Agency Representation 
 
The inspector is a professional representative of the agency.  Often, the inspector conducting 
an on-site inspection is the only employee of the agency whom plant personnel meet.  The 
ability of the inspector to convey the interests of the agency in a calm, firm, and professional 
manner can have an impact on the extent to which source personnel cooperate. 
 
Litigation Assistance 
 
Agency personnel must prepare enforcement cases and present expert testimony when 
regulated sources are not making adequate progress toward achieving compliance.  The 
inspection report and the emission test report are often the foundation of the enforcement 
case.  All data and observations from on-site inspections and observed emission tests must be 
fully documented and properly evaluated.  Inspectors might need to provide additional 
information and assistance to agency attorneys in order to prepare the technical aspects of the 
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case.  Agency personnel might also be requested to present expert testimony concerning the 
case. 
 
Citizen Compliant Investigation 
 
Citizens expect and deserve prompt attention to their complaints concerning air quality.  
Agency inspectors responding to complaints, both over the telephone or in person, must 
document the complaint accurately and determine if a follow-up investigation is warranted.  
Localized air quality problems leading to complaints are often intermittent and short in 
duration.  This means that the follow-up investigations often have to be performed at 
inconvenient times.  After completing the investigation, it is important to advise the 
complainant of the results and summarize any actions that will be taken by the sources to 
minimize future occurrences. 
 
Agency personnel must remain calm and conduct themselves professionally when 
responding to complaints.  Occasionally, the complainants vent their frustration and anger at 
the agency.  Sometimes, the source owners or operators vent their frustration with both the 
agency and the citizens making the complaints.  The agency inspector must encourage all 
parties involved to remain calm, to communicate with each other, and to comply with all 
regulations. 
 
Other Responsibilities 
 
The inspector plays a key role in developing good working relationships with the various 
levels of government often involved in air pollution control work.  For example, states have 
primary responsibility for enforcement, but EPA has the authority to oversee some 
compliance situations.  In some cases, state and local agencies must work together closely on 
enforcement actions. 
  
On-Site Compliance Inspections 
 
Because of the various responsibilities of the inspector, the on-site inspection can address 
one or more of the following: 
 

• Evaluation of compliance status with regulatory requirements 
• Confirmation that all emission units are included on the permit and that the source is 

complying with all permit stipulations 
• Follow-up evaluation of citizen complaints 
• Compilation of information needed for litigation or for formal compliance 

negotiations 
• Collection of information needed for regulation development 
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Levels of Inspection 
 
Levels of inspection have been developed by EPA to adapt on-site inspections to these 
different responsibilities.  The inspections have been divided into four distinct groups: Levels 
1, 2, 3 and 4.  The majority of source inspections presently being conducted by regulatory 
agencies are classified as Level 2.  The course focuses almost entirely on Level 2 
inspections. 
 
Level 1 
 
Level 1 is defined as a driveby surveillance inspection.  It is not necessary to enter the 
facility.  The inspection consists primarily of visible emission observations of stacks and 
vents visible from public roads, and odor surveys both upwind and downwind of the plant.  If 
conditions warrant further investigation, the inspector submits the information to the 
appropriate agency personnel to schedule an inspection.  Level 1 is not considered an on-site 
inspection because of its limited scope; however, it is particularly useful for investigating 
citizen complaints and for determining the best use of limited agency resources. 
 
Level 2 
 
Level 2 inspections are used primarily to gather compliance data and identify violations.  
They are also used to determine if all the regulated emission units are included on the 
operating permit.  The inspector must enter the plant grounds and do a walkthrough 
evaluation of emission sources, control devices, and plant records.  The initial walkthrough 
evaluation determines if further investigations are warranted. The inspector must determine 
the validity of the data collected from plant instrumentation.  If emissions problems or other 
inconsistencies exist, the scope of the inspection is expanded to include one or more follow-
up inspection steps. 
 
Level 3 
 
When problems or potential problems are identified by an inspector in either Level 1 or 
Level 2 inspections, a Level 3 inspection might be performed.  A Level 3 inspection has the 
following characteristics: 
 

• Detailed 
• Narrow scope 
• Targeted to particular emission units 
• Enforcement case development oriented 

 
The inspector might request that plant personnel use portable instruments to measure 
important operating parameters and to verify that on-site permanent monitors are performing 
properly.  A number of portable instruments are often available to obtain supplemental data: 
 

• Differential pressure gauges 
• Thermocouples and thermometers 
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• Combustion gas analyzers (oxygen and carbon monoxide monitors) 
• Hydrogen-ion concentration (pH) meters 
• VOC analyzers 

 
Stack effluent characteristics, continuous emissions monitoring (CEM) data, control device 
operating data, process operating data, ash analyses, and fuel analyses are evaluated for a 
period of 6 months to more than 2 years prior to the inspection.  In some cases, it is also 
helpful to review air pollution control device maintenance records concerning the rate, 
spatial distribution, and characteristics of component failure.  The entire set of data is 
reviewed to evaluate the compliance status of the unit and to determine if corrective actions 
planned by the source operators have a reasonable probability of expeditiously minimizing 
emission problems. 
 
Level 4 
 
Level 4 is the only type of inspection not used directly for compliance determination or 
enforcement. The purpose of the Level 4 inspection is primarily to gather data that will be 
used to facilitate future inspections conducted by less experienced field personnel.  Because 
of the nature of this type of inspection, Level 4 is performed by senior managers and agency 
personnel with responsibility for a specific plant.  Level 4 inspections should include the 
preparation of general process and control device flowcharts, measurement of operating 
parameters by plant personnel, and determination of the normal ranges of important 
operating parameters.  Health and safety concerns are addressed to encourage source 
operators to eliminate the hazards when possible and to help inspectors conducting future 
Level 2 inspections avoid the hazards.  Level 4 should be performed in conjunction with 
stack tests or at times when the source is believed to be operating in compliance. 
 
Major Elements of Inspection 
 
There are several major steps in the routine Level 2 inspection of stationary sources: 
 

• File review 
• Inspection preparation 
• Pre-inspection meeting 
• Plant inspection 
• Post-inspection meeting 
• Inspection report preparation 

 
File Review 
 
The file review helps to determine the most appropriate scope and timing of the inspection.  
As discussed earlier, there is generally insufficient time to evaluate all the individual 
emission units present in moderate-to-large facilities.  During the pre-inspection file review, 
the issues to be included within the scope of the inspection are selected, and the most 
appropriate time to conduct the inspection is determined.  Also, the types of safety equipment 
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necessary for the specific areas of the plant to be inspected are determined.  An important 
part of the pre-inspection file review is a check of the operating permit. 
 
Inspection Preparation 
 
During the inspection preparation phase, the equipment needed for the job is packed, and 
travel plans are optimized to the extent possible to minimize travel costs and travel time. 
 
Pre-Inspection Meeting 
 
The pre-inspection meeting should be conducted with responsible plant officials immediately 
after entering the facility.  The scope of the inspection should be discussed.  All records and 
other information necessary to fully evaluate the facility should be requested so that plant 
personnel can gather and, if necessary, photocopy all records while the inspector is on-site.  
As part of the pre-inspection meeting, the agency inspector should explain the general 
reasons for the inspection and any specific issues that will be addressed.  Also, the inspector 
should be prepared to provide general information concerning the agency's requirements and 
to provide other information helpful to the source in satisfying agency requests.  Legal and 
administrative issues should be discussed during the pre-inspection meeting so that there are 
no surprises during the inspection.  These issues often include, but are not limited to, 
confidentiality, use of photographs, and inspector authority. 
 
Plant Inspection 
 
During the plant inspection, the inspector should conduct himself or herself professionally.  
It is important to always keep in mind that, despite the agency's right to inspect, the inspector 
is still a visitor at the facility.  The inspector must compile all the information necessary to 
technically evaluate the compliance status of the facility.  This often requires numerous 
questions to obtain data and to clarify operating conditions.  The inspector must not be 
reluctant to ask questions.  However, these questions should be directed toward valid 
technical concerns. 
 
Post-Inspection Meeting 
 
Following the plant inspection, a post-inspection interview should be conducted.  This 
meeting is primarily for the benefit of the inspector to clarify issues raised during the record 
evaluation and plant inspection.  This meeting should not include a presentation of the 
inspection results to plant personnel.  They should be able to reach their own conclusions 
regarding their compliance status.  Furthermore, in most jurisdictions, the agency inspector is 
not authorized to reach conclusions regarding compliance status of a plant without discussing 
the data and information with agency supervisors and/or agency attorneys.  Accordingly, the 
post-inspection interview should be restricted to clarifying questions and follow-up requests 
for more information from the plant. 
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Inspection Report Preparation 
 
A concise inspection report should be prepared as soon as possible after the on-site 
inspection.  This report should summarize the purpose, scope, and findings of the inspection. 
 All calculations necessary to document the findings should be presented in a clear and 
complete manner.  A consistent report format should be used, to the maximum extent 
possible, to facilitate supervisory review. 
  
Inspection Analyses 
 
There are three basic approaches to evaluating compliance: 
 

• Direct comparison with promulgated standards 
• Comparison of inspected units with similar units 
• Evaluation of shifts from baseline operating conditions 

 
Direct Comparisons 
 
Direct comparisons are possible when there is a promulgated regulation or a permit provision 
that presents requirements in a form and format directly measured by either plant instruments 
or plant chemical analyses.  One of the most common of these regulatory requirements is the 
sulfur-in-fuel regulation.  Many agencies have limited the sulfur content of the coal or oil 
being burned in industrial boilers.  The sulfur content can be accurately measured by ASTM 
reference method procedures.  Other examples of types of regulations that can be directly 
enforced are listed in Table 1-1.  A direct comparison of these analyses with the promulgated 
limit provides a clear indication of the compliance status. 
 
It is important to note that data used for direct comparison-type analyses can be used as the 
basis for enforcement actions.  When the data are provided by plant continuous emission 
monitors or other instruments, it is important to obtain information concerning the operator's 
quality assurance practices and the instrument’s on-line availability.  Inadequacies in either 
of these areas can also be the basis for enforcement actions. 
 
The inspection procedures based on direct comparison analyses use primarily CEMs or plant 
instrumentation data or sample analyses (e.g., fuel sulfur content, coating VOC content).  
Information concerning CEMs is provided in APTI Course 474, “Continuous Emission 
Monitoring.”  Information concerning other types of direct comparison inspections is 
available in APTI Course 444, “Air Pollution Field Enforcement.”  Direct comparison 
inspection analyses are not emphasized in this course because of the availability of these 
other training materials. 
 
 
 

Table 1-1.  Examples of Direct Comparison Type Inspection Analyses 
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Regulation Parameter Type of Instrument or 
Analysis Used for Direct 

Comparison 

Municipal Waste 
Incinerators  

40 CFR Part 60, Subpart Ea  

Incinerator operating rate Steam rate gauge 

 CO concentration CO continuous emission 
monitor  

 Control system inlet gas 
temperature 

Thermocouple or equivalent 
temperature monitor 

Fossil Fuel Fired Boilers 

40 CFR Part 60,           
Subparts Da and Db 

Sulfur dioxide 
concentration 

Sulfur dioxide continuous 
emission monitor 

 Nitrogen oxides 
concentration 

Nitrogen oxides continuous 
emission monitor 

 Visible emissions Opacity monitor 

Asbestos Removal     Visible emissions Visible emissions observer 

 Adequately wet  
asbestos-containing 
material during  removal 

Observation of work practices 

 
 
Comparison with Similar Units at Other Plants 
 
An alternative means of evaluating compliance of a specific source is to compare its 
operating characteristics with those at similar industrial facilities.  This can, however, be 
time consuming and error prone.  It takes a substantial investment of time to determine 
exactly which units are similar, and very often these assumptions are subject to error due to 
subtle factors that can affect performance.  Furthermore, it takes time to compile all the 
comparative data. 
 
Comparisons with similar units are useful primarily in extreme cases.  For example, if a 
venturi scrubber on an asphalt plant is operating at 8 inches H2O, and the industrial average 
is 22 inches H2O, there is some cause for concern about the low pressure drop at the unit 
being inspected. 
 
Similar unit comparison type inspection analyses will be used with caution in this course due 
to the site-to-site variations that can make these analyses irrelevant or in significant error. 
Comparisons with similar units can not generally be used as a stand-alone basis for 
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enforcement actions.  Emission tests using applicable reference methods are needed to prove 
the suspected compliance problem. 
 
Baseline Analyses 
 
Many air pollution control regulations cannot be stated in a format compatible with direct 
comparison type inspection analyses.  Air pollution control regulations are often expressed in 
terms such as pounds of pollutant emitted per hour or pounds of pollutant emitted per ton of 
product.  In these cases, there are no plant instruments that read out directly in the format 
specified in the regulation.  Instead, indirect means are needed to evaluate compliance 
potential.  Shifts from baseline conditions are used to provide an imperfect, but often 
revealing, indication of the unit performance. 
 
Technical analysis based on shifts from baseline conditions is not a new procedure.  It is a 
fundamental diagnostic technique that has been used successfully for many years in 
practically all aspects of equipment maintenance.  It is even used now in health care.  For 
example, the first physical administered by an occupational physician is called the “baseline” 
examination.  A shift in the medical condition over time for the individual is called a 
“baseline shift.”  These types of analyses are also used for monitoring changes in processing 
equipment performance. 
 
Baseline analyses are especially useful for air pollution control equipment and sources since 
there are many subtle factors that vary from unit to unit that can strongly influence 
performance.  These factors include, but are not limited to, the following: 
 

• Particle size distributions 
• Adequacy of gas distribution 
• Liquid surface tension (wet scrubbers) 
• Liquid droplet size distribution (wet scrubbers) 
• Gas temperature spatial differences 
• Gas flow temporal variations 
• Particulate composition 
• Particulate resistivity (electrostatic precipitators) 
• Dust cake cohesiveness (filtration systems and electrostatic precipitators) 
• Distribution of cleaning energy (filtration systems and electrostatic precipitators) 
• Mist eliminator efficiency 
• Venturi throat damper condition (wet scrubbers) 
• pH (wet scrubbers) 

 
Most of these variables are not monitored directly by plant instruments and can vary 
substantially from unit-to-unit, even in the same plant operating under supposedly similar 
conditions.  All these variables can have an influence on pollutant removal performance. 
 
The first principle of baseline analysis is that changes over time are evaluated for 
individual units.  The performance conditions today are compared against the performance 
levels during the baseline period.  For example, a shift in the static pressure drop across a wet 
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scrubber from a baseline level of 30 inches H2O to the present level of 24 inches H2O would 
be a possible symptom of scrubber performance problems and would indicate the need to 
investigate further.  This is more meaningful than trying to determine if a pressure drop of 24 
inches H2O is consistent with other similar scrubbers at different plants or on different 
process lines in the same plant being inspected.  Comparing different units is difficult 
because there can be subtle differences in the gas streams that have a strong influence on 
performance.  It is rare that units at different plants or even units at the same plant can be 
directly compared. 
 
The second principle of baseline analysis is that sets of data are evaluated, as opposed to 
relying on a single measurement   A shift in a single parameter is rarely a good basis for a 
decision concerning compliance status.  The instrument that is generating the data could be 
operating out-of-calibration or entirely in error.  Even if the data are correct, the 
measurement might not be directly relevant to compliance.  A number of different parameters 
need to be evaluated to accurately determine compliance.  In the above case of the wet 
scrubber, a decrease from 30 inches H2O to 24 inches H2O may not be sufficient to conclude 
that there is a compliance problem.  However, if this shift in pressure drop is accompanied by 
the changes listed below, there is more justification for requesting a compliance test or other 
actions: 
 

• Increased plume opacity from the baseline level of 5% to the present level of 10% to 
15% 

• Increased outlet gas temperature from the baseline level of 135°F to the present level 
of 145°F 

• Decreased scrubber liquor flow rate from 110 gpm to 60 gpm 
 
All these changes are related to increases in particulate emissions.  Accordingly, the 
inspector would be justified in concluding that the scrubber is not operating as well as it has 
in the past and that a new compliance test is needed. 
 
The third principle of baseline analysis is that the inspection scope should include 
component failure information and general observations and should not be limited to 
operating data alone.  In addition to data provided by plant instrumentation, general 
observations of the facility and interviews with plant personnel are often helpful in 
evaluating compliance.  For example, large holes in the shell of an electrostatic precipitator 
or fabric filter are clearly a sign of air infiltration related performance problems on a negative 
pressure system.  Severe rainout of solids-laden droplets from the stack of a wet scrubber 
clearly indicates mist eliminator failure.  Perhaps less obvious, but equally important, is a 
sudden increase in the failure rate of individual components such as fabric filter bags, 
electrostatic precipitator support insulators, and scrubber nozzles.  These conditions all either 
contribute to or are directly related to pollutant removal problems.  Accordingly, these 
observations and this information should be included in the inspection report because they 
provide at least part of the basis for the decision regarding compliance status. 
 
The fourth principle of baseline analysis is that inspection data and observations must be 
organized in a coherent fashion and evaluated during the compliance inspection.  The 
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inspection procedures discussed in this course are divided into basic and follow-up 
categories.  The inspection points included in the basic category should be included in all 
inspections.  These inspection parameters are fundamentally important to all types of air 
pollution control sources and are useful in identifying changes that might accompany 
increases in pollutant emissions.  There are numerous follow-up inspection points for each 
different type of air pollution control device and source.  Only those follow-up inspection 
points directly relevant to the suspected compliance problems are actually included in the 
scope of the inspection.  It is possible that none of these are performed on a specific 
inspection, if the basic inspection data indicate that there have been no specific shifts from 
baseline conditions and that there are no apparent violations of the standards.  Based on an 
evaluation of the basic data, the need for the specific follow-up inspection points can be 
determined. 
 
By organizing the inspection data, it is also possible to identify data that are probably in 
error. Certain trends are expected in inspection parameters.  For example, static pressure is 
expected to decrease in the direction of flow, as is the temperature of hot gases.  Data that do 
not follow expected trends are likely in error.  It is important to note that incorrectly 
operating instruments are common in the air pollution control industry due to erosive 
particles, sticky particles, condensable vapors, and corrosive compounds that are often 
present inside ductwork and air pollution control systems.  Even the most conscientious 
operator can have a few of the instruments in an air pollution control systems malfunctioning 
at any one time.  One aid to organizing the inspection data is the inspection flowchart.  
Preparation of inspection flowcharts is discussed in APTI Course 445, “Inspection of Particle 
Control Devices.” 
 
The fifth principle of baseline analysis is that inspectors must have the flexibility to 
exercise professional judgment during the inspection.  It is impractical and potentially 
dangerous to restrict an inspector to a rigid checklist.  Completion of the checklist can take 
the individual to areas in the plant that are unsafe or unhealthy.  Furthermore, the rigid 
checklist might not address the specific follow-up issues that are most relevant to the 
compliance status of the facility.  In these cases, the rigid checklist is even 
counterproductive. Inspectors must have the flexibility to investigate suspected compliance 
problems.  For these reasons, the inspection procedures discussed in this manual include 
limited flexibility so that agency personnel can exercise their professional judgment. 
 
The sixth principle of baseline analysis is that baseline analyses or other indirect 
compliance analyses are not generally used as a stand-alone basis for enforcement 
actions. Typically, emission tests using applicable reference methods are conducted when 
the baseline analysis indicates probable compliance problems.  However, under the Credible 
Evidence Rule, it is possible that baseline analyses could be used as evidence in an 
enforcement action. 
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Limitations of Inspections 
 
There are practical limits to the scope of an inspection: 
 

• Time constraints that complicate full evaluation of issues 
• Health and safety hazards in certain areas of the facility 
• Lack of plant instrumentation  

 
The most significant limitation to on-site inspections is time.  There is usually not enough 
time to fully evaluate all the permitted emission units at moderate-to-large industrial 
facilities.  Agency personnel must be skilled in prioritizing the work so that they use their 
limited on-site time efficiently.  Prioritization starts with an effective file review to identify 
the most likely compliance issues.  Agency personnel must be able to adjust the scope of the 
inspection while on-site to use their time wisely. 
 
Health and safety issues can be a significant limitation.  When these issues are recognized, 
agency personnel should adjust the inspection procedures and even the scope of the 
inspection as necessary to avoid potential problems.  It should be request that the hazards be 
eliminated or minimized in the future so that such limits will not affect future visits.  Agency 
personnel should, under no circumstances, ignore health and safety concerns involving 
themselves or plant personnel accompanying them. 
 
Some inspections are limited by the lack of plant instrumentation.  When the plant does not 
have the portable instruments necessary to provide the missing information, the scope of the 
inspection can be limited. 
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Review Problems 
 
1. What are the purposes of a Level 2 inspection? 
 

a. Routine compliance evaluation 
b. Visible emission and/or odor surveillance 
c. Enforcement case development 
d. Complaint investigation 
e. Regulation development 

 
2. What types of compliance analyses are not generally used alone as the basis for an 

enforcement case? 
 

a. Baseline analyses 
b. Comparison with similar units 
c. Direct comparisons 

 
3. What is an example of a direct comparison-type compliance evaluation? 
 

a. Evaluation of wet scrubber pressure drop changes since an emissions test 
b. Evaluation of the plant’s wet scrubber pressure drop against the pressure drops of 

similar units in the same geographical area 
c. Comparison of a boiler’s fuel sulfur content against the regulatory limits 
d. Comparison of a boiler’s fuel sulfur content against similar units in the same 

geographical area 
 
4. A source barely passed a USEPA Method 5 particulate emission test.  The scrubber 

pressure drop averaged 26 inches H2O during this test.  Six months later, an inspector 
notices that the scrubber pressure drop is now 18 inches H2O.  Is this unit out of 
compliance? 

 
a. Yes 
b. No 
c. Maybe 
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CHAPTER 2 
ADSORBERS 

Adsorption processes have been used since the 1950s for the high efficiency removal of a 
wide variety of organic vapors and several types of inorganic gases.  The use of adsorption 
processes has been expanding recently due to innovations in the designs of the systems and 
to the development of new adsorbents. 
 
Adsorption systems are also being used as preconcentrators for thermal or catalytic oxidizer 
systems.  The high concentration, low gas volume organic vapor stream generated during 
adsorber bed desorption is well suited for oxidation, because fuel requirements in the 
oxidizer are minimized.  This preconcentrator application has expanded the use of adsorption 
for low concentration sources (10 to 1,000 ppm) and for multi-component organic vapor 
streams. 
 
Adsorption processes usually operate at efficiencies of 90% to 98% over long time periods.  
They can be vulnerable to a variety of operating problems, such as the gradual loss of 
adsorption capacity, plugging of the adsorbent beds, and corrosion.  The onset of these 
problems can usually be identified by shifts in the operating conditions and by increases in 
the stack contaminant concentrations. 
  
Operating Principles 
 
Adsorption Forces 
 
The adsorption process is classified as either physical or chemical.  The basic difference 
between physical and chemical adsorption is the manner in which the gas molecule is bonded 
to the adsorbent.  In physical adsorption, the gas molecule is held to the solid surface by 
weak forces of intermolecular cohesion.  The chemical nature of the adsorbed gas remains 
unchanged; therefore, physical adsorption is a readily reversible process.  In chemical 
adsorption a chemical bond is formed between the gas molecule and adsorbent.  Chemical 
adsorption is not easily reversed. 
 
Physical Adsorption 
 
The forces active in physical adsorption are electrostatic in nature.  They are the same forces 
of attraction that cause gases to condense and to deviate from ideal behavior under extreme 
conditions and are referred to as van der Waals’ forces.  The electrostatic effect that produces 
van der Waals’ forces depends on the polarity of both the gas and solid molecules.  
Molecules in any state are either polar or nonpolar, depending on their chemical structure.  
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Polar substances exhibit a separation of positive and negative charges within the compound.  
This separation of positive and negative charges is referred to as a permanent dipole.  Water 
is a prime example of a polar substance.  Nonpolar substances have both their positive and 
negative charges in one center so they have no permanent dipole.  Most organic compounds 
are nonpolar because of their symmetry. 
 
Physical adsorption can occur from three different effects: orientation, dispersion, or 
induction (Figure 2-1).  For polar molecules, attraction to each other occurs because of the 
orientation effect.  The negative area of one is attracted to the positive area of the other.  An 
example of this type of adsorption is the removal of water vapor from an exhaust stream 
using silica gel. 
 

 
 

Figure 2-1.  Physical forces causing adsorption 
 
The adsorption of a nonpolar gas molecule onto a nonpolar surface is accounted for by the 
dispersion effect.  Nonpolar substances do not possess a permanent dipole, but they do have 
a fluctuating or oscillating dipole.  In a nonpolar substance, when two fluctuating dipoles 
come close to one another, they fluctuate in phase with each other.  This is the origin of the 
name dispersion effect.  The adsorption of organic vapors onto activated carbon is an 
example of nonpolar molecular attraction. 
 
The attraction between a polar molecule and a nonpolar molecule is caused by the induction 
effect.  A molecule with a permanent dipole can induce or polarize a nonpolar molecule 
when they come in close contact.  The induction effect is, however, very small when 
compared to the orientation or dispersion effects.  Therefore, adsorption systems use 
adsorbents of the same polarity as the contaminants. 
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Chemical Adsorption 
 
In chemical adsorption, or chemisorption, the gaseous molecule is held to the surface of the 
adsorbent by the formation of a chemical bond.  Adsorbents used in chemisorption can be 
either pure substances or chemicals deposited on an inert carrier material.  One example of 
the former is the use of pure iron oxide chips to adsorb hydrogen sulfide gas.  An example of 
the latter is the use of activated carbon that has been impregnated with potassium iodide to 
remove mercury vapors.  Molecules that are chemically adsorbed are very difficult to remove 
from the adsorbent bed.  For this reason, chemisorption is not used extensively in air 
pollution control systems. 
 
Regardless of whether adsorption occurs from chemical or physical forces, all adsorption 
processes are exothermic.  In chemisorption, the heat of adsorption is comparable to the heat 
evolved from the chemical reaction, usually over 10 kcal/gm-mole.  The heat given off by 
physical adsorption is much lower, approximately 0.1 kcal/gm-mole, which is comparable to 
the heat of condensation. 
 
Types of Adsorbents 
 
The most common types of adsorbents are activated carbons, zeolites (molecular sieves), and 
synthetic polymers.  Other types of adsorbents include silica gel and activated alumina. 
 
Activated Carbon 
 
Activated carbon is a nonpolar material produced from a variety of raw materials, such as 
wood, coal, coconut, nutshells, and petroleum-based products.  The activation process takes 
place in two steps.  First, the feedstock is carbonized.  This involves heating the material in 
the absence of air to a temperature high enough to drive off all volatile material.  Carbon and 
small quantities of ash are all that is left.  To increase the surface area, the carbon is then 
“activated” by using steam, air, or carbon dioxide at higher temperatures.  These gases attack 
the carbon and increase the pore structure.  The temperatures involved, the amount of oxygen 
present, and the type of feedstock all greatly affect the adsorption qualities of the carbon.  
There are a large number of commercial brands available that have significantly different 
properties to serve various applications.  Accordingly, the term activated carbon applies to an 
entire category of diverse materials, not to a specific material. 
 
Because of its nonpolar surface, activated carbon is used to control emissions of a wide 
variety of organic solvents and toxic gases.  Carbons used in gas phase adsorption systems 
are manufactured in a granular form or in a carbon fiber form.  The granular carbon pellets 
are usually between 4 x 6 and 4 x 20 mesh.  The total surface area can range from 2.9 x 106 
to 7.8 x 106 ft2/lb. 
 



Chapter 2:  Adsorbers 

2-4 

Zeolites (Molecular Sieves) 
 
Unlike activated carbon adsorbents that are amorphous in nature, molecular sieves are polar 
materials that have a crystalline structure.  Because their pores are uniform in diameter, they 
can be used to capture or separate gases on the basis of molecular size and shape.  The main 
uses of molecular sieves have been to remove moisture from exhaust streams, to separate 
hydrocarbons in refining processes, and to remove nitrogen oxides compounds from air 
pollution sources.  Because of the development of new synthetic zeolites, their applications 
are expanding into the VOC control field.  The surface areas of molecular sieves range from 
2.9 x 106 to 3.4 x 106 ft2/lb. 
 
Synthetic Polymers 
 
Polymeric adsorbents are polar or nonpolar materials formed by crosslinking long chain 
polymers that have a variety of functional groups.  The polymeric materials have a rigid 
microporous structure with surface areas of more than 4.9 x 106 ft2/lb.  These materials have 
very high adsorption capacities for selected organic compounds, and they can be desorbed 
more rapidly than activated carbon adsorbents.  They can be desorbed with hot air, hot 
nitrogen, steam, indirect contact heating, and microwaves. 
 
The main applications of this type of adsorbent are the control of organic compounds such as 
ketones, aldehydes, and reactive monomers that can undergo various chemical reactions on 
the surfaces of activated carbon.  Polymeric adsorbents are also used for gas streams 
containing high water vapor concentrations, because they are less prone to adsorb water 
vapor than conventional activated carbon adsorbents.  The main limitation to the use of 
polymeric adsorbents is cost.  These materials are more expensive than activated carbon and 
zeolite adsorbents. 
 
Silica Gel 
 
Silica gels are polar materials made from sodium silicate.  Sodium silicate is mixed with 
sulfuric acid, resulting in a jelly-like precipitant from which the name “gel” comes.  This 
precipitant is then dried and roasted.  Different grades can be produced depending on the 
processes used in manufacturing the gel.  They are used primarily to remove moisture from 
exhaust streams, but are ineffective at temperatures above 500°F.  Silica gels have surface 
areas of approximately 3.7 x 106 ft2/lb. 
 
Activated Alumina (Aluminum Oxides) 
 
Aluminum oxides are polar materials manufactured by heating alumina in an inert 
atmosphere to produce a porous aluminum oxide pellet.  Aluminum oxides are not commonly 
used in air pollution applications.  They are used primarily for drying gases, especially under 
high pressures, and as support material for catalysts.  A prime example of the latter is the 
depositing of alumina with platinum or palladium for use in catalytic oxidation.  The surface 
area of activated alumina adsorbents can range from 1.0 x 106 to 1.5 x 106 ft2/lb. 
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Adsorption Steps 
 
Adsorption occurs in a series of three steps.  In the first step, the contaminant diffuses from 
the bulk gas stream to the external surface of the adsorbent material.  In the second step, the 
contaminant molecule migrates from the relatively small area of the external surface to the 
macropores, transitional pores, and micropores within each adsorbent.  Most adsorption 
occurs in the micropores because the majority of available surface area is there.  In the third 
step, the contaminant molecule adheres to the surface in the pore.  Figure 2-2 illustrates this 
overall diffusion and adsorption process. 
 

 
 

Figure 2-2.  Adsorption steps 
 

Steps 1 and 2 are diffusional processes that occur because of the concentration difference 
between the bulk gas stream passing through the adsorbent and the gas near the surface of the 
adsorbent.  Step 3 is the actual physical bonding between the molecule and the adsorbent 
surface.  This step occurs more rapidly than Steps 1 and 2. 
 
Because van der Waals’ forces occur between the adsorbate molecules just as they do 
between the adsorbate and the adsorbent surface, multiple layers of molecules can form, one 
on top another.  When multiple layers of adsorbed contaminant molecules build up from both 
sides of a pore wall, capillary condensation occurs.  Condensation increases the amount of 
contaminant removed; however, the molecules are more difficult to desorb from the pores 
because of the great number of forces acting on them. 
 
Contaminant Retention 
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The amount of contaminant that can be held by an adsorbent is termed its retention and is 
expressed in weight percent or in pounds of contaminant adsorbed per 100 pounds of 
adsorbent.  Retention is influenced by a number of parameters.  One of these is temperature.  
At lower temperatures, because of the lower vibrational frequency of the molecules, the 
retention is high.  As temperature increases, it becomes increasingly difficult to keep the 
contaminant molecules on the surface and retention goes down.  Because of this, adsorbers 
are usually operated at temperatures no higher than about 125°F. 
 
Retention is also influenced by the pressure of the system.  At higher pressures, retention is 
higher because the molecules in the gas stream are more closely spaced, making it more 
difficult for contaminant molecules to escape from the surface and move back into the gas 
stream.  As the pressure is reduced, the wider spacing of the gas stream molecules makes it 
more difficult to keep contaminant molecules on the surface and retention goes down. 
 
Similarly, the concentration or partial pressure of the contaminant molecules in the gas 
stream also influences the retention.  At higher concentrations, more contaminant molecules 
are moving toward the surface, making it more difficult for molecules on the surface to 
escape, and retention is increased.  Likewise, at lower concentrations it is easier for 
molecules on the surface to escape and retention is reduced.  Even though retention is higher 
for higher concentration gas streams, this does not mean that less adsorbent is needed.  At 
higher concentrations, there is more material to be collected, generally requiring larger 
amounts of adsorbent. 
 
Retention is affected by the molecular weight of the contaminant molecules, because of 
variations in their vibrational frequency.  Small molecules with high vibrational frequencies 
are difficult to retain on the surface.  Generally, molecules with molecular weights less than 
about 45 are not good candidates for adsorption.  As the molecular weight of the molecules 
increases, retention increases.  However, molecules with a molecular weight greater than 
about 200 are also not good candidates for adsorption.  Although they are readily retained by 
the adsorbent, they are more difficult to remove during regeneration.  Also, contaminants that 
can react with the surface, like organic acids, aldehydes and some ketones, are not good 
candidates for carbon adsorption. 
 
Moisture in the gas stream can also affect retention.  Although water molecules are polar, 
they will adsorb onto activated carbon, competing with the organic contaminant for 
adsorption sites.  This generally becomes a concern when the relative humidity of the gas 
stream is greater than about 50 percent.  The designer usually counteracts this effect by using 
more total carbon when the relative humidity is high or by pretreating the gas stream to 
remove some of the moisture. 
 
Adsorption is also affected by the presence of liquid or solid particles in the gas stream.  As 
the gas stream wiggles through the bed of adsorbent granules, any particles that are present 
would be collected on their surface, blocking access to the high surface area in the internal 
pore structure.  Accumulated particulate matter can also cause poor flow distribution, 
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reducing collection efficiency.  As a result, any particulate matter in the gas stream must be 
removed before entering the adsorber. 
 
Adsorption Capacity 
 
Four important terms are used to describe the capacity of an activated carbon bed.  
Saturation capacity is the maximum amount of vapor that can be adsorbed per weight of 
carbon.  Only a portion of the carbon bed is ever saturated.  If the entire bed were allowed to 
saturate, vapor emissions would occur near the end of the operating cycle.  Saturated 
activated carbon will generally hold 20-40 pounds of contaminant per 100 pounds of carbon. 
 
When an adsorber module is put back on line after regeneration, the carbon will contain a 
small quantity of contaminant that was not practical to remove during regeneration.  This is 
referred to as the heel capacity and is generally 3-5 weight percent or 3-5 pounds of 
contaminant per 100 pounds of carbon.  Since regeneration is conducted with an upward 
flow, this heel is left as an essentially saturated layer at the top of the carbon bed. 
 
When gas flow enters the module, a mass transfer zone, or MTZ, is formed, as shown in 
Figure 2-3.  This is the zone of active adsorption and is generally 2-4 inches thick.  As 
adsorption proceeds, the MTZ moves down the bed, leaving saturated carbon behind it.  As 
long as the MTZ remains in the bed, the outlet concentration remains very low, as shown for 
points c1 and c2.  When the lower portion of the MTZ reaches the bottom of the bed and 
begins to exit, the concentration of contaminant in the effluent suddenly begins to rise, as 
shown at point c3.  This is referred to as the breakthrough point.  The quantity of 
contaminated contained in the bed when breakthrough occurs is called breakthrough 
capacity.  If the contaminated air stream is not switched to a fresh bed, the concentration of 
contaminant in the outlet will continue to rise until it equals the initial concentration, 
illustrated at point c4. 
 
The quantity of organic material that can be retained by the carbon bed during each 
adsorption cycle is the difference between the breakthrough capacity and the heel capacity.  
This is termed working capacity and is conservatively estimated to be about half of the 
saturation capacity or, typically, about 10-20 pounds of contaminant per 100 pounds of 
carbon. 
 
Regeneration Methods 
 
There are two ways to decide when to take a module off line for regeneration.  The most 
effective way is to use an analyzer in the outlet gas stream that takes the module off line 
when breakthrough occurs.  This allows for full utilization of the carbon bed, but requires the 
purchase, operation and calibration of an analyzer.  It is the most expensive option. 
 
A lower-cost option is to use mechanical or electronic timers.  The breakthrough curve for 
the adsorption process can be obtained from the carbon supplier, and the source can use 
scale-up calculations to predict the time that breakthrough should occur.  This time can then 
be refined in the field using a portable analyzer.  Although this is a lower cost option, it does 
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not usually provide for full utilization of the carbon bed.  For conservancy, the MTZ is 
generally just inside the bed when the module is taken off line.  Obviously, the use of timers 
is not an acceptable option when the gas flow rate or contaminant concentration or both vary 
in a random manner. 

 
Figure 2-3.  Mass transfer zone 

 
 
There are two methods for regenerating an activated carbon bed:  thermal swing, where the 
temperature is increased, or pressure swing, where the pressure is reduced.  The most 
common technique is thermal swing using low quality stream as the heating fluid.  Since the 
product of the regeneration is a mixed fluid of condensed contaminant and water, it is 
generally not used in systems where the contaminant has any significant solubility in water. 
 
After the module is taken off line, steam is introduced in an upward flow through the bed.  
There is an initial delay in desorption as the bed and vessel heat up.  As desorption proceeds, 
the steam flow sweeps the contaminants out of the bed to a condenser.  A decanter is used to 
separate the condensate and recover the organic contaminant.  The recovered organic may be 
returned to the process or used as all or part of the fuel in the steam generator.  Contaminant 
that does not condense is returned to the inlet of the operating modules. 
 
Once desorption is completed, the carbon bed is hot and wet and it is not a good adsorber for 
both reasons.  To cool the bed down and dry it out, a purge flow is taken from the outlet of 
the operating modules and directed upward through the desorbed bed.  From the time the 
module is taken off line for regeneration until it is ready to be returned to service typically 
takes 1 to 1.5 hours. 
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Where water contamination is a problem, thermal swing can be accomplished using a hot 
gas, such as nitrogen.  The desorption process is the same as when steam is used, except, 
when desorption is completed, the carbon bed is hot but not wet.  A purge flow is again taken 
from the outlet of the operating modules and directed upward through the desorbed bed for 
cooling.  From the time the module is taken off line for regeneration until it is ready to be 
returned to service typically takes 45 minutes to 1 hour. 
 
The other method for regeneration uses a change in pressure, rather than heating.  Most 
carbon adsorbers used for air pollution control operate at atmospheric pressure.  After the 
module is taken off line, a vacuum pump is used to reduce the pressure in the vessel to about 
50 mm Hg and to provide the gas movement to sweep the desorbed contaminants out of the 
bed to a condenser.  If explosive concentrations are possible, a blanketing gas such as 
nitrogen is used.  Once desorption is completed, it is only necessary to return the module to 
atmospheric pressure before returning it to service.  From the time the module is taken off 
line for regeneration until it is ready to be returned to service typically takes 15 to 30 
minutes. Because of the cost of operating and maintaining the vacuum generation equipment, 
this technique is usually only applied to small sources, such as gasoline marketing. 
  
Adsorption Systems 
 
Adsorption systems designed for odor control and other low contaminant concentration 
applications (<10 ppm) are relatively simple.  In these cases, as the adsorbent bed approaches 
saturation, it is simply replaced with a new one.  The removed adsorbent is returned to the 
supplier for regeneration or transferred to a waste handler for regeneration or destruction.  
Because the absorbent material is not reused on site, these systems are termed 
nonregenerative. 
 
Adsorption processes are used extensively on large-scale applications having solvent vapor 
concentrations in the range of 10 to 10,000 ppm.  Because of the large quantities of adsorbent 
needed, it is uneconomical to use the adsorbent only once.  Prior to becoming saturated with 
the solvents, the adsorbent is isolated from the gas stream and treated to drive the solvent 
compounds out of the solid adsorbent and into a small volume, high concentration gas 
stream.  The desorbed gas stream is then treated to recover the solvents.  The adsorbent is 
cooled (if necessary) and returned to adsorption service.  Because the adsorbent is reused, 
these adsorption processes are termed regenerative.  Regenerative adsorption systems can be 
categorized as fixed, moving, or fluidized bed, depending on how the gas stream and 
adsorbent are brought into contact. 
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Nonregenerative Systems 
 
Nonregenerative adsorption systems are manufactured in a wide variety of physical 
configurations.  They usually consist of thin adsorbent beds, ranging in thickness from 0.5 to 
4 inches.  These thin beds have low-pressure drops, normally below 0.25 inches H2O, 
depending on the bed thickness, gas velocity, and particle size of the adsorbent.  Bed areas 
are sized to have an air flow rate through them of from 20 to 60 ft/min.  Service time for 
these adsorption units can range from six months for heavy odor concentrations up to two 
years for trace concentrations or intermittent operations. 
 
These thin bed adsorbers are flat, cylindrical, or pleated.  The granules of activated carbon 
are retained by porous support material, usually perforated sheet metal.  An adsorber system 
usually consists of a number of retainers or panels placed in one frame.  Figure 2-4 shows a 
nine-panel, thin-bed adsorber.  The panels are similar to home air filters except that they 
contain activated carbon as the filter instead of fiberglass. 
 

 
 

Figure 2-4.  Thin-bed adsorber--nine cell system 
 
The pleated cell adsorber (Figure 2-5) is one continuous retainer of activated carbon, rather 
than individual panels.  Panel and pleated beds are dimensionally about the same size, 
normally 2 ft by 2 ft.  Cylindrical canisters (Figure 2-5) are made of the same materials as the 
panel and pleated adsorbers, but their shape is circular rather than square. 
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Figure 2-5.  Nonregenerative adsorbers 
 
Thick bed nonregenerative systems are also available.  One system that can be used is 
essentially a 55-gallon drum.  The bottom is filled with gravel to support a bed of activated 
carbon weighing approximately 150 lb.  A typical unit is shown in Figure 2-6.  These drums 
are typically installed with two in series, so that the inlet drum can be completely saturated 
before it is taken out of service. 
 

 
 

Figure 2-6.  Nonregenerative drum adsorber 
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Regenerative Systems:  Fixed Bed Designs 
 
Fixed carbon beds are a common adsorption system for controlling air pollutants.  These 
systems are used to control a variety of organic vapors and are often regenerated by low-
pressure steam.  Fixed-bed adsorption systems usually involve multiple beds.  One or more 
beds treat the process exhaust, while the other beds are either being regenerated or cooled.  A 
flowchart of a typical three-bed adsorption system is shown in Figure 2-7. 
 

 
 

Figure 2-7.  Multi-bed, fixed-bed type adsorption system 
 
The collected gas stream is first pretreated to remove any solid particles that could plug the 
carbon bed.  In some applications, the gas stream is passed through an indirect heat 
exchanger to lower the gas temperature to the range of 60°F to 100°F, where adsorption 
efficiency and adsorbent service life are both optimum.  The pretreated gas stream then 
enters one of the parallel vessels that house the adsorbent beds.  Gas flow is usually passed 
downward through the fixed carbon bed.  Upward flow through the bed is avoided to 
eliminate the risk of entraining carbon particles in the exhaust stream. 
 
Regenerative fixed carbon beds are usually from 1 to 4 ft thick.  The maximum adsorbent 
depth of 4 ft is based on pressure drop considerations.  Superficial gas velocities through the 
adsorber range from 20 to 100 ft/min with 100 ft/min being a maximum normal flow rate.  
Pressure drops normally range from 3 to 15 inches H2O, depending on the gas velocity, bed 
depth, and carbon pellet size. 
 
Two chamber, fixed-bed adsorbers have also been developed using carbon fiber adsorbent 
elements.  The activated carbon is prepared as fiber coated surfaces, a number of which are 
mounted in a single chamber.  The carbon fiber is a thin layer material with micropores 
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leading directly from the adsorbent surface.  With the two chamber design, one of the 
chambers is in adsorption mode, while the other is desorbed using steam.  Because of the thin 
depth of the material, desorption times are shorter than those for the conventional deep bed, 
carbon pellet designs.  A two bed, carbon fiber adsorber is shown in Figure 2-8. 
 

 

Figure 2-8.  Carbon fiber system 
(Reprinted courtesy of Durr Industries, Inc., Plymouth, Michigan) 

 
Regenerative Systems:  Moving Bed Designs 
 
Moving bed systems can use a carbon bed more effectively than a fixed-bed system.  In 
moving bed systems, the solvent-laden air stream passes only through the unsaturated portion 
of the carbon bed, reducing the distance the air stream travels through the bed; therefore, the 
static pressure drop is low. 
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One type of moving bed adsorber is the rotary wheel zeolite adsorber, such as the unit shown 
in Figure 2-9.  The zeolite adsorbent is mounted in a vertically oriented wheel that rotates at 
a rate of approximately five revolutions per hour.  Three quarters of the wheel is in 
adsorption service while one quarter is being desorbed using hot air.  The desorbed gas 
stream has a contaminant concentration that is approximately 10 to 15 times the inlet level, 
and a flow rate that is less than 10% of the inlet gas stream.  Overall adsorption efficiencies 
are in the range of 90% to 98% 
 

 

 
Figure 2-9.  Rotary wheel zeolite adsorber 

 
Another type of moving bed adsorber is the rotary carbon fiber adsorber.  This adsorber uses 
activated carbon fiber paper prepared in a corrugated honeycomb arrangement (Figure 2-
10a).  The absorbent is mounted in a rotor that turns continuously at a speed of 1 to 9 
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revolutions per hour (Figure 2-10b).  Desorption is accomplished using hot air that passes 
through the honeycomb as it rotates into position. 
 

 

Figure 2-10a.  Rotor for carbon fiber system 
 
 

 

Figure 2-10b.  Rotor system 
(Reprinted courtesy of Durr Industries, Inc., Plymouth, Michigan) 

 
Adsorption and desorption are performed simultaneously on different sectors of the rotor.  
The desorbed solvent vapors are at concentrations of 5 to 15 times the inlet levels.  
Accordingly, the system is attractive for the pretreatment of dilute solvent-laden air streams 
prior to incineration. 
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Regenerative Systems:  Fluidized Bed Designs 
 
A fluidized bed uses the motion of the solvent-laden air stream to entrain adsorbent material 
and thereby facilitate good gas-adsorbent contact.  Figure 2-11 shows a fluidized bed system. 
 The solvent-laden air stream is introduced at the bottom of the adsorption vessel and passes 
upward through two to six beds.  The movement of the gas stream fluidizes the adsorbent.  
The adsorbent flows down through the vessel from tray to tray until it reaches the bottom.  
The adsorbent is then pneumatically conveyed to a desorption vessel where regeneration is 
accomplished by indirect contact with steam.  The desorbed adsorbent is then conveyed back 
to the top of the adsorption vessel.  Because the adsorption and desorption processes are 
physically separate, organic contaminants can be concentrated by a factor of 10 to 50. 
 

 
Figure 2-11.  Fluidized bed adsorber 

(Reprinted courtesy of Weatherly, Inc., Atlanta, Georgia) 
 
As with the moving bed, the fluidized bed also provides continuous operation and more 
efficient utilization of the adsorbent.  These systems can be used with either polymeric 
adsorbents or activated carbon adsorbents.  With activated carbon, it is necessary to use a 
form that can withstand the physical attrition inherent in the system. 
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Inspection 
 
The inspection procedures for adsorption systems primarily concern evaluation of the outlet 
concentration of the contaminant, the regeneration conditions, and the capture system 
operating conditions. 
 
 Basic Level 2 
 

• Outlet VOC concentration 
• Adsorption/desorption cycle times 
• Steam pressure and temperature 
• Adsorber physical condition 

 
 Follow-up Level 2 
 

• Inlet concentration (%LEL) and hood static pressure 
• Inlet gas temperature 
• Inlet and outlet static pressures 
• VOC detector calibration and maintenance 
• Solvent recovery rates 

 
Basic Level 2:  Outlet VOC Concentration 
 
The most useful data for evaluating the performance of a carbon bed adsorber are the outlet 
VOC concentrations.  This should be checked near the end of the cycle, before a module 
goes off line for regeneration.  Whenever possible, data from the on-site, permanently 
mounted outlet concentration detector should be used.  This instrument is usually calibrated 
and checked on a routine basis.  When this instrument is not available, a portable VOC 
analyzer can be used by plant personnel.  This instrument provides a qualitative indication of 
the concentration. 
 
Basic Level 2:  Adsorption/Desorption Cycle Times 
 
Determine the time interval between bed regenerations and compare this with previously 
observed values.  An increase in this time interval could mean that breakthrough is occurring, 
if the quantities of organic vapor entering the system have remained unchanged.  Compare 
desorption times with previous observations.  A reduction in this time could mean that less 
effective regeneration is occurring, unless the steam temperature has been increased, 
reducing working capacity. 
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Basic Level 2:  Steam Pressure and Temperature 
 
A decrease in steam pressure and temperature from previous levels could indicate less 
effective regeneration.  The hot gas temperature or the vacuum level should be checked on 
system using those methods of regeneration. 
 
Basic Level 2:  Adsorber Physical Condition 
 
Some organic compounds collected in carbon beds can react during stream regeneration.  
This leads to corrosion of the vessel shell and of the screens retaining the carbon beds. 
 
Follow-up Level 2:  Inlet Concentration and Hood Static Pressure 
 
These data are used to demonstrate that the process equipment and its associated ventilation 
system continue to operate in a normal manner.  Low inlet concentrations and/or low hood 
static pressures would indicate severe air infiltration into the system or improper hood 
performance.  In both cases, fugitive emissions could be occurring from the process 
equipment. 
 
Follow-up Level 2:  Inlet Gas Temperature 
 
The capacity of the adsorption system to remove contaminants between desorption cycles is 
inversely related to the gas stream temperature.  If the temperature has increased, it might be 
necessary to increase the frequency of desorption. 
 
Follow-up Level 2:  Inlet and Outlet Static Pressures 
 
Determine the static pressure drop across the adsorber.  A decrease from previous values 
could mean that increased channeling of the gas stream is affecting gas-solid contact or that 
the carbon bed support has collapsed.  An increase could mean partial pluggage of the carbon 
bed or that the carbon bed is compacting with age and possibly losing capacity. 
 
Follow-up Level 2:  VOC Detector Calibration and Maintenance 
 
The VOC detectors often used at the outlet of carbon bed systems are relatively sophisticated 
instruments which require frequent maintenance.  Confirm that they are working properly by 
reviewing the calibration records since the previous inspection.  Maintenance work orders 
should also be reviewed to determine if the instruments have been operational most of the 
time. 
 
Follow-up Level 2:  Solvent Recovery Rates 
 
Material balance calculations provide a good method to evaluate the long term average 
performance of the adsorption system.  However, these calculations must be based on 
accurate estimates of the quantities of organic compounds entering the system and the 
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amounts recovered from the adsorber.  It some cases, these are difficult estimates to prepare. 
 Accordingly, solvent recovery material balance calculations can not be performed accurately 
in all cases.  Furthermore, these calculations are usually very time consuming due to the 
number of day-by-day calculations needed to complete a material balance over a week or 
month. 
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Review Problems 
 
Video Problem 
 
The videotape concerns two different facilities operating carbon bed adsorbers.   The first 
facility is a large rotogravure operation.  This is a fully instrumented, state-of-the art carbon 
bed system that collects toluene.  The second is a large manufacturing plant with two vapor 
degreasers.  The solvent being collected is 1,1,1-trichloroethane.  Due to the very small size 
of this dual bed system, there is essentially no instrumentation that would be useful to an 
inspector.  A comparison of the instrumentation available at each of these sites is provided in 
the following table: 
 

Inspection Data Large System 
(Rotogravure)

Small 
System 

(Degreasers) 
Outlet VOC 
Concentration 

Yes No 

Steam Pressure Yes Yes 
Inlet Temperature Yes No 
Static Pressure Yes No 
Recovered Solvent Yes No 

 
1. Draw a flowchart of the two-bed degreaser adsorber system shown in the video. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. On the flowchart prepared in Problem 1, show what instruments should be added to the 

carbon bed adsorber system to improve compliance monitoring capability. 
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General Problems 
 
3. What would an increase in the static pressure drop from 4 in. H2O to 8 in. H2O across a 

carbon bed adsorber system possibly indicate? 
 

a. Increased gas flow rate 
b. Increased gas inlet temperature 
c. Increased gas VOC concentration  
d. Partial plugging of the carbon bed due to particulate 
e. Physical breakdown of the carbon pellets in the bed 
f. Decreased VOC removal efficiency  
g. Other_________________________________________________ 

 
4. What would an increase in the gas inlet temperature from 85°F to 105°F indicate for a 

carbon bed system? 
 

a. Increased VOC removal efficiency 
b. Decreased VOC removal efficiency 
c. Decreased efficiency of an inlet heat exchanger 
d. Increased efficiency of an inlet heat exchanger 
e. Change in process operating conditions 
f. Increase in the solvent-laden air flowrate 
g. Other_________________________________________________ 

 
5. What types of inspection data can be used to evaluate if a multi-bed adsorption system is 

experiencing significant organic vapor breakthrough before the desorption cycle for each 
bed is initiated? 

 



 

 

CHAPTER 3 
THERMAL AND CATALYTIC 
OXIDIZERS 

In incineration processes, organic contaminants are removed from a gas stream by oxidizing 
them to other compounds.  If the organic compounds are composed of carbon and hydrogen, 
then the products of that oxidation are carbon dioxide and water vapor.  However, if the 
organic materials contain chlorine, fluorine or sulfur, then hydrochloric acid vapor, 
hydrofluoric acid vapor, sulfur dioxide, or other compounds may be formed. 
 
Oxidation air pollution control systems are based on mature technology that has been used 
successfully for more than 50 years.  However, there have been a number of developments 
since 1985 that have increased the types of commercially available oxidizer systems.  
Oxidizer systems for VOC and air toxic compound control can now be categorized into two 
main groups and a number of subgroups, according to the types of oxidation reactions 
utilized. 
 
 High Temperature, Gas Phase Oxidation Processes 
 

• Recuperative thermal oxidizers 
• Regenerative thermal oxidizers 
• Process boilers used for thermal oxidation 
• Flares used for thermal oxidation 

 
 Catalytic Oxidation Processes 
 

• Recuperative catalytic oxidizers 
• Regenerative catalytic oxidizers 

 
High temperature, gas phase oxidation processes use temperatures in the range of 1,000°F to 
2,000°F.  Flares are used for combustion of organic vapor streams that usually have 
concentrations greater than 2-3 times their lower explosive limit (LEL).  Thermal oxidizers 
and process boilers handle gas streams with organic vapor concentrations less than 25% to 
50% of their LEL.  Catalytic oxidation processes operate at temperatures ranging from 400°F 
to 1,200°F.  These oxidizers are generally restricted to gas streams with concentrations less 
than 25% of their LEL. 
 
Because of fuel costs, most oxidizers use heat exchangers to recover some of the heat from 
the treated gas stream.  That heat is usually used to pre-heat the contaminated gas stream 
before it enters the oxidizer.  Two types of heat exchangers are used:  recuperators and 
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regenerators.  The most common recuperator is shell-and-tube heat exchanger.  These 
devices have a shell that encloses numerous small tubes.  The contaminated gas stream flows 
through these tubes, while the treated gas stream flows through the shell, across the tubes.  
Heat from the treated gas stream is transferred through the tubes to the waste gas stream.  A 
regenerator is a set of refractory beds that store heat.  Heat recovery is achieved by passing 
the waste gas stream through a packed ceramic bed at the inlet to the oxidizer that was 
previously heated with the gases exiting the oxidizer. 
 
In this chapter, we will concentrate on the use of thermal and catalytic oxidizers for the 
destruction of organic vapors.  In general, these oxidizers are capable of destruction efficiencies 
greater than 95 percent.  Some oxidizer designs have destruction efficiencies greater than 99 percent. 
  
Thermal Oxidizers 
 
Operating Principles 
 
In all high temperature combustion processes, there is a complex set of several hundred to 
several thousand chemical reactions occurring simultaneously.  The main products of these 
reactions are carbon dioxide and water vapor.  However, if there is sulfur in the fuel or the 
contaminant compounds, sulfur dioxide will be formed.  In addition, 0.5% to 2% of the total 
sulfur can also form sulfur trioxide, which ultimately forms vapor phase sulfuric acid, once 
the gas stream cools below approximately 600°F. 
 
If chlorine or fluorine atoms are present in the organic compound being burned, hydrochloric 
acid and hydrofluoric acid will usually be formed.  However, if the compounds being burned 
have only a limited number of hydrogen atoms per molecule, chlorine gas can also form in 
the combustion chamber. 
 
Nitrogen atoms in the organic compounds being oxidized can form nitrogen oxides, or they 
can be chemically reduced to form molecular nitrogen.  The quantity of nitrogen oxides 
formed because of the organic compounds is usually small compared to the nitrogen oxides 
formed in the burner flame of the thermal oxidizer. 
 
The combustion reactions go to completion if the gas temperature is sufficiently high, there 
is sufficient oxygen to support the combustion process, the combustible materials and the 
oxygen are well mixed, and the residence time of the combustible gases is sufficiently long.  
Assuming that adequate oxygen and turbulence levels are present, the factors that primarily 
affect destruction efficiency are combustion temperature, residence time, and the VOC 
composition and concentration. 
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Temperature 
 
The temperature necessary for efficient oxidation is generally 200°F to 500°F above the 
auto-ignition temperature of the most difficult to oxidize organic compound contained in the 
gas stream.  Table 3-1 provides a list of the auto-ignition temperatures of some common 
organic compounds. 
 

Table 3-1.  Auto-Ignition Temperatures
Compound Temperature 

(°F) 
Acetone 869 
Benzene 1097 
Chlorobenzene 1245 
Methanol 878 
Methyl Ethyl 
Ketone 

960 

Toluene 997 
Xylene 924 

 
The minimum oxidation temperature should be 1,300°F.  Although most organic vapors can 
be oxidized below this temperature, equilibrium conditions between carbon monoxide, 
oxygen and carbon dioxide increasingly favor leaving the carbon as carbon monoxide as the 
combustion temperature is decreased below 1,300°F.  As the temperature is increased above 
minimum oxidation temperature, the reaction rate increases and lower residence times are 
required for effective destruction.  Most thermal oxidizers operate at temperatures of 1,300°F 
to 1,800°F. 
 
Residence Time 
 
The residence time of gases in the combustion chamber may be calculated from a simple 
ratio of the volume of the refractory-lined combustion chamber and the volumetric flow rate 
of combustion products through the chamber 
 

 
Q
Vt =  (3-1) 

 
where 
 
 t = residence time (sec) 
 V = chamber volume (ft3) 
 Q = volumetric flow rate at combustion conditions (ft3/sec) 
 
The residence time needed to complete the oxidation reactions in the combustion chamber 
depends partly on the rate of the reactions at the prevailing temperature and partly on the 
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mixing of the waste stream and the hot combustion gases from the supplemental burner or 
burners.  Residence times are usually between 0.3 and 2 seconds. 
 
VOC Composition and Concentration 
 
The composition of the organic vapor plays some part in determining the minimum oxidation 
temperature.  As noted above, the temperature necessary for efficient oxidation is generally 
200°F to 500°F above the auto-ignition temperature of the most difficult to oxidize organic 
compound, with a minimum temperature of 1,300°F. 
 
The organic vapor in the gas stream also provides a source of energy, reducing the amount of 
fuel required for oxidation.  Organic vapors at their lower explosive limit contain about 50 
Btu/scf.  Thermal oxidizers usually operate at organic vapor concentrations below 25-50% of 
the LEL, so the waste gas stream can be transported safely to the combustion device.  Thus, a 
maximum of 12-25 Btu/scf is available from the waste gas stream to support the oxidation 
process. 
 
Recuperative Thermal Oxidizers 
 
A recuperative thermal oxidizer consists of a refractory-lined chamber equipped with one or 
more gas- or oil-fired burners.  As shown in Figure 3-1, the contaminant-laden gas stream is 
mixed with the hot combustion gases from the burner flame in order to achieve the desired 
operating temperature.  The contaminated gas stream does not necessarily pass through the 
burner itself.  The burner normally operates continuously unless the organic vapor 
concentration in the inlet gas stream is high.  An outlet temperature monitor downstream of 
the combustion chamber is used to regulate the fuel flow and to shut down the burner in the 
event of excessively high gas temperatures.  A burner master controller is used to maintain 
proper air-fuel ratios. 
 

 
 

Figure 3-1.  Recuperative thermal oxidizer 
 



Chapter 3:  Thermal and Catalytic Oxidizers 

3-5 

The combustion chamber is sized to provide sufficient residence time to complete the 
oxidation reactions.  The residence times of the combustion products in the combustion 
chamber vary from approximately 0.3 to more than 2 seconds.  The time needed for high 
efficiency destruction is strongly dependent on the operating temperature and the mixing 
within the chamber. 
 
The unit depicted in Figure 3-1 includes a recuperative heat exchanger to recover a portion of 
the sensible heat generated by combustion of the burner fuel and by oxidation of the organic 
vapors in the gas stream.  The hot gas stream passes on the inside of the tube bank, and the 
inlet gas stream passes on the outside.  Because of the presence of the recuperative heat 
exchanger, the particulate matter concentrations in the inlet gas stream must be minimized.  
The particulate matter can foul the surfaces of the tubes and thereby reduce the thermal 
efficiency of the unit.  Some recuperative units include clean-out ports and access hatches to 
facilitate cleaning.  Heat recoveries range from approximately 40% to 65% of the total heat 
released in the combustion chamber. 
 
Because of the low organic vapor concentration of the inlet gas stream, flashback through the 
gas handling system is not a major safety concern.  Accordingly, these types of oxidizers 
usually do not have flashback protective devices.  An LEL monitor on the inlet gas stream 
may be used to activate an atmospheric discharge vent or to shut down the entire process if 
concentrations exceed safe levels. 
 
Thermal oxidizers are relatively heavy units because of the refractory lining of the 
combustion chamber.  This lining is needed to protect the metal shell from the high 
temperatures within the chamber.  Because of their weight, thermal oxidizers are often placed 
on the ground rather than on roofs or other elevated areas. 
 
Regenerative Thermal Oxidizers 
 
Regenerative thermal oxidizers have much higher heat recovery efficiencies than 
recuperative units.  Heat recovery efficiencies as high as 95% are possible.  Because of the 
high inlet gas temperatures created by the heat recovery, burner fuel is required only if the 
organic vapor concentrations in the gas stream are very low.  At moderate-to-high 
concentrations, the heating value of the organic compound contaminants is sufficient to 
maintain the necessary temperatures in the combustion chamber. 
 
High efficiency heat recovery is achieved by passing the inlet gas stream through a large 
packed bed composed of ceramic packing.  This packing is preheated by passing the outlet 
gases from the combustion chamber through the bed prior to exposure to the inlet gas stream. 
A set of gas flow dampers is used to switch the inlet and outlet gas streams to the appropriate 
beds. 
 
It is common to use at least three beds in a regenerative system.  One of the beds is used to 
preheat the inlet gas stream, one is used to transfer the heat of combustion from the treated 
gas stream, and one is in a purge cycle.  The purge cycle is needed to prevent emission spikes 
each time the gas flow is reversed through the regenerative beds.  Without a purge cycle, a 
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portion of the untreated gas stream would be released immediately after the flow is reversed. 
 An example of a commercial system is shown in Figure 3-2.  This unit has three parallel 
beds with an overhead refractory lined combustion chamber equipped with two gas-fired 
burners. 
 

 

Figure 3-2.  Regenerative thermal oxidizer 
(Reprinted courtesy of Smith Engineering Co., Ontario, California) 

 
Another type of regenerative thermal oxidizer, a flameless oxidizer, is shown in Figure 3-3.  
In this case, the burner is used only for preheating the packed ceramic bed prior to the 
introduction of organic vapor.  The contaminated gas stream enters a gas distribution 
chamber near the bottom of the unit and is mixed with air.  The ceramic bed temperature is 
maintained above the auto-ignition temperature of the most difficult to oxidize compound 
being treated.  One of the advantages of this type of combustion system is the low NOx 
generation rate due to the limited peak gas temperatures in the packed bed. 
 
All of the regenerative units are vulnerable to particulate matter in the inlet gas stream.  
Particulate matter can severely plug the packed bed and thereby increase the static pressure 
drop.  Therefore, regenerative units are used only on sources with very low particulate matter 
loadings (i.e. < 0.015 gr/ACF) or on sources where it is safe and practical to remove the 
particulate matter upstream of the oxidizer. 
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Figure 3-3.  Flameless thermal oxidizer 
(Reprinted courtesy of Thermatrix, Inc., San Jose, California) 

  
Catalytic Oxidizers 
 
Operating Principles 
 
A catalyst is a substance that accelerates a chemical reaction without undergoing a change 
itself.  In catalytic oxidation, a waste gas is passed through a layer of catalyst known as the 
bed.  The catalyst causes the oxidation reaction to proceed at a much lower temperature than 
is possible in gas phase thermal oxidation.  This is the principal advantage of catalytic 
oxidizers.  The supplemental fuel requirements are low, especially when the contaminated 
gas stream has a high organic vapor content.  It is often possible for catalytic oxidizers to 
operate without supplemental fuel except during start-up.  Because of the low gas 
temperatures, refractory-lined combustion chambers are usually not needed, reducing the 
weight of the unit. 
 
Catalytic oxidation occurs on the catalyst surface.  The steps involved in this process are: 
 

• Diffusion of the reactants from the gas stream to the catalyst surface 
• Chemisorption of the reactants onto the catalyst surface 
• Chemical reaction on the catalyst surface 
• Desorption of the reaction products from the catalyst surface 
• Diffusion of the reaction products into the gas stream 

 
Accordingly, most of the problems that result in reduced oxidation efficiency result from an 
inability to reach the catalyst surface or from some problem with the catalyst surface.  Again 
assuming that adequate oxygen and turbulence levels are present, the factors that primarily 
affect catalytic destruction efficiency are catalyst properties, oxidation temperature, space 
velocity, VOC composition and concentration, and catalyst deactivation. 
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Catalyst Properties 
 
Typical catalysts include noble metals, such as platinum, palladium and rhodium, and base 
metal oxides, such as chromium trioxide, manganese trioxide and vanadium pentoxide.  The 
typical heterogeneous catalyst unit is usually composed of three primary components:  (1) 
the substrate, (2) the carrier, and (3) the catalyst material. 
 
The substrate is a thin solid material or small particle, typically of either ceramic or stainless 
steel, on which the carrier and catalyst material are deposited.  The most common form used 
in VOC oxidation applications is the monolithic honeycomb shown in Figure 3-4.  This 
configuration provides the maximum surface area, while minimizing pressure drop, and is 
better able to accommodate gas streams containing particles.  Ceramic pellets can also be 
used as catalyst substrates; however, they provide less surface area per unit volume and are 
susceptible to plugging by particles in the gas stream. 
 

 
 

Figure 3-4.  Honeycomb catalyst bed 
 
The carrier, or washcoat, is a high surface area inorganic material containing a complex pore 
structure into which the catalyst materials are deposited.  In addition to providing high 
surface area, the carrier also plays a critical role in maintaining the activity, selectivity and 
durability of the finished catalyst.  Alumina is by far the most common carrier used; 
however, it is highly reactive with sulfur trioxide and forms compounds that alter the internal 
surface of the carrier, resulting in catalyst deactivation.  Silicon dioxide and titanium dioxide 
are more commonly used when sulfur-bearing compounds are present in the gas stream.  The 
catalyst materials are typically dispersed within the carrier by soaking it in an aqueous 
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solution of a precursor salt of the catalyst.  Once catalyzed, the carrier is deposited onto the 
substrate.  A microscopic-level illustration of catalyst washcoat and substrate is shown in 
Figure 3-5. 
 

 
 

Figure 3-5.  Cross-section of a catalyst on a honeycomb 
 (Reprinted courtesy of Engelhard Corporation, Ontario, California) 

 
More recent technology has allowed homogeneous catalysts, such as vanadium pentoxide 
dispersed in titanium dioxide, to be extruded in a honeycomb structure.  Since the entire 
monolith is catalyst, a higher concentration of active component is present than in a similar 
washcoated honeycomb.  Also, the absence of a washcoat eliminates a manufacturing step. 
 
The most widely used catalysts for VOC oxidation are platinum, palladium and rhodium.  
This prevalence is due to their high activity, wide operating temperature range, thermal 
durability, and resistance to deactivation.  Base metal catalysts, typically oxides of chromium 
and manganese, have also been used for VOC oxidation.  They are typically supplied in 
pellet from and have higher pressure drops than catalysts on monolithic structures.  The 
particular catalyst that is chosen depends on the specific VOC or combination of VOCs that 
are to be treated.  The catalyst chosen must be selective to the desired oxidation reaction and 
resistant to deactivation by the VOC and by other materials present in the gas stream. 
 
Temperature 
 
The effect of temperature on the activity of oxidation catalysts can be described with a light-
off curve.  This is an S-shaped graph of conversion efficiency versus temperature.  The light-
off curve is divided into three regions:  (1) kinetically limited, (2) light-off, and (3) mass 
transfer limited.  Each VOC has its own distinctive light-off curve; however, a generic 
illustration is shown in Figure 3-6. 
 
At low temperatures, the reaction is kinetically limited, and any conversion that occurs 
depends on the interaction of VOC molecules and oxygen at the catalyst surface.  As the 
temperature increases, the reaction rate increases abruptly as a result of the heat of reaction.  
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This is the light-off region.  It is characterized by a rapid increase in conversion efficiency 
over a narrow temperature range.  The reaction then proceeds to the mass transfer limited 
region, where the reaction is only limited by the ability of the reactants to get to the catalyst 
sites.  This is the desired region for operation of a catalytic oxidizer and is usually in the 
range of 400°F to 1,000°F 
 

 

Figure 3-6.  Generic catalyst light-off curve 
 
The upper temperature limit for catalytic oxidation is the sintering temperature of the carrier 
material.  Conceptually, sintering involves the merging of the carrier material ridges.  As this 
occurs, some of the catalyst is trapped below the surface of the carrier and is no longer 
available to the gas stream.  High temperature excursions can also cause volatilization of the 
catalyst from the carrier material.  Most catalyst carriers cannot withstand temperatures 
above 1,200°F for an extended period of time without sustaining damage. 
 
Space Velocity 
 
The amount of catalyst required in a catalytic oxidizer depends on the space velocity.  Space 
velocity is defined as the ratio of the volumetric flow rate at standard conditions to the 
catalyst bed volume: 
 

 
BV
Q

SV std=  (3-1) 

 
where 
 
 SV = space velocity (hr-1) 
 BV = catalyst bed volume (ft3) 
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 Qstd = volumetric flow rate at standard conditions (ft3/hr) 
 
The greater the reactivity of the catalyst, the higher the space velocity and the lower the 
volume of catalyst required for VOC destruction.  Space velocities range from 10,000 hr-1 to 
100,000 hr-1, with the lower values being necessary for the less reactive base metal catalysts. 
 At a given operating temperature, decreasing the space velocity results in increased destruction 
efficiency. 
 
VOC Composition and Concentration 
 
The composition of the organic vapor is very important in determining the minimum inlet 
temperature to the catalytic oxidizer.  This temperature is determined from the light-off curve 
for the most difficult to oxidize organic compound and is generally set at a minimum of 
about 100°F above light-off temperature. 
 
As with thermal oxidizers, the organic vapor in the gas stream also provides a source of 
energy; however, the consequences of this are different for catalytic oxidizers.  Proper 
operation of a catalytic oxidizer requires maintaining an inlet temperature that is above the 
light-off temperature.  Thus, the heat released from oxidation of the VOC results in an 
increase in the gas stream temperature across the catalyst bed.  Oxidation of a VOC 
concentration of 1% of the LEL will result in a gas stream temperature increase of 
approximately 27°F.  Oxidation of a VOC concentration of 25% of the LEL will result in a 
gas stream temperature increase of approximately 675°F.  Depending on the required inlet 
temperature, heat releases of this magnitude could result in high temperature damage to the 
catalyst.  It is for this reason that inlet concentrations to catalytic oxidizers are generally 
limited to less than 25% of the LEL. 
 
Catalyst Deactivation 
 
Catalysts are subject to operating problems that can cause either a rapid or a slow loss of 
activity and an accompanying decrease in destruction efficiency.  This is called catalyst 
deactivation.  One problem that can cause deactivation was mentioned above—sintering of 
the carrier as a result of exposure to excessive temperature.  Other causes are fouling, 
masking and poisoning.  Some of these processes are reversible and some are not.  All 
catalysts undergo some deactivation over time, and sometimes an increase in operating 
temperature can be used to compensate for the loss of activity.  However, all catalysts will 
eventually age to a point where their effectiveness diminishes so much that they must be 
replaced.  The average life of a catalyst is 2 to 5 years, with the service life generally higher 
for units that operate at lower temperature. 
 
Catalytic oxidizers usually cannot be used effectively on gas streams containing high 
concentrations of particulate matter.  Particulate matter that deposits on the surface of the 
catalyst blocks the access of the organic compounds.  Coating the catalyst surface in this 
manner is referred to as fouling.  Oil droplets can also foul the catalyst bed, unless they are 
vaporized in the preheat section.  
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Some materials, principally sulfur and halogen compounds, have a high adsorptive affinity 
for some catalytic surfaces, reducing the active sites available to the organic compounds.  
This is termed masking.  This is a reversible process, with full catalytic activity returning 
once the masking agent is removed from the gas stream.  However, this is not usually 
practical.  The typical approach to solving masking problems is to select a catalyst that is not 
affected by other contaminants in the gas stream. 
 
Masking and fouling problems in catalytic oxidizers can sometimes be minimized by using a 
fluidized bed arrangement.  In this type of system, the catalyst is prepared as spherical 
particles supported on a grid.  Space is provided so that the catalyst containing particles can 
move freely because of the action of the gas stream passing through the bed.  In this type of 
system, particle-to-particle abrasion continually cleans the catalyst containing surfaces to 
minimize the effect of masking.  One of the disadvantages of this type of system is the need 
to collect and dispose of the fine particulate matter generated by physical attrition in the 
fluidized bed. 
 
Certain metals can react irreversibly with or alloy to the catalyst, thereby making it inactive.  
Deactivation in this manner is called poisoning.  Catalyst poisons can be divided into two 
categories:  (1) fast acting poisons, such as phosphorus, bismuth, arsenic, antimony and 
mercury, and (2) slow acting poisons, such as iron, lead, tin and silicon.  Catalysts are more 
tolerant of the slow acting poisons, particularly at temperatures below 1,000°F.  At 
temperatures above 1,000°F, even copper and iron are capable of alloying to noble metals, 
such as platinum, and reducing their activity. 
 
In many cases, a deactivated catalyst can be regenerated.  Physical cleaning uses mechanical 
methods to remove accumulated particulate matter and can usually be accomplished without 
removing the catalyst.  Thermal cleaning is used when catalyst has been fouled with organic 
compounds or char.  The catalyst bed temperature is elevated for a limited period of time in 
order to vaporize or oxidize the materials.  Chemical cleaning involves removing the catalyst 
bed from the unit and cleaning it in acid or alkaline solutions or other chemicals. 
 
Some units are designed with a section of catalyst that can be easily removed for analysis.  
An activity test is performed to compare the performance of the catalyst against a baseline.  
If the test reveals deactivation, steps are taken to determine what, if anything, can be done to 
regain some or all of the catalytic activity. 
 
Catalytic Oxidation Systems 
 
Catalytic oxidation systems are designed with both regenerative and recuperative heat 
exchangers to minimize fuel consumption.  The operation and the advantages and limitations 
of recuperators and regenerators are identical to those for thermal oxidizers. 
 
A conventional catalytic oxidizer is shown in Figure 3-7.  The inlet gas stream passes 
through a recuperative type heat exchanger to recover a portion of the sensible heat from the 
hot exhaust gases.  The gas stream then enters a preheat chamber where the inlet gas is 
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distributed across the inlet face of the catalyst bed.  If the inlet gas temperature is too low for 
the catalytic reactions, a preheat burner is used to raise the temperature.  The preheat burner 
is operated mainly during start-up and during periods when the inlet organic vapor 
concentration is very low.  The exothermic combustion reactions that occur as the gas stream 
passes through the catalyst bed increase the gas temperature.  The gas stream then passes 
through the hot gas side of the recuperative heat exchanger and is exhausted to the 
atmosphere. 
 

 
 

Figure 3-7.  Recuperative catalytic oxidizer 
  
Inspection 
 
The inspection data and observations usually included in a Level 2 inspection of thermal and 
catalytic oxidizers are listed below. 
 
 Basic Level 2 
 

• Visible emissions 
• Outlet VOC concentration 
• Thermal oxidizer outlet temperature 
• Catalytic oxidizer inlet and outlet temperatures 
• Oxidizer physical condition 

 
 Follow-up Level 2 
 

• Inlet concentration (%LEL) and hood static pressure 
• Inlet and outlet static pressures 
• VOC detector calibration and maintenance 
• Internal inspection reports 
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• Catalyst activity test data 
 
Basic Level 2:  Visible Emissions  
 
There should be no visible emissions at the stack.  Visible emissions are generally due to 
improper burner operation or condensation of unburned organic compounds. 
 
Basic Level 2:  Outlet VOC Concentration 
 
Outlet VOC concentration is the most important inspection item.  Often, permanently 
installed analyzers are not available, so it must be determined with a portable VOC analyzer. 
 Organic vapor concentrations significantly above baseline values indicate performance 
problems.  It should be noted, however, that portable gauges are not usually calibrated for the 
specific compounds present in the gas stream, and standard sampling procedures are not 
used. For these reasons, the outlet measurements do not prove that a system is in violation.  
Reference method testing would be needed for a formal determination of noncompliance. 
 
Basic Level 2:  Thermal Oxidizer Outlet Temperature 
 
The outlet temperature should be approximately equal to the baseline temperature range, and 
should conform to permit limits.  In addition to the average and minimum values during the 
inspection, the records for the period since the last inspection should be reviewed.  As part of 
this records evaluation, temperature variations during process cycles and start-up periods 
should also be checked. 
 
Basic Level 2:  Catalytic Oxidizer Inlet and Outlet Temperatures 
 
The inlet temperature should be approximately equal to the baseline temperature range, and 
should conform to permit limits.  The temperature rise across the catalyst should also be 
similar to baseline values.  Low than normal temperature rises could indicate reduced 
catalyst activity or reduced quantities of organic vapor entering the oxidizer system. 
 
In addition to the average and minimum values during the inspection, the records for the 
period since the last inspection should be reviewed.  The catalyst bed outlet temperature 
records should be checked for any values higher than 1,000°F.  At these temperatures, it is 
possible that some damage to the catalyst has occurred.  As part of this records evaluation, 
temperature variations during process cycles and start-up periods should also be checked. 
 
Basic Level 2:  Oxidizer Physical Condition 
 
Acid vapors can be formed in oxidizers due to the oxidation of acid-gas containing organics. 
 This can lead to corrosion of the oxidizer shell and downstream gas handling equipment. 
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Follow-up Level 2:   Inlet Concentration and Hood Static Pressures 
 
These data are used to demonstrate that the process equipment and its associated ventilation 
system continue to operate in a normal manner.  Low inlet concentrations and/or low hood 
static pressures would indicate severe air infiltration into the system or improper hood 
performance.  In both cases, fugitive emissions could be occurring from the process 
equipment.  
 
Follow-up Level 2:  Inlet and Outlet Static Pressures 
 
Determine the static pressure drop across a catalytic oxidizer.  An increase could mean 
partial pluggage of the catalyst bed. 
 
Follow-up Level 2:  VOC Detector Calibration and Maintenance 
 
The VOC detectors sometimes used at the outlet of oxidizers are relatively sophisticated 
instruments which require frequent maintenance.  Confirm that they are working properly by 
reviewing the calibration records since the previous inspection.  Maintenance work orders 
should also be reviewed to determine if the instruments have been operational most of the 
time. 
 
Follow-up Level 2:  Internal Inspection Results  
 
These data are useful whenever there are indications that the VOC emissions have increased 
despite apparently normal temperatures.  The tests and inspections concern leakage through 
the primary heat exchanger, impingement of the burner flame on the refractory, leakage of 
air into the combustion chamber, and other unusual problems that could reduce the 
destruction efficiency. 
 
Follow-up Level 2:  Catalyst Activity Test Data 
 
This information is needed only when there are clear indications that VOC emissions have 
increased. 
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Review Problems 
 
Video Problem 
 
This inspection concerns a facility with two web offset lines served by a single catalytic 
oxidizer with a noble metal catalyst.  The oxidizer has a built-in heat exchanger to pre-heat 
the inlet gas stream.  Instrumentation for the oxidizer is limited to a preheat chamber 
temperature gauge.  Despite the presence of three thermocouple heads on the oxidizer, other 
temperatures, such as the inlet gas temperature and the combustion chamber outlet 
temperature, are not monitored.  Accordingly, it was not possible to determine the 
temperature rise across the oxidizer at the time of the inspection.  
 
1. Draw a flowchart of the catalytic oxidizer shown in the video. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. On the flowchart prepared in Problem 1, show what instruments should be added to the 

catalytic oxidizer system to improve compliance monitoring capability. 
 
General Problems 
 
3. The temperature rise across a catalyst bed has decreased from 150°F to 90°F.  What 

might have caused this decrease? 
 

a. The catalyst bed has become partially poisoned or blinded and is no longer 
adequately oxidizing the organic materials. 

b. The temperature monitor on the outlet of the catalyst bed became fouled and is no 
longer indicating correctly. 

c. The VOC concentration in the entering gas stream has decreased. 
d. Some of the catalyst has been lost due to temperature excursions above 1,000°F. 
e. Other ________________________________________________ 
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4. During the inspection of a catalytic oxidizer, the inspector notices that the plant is not 
operating the preheat burner, which is the only burner in the system.  What should the 
inspector conclude? 

 
a. This is a clear violation of regulatory requirements. 
b. There is sufficient heat value in the entering gas stream to maintain adequate 

operating temperatures. 
c. Gas temperature data will be necessary to evaluate proper operation of the unit. 
d. Other _________________________________________________ 

 
5. What types of materials can poison a noble metal catalyst used in a catalytic oxidizer? 



 

 

CHAPTER 4 
CONDENSERS 

In condensation processes, gaseous contaminants are removed from a gas stream by causing 
them to change to a liquid.  In general, this can be accomplished by increasing the pressure 
or reducing the temperature or by a combination of both.  However, because of the cost of 
operating and maintaining compression equipment, most condensers for air pollution control 
use temperature reduction. 
 
Three types of condensers are used for air pollution control:  conventional systems, 
refrigeration systems and cryogenic systems.  Conventional systems are relatively simple 
devices that usually use air or water to reduce the gas stream temperature to as low as about 
40°F.  Temperatures as low as 0°F can be achieved using brine coolants.  Refrigeration 
systems use compressed coolants and operate at temperatures as low as -150°F.  Cryogenic 
control systems use liquefied gases, such as nitrogen and carbon dioxide, to obtain 
temperatures as low as -320°F.  Because of the lower temperatures possible in refrigeration 
and cryogenic units, the removal efficiency is much higher than in conventional condensers; 
however, these units are considerably more complicated and expensive. 
 
Condensation systems are usually applied to industrial sources where there is a significant 
economic value to the recovered organic compounds.  There are usually only one or two 
organic compounds in the gas stream to be treated, since it would be difficult to separate a 
large number of compounds from the condensate.  The gas streams treated in condensation 
systems usually have low particulate concentrations. 
  
Operating Principles 
 
As the temperature of the organic vapor-laden stream is cooled, the average kinetic energy of 
the gas molecules is reduced, along with the volume that they occupy.  Ultimately, the gas 
molecules are slowed down and crowded together so closely that weak attractive forces 
between the molecules, known as van der Waal forces, cause them to begin to condense.  
This is called the dewpoint temperature.  If the gas stream is cooled further, the partial 
pressure of the organic vapor will decrease as the volume of condensate increases.  Because 
the condensate and the vapor are assumed to be in equilibrium, the outlet partial pressure of 
the organic compound will be equal to its vapor pressure at the discharge temperature. 
 
Temperature is the only process variable that governs the effectiveness of a condenser.  At 
the operating pressure of the system, the outlet temperature from the condenser determines 
the maximum removal efficiency; therefore, condensers cannot be used in the same manner 
as other gaseous pollutant control devices.  For example, condensers cannot be used in series 
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like adsorbers or absorbers to further reduce outlet concentration, unless the outlet 
temperature of the second condenser is lower than the previous one. 
  
Condenser Systems 
 
Conventional Condensers 
 
Conventional condensers are simple, relatively inexpensive devices that typically use air, 
water or brine to cool the gas stream to a temperature range of 0°F to 80°F.  Conventional 
condensers fall into two basic categories:  (1) direct contact condensers and (2) surface 
condensers.  In a contact condenser, the coolant and vapor stream are physically mixed, 
while in a surface condenser the coolant is separated from the vapor by heat transfer surfaces. 
 
Direct Contact Condensers 
 
Direct contact condensers are essentially wet scrubbing equipment, like spray towers or tray 
towers, that directly contact the gas stream with a chilled liquid, usually water.  These 
devices bring the coolant into direct contact with the vapors, as illustrated in Figure 4-1.  If 
the vapor is soluble in the coolant, absorption also occurs, increasing the amount of 
contaminant that can be removed. 
 

 
 

Figure 4-1.  Direct contact condenser 
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An ejector is a another type of contact condenser.  Ejectors use high pressure liquid sprays to 
create suction for moving the gas stream.  As a result, fans are usually not needed in the 
control system.  The coolant liquid is sprayed into the throat of the ejector, and organic 
vapors condense while passing through.  Absorption can also occur if the organic compound 
is soluble in the coolant fluid.  An ejector condenser is illustrated in Figure 4-2. 
 

 
 

Figure 4-2.  Ejector condenser 
 
The main advantages of contact condensers are their simplicity and low cost.  The main 
disadvantage is the mixing of the condensed contaminants with the coolant, which increases 
wastewater treatment or contaminant recovery costs. 
 
Surface Condensers 
 
Surface condensers are usually in the form of shell-and-tube heat exchangers.  These devices 
consist of a circular or oval cylindrical shell into which the vapor stream flows.  The coolant 
flows through numerous small tubes inside the shell.  Vapors contact the cool surface of the 
tubes, condense, and are collected.  Noncondensed vapors exit the condenser and are emitted.  
Figure 4-3 is a diagram of a surface condenser. 
 
If the organic vapor gas stream makes one pass on the shell side of the exchanger and the 
coolant makes one pass on the tube side, the unit is termed single-pass.  Single-pass heat 
exchangers are not generally used, because they requires a large number of tubes and low gas 
and coolant velocities to provide adequate heat transfer.  Improved heat transfer can be 
achieved by using a multipass system with shorter tube lengths and higher gas velocities 
through the exchanger. 
 
Figure 4-4 illustrates a 1-2 multipass heat exchanger.  The first digit refers to the number of 
passes the vapor makes on the shell side, and the second digit indicates the number of tube 
side passes made by the coolant liquid.  This design gives improved performance over the 
single-pass exchanger.  Adding more passes does have disadvantages: the exchanger 
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construction is more complicated, friction losses are increased because of the higher 
velocities, and entrance and exit losses are multiplied. 
 

 
 

Figure 4-3.  Surface condenser 
 
Condensation applications normally require large temperature differentials between the 
vapor and the coolant.  These temperature variances can cause the tubes to expand or 
contract, eventually causing the tubes to buckle or pull loose from the shell, destroying the 
condenser.  Floating head construction is commonly used to avoid condenser expansion 
stress damage.  In a floating head, one end of the tube bundle is mounted so that it is 
structurally independent from the shell, allowing the tubes to expand and contract within the 
shell. 
 
 

 
 

Figure 4-4.  Multipass shell-and-tube condenser 
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Air condensers can be used in situations where water is not available, or treatment of the 
water stream is very expensive.  Because of the limited heat capacity of air, condensers using 
air must be considerably larger than those using water.  Heat exchangers with extended 
surfaces can be used to conserve space and reduce equipment cost.  In these units, the outside 
area of the tube is multiplied or extended by adding fins or disks.  Figure 4-5 illustrates two 
types of finned tubes.  In extended surface condensers, the vapor is condensed inside the tube 
while air flows around the outside, contacting the extended surfaces. 
 

 
 

Figure 4-5.  Extended surface condensers 
 
Refrigeration Condensers 
 
Refrigeration systems achieve low operating temperatures by using coolants and 
compressors.  A simplified schematic of a refrigeration system is illustrated in Figure 4-6.  
Heat is absorbed from the organic vapor-laden stream in the evaporator section.  This heat 
vaporizes the coolant liquid.  The coolant vapor leaving the evaporator section is then 
compressed to form a vapor stream at high pressure and temperature.  The superheated vapor 
stream is condensed to expel heat from the coolant.  The coolant liquid passes through an 
expansion valve to reduce the pressure to the level necessary for the evaporator. 
 

 
 

Figure 4-6.  Basic refrigeration cycle 
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A typical refrigeration system for organic vapor recovery is shown in Figure 4-7.  The inlet 
gas stream enters a pre-condenser where it is cooled to approximately 40°F in order to reduce 
water to levels of approximately 0.02 pounds of water per pound of dry air.  By removing 
water vapor in the pre-condenser chamber, frost buildup on the heat exchange surfaces of the 
main chamber are minimized. 
 

 
 

Figure 4-7.  Simplified flowchart of a refrigeration system 
 
The main contacting chamber operates at temperatures ranging from -50°F to -150°F.  
Coolant for this chamber is supplied by a separate compressor system.  Because of the very 
low temperatures in this chamber, cascade type systems are often used.  They are 
interconnected so that one unit can be used to expel the heat removed from another unit.  
Different coolants can be used in the various interconnected refrigeration units.  The most 
common coolants have been CFCs; however, this is changing in response to the Clean Air 
Act Amendments of 1990. 
 
The treated gas stream leaving the main chamber is vented to the atmosphere.  The 
condensate from the main chamber is collected in a storage tank and processed to remove 
water or other contaminants that would affect its reuse.  The high water content condensate 
from the pre-condenser chamber is usually treated in a wastewater treatment system. 
 
Cryogenic Condensers 
 
Cryogenic control systems use liquefied gases such as nitrogen or carbon dioxide to cool the 
waste gas streams to temperatures approaching the freezing point of the solvents.  The 
extreme cold temperatures, ranging from -100°F to -320°F, condense and collect much lower 
VOC concentrations than refrigeration condensers.  Because no refrigeration system is 
required, these systems are relatively simple, and the liquefied gas used for VOC control is 
simply vented to the atmosphere.  There are three general types of cryogenic systems: 
 

• Indirect contact single heat exchanger systems 
• Indirect contact dual heat exchanger systems 
• Direct contact systems 

 



Chapter 4:  Condensers 

4-7 

Cryogenic systems are used primarily for single component gas streams.  To be economical, 
the organic vapor concentration must be greater than 500 ppm.  In general, cryogenic 
systems are not well suited for large gas flow rates and are used primarily for small systems.  
As is the case with most condensation systems, cryogenic units are not tolerant of particulate 
matter that can accumulate on heat exchange surfaces. 
 
Indirect Contact Single Heat Exchanger Systems 
 
A shell-and-tube heat exchanger is used for heat exchange from the waste gas stream to a 
liquefied gas.  Liquefied nitrogen at a temperature of -320°F is the most commonly used 
liquefied gas.  The liquefied nitrogen flows through the tubes of the heat exchanger while the 
waste gas passes through the shell side.  A flowchart of an indirect contact single heat 
exchanger system is shown in Figure 4-8. 
 

 
 

Figure 4-8.  Indirect contact single heat exchanger cryogenic system 
 
Because of the extremely cold temperatures on the surface of the nitrogen containing tubes, it 
is possible for the organic compounds to accumulate as frost on the exterior surfaces of the 
tubes.  These layers can reduce heat transfer efficiency significantly and increase heat 
exchanger static pressure drop.  To avoid this problem, it may be necessary to operate a 
parallel set of heat exchangers, with one heat exchanger in a defrost cycle while the other is 
in service. 
 
Indirect Contact Dual Heat Exchanger Systems 
 
The freezing problem inherent in a single heat exchange indirect system can be avoided by 
the more complex dual system.  As shown in Figure 4-9, the liquefied gas is used in a 
cascade type arrangement to cool a heat transfer fluid that, in turn, is used in the heat 
exchanger for the organic vapor gas stream.  The flow rate of the heat exchange fluid is 
controlled to maintain a VOC stream temperature just above the freezing point of the organic 
compound.  This reduces the frequency of defrosting necessary to maintain adequate heat 
exchange efficiency.  Occasional defrosting may still needed because of the presence of 
moisture in the gas stream. 
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Figure 4-9.  Indirect contact dual heat exchanger cryogenic system 
 
Direct Contact Systems 
 
In direct contact systems, the VOC-laden gas stream is contacted with a spray of liquid 
nitrogen droplets entering in the upper area of the contacting chamber.  The outlet gas 
temperature is controlled by the flow rate of the liquefied gas.  The chamber is insulated to 
maintain gas temperatures as cold as possible, and heaters are included on the exterior sides 
of the chamber walls for the occasional removal of frost from the interior surfaces.  These 
systems avoid significant frost buildup problems because there are no surfaces at extremely 
cold temperatures.  A typical flowchart is shown in Figure 4-10. 
 

 
 

Figure 4-10.  Direct contact cryogenic system 
 
The outlet gas stream includes the uncondensed compounds from the inlet gas stream and the 
vaporized nitrogen.  The increased gas flow rate from the direct contact systems has a slight 
impact on the capability to remove organic vapor.  This is because the outlet stream from any 
condensation system has organic compounds at concentrations equivalent to the vapor 
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pressures of the compounds at the operating temperature.  In other words, the outlet gas 
streams are saturated with the organic compounds at the operating temperature.  By 
increasing the total quantity of gas exiting the system, direct contact type units emit more gas 
that is saturated with the organic compounds. 
 
The liquefied gas requirements for direct contact systems vary with the inlet concentration of 
the gas stream.  At organic vapor concentrations less than 10,000 ppm, the liquefied gas 
requirement can be more than 20 pounds per pound of organic.  As the concentration exceeds 
100,000 ppm, the liquefied gas requirement drops to less than 5 pounds per pound of organic.  
For this reason, direct contact cryogenic systems are used primarily for vapor recovery 
applications where the organic vapors are at high concentrations. 
  
Inspection 
 
Evaluation of the performance of condensers is based primarily on the outlet temperature.  
Unlike other types of VOC control systems, portable analyzers are generally not used to 
measure outlet concentrations.  This is because condensers are often used on high 
concentration sources, and it is possible that the outlet concentration could be in the 
explosive range during system malfunctions.  Static electricity on the instrument probe could 
be a source of ignition. 
 
 Basic Level 2 
 

• Outlet gas temperature 
• Coolant flow rate and temperature 
• Condenser physical condition 

 
 Follow-up Level 2 
 

• Inlet concentration (%LEL) and hood static pressure 
• Solvent recovery rates 

 
Basic Level 2:  Outlet Gas Temperature 
 
The outlet gas temperature is the best indicator of performance, since the outlet concentration 
of the organic compound is equal to the vapor pressure of the compound at outlet 
temperature.  Outlet gas temperature records can be used to determine the frequency of frost 
removal in those systems where it is necessary.  These periods are indicated by short term 
increases in the outlet gas temperature.  The outlet temperature may increase gradually if 
water and frozen organic compounds are not removed from the heat exchange surfaces. 
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Basic Level 2:  Coolant Flow Rate and Temperature 
 
The coolant flow rate, coolant inlet temperature and coolant outlet temperature are used as 
indirect indicators of condenser system performance.  Reductions in the coolant flow rate or 
reductions in the temperature difference from inlet to outlet indicate reduced heat transfer.  
This is usually associated with reduced condensation in the unit. 
 
Basic Level 2:  Condenser Physical Condition 
 
This physical condition of the condenser shell should be evaluated for indications of 
corrosion and for vapor or liquid leaks. 
 
Follow-up Level 2:  Inlet Concentration and Hood Static Pressure 
 
These data are used to demonstrate that the process equipment and its associated ventilation 
system continue to operate in a normal manner.  Low inlet concentrations and/or low hood 
static pressures would indicate severe air infiltration into the system or improper hood 
performance.  In both cases, fugitive emissions could be occurring from the process 
equipment. 
 
Follow-up Level 2:  Solvent Recovery Rates 
 
Material balance calculations provide a good method to evaluate the long term average 
performance of the condensation system.  However, these calculations must be based on 
accurate estimates of the quantities of organic compounds entering the system and the 
amounts recovered from the condenser.  It some cases, these are difficult estimates to 
prepare.  Accordingly, solvent recovery material balance calculations can not be performed 
accurately in all cases.  Furthermore, these calculations are usually very time consuming due 
to the number of day-by-day calculations needed to complete a material balance over a week 
or month. 
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Review Problems 
 
1. A refrigeration condenser system usually reduces the gas stream temperature to 

________. 
 

a. Less than 40°F 
b. Less than −50°F 
c. Less than −320°F 
d. None of the above 

 
2. A precondenser is often used in refrigeration and cryogenic systems to________. 
 

a. Prevent frost build-up on the heat exchanger surfaces of the main contacting 
chamber 

b. Minimize water-organic condensate separation problems 
c. Remove the organics prior to the removal of water vapor and other contaminants 

at high concentration 
d. Answers a and b 
e. Answers a, b and c 

 
3. The gas stream exiting a condensation system has an organic vapor partial pressure 

________ . 
 

a. Equal to the vapor pressure of the compound at the exit gas temperature 
b. Equal to 10% of the partial pressure of the organic compound in the inlet gas 

stream 
c. Approximately 10% of the vapor pressure of the compound at the exit gas 

temperature 
 
4. Condensation systems are generally used for______________. 
 

a. Low concentration, multicomponent organic vapors 
b. High concentration, multicomponent organic vapors 
c. Low concentration, single component organic vapor 
d. High concentration, single-component organic vapor 
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CHAPTER 5 
NITROGEN OXIDES CONTROL 
SYSTEMS 

More than 20 million tons of nitrogen oxides (NOX) are emitted into the atmosphere each 
year as a result of burning fossil fuels.  These emissions can create local ambient levels that 
are 10 to 100 times greater than the NOX emitted by natural sources.  Controlling NOX is 
important because of their involvement in the formation of ozone and other photochemical 
smog compounds that have harmful effects on public health. 
 
In the past, NOX control efforts for stationary sources have focused primarily on combustion 
system modifications that limit the formation of emissions.  These design modifications have 
been very successful for many sources, such as fossil-fuel-fired boilers and gas turbines.  
There has also been an increased need for add-on NOX controls for certain types of sources.  
Accordingly, a variety of add-on control devices and systems have been developed for use in 
addition to combustion system modifications. 
  
NOX Formation Mechanisms 
 
NOX emissions are formed by three complex chemical processes occurring during 
combustion: (1) thermal fixation of molecular nitrogen, (2) oxidation of organically bound 
nitrogen contained in the fuel, and (3) formation of NOX due to the presence of partially 
oxidized organic species present within the flame.  These three separate reaction mechanisms 
are usually referenced to respectively as thermal, fuel, and prompt NOX. 
 
Thermal NOx Formation 
 
When fossil fuels are burned with air in a combustion process, some of the oxygen (O2) and 
nitrogen (N2) combine to form nitric oxide and nitrogen dioxide in the high temperature 
zones of the burner flame.  There are a large number of reactions involved in the formation 
of nitric oxide, and the overall reaction process is approximated by a set of reactions termed 
the Zeldovich Mechanism.  Reaction 5-1 indicates the result of these simultaneous and 
interacting chemical reactions. 
 
 N2 + O2 ↔ 2NO (5-1) 
 
While this is a reversible process, the rate of NO decomposition back to molecular nitrogen 
and oxygen is extremely slow.  Instead, the NO reacts with more oxygen to form NO2.  This 
oxidation process is also the result of a large number of simultaneous thermal and free 
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radical reactions that occur in the high temperature area of the combustion process.  Reaction 
5-2 shows the net result of these reactions. 
 
 NO + ½O2 ↔ NO2 (5-2) 
 
The main factors affecting the quantity of NOX formed by thermal fixation are the flame 
temperature, the residence time of the combustion gases in the peak temperature zone of the 
flame, and the amount of oxygen present in the peak temperature zone of the flame.  In some 
combustion processes, peak flame temperatures can exceed 2,500°F.  At these high 
temperatures, NO is formed in great abundance, sometimes at concentrations greater than 
1,000 ppm.  The residence time existing at this peak temperature is usually too short for an 
appreciable fraction of the NO to be oxidized to NO2.  Typically, less than 5% is oxidized to 
NO2. 
 
The formation of thermal NOX can be reduced in three ways: (1) reduction of the oxygen 
concentration in the maximum temperature zone, (2) reduction of the peak flame 
temperature, and (3) reduction of the residence time of the combustion gases at the peak 
temperature.  These are accomplished by various combustion modification techniques that 
will be discussed later in this chapter. 
 
Fuel NOx Formation  
 
The oxidation of nitrogen compounds contained in fossil fuels can create appreciable 
concentrations of NO and NO2.  The concentration of NOX developed from the fuel nitrogen 
is partially dependent on the nitrogen content of the fuel; however, this relationship is neither 
linear nor simple. 
 
In fuels, such as coal and heavy oil, that are high in nitrogen content, approximately 20% to 
60% of the fuel-bound nitrogen is oxidized.  The concentrations can vary from less than 
0.5% to more than 2%.  As the nitrogen content of the fuel increases, the fraction of the fuel 
nitrogen converted to NOX often decreases.  One way to reduce fuel NOX emissions is to 
reduce the nitrogen content in the fuel.  Unfortunately, this is not always possible.  However, 
the rate of NOX formation because of fuel nitrogen is strongly affected by the local oxygen 
concentration present in the flame and by the mixing rate of the fuel and air.  Thus, as with 
thermal NOX, fuel NOX is dominated by the local combustion conditions and can be reduced 
with combustion modification techniques. 
 
Prompt NOX Formation  
 
Small quantities of NOX can also form because of the reaction of molecular nitrogen with 
free radicals such as HCN, NH, and N present in the burner flame.  These reactions are not 
sensitive to the peak gas temperature.  Therefore, combustion modifications do not have a 
strong influence on the NOX formed by this mechanism. 
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NOX Control Systems 
 
The techniques used to minimize NOX emissions from stationary source combustion 
processes can be divided into three categories: (1) combustion modifications, (2) add-on 
control systems, and (3) fuel switching.  Combustion modifications prevent the emission of 
NOX by creating conditions that inhibit the NOX formation reactions or that cause the NOX 
formed to be reduced back to molecular nitrogen, while the gases remain in the high 
temperature furnace area.  The add-on control systems inject an ammonia or urea reagent to 
chemically reduce the NOX to molecular nitrogen in an area of the combustion process 
downstream of the furnace.  Fuel switching involves the use of a fuel that inherently has low 
NOX generating rates because of its combustion characteristics or fuel nitrogen 
characteristics. 
 
Boiler Combustion Modifications 
 
The initial efforts to control nitrogen oxides in utility and industrial boilers concerned 
combustion modifications.  There are changes to the fuel firing equipment and operating 
conditions to suppress the formation of nitrogen oxides.  There are five major categories of 
combustion modification techniques. 
 

• Low excess air combustion 
• Off-stoichiometric combustion 
• Flue gas recirculation 
• Low NOX burners 
• Gas reburning 

 
The fundamental objective of all five techniques is to suppress NOX formation by 
minimizing peak temperatures, peak oxygen concentrations, and the residence time at peak 
temperature and oxygen concentration conditions.  These techniques have a direct impact on 
the thermal NOX formation rates.  In addition, these combustion modifications also have a 
beneficial impact on fuel NOX formation rates. 
 
Low Excess Air Combustion 
 
In combustion systems, a certain amount of excess air is required to ensure complete 
combustion of the fuel.  In general, the easier it is to mix the air with the fuel, the less excess 
air required.  Low excess air firing practices reduce NOX emissions by reducing the oxygen 
concentrations in the portion of the burner flame where gas temperatures are at a maximum.  
This inhibits the reactions responsible for both thermal and fuel NOX.  Low excess air firing 
practices is easy to implement and actually slightly increases the efficiency of the furnace. 
 
The level of excess air in an industrial or utility boiler will usually range from 3% to as high 
as 100%, depending on the type of fossil fuel and the boiler operating load.  Gas-fired boilers 
can operate with excess air levels as low as 3% to 5% when the unit is near full load.  Oil-
fired units typically operate at excess air rates of 5% to 20%, depending on the type of oil 
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and the load conditions.  Pulverized coal-fired boilers operate at excess air rates of 20% to 
50%. 
 
Obviously, the ability to use low excess air firing depends on the fuel characteristics.  In 
essence, gas-fired boilers and most oil-fired boilers inherently use low excess air firing.  In 
the case of pulverized coal-fired boilers, the ability to decrease excess air levels depends on 
the burner design characteristics, the variability of the coal quality, and the variability of the 
load.  Low excess air operation is not readily adapted to processes such as waste incinerators 
and spreader stoker boilers.  In these cases, high excess air levels are needed for proper fuel 
burning on the grates. 
 
NOX reductions averaging between 16% and 20% can be achieved on gas- and oil-fired 
utility boilers when the excess air is reduced to a level between 2% and 7%.  NOX reductions 
averaging around 20% can be achieved on coal-fired utility boilers if the excess air is 
reduced to the 20% level. 
 
There are definite limitations to low excess air operation.  Very low excess air firing can 
produce increased particulate and carbon monoxide emissions, and fouling and slagging of 
boiler tube surfaces can occur.  This is indicated by the general performance curves shown in 
Figure 5-1. 
 

 
 

Figure 5-1.  Combustion product concentrations as a function of oxygen concentration 
 
Off-Stoichiometric Combustion 
 
During off-stoichiometric combustion, air and fuel mixtures are combusted in two separate 
zones.  In one zone, the fuel is fired with less than a stoichiometric amount of air.  This 
creates a fuel-rich local zone in the region of the primary flame.  Also, the heat in this zone is 
not as intense as with normal firing because combustion is incomplete.  The second zone is 
an air-rich zone where the remainder of the combustion air is introduced to complete the 
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combustion of the fuel (see Figure 5-2).  Off-stoichiometric combustion reduces NOX 
emissions by a combination of several factors.  First, a lack of available oxygen for NOX 
formation in the fuel-rich stage.  Second, the flame temperature may be lower in the first 
stage than in single stage combustion.  Third, the peak temperature in the second stage is 
lower. 
 
Off-stoichiometric combustion is an effective technique for controlling both thermal and fuel 
NOX because of its ability to control the mixing of fuel with combustion air.  The NOX 
reduction effectiveness depends on good burner operation to prevent convective boiler tube 
fouling, unburned hydrocarbon emissions, and poor ignition characteristics that occasionally 
occur at excessively fuel-rich boiler operations.  Fire-side boiler tube corrosion can occur 
when burning some coals or heavy oils under off-stoichiometric combustion conditions. 
 

 
 

Figure 5-2.  Off-stoichiometric combustion 
 
Off-stoichiometric combustion can be accomplished by using overfire air ports, often 
abbreviated OFA.  These are separate air injection nozzles located above the burners.  The 
burners are operated fuel-rich, and the overfire air ports maintain the remainder of the 
combustion.  In some boilers, a number of the burners are operated fuel-rich, and others are 
operated air-rich in a staggered configuration called biased firing (see Figure 5-3).  When 
some burners are operated on air only, this modification is called burners-out-of-service, 
sometimes abbreviated BOOS (see Figure 5-4). 
 
On existing boilers, a steam load reduction will result with burners-out-of-service if the 
active fuel burners do not have the capacity to supply fuel for a full load.  Most utility boilers 
installed since 1971 have been designed with over fire air ports so that all fuel burners are 
active during off-stoichiometric combustion operation.  Using off-stoichiometric combustion 
modifications on oil- and gas- fired boilers reduces NOX emissions by approximately 30% to 
40%.  Modifying existing coal boilers has reduced NOX emissions 30% to 50%. 
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Figure 5-3.  Biased firing approach (SR = stoichiometric ratio) 
 

 
 

Figure 5-4.  Burners-out-of-service approach 
 
Off-stoichiometric combustion can also be accomplished by careful control of air and fuel 
mixing in the burner.  Low NOX burners, discussed later in this chapter, use this basic 
approach in order to suppress NOX formation. 
 
Flue Gas Recirculation 
 
Flue gas recirculation (FGR) has been used to reduce thermal NOX emissions from large 
coal-, oil-, and gas-fired boilers.  As illustrated in Figure 5-5, 10% to 30% of the flue gas 
exhaust is recycled back into the main combustion chamber by removing it from the stack 
and breeching and mixing it with the secondary air entering the windbox.  In order for FGR 
to be effective in reducing NOX emissions, the gas must enter directly into the combustion 
zone.  This recirculated gas lowers the flame temperature and dilutes the oxygen content of 
the combustion air, thus lowering NOX emissions. 
 



Chapter 5:  Nitrogen Oxides Control Systems 
 

5-7 

Some operational problems can occur using flue gas recirculation.  Possible flame instability, 
loss of heat exchanger efficiency, and condensation of partially oxidized compounds on 
internal heat transfer surfaces limit the usefulness of gas recirculation.  Also, flue gas 
recirculation requires greater capital expenditures than for low excess air and off-
stoichiometric combustion modifications.  High temperature fans, ducts, and large spaces are 
required for recirculating the gas. 
 

 
 

Figure 5-5.  Flue gas recirculation 
 
NOX reduction of approximately 40% to 50% is possible with recirculation of 20% to 30% of 
the exhaust gas in gas- and oil-fired boilers.  At high rates of recirculation (approximately 
30%), the flame can become unstable, thus increasing carbon monoxide and partially 
oxidized organic compound emissions. 
 
Low NOX Burners 
 
Low NOX burners have been developed by a large number of manufacturers to reduce NOX 
emissions.  Burners control mixing of fuel and air in a pattern that keeps flame temperature 
low and dissipates the heat quickly.  Some burners are designed to control the flame shape in 
order to minimize the reaction of nitrogen and oxygen at peak flame temperatures.  Other 
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designs have fuel-rich and air-rich regions to reduce flame temperature and oxygen 
availability. 
 
The Dual Register Low NOX burner is shown in Figure 5-6.  The mixture of pulverized coal 
and primary air is controlled to slightly delay combustion of the fuel.  The remainder of the 
combustion air (secondary air) is introduced through two concentric air zones that surround 
the coal nozzle. 
 

 
 

Figure 5-6.  Example of a dual register low NOX burner 
 
The flame produced by a low NOX burner is elongated compared to the short intense flame 
produced in a conventional burner.  The peak flame temperature is reduced and the oxygen 
available in the flame is lower, reducing both thermal and fuel NOX emissions.  Most low 
NOX burners have demonstrated NOX reduction efficiencies of 25% to 40%.  However, 
manufacturers have documented efficiencies on a number of units that are higher than 60%. 
 
Recent improvements in flame scanners may allow improved performance of low NOX 
burners and other combustion modification techniques in the future.  Previously, these 
scanners were used to rapidly shut down fuel flow to a burner in the event that the flame was 
extinguished.  Scanners are also being developed to monitor the average flame intensity, 
flame ignition point, stability at the ignition point, and size of the fuel stream.  These data 
can be used to optimize the burner performance and to identify burners that are not operating 
properly. 
 
Gas Reburning 
 
Gas reburning involves the use of separate gas-fired burners in the upper portions of the 
combustion chamber, in addition to lower coal burners.  Approximately 10% to 15% of the 
fuel demand of the boiler is supplied by the gas-fired burners and 85% to 90% is supplied by 
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the coal burners.  The gas burners are operated fuel-rich, so that a zone with conditions 
favorable for reducing the NOX formed in the lower coal burner flames is created above the 
gas burners.  The air-to-fuel ratio in this reburn zone is an important operating parameter and 
is usually maintained at 0.9 to 1.0.  Additional combustion air is supplied above the reburn 
zone to complete the combustion of the fuel.  Accordingly, gas reburning systems 
incorporate off-stoichiometric firing practices.  A schematic diagram of a gas reburning 
system is shown in Figure 5-7. 
 

 
 

Figure 5-7.  Gas reburning system 
 
All types of coal-fired units can use gas reburning; however, there must be sufficient room 
above the elevation of the main coal burners to install the gas burners and the overfire air 
ports.  NOX reductions of 50% to 70% at full boiler load have been demonstrated with gas 
reburning on coal- and oil-fired boilers. 
 
Other Combustion Modification Techniques 
 
Other combustion modifications that can reduce NOX emissions from combustion sources 
include reduced air preheat and load reduction.  Reduced air preheat and load reduction are 
used sparingly in large boilers because of the energy penalty involved and the relatively low 
emission reduction. 
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Gas Turbine Combustion Modifications 
 
Lean, Pre-Mixed Combustors 
 
The most common type of dry combustor used in gas turbines is the lean, pre-mixed design.  
These operate with a very lean fuel-air mixture to minimize NOX formation.  Lean mixtures 
burn at lower peak gas temperatures than the conventional diffusion burners that operate at a 
higher air-fuel ratio.  The combustion air and the fuel are mixed prior to injection into the 
combustion zone.  This reduces localized high concentrations that contribute to thermal NOX 
formation.  A conventional diffusional-burner-type pilot flame is used to ensure that the lean 
mixture does not “black-out.”  At very low load, the pilot burner is used instead of the pre-
mix burner to maintain gas turbine load.  Because of the near-stoichiometric firing conditions 
of the pilot burner, the NOX concentrations are higher at low load than at high load. 
 
Rich/Quench/Lean Combustors 
 
These systems have three separate stages for combustion of the fuel.  The first stage is 
operated fuel-rich so that the temperature is low and the NOX formed in this area is reduced.  
In the second stage, combustion reactions are quenched with air or water.  Oxidation is 
completed under lean conditions in the third stage in order to prevent high gas temperatures 
and the associated NOX formation. 
 
Water or Steam Injection  
 
Water or steam injection reduces the peak temperatures in the gas turbine combustion gases 
and thereby reduces the quantity of thermal NOX formed.  Water is slightly more effective 
than steam because of its higher heat capacity.  However, because of water quality factors, 
steam has replaced water in most installations.  Gas turbines used primarily for peaking 
service often use water or steam injection as the only means of minimizing NOX emissions.  
In systems that run more frequently, water or steam injection is used in conjunction with a 
catalytic reduction system. 
 
The quantity of steam used varies from 1.07 to 2 pounds per pound of fuel.  This usually 
results in NOX emissions of less than 42 ppm for natural gas-fired turbines and 65 ppm for 
fuel oil-fired turbines.  Some natural gas-fired turbine designs operate at less than 25 ppm 
when using water or steam injection.  The fuel firing rate is usually increased slightly to 
maintain the necessary turbine inlet temperatures.  Accordingly, the energy output of the 
turbine is increased several percent because of the water or steam injection.  However, the 
overall thermal efficiency of the turbine is reduced several percent because of energy losses 
associated with heating diluent water vapor.  Water or steam injection increases the turbine 
exhaust gas stream moisture content to 10% to 30% by volume. 
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Fuel Switching 
 
In coal-fired boilers, NOX emissions can be reduced by fuel switching.  There are three 
different approaches:  (1) conversion to a coal supply with a low nitrogen content or a coal 
with fuel nitrogen in a chemical form less likely to form NOX, (2) firing the boiler with 
natural gas instead of coal during time periods when ambient ozone levels are high, and (3) 
gas co-firing. 
 
Coal Nitrogen Content 
 
Nitrogen levels in coal supplies vary from less than 0.5% to more than 2% by weight.  
Conversion from a high nitrogen content to a low nitrogen content can reduce NOX slightly; 
however, the emission reduction is not usually proportional to the change in the coal nitrogen 
content.  The fraction of the fuel nitrogen converted to NOX usually increases as the fuel 
nitrogen content decreases. 
 
Fuel Substitution 
 
Coal-fired boilers with the capability to burn natural gas in addition to coal can use natural 
gas during time periods when ambient ozone levels are high.  For example, natural gas can 
be used during very hot summer periods when metropolitan ozone levels are high and 
dispersion conditions are poor.  Natural gas is often available to boiler operators during this 
time period because it is not needed for residential space heating.  Natural gas inherently has 
a lower NOX generation rate than coal. 
 
Gas Co-Firing 
 
Gas co-firing involves the simultaneous combustion of coal and gas.  Gas burners must 
usually be installed on conventional stoker and pulverized coal-fired boilers in order to co-
fire natural gas.  The gas replaces a portion of the coal used in the boiler.  In stoker-fired 
units, the natural gas burners also improve the ability of the boiler to respond to rapid load 
changes. 
 
Flue Gas Treatment 
 
NOX can be reduced to molecular nitrogen in add-on systems located downstream of the 
furnace area of the combustion process.  The two main techniques in commercial service are 
the selective non-catalytic reduction (SNCR) process and the selective catalytic reduction 
(SCR) process.  There are a number of different process systems in each of these categories. 
 
In addition to these treatment systems, there are a large number of other processes being 
developed.  These approaches involve innovative techniques for chemically reducing, 
absorbing, or adsorbing NOX downstream of the combustion chamber.  These are not 
discussed in this manual because they have not yet reached widespread commercial use. 
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Selective Non-Catalytic Reduction 
 
In SNCR systems, ammonia or urea is injected into the post-combustion zone of the boiler, 
as shown in Figure 5-8.  The ammonia or urea reacts with NOX in a complex set of high 
temperature homogeneous gas phase reactions, reducing the NOX to molecular nitrogen.  
There are several commercial versions of this process.  The Thermal De-NOX

® system uses 
ammonia injection, while NOXOUT®, DeNOX and Advanced Urea Injection use urea.  One 
variation of the SNCR process is the Two-Stage DeNOX

® system.  With this system, a urea-
methanol mixture is injected through one set of nozzles and an aqueous methanol stream is 
injected in a downstream set. 
 

 
 

Figure 5-8.  SNCR system components 
 
The stoichiometry of the overall reaction for NO reduction with ammonia is shown in 
Reaction 5-3, while Reaction 5-4 shows the overall reaction for reduction with urea.  The 
actual set of reactions responsible for the chemical reduction of NO is considerably more 
complicated than indicated by these summary reactions. 
 
 4NO + 4NH3 + O2 → 4N2 + 6H2O (5-3) 
 
 2NO + NH2CONH2 + 0.5O2 → 2N2 + 2H2O + CO2 (5-4) 
 
The reaction processes represented by Reactions 5-3 and 5-4 are very temperature dependent.  
As shown in Figure 5-9, conversion takes place successfully at an approximate temperature 
range of 1,600°F to 1,900°F.  As the temperatures increases above 1,900°F, the ammonia or 
urea is increasingly oxidized to form additional NOX.  As the temperatures decreases below 
1,600°F, increasing amounts of ammonia pass through the system unreacted.  These 
emissions are termed ammonia slip.  Ammonia slip concentrations greater than 10 ppm can 
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be objectionable because ammonia can form a light scattering particulate plume by reacting 
with chlorine or sulfur compounds.  Under some conditions, SNCR systems can generate 
N2O, which is classified as a greenhouse gas.  Systems operating with urea are more 
vulnerable to N2O formation. 
 
The SNCR reactions also depend on the quantities of ammonia or urea that are injected.  As 
can be seen from Reaction 5-3, four moles of NH3 are needed to reduce four moles of NO, or 
a stoichiometric ratio of 1:1.  From Reaction 5-4, one mole of urea is needed to reduce two 
moles of NO, or a stoichiometric ratio of 0.5:1.  Injection at higher ratios increases the NOX 
conversion efficiency; however, this also substantially increases the ammonia emission rate.  
To avoid excessive ammonia slip, the ammonia or urea is generally injected at about 90% of 
the stoichiometric quantity. 
 

 
 

Figure 5-9.  Temperature sensitivity of SNCR reactions 
 
The typical NOX reduction efficiencies for SNCR range from 20% to 60%.  In order to 
achieve these efficiencies, the reactant must be injected into the portion of the combustion 
chamber near where the peak efficiency temperature occurs.  The location of this optimum 
point varies because of changes in the operating rate of the combustion process and because 
of fluctuations in the heating value and composition of the fuels being burned.  Accordingly, 
two or more sets of separate injection nozzles are located at different elevations.  The 
ammonia or urea reactant is automatically directed to the set of nozzles that is at the 
temperature most favorable for NOX reduction. 
 
Proper distribution of the reagent is also important for achieving the desired efficiencies.   
When anhydrous ammonia is used, the ammonia gas is mixed with a carrier stream of air or 
steam.  The presence of the carrier gas dilutes the ammonia below the explosive range and 
facilitates mixing into the flue gases.  When aqueous solutions of ammonia or urea are used, 
the water serves as the carrier stream.  In this case, it is important to achieve complete 
atomization of the droplets because the evaporation rate of the droplets is inversely related to 
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the droplet size.  If the droplets evaporate too slowly, the ammonia could be released from 
the droplets in an area that is too cold for the NOX reactions to proceed. 
 
Selective Catalytic Reduction 
 
An SCR system uses ammonia in the presence of a catalyst to reduce NOX emissions.  
Because of the catalyst, the chemical reduction reaction given above occurs at much lower 
temperatures than those required for SNCR systems.  This allows the control system to be 
located downstream of the combustion chamber, where temperatures can be better controlled 
and higher reduction efficiencies obtained. 
 
The temperature necessary for efficient reduction depends on the type of catalyst.  Most 
systems operate in the range of 550°F to 750°F; however, each catalyst has a relatively 
narrow temperature range for optimum performance.  Variations of as little as plus or minus 
50°F from the optimum temperature can have an impact on the NOX reduction efficiency.  At 
temperatures exceeding approximately 670°F, the oxidation of ammonia begins to become 
significant, potentially increasing the amount of NOX emitted.  At low temperatures, 
reduction efficiencies are reduced and there is increased ammonia slip.  When properly 
designed and operated, SCR systems are capable of sustained NOX reductions in the range of 
60% to 90%.  The outlet NOX concentrations in some gas turbine systems are less than 4 
ppm corrected to 15% oxygen. 
 
In a boiler, appropriate gas temperatures exist at the exit of the economizer.  As shown in 
Figure 5-10, the gas stream can be withdrawn from the boiler at this point, passed through a 
series of catalyst beds, and then returned to the boiler upstream of the air preheater.  
Ammonia is injected into the gas stream upstream of the catalyst bed vessel.  Both anhydrous 
and aqueous ammonia can be used as the reagent.  The storage and supply systems for 
ammonia in SCR systems are very similar to those used for SNCR systems. 
 
 To avoid excessive slip emissions, the ammonia is generally injected at about 90% of the 
stoichiometric quantity.  Ammonia slip is usually less than 3 to 5 ppm.  The emission of 
ammonia increases during load changes because of the instability of the temperature in the 
catalyst bed.  Ammonia slip can also increase at low loads because of the low gas 
temperature.  In some systems, the ammonia feed rate is controlled by a NOX continuous 
emission monitor located upstream of the SCR unit.  In other systems, the NOX monitor is 
installed downstream. 
 
Typical catalysts include vanadium pentoxide, titanium dioxide, noble metals, and tungsten 
trioxide.  Zeolites, which are capable of operating at temperatures as high as 1,100°F, may 
also be used.  The catalyst form is an extruded honeycomb with a geometry similar to the 
types of catalysts used for VOC control (see Chapter 3).  However, in SCR systems, the 
catalyst material is distributed throughout the carrier, rather than simply being deposited on 
the surface.  The catalysts developed for boilers having high particulate matter 
concentrations have large cells to facilitate particle movement through the beds.  The beds 
may be mounted in either a horizontal or vertical position.  Vertically oriented downflow 
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designs are usually used in coal-fired boiler applications to further minimize flyash 
deposition. 
 

 
 

Figure 5-10.  Schematic of an SCR system 
 
The catalyst must be selected to minimize the conversion of sulfur dioxide to sulfur trioxide.  
Sulfur trioxide can react with ammonia slip in the effluent gas stream, forming ammonium 
bisulfate and ammonium sulfate.  Ammonium bisulfate is corrosive and can also foul the 
blades of gas turbines.  In addition to forming ammonium bisulfate, the sulfur trioxide can 
react with water vapor to form sulfuric acid, which condenses and corrodes downstream 
equipment.  Most SCR catalysts limit sulfur trioxide formation while maintaining high 
efficiency NOX reduction. 
 
There are a variety of problems that can affect the performance of the catalyst.  Catalyst 
activity can be irreversibly affected by poisons, such as phosphorus, lead and arsenic.  The 
catalyst surface can be fouled by particulate matter or masked by chemicals adsorbing on the 
surface.  At high gas temperatures, the catalyst bed can sinter, reducing access to the catalyst 
material. 
 
Nitrogen Oxides Emission Reduction Efficiency 
 
Table 5-1 presents a summary of the general ranges in NOX reduction efficiencies possible 
with the control techniques discussed previously.  It should be noted that the actual reduction 
efficiencies obtained at a specific site depend on the adequacy of the system design and 
operation. 
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Table 5-1. General Range of NOX Efficiencies 

Control Technique Typical Applications Efficiency, % 
Combustion Modifications 

Low Excess Air Coal-Fired Boilers, Mun.Waste 
Incinerators 

15-30% 

Off-Stoichiometric Combustion Coal-, Oil-, and Gas-Fired Boilers 15-50% 
Flue Gas Recirculation Coal-, Oil- and Gas-Fired Boilers 15-50% 
Low NOX Burners Coal-, Oil-, and Gas-Fired Boilers 25-40% 
Gas Reburning Coal-, Oil-, and Gas-Fired Boilers 30-70% 
Lean Combustors Gas-Fired Turbines > 90% 
Water/Steam Injection Gas-Fired Turbines 60-75% 

Flue Gas Treatment 
SNCR Coal-Fired Boilers, Mun.Waste 

Incinerators 
20-60% 

SCR Coal-Fired Boilers, Gas Turbines 60-90% 
Fuel Switching 

Low Nitrogen Coal Coal-Fired Boilers No Data 
Co-Firing Coal-Fired Boilers No Data 
  
Inspection 
 
The evaluation of nitrogen oxides control techniques are based primarily on the continuous 
emission monitoring data, although some additional parameters are available for SNCR and 
SCR systems.  Due to this limited scope, the inspection items are not divided into basic and 
follow-up procedures. 
 
 Level 2 
 

• Nitrogen oxides CEM data 
• Visible emissions 
• Gas temperatures 
• Reagent feed rates and pressures 
• SCR static pressure drop 
• Gas turbine water or steam flow rates 

 
Level 2:  Nitrogen Oxides CEM Data 
 
Nitrogen oxides continuous emission monitors (CEMs) provide a direct indication of the 
performance of the NOX control technique being used.  Prior to the inspection, agency 
personnel should review the reports submitted by the source concerning the daily calibration 
drift tests and the quarterly relative accuracy tests.  These reports should be evaluated to 



Chapter 5:  Nitrogen Oxides Control Systems 
 

5-17 

confirm that the nitrogen oxides monitor is achieving the required data availability and that 
the emissions data are being averaged properly. 
 
Once on-site, inspectors should observe a daily zero and span check.  The sample acquisition 
system from the stack to the monitor should also be briefly inspected, if there are concerns 
about the indicated nitrogen oxides concentrations.  If the unit is working properly, the CEM 
data for the time period since the last inspection should be reviewed. 
 
Level 2:  Visible Emissions 
 
These should be no visible plume if the NOX control system is working properly.  At high 
concentrations, NO2 can form its dimer compound, N2O4, which has a reddish-brown color.  
The appearance of this color is a strong indication that stack emissions are high.  It should be 
noted that this color is not classified as opacity, since the ambient light is being absorbed by 
the dimer compound, rather than being scattered by particulate matter. 
 
Ammonia slip from the NOX control system can result in the formation of ammonium 
chloride, ammonium bisulfate or ammonium sulfate, if chlorine or sulfur species are present 
in the gas stream.  Plume opacities of 20% to 80% can occur when the ammonia slip levels 
are in the range of 10 ppm to 20 ppm.  These plumes usually have a bluish-white color and 
are most prevalent during cold weather or high relative humidity conditions, since these 
conditions favor particle nucleation. 
 
Level 2:  Gas Temperatures 
 
Both SNCR and SCR control systems have limited gas temperature operating ranges.  For 
SNCR systems, the gas temperature at the point of reagent injection should be in the range of 
1,600°F to 1,900°F.  Low gas temperatures indicate the potential for high ammonia slip 
emissions.  At high gas temperatures, the conversion of NOX ceases, and the reducing agent 
can be oxidized to form additional NOX. 
 
In the case of SCR systems, the gas temperature at the inlet to the catalyst bed should be 
compared to the required temperature range for the catalyst being used.  Low gas 
temperatures indicate the potential for incomplete NOX reduction and the formation of 
corrosive ammonium bisulfate.  At high gas temperatures, the conversion of NOX ceases, and 
the reducing agent can be oxidized to form additional NOX.  High gas temperature also has 
the potential of damaging the catalyst. 
 
Current temperature data should be obtained to document the operating conditions during the 
inspection.  Also, temperature data should be obtained from the plant records for any periods 
in which the nitrogen oxides concentrations exceeded allowable limits.   These data can be 
used to determine if there is a chronic emission problem due to improper injection locations. 
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Level 2:  Reagent Feed Rates and Pressures 
 
The reagent feed rates and pressures of SNCR and SCR systems should be compared to 
baseline values for the same combustion system operating rate.  However, in some systems, 
each nozzle has a different injection rate and pressure, and the data can be voluminous and 
difficult to interpret.  Low feed rates indicate that too little reagent is being injected, and 
NOX concentrations in the stack could be high.  High feed rates indicate that an excessive 
amount of reagent is being injected, and slip emissions could be high. 
 
The adequacy of NOX reduction depends partially on the mixing of the reagent with the flue 
gas.  The penetration of the reducing agents is affected by the nozzle pressures and the 
carrier stream flow rates.  If there are compliance problems, these data should be compared 
to their baseline values. 
 
The CEM data should be evaluated to ensure that the feed rate control system can keep up 
with fluctuations in NOX concentrations.  These should not be a long delay between a change 
in NOX emission levels and a change in the reagent feed rate. 
 
Level 2:  SCR Static Pressure Drop 
 
The static pressure drop across the unit provides an indication of the physical condition of 
the catalyst bed.  Fouling by particulate matter or high temperature damage can increase the 
static pressure drop.  The static pressure drop must be checked against baseline data for the 
same operating rate, since the pressure drop is a function of the square of the gas flow rate. 
 
Level 2:  Gas Turbine Water or Steam Flow Rates 
 
The water or stream injection rates are usually monitored continuously, along with the 
electrical and steam output.  For sources subject to NSPS requirement, the water/fuel or 
stream/fuel ratio is usually calculated automatically and recorded.  Decreases in the injection 
ratio may result in increased NOX emissions. 
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Review Problems 
 
1. Which chemical(s) are often used as reducing agents in nitrogen oxides control systems? 
 

a. Ammonia 
b. Phenol 
c. Urea 
d. Acetone 

 
2. What is the typical ammonia  stoichiometry in SCR systems? 
 

a. 1.0 to 1.25 mole of reagent per mole of NOX 
b. 0.85 to 0.95 mole of reagent per mole of NOX 
c. 1.9 to 2.0 mole of reagent per mole of NOX 
d. None of the above 

 
3. Why are visible emission observations a necessary step in evaluating nitrogen oxides 

control systems? 
 

a. Improperly operating nitrogen oxides systems can generate opacity due to the 
formation of N2O4 

b. Ammonia slip can react to form light scattering particles 
c. Particulate in the flue gas can interfere with the reduction reaction 

 
4. In an SNCR system using ammonia, the gas temperature at the injection point has 

increased from 1,800°F to 2,000°F.  Will the nitrogen oxides emissions increase or 
decrease from the baseline levels? 

 
a. Increase due to oxidation of ammonia to nitrogen oxides 
b. Increase due to unavailability of ammonia for reduction of nitrogen oxides 
c. Decrease due to the increased reaction rate between ammonia and nitrogen oxides 
d. Decrease due to the shift in the amount of nitrogen oxides in the nitric oxide form 

 
5. The inlet gas temperature to an SCR system on a gas turbine operating at low load has 

dropped to 500°F.  The normal inlet gas temperature at low load is 585°F.  What will 
happen to the ammonia concentration in the gas turbine exhaust? 

 
a. It will increase substantially 
b. It will not change from baseline levels at this load 
c. It will decrease 
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6. The inlet gas temperature to an SCR system on a gas turbine operating at high load has 
increased to 850oF.  The normal inlet gas temperature at high load is 585oF.  What will 
probably happen to the nitrogen oxides concentration in the gas turbine exhaust? 

 
a. It will increase to levels exceeding 100% of the inlet concentration 
b. It will not change from baseline levels at this load 
c. It will decrease to less than 50% of the baseline levels due to the increased 

reaction rates at this temperature 
 



 

 

CHAPTER 6 
SULFUR OXIDES CONTROL SYSTEMS 

More than 18 million metric tons of sulfur oxides (SOX) are emitted into the atmosphere each 
year from man-made sources.  Sulfur oxides include sulfur dioxide (SO2) and sulfuric acid 
(H2SO4).  Approximately 98% to 99% of the SOX emissions are in the form of SO2.  These 
emissions can cause health problems and contribute to acid rain. 
 
More than two-thirds of all anthropogenic SOX emissions result from fossil fuel combustion 
in utility and industrial boilers.  Coal and No. 6 fuel-oil boilers are responsible for most of 
the utility and industrial boiler SOX emissions because these fuels have moderate-to-high fuel 
sulfur levels.  The largest noncombustion sources are copper smelters, followed by petroleum 
refining operations.  Other small SOX sources include residential, commercial, and 
institutional heating furnaces and mobile sources. 
  
Sulfur Oxides Formation Mechanisms 
 
Sulfur oxides are formed from the sulfur compounds entering with the fuel.  In the case of 
coal, the sulfur compounds include pyrites, sulfates, and organic sulfur compounds.  
Approximately 94% to 95% of the sulfur compounds are converted to SO2 in burner flames 
as indicated in Reaction 6-1.  Another 0.5% to 2% of the fuel sulfur is converted to sulfur 
trioxide (SO3), as shown in Reaction 6-2.  Once the fuel gas stream is cooled below 
approximately 600°F (320°C), the SO3 adds a water molecule to form vapor phase sulfuric 
acid as indicated in summary Reaction 6-3.  As indicated in Figure 6-1, the remaining 3% to 
5.5% of the sulfur that is not converted to sulfur dioxide or sulfur trioxide leaves the boiler 
with the bottom ash.  Changes in the boiler oxygen levels and burner characteristics do not 
significantly influence the fraction of the fuel sulfur leaving with the ash; however, these 
operational changes may influence the fraction of fuel sulfur converted to sulfur trioxide. 
 
 S + O2 → SO2 (6-1) 
 
 S + 1.5O2 → SO3 (6-2) 
 
 SO3 + H2O → H2SO4 (6-3) 
 
Reactions 6-1 and 6-2 summarize the result of a complex set of simultaneous reactions 
occurring in the burner flames and in the high temperature furnace area.  These reactions are 
useful for indicating the overall stoichiometry of the oxidation reactions.  In the case of SO2, 
one mole is formed for every mole of fuel sulfur. 
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Figure 6-1.  Conversion of fuel sulfur 
 
Sulfur dioxide emissions from fossil-fuel-fired combustion sources can be reduced by three 
techniques. 
 

• Flue gas desulfurization 
• Fuel treatment 
• Low sulfur fuel firing 

 
Flue gas desulfurization and fuel treatment are the most common techniques presently being 
used to comply with emission reduction requirements. 
  
Flue Gas Desulfurization 
 
Flue gas desulfurization (FGD) is the most common technology used for controlling sulfur 
oxides emissions from combustion sources.  FGD technology is also used to reduce SO2 
emissions from copper smelters.  In this method, gaseous SO2 emissions are usually removed 
by a post-combustion absorption process. 
 
FGD scrubbing processes can be either wet or dry.  Wet scrubbing processes use a liquid 
absorbent to remove more than 90% of SO2 emissions.  Wet scrubbing can be further 
categorized into nonregenerative and regenerative processes.  Nonregenerative processes 
produce a sludge that must be disposed of properly.  These are sometimes referred to as 
throwaway FGD processes.  Regenerative processes generate a salable product in addition to 
removing SO2.  Regenerated products include concentrated sulfur dioxide, sulfuric acid, 
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elemental sulfur and gypsum.  Dry scrubbing processes use a wet or dry spray to remove SO2 
gases and form dry particles that are collected in a fabric filter or electrostatic precipitator.  
Dry scrubbing removal efficiencies range from approximately 50% to over 90%, depending 
on the system design and the reagent used. 
 
More than 50 different FGD processes have been developed.  The dominant systems, and 
those that will continue to be used in the foreseeable future, are summarized in Table 6-1.  
This section will address these processes. 
 
 

Table 6-1. Estimated Use of Common Types of  
FGD Processes for Boilers 

Type of SO2 Control System 1989 
(%) 

2010 
(%) 

Non-Regenerative 
Wet Scrubbing 
 Limestone* 50.6 45.5 
 Lime* 23.3 18.4 
 Sodium carbonate 4.0 3.3 
 Dual alkali 3.4 2.3 
Spray Drying 
 Lime 8.8 7.9 
 Sodium carbonate 0.0 0.5 
 Reagent not selected 0.7 2.1 
Dry Injection 
 Lime 0.2 0.1 
 Sodium carbonate 0.0 1.6 
 Reagent not selected 0.0 0.2 
Process Undecided 0.0 2.2 

Regenerative 
Wet Scrubbing 
 Limestone 4.1 4.6 
 Wellman Lord 3.1 2.1 
 Magnesium Oxide 1.4 1.0 
Spray Drying 
 Lime 0.0 0.3 
Process Undecided 0.0 7.8 
*This includes systems that use alkaline flyash for part of the alkali feed reuirement. 

 
Lime Scrubbing 
 
Lime scrubbing uses an alkaline slurry prepared directly from calcium hydroxide [Ca(OH)2] 
or by slaking lime (CaO).  Slaking is the addition of water to convert calcium oxide to 
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calcium hydroxide.  The alkaline slurry containing calcium hydroxide is sprayed into a 
scrubbing vessel at a stoichiometric ratio of about 1.1 and reacts with the SO2 absorbed into 
the slurry droplets.  Calcium sulfite (CaSO3) and calcium sulfate (CaSO4) salts are formed in 
the reaction and are removed as solids.  The basic reactions are: 
 
 SO2 + Ca(OH)2 → CaSO3 + H2O (6-4) 
 
 CaSO3 + 0.5O2 → CaSO4 (6-5) 
 
A simplified flowchart of a lime scrubbing system is shown in Figure 6-2.  The solids 
generated can be stabilized to produce an inert landfill material or can be stored indefinitely 
as sludge in ponds.  Some systems use forced oxidation in order to convert most of the sulfite 
to sulfate in.  This improves the ability to handle the sludge that is formed in the clarifier and 
the vacuum filter.  In other systems, oxidation is suppressed in order to minimize the 
conversion of sulfite to sulfate.  It is usually not desirable to have a mixture with significant 
quantities of both calcium sulfite and calcium sulfate. 
 

 
 

Figure 6-2.  Simplified flowchart of a lime scrubbing system 
 
Limestone Scrubbing 
 
Limestone scrubbing uses an alkaline slurry prepared from limestone (CaCO3). The 
equipment necessary for SO2 absorption is the same as for lime scrubbing, except for the 
slurry preparation.  The limestone is reduced in size by crushing it in a ball mill and then 
sending it to a size classifier.  Pieces larger than 200 mesh are sent back to the ball mill for 
recrushing.  The crushed limestone is mixed with water in a slurry supply tank.  Even with 
these slurry preparation differences, the lime and limestone processes are so similar that a 
system can be set up to use either material to absorb SO2.  The basic reactions are: 
 
 SO2 + CaCO3 → CaSO3 + CO2 (6-6) 
 
 CaSO3 + 0.5O2 → CaSO4 (6-7) 
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Dual Alkali Scrubbing 
 
Dual alkali scrubbing is a nonregenerative process that uses two different alkalis to remove 
SO2 from combustion exhaust gas.  These two different alkalis are used in two separate 
liquid recirculation loops: one for absorption of the sulfur dioxide and one for the 
regeneration of the scrubbing liquid.  A typical dual alkali system is shown in Figure 6-3. 
 

 
 

Figure 6-3.  Dual alkali scrubber system 
 
Sodium sulfite (Na2SO3) scrubbing liquid is used in the main scrubbing loop.  Sodium sulfite 
and the reaction products with sulfur dioxide are very soluble; therefore, chemical 
precipitation in the scrubbing circuit is not a problem.  The basic reactions are: 
 
 SO2 + Na2SO3 + H2O → 2NaHSO3 (6-8) 
 
 NaHSO3 + 0.5O2 → NaHSO4 (6-9) 
 
A portion of the dual alkali scrubbing liquid is treated in a regeneration loop.  Calcium 
hydroxide is added to the reaction products to convert the sodium bisulfite (NaHSO3) and 
sodium bisulfate (NaHSO4) to sodium sulfite, which is returned to the main scrubbing circuit.  
Makeup sodium carbonate (Na2CO3) is added to the recirculation tank in order to maintain 
the necessary reagent levels.  The calcium sulfite and calcium sulfate solids formed in the 
regeneration reactions are removed for disposal.  The basic regeneration reactions are: 
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 2NaHSO3 + Ca(OH)2 → Na2SO3 + CaSO3 + 2H2O (6-10) 
 
 NaHSO4 + Ca(OH)2 → NaOH + CaSO4 + H2O (6-11) 
 
Most dual alkali systems have a particulate matter control device upstream of the main 
scrubber vessel.  This is needed to remove calcium and magnesium containing flyash 
particles that could create chemical scaling conditions in the main scrubbing loop. 
 
Sodium Carbonate Scrubbing 
 
These systems are similar to dual alkali scrubbers in that they use highly soluble sodium 
compounds for reaction with the SO2.  In these systems, sodium carbonate or sodium 
hydroxide (NaOH) is added to the liquid recirculation tank at a rate controlled by the liquid 
pH and the dissolved solids content.  A portion of the recirculation stream is sent to a pond or 
wastewater treatment facility to minimize flyash levels and sulfate concentrations in the 
liquid.  The basic reactions are: 
 
 SO2 + 2Na2CO3 + H2O → Na2SO3 + 2NaHCO3 (6-12) 
 
 SO2 + Na2SO3 + H2O → 2NaHSO3 (6-13) 
 
 SO2 + NaHCO3 → NaHSO3 + CO2 (6-14) 
 
Because of the simplicity of these systems, they require very little plant area.  Process control 
is also relatively easy because the system is not very vulnerable to solids precipitation due to 
upsets in the liquid chemistry.  However, the cost of the sodium-based reagents is higher than 
that of calcium-based materials such as lime or limestone.  There can also be problems 
associated with the high sodium content purge liquid. 
 
Magnesium Oxide Process 
 
A simplified flowchart of the magnesium oxide process is shown in Figure 6-4.  Magnesium 
hydroxide slurry [Mg(OH)2] absorbs SO2 and forms magnesium sulfite (MgSO3) according 
to the following reaction: 
 
 SO2 + Mg(OH)2 → MgSO3 + H2O (6-15) 
 
The magnesium sulfite solids are separated from the spent scrubbing liquor in a centrifuge 
and dried to remove moisture.  The mixture is then calcined to generate magnesium oxide 
(MgO) and produce concentrated SO2.  The SO2 may be liquefied and sold as an intermediate 
chemical or used directly for production of sulfuric acid or elemental sulfur.  The magnesium 
oxide is slaked with water to produce magnesium hydroxide, which is returned to the 
scrubber.  The regeneration reactions are: 
 
 MgSO3 → MgO + SO2 (6-16) 
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 MgO + H2O → Mg(OH)2 (6-17) 
 
 

 
 

Figure 6-4.  Simplified flowchart of the magnesium oxide process 
 
Wellman-Lord Process 
 
In the Wellman-Lord process, sulfur dioxide is absorbed by an aqueous sodium sulfite 
solution to form sodium bisulfite, identical to the dual alkali process: 
 
 SO2 + Na2SO3 + H2O → 2NaHSO3 (6-18) 
 
The spent scrubbing liquor is sent to an evaporator where sodium sulfite and concentrated 
SO2 gas are produced: 
 
 2NaHSO3 → Na2SO3 + H2O + SO2 (6-19) 
 
The sodium sulfite is recycled to the absorber.  The SO2 may be liquefied and sold as an 
intermediate chemical or used directly for production of sulfuric acid or elemental sulfur.  
Sodium carbonate is added to the scrubbing liquid to make up for the sodium sulfite that is 
inadvertently oxidized to sodium sulfate, and a particulate matter control device is used 
upstream of the absorber vessel to minimize problems associated with particulate matter in 
the scrubber liquid. 
 
Spray Dryer Dry Scrubbing 
 
A flowchart of a spray dryer absorber is shown in Figure 6-5.  In the system shown, the inlet 
gas stream is split, with one-half entering at the top and moving downward and the other half 
entering near the middle and moving toward the atomizer.  In other systems, all of the gas 
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stream enters from the top.  The alkali reagent is prepared as a slurry containing 5% to 20% 
by weight solids.  The slurry is atomized in a large absorber vessel having a gas residence 
time of 6 to 20 seconds.  During this time, the SO2 is absorbed into the slurry as the heat 
from the gas stream dries the reaction products.  The dry products are removed in a fabric 
filter or electrostatic precipitator. 
 

 
 

Figure 6-5.  Simplified flowchart of a spray dryer-type dry scrubber 
 
There are two major types of atomizers:  (1) rotary atomizers and (2) compressed air assisted 
atomizing nozzles.  The rotary atomizers operate at 10,000 rpm to 17,000 rpm.  A thin film 
of slurry is fed to the top of the rotating atomizer disk to achieve droplet sizes in the range of 
100 micrometers.  A single rotary atomizer is used for each spray dryer vessel.  The spray 
pattern produced is inherently broad due to the geometry of the disk.  This requires a large 
diameter spray dryer vessel. 
 
Compressed air nozzles operate at air pressures of 60 psig to 90 psig and slurry pressures up 
to 40 psig to achieve droplet sizes in the range of 100 micrometers.  Multiple nozzles are 
used in a single spray dryer.  Because of the geometry of the spray pattern, the spray dryer 
vessel designed for these nozzles is taller and smaller in diameter than for rotary atomizers.  
This type of atomizer can operate over wider variations of the gas flow rate than the rotary 
atomizer.  However, nozzle atomizers do not have the slurry feed rate turndown capability of 
the rotary units. 
 
It is important that all of the slurry droplets evaporate to dryness prior to approaching the 
absorber vessel walls and prior to exiting the absorber.  Any atomizer problems that result in 
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larger slurry droplet sizes can cause drying problems, as can operation at lower than intended 
gas inlet temperatures. 
 
The alkaline material generally used in spray dryer absorbers is pebble lime.  This material 
must be slaked in order to prepare a reactive slurry.  Proper slaking conditions are important 
to ensure that the resulting calcium hydroxide slurry has the proper particle size distribution 
and that the particles have not been coated because of the precipitation of contaminants in the 
slaking water.  Recycle of the solids collected in particulate matter control device is used in 
some systems.  Recycle maximizes the utilization of the alkali and thereby reduces operating 
costs. 
 
The effectiveness of acid gas removal is partially dependent on spray dryer effluent gas 
temperature approach-to-saturation.  This is the difference between the gas temperature and 
the moisture dewpoint of the gas stream at the exit of the spray dryer vessel.  In fossil-fuel 
fired boilers, the approach-to-saturation must be within 15°F to 40°F in order to achieve the 
necessary SO2 removal efficiencies.  In municipal waste incinerators, the approach-to-
saturation is approximately 90°F to 180°F.  However, this range is difficult to measure on a 
routine basis because of the unreliability of the wet bulb temperature measurements.  
Accordingly, the spray dryer outlet gas temperature is often used as an indication of the 
approach-to-saturation.  If this value has increased substantially, it is possible that the acid 
gas removal efficiency has decreased. 
 
The feed rate of alkali also affects the removal efficiency for acid gases.  As indicated in 
Figure 6-6, the efficiency increases substantially for spray dryer systems as the ratio of 
alkali-to-acid gas increases.  The basic reactions for acid gas removal are: 
 
 SO2 + Ca(OH)2 → CaSO3 + H2O (6-20) 
 
 2HCl + Ca(OH)2 → CaCl2 + 2H2O (6-21) 
 
It should be noted that calcium chloride (CaCl2) is hygroscopic and can present operating 
problems in downstream particle control equipment if significant moisture levels are present. 
 
Dry Injection Dry Scrubbing 
 
Dry injection systems are also referred to as dry injection-type scrubbers and injection-type 
dry scrubbers.  This type of dry scrubber uses finely divided calcium hydroxide for the 
adsorption  of acid gases.  The reagent feed has particle sizes that pass through 325 mesh 
with 90% efficiency, which is approximately the consistency of talcum powder.  The alkali 
particle size distribution is important because removal efficiency is related to the amount of 
surface area available.  Typical removal efficiencies for dry injection are 40% to 60%. 
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Figure 6-6.  Effect of alkali stoichiometric ratio on removal efficiency 
 
The calcium hydroxide feed rate for dry injection systems is 3 to 4 times the stoichiometric 
quantities.  This is much higher than the requirements for the spray dryer-type absorber 
systems discussed earlier and is the main disadvantage of the dry injection systems.  Their 
main advantage is that they are less expensive to build.  A diagram of a dry injection system 
is shown in Figure 6-7.  It consists of a calcium hydroxide feed system, a gas-to-gas heat 
exchanger, a solids recycle contactor, and a fabric filter. 
 

 
 

Figure 6-7.  Dry injection dry scrubber flowchart 
 
The calcium hydroxide from the storage hopper is fed volumetrically to a blower.  This 
fluidizes the alkali particles and transports them to the distribution nozzle in the system inlet 
duct.  The gas-to-gas heat exchanger is designed to reduce the inlet temperature from the 
400°F to 500°F range down to 250°F.  This lower temperature is needed to achieve adequate 
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adsorption of the acid gases.  In some systems, water sprays are used to reduce the gas stream 
temperature. 
 
Recycle of a portion of the solids collected in the fabric filter is used to maximize alkali 
utilization and thereby reduces operating costs.  A solids reactor is used for redistributing the 
fabric filter solids back into the flue gas stream.  This is a rotating drum that breaks up fly 
ash-alkali solids agglomerates and exposes fresh alkali surfaces for adsorption. 
 
Fluidized Bed Combustion 
 
A fluidized bed boiler using an alkali such as limestone can reduce sulfur oxides emissions.  
In this type of boiler, a grid supports a bed of coal and limestone (or dolomite) in the firebox 
of the boiler.  Combustion air is forced upward through the grid, suspending the coal and 
limestone bed in a fluid-like motion.  Natural gas is used to ignite the pulverized coal.  Once 
the coal is ignited, the gas is turned off.  The sulfur in the coal is oxidized to SO2 and 
subsequently combined with the limestone to form calcium sulfate.  The CaSO4 and fly ash 
particulate matter are usually collected in a fabric filter or an electrostatic precipitator. 
 
Because of the limited amount of alkali surface area available, fluidized bed boilers usually 
require a calcium-to-sulfur ratio of 2-4 times stoichiometric.  This lime feed requirement is 
considerably above that required for wet scrubber type systems and spray atomization type 
dry scrubbers.  This disadvantage is partially offset by the relative simplicity of this sulfur 
dioxide control approach and the inherently low NOX generation rate of fluidized bed boilers. 
  
Fuel Treatment 
 
Coal Gasification 
 
Over 70 different processes have been developed for producing a combustible gas from coal.  
Three basic steps are common to all coal gasification processes: pretreatment, gasification, 
and gas cleaning.  Coal pretreatment involves coal pulverizing and washing.  The pulverized 
coal is gasified in a reactor with limited oxygen.  A low, medium, or high heating value gas 
is produced either by applying heat and pressure to break down the components of the coal or 
by using a catalyst.  The gas produced contains carbon monoxide, molecular hydrogen, 
carbon dioxide, water, methane, and contaminants such as hydrogen sulfide and char.  Low 
and medium Btu gas contains more CO and H2 than high Btu gas, which has a higher CH4 
content.  Methane gas produces more heat when burned.  During gasification, the sulfur 
content in the coal is converted to H2S, which is then converted to elemental sulfur by partial 
oxidation and catalytic conversion.  The synthetic gas produced is sulfur-free and can be 
burned without emitting SO2. 
 
Coal Liquefaction 
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The process of changing coal into synthetic oil is called coal liquefaction.  Two basic 
approaches are used for liquefaction.  One approach is to use a gasifier to convert coal to 
carbon monoxide, hydrogen and methane, followed by condensation to convert the gases to 
oils.  The second approach is to use a solvent or slurry to liquefy pulverized coal and then 
processes this liquid into a heavy fuel oil.  Some processes produce both synthetic gas and 
synthetic oil.  During liquefaction, hydrogen is used to convert sulfur in the coal to hydrogen 
sulfide gas.  The hydrogen sulfide is partially oxidized to form elemental sulfur and water.  
More than 85% of the sulfur is removed. 
 
Coal Cleaning 
 
Coal cleaning can be accomplished using either physical or chemical methods.  Physical coal 
cleaning is used to remove the inorganic (mainly pyritic) sulfur compounds present in the 
coal, while chemical coal cleaning is used to reduce organic sulfur compounds. 
 
Physical coal cleaning is a well-established technology that has been used for more than 50 
years to reduce the sulfur and ash content of high sulfur coal supplies.  Physical coal cleaning 
uses the differences in density of the coal and the sulfur-bearing impurities in the coal.  The 
coal is crushed, washed, and then separated by settling processes using cyclones, air 
classifiers, or magnetic separators.  Approximately 40% to 90% of the pyrite sulfur content 
can be removed by physical coal cleaning.  Its effectiveness depends on the size of pyritic 
sulfur particles and the amount of pyritic sulfur contained in the coal. 
 
Chemical coal cleaning methods that reduce the organically bound sulfur are currently under 
development.  In microwave desulfurization, the coal is crushed and then heated for 30 to 60 
seconds by exposure to microwaves.  Mineral sulfur selectively absorbs this radiation, 
forming H2S gas.  The H2S is usually reduced to elemental sulfur by the Claus process.  
Another microwave process adds calcium hydroxide to crushed coal.  The organic sulfur 
converts to CaSO3 when exposed to this radiation.  The coal is washed with water to remove 
the CaSO3 and other impurities.  As much as 70% of the sulfur can be removed by the 
microwave process. 
 
Hydrothermal desulfurization was developed by Battelle Laboratories in Columbus, Ohio.  
Coal is crushed and mixed with a solution of sodium and calcium hydroxides.  When this 
mixture is heated to 500°F in a pressurized vessel, most of the pyritic sulfur and 20% to 50% 
of the organic sulfur are converted to sodium and calcium sulfites.  The coal is rinsed to 
remove the sulfites, and the water is processed to recycle the sodium and calcium 
hydroxides.  This process is an expensive but effective method of removing sulfur from coal. 
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Low Sulfur Fuel Firing 
 
One of the most straightforward ways to reduce SO2 emissions from combustion sources is 
by burning a lower sulfur content fuel.  In coal-fired boilers, this could involve using low 
sulfur coal, low sulfur fuel oil or natural gas, instead of a high sulfur coal.  Low sulfur coal 
usually contains 0.5% to 1% sulfur, while high sulfur coal contains 3% to 5% sulfur.  The 
use of low sulfur coal can reduce SO2 emissions by more than 80%. 
 
When comparing the sulfur contents of fuel supplies, it is important to evaluate the heating 
value of the coal as well as the sulfur content on a weight percent basis.  A change from 2% 
sulfur coal to 1% sulfur coal does not necessarily mean that the sulfur dioxide emissions will 
be cut in half.  Many low sulfur coal supplies have a lower heating value.  Therefore, more of 
the low heating value fuel is needed to produce a given amount of energy.  This difference in 
heating value partially offsets the benefits of the low sulfur fuel. 
 
While the conversion to low sulfur fuels has often been a successful control option, it is not 
universally applicable to all coal-fired boilers.  Each boiler system is designed for a narrow 
range of coal characteristics. The available low sulfur coals can have properties, such as a 
heat content, volatile content, ash fusion temperature, or grindability, that are not appropriate 
for the specific unit. 
 
In addition to completely changing the type of fuel being burned, it is sometimes possible to 
substitute a portion of the heating demand supplied by a high sulfur fuel with a fuel such as 
natural gas or No. 2 oil, which have low fuel sulfur levels. 
  
Inspection 
 
The inspection data and observations usually included in a Level 2 inspection of flue gas 
desulfurization systems are listed below. 
 
 Basic Level 2 
 

• Sulfur oxides CEM data 
• pH and alkalinity of scrubbing liquid 
• Alkali feed rates 
• Inlet and outlet temperatures 
• Visible emissions 
• Physical condition 

 
 Follow-up Level 2 
 

• Mist eliminator static pressure drop 
• Slurry atomizer conditions 
• Flue gas oxygen concentration 
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Basic Level 2:  Sulfur Oxides CEM Data 
 
Sulfur oxides continuous emission monitors (CEMs) provide a direct indication of the 
performance of the SOX control system.  Prior to the inspection, agency personnel should 
review the reports submitted by the source concerning the daily calibration drift tests and the 
quarterly relative accuracy tests.  These reports should be evaluated to confirm that the sulfur 
oxides monitor is achieving the required data availability and that the emissions data are 
being averaged properly. 
 
Once on-site, inspectors should observe a daily zero and span check.  The sample acquisition 
system from the stack to the monitor should also be briefly inspected, if there are concerns 
about the indicated sulfur oxides concentrations.  If the unit is working properly, the CEM 
data for the time period since the last inspection should be reviewed. 
 
Sulfur dioxide concentrations that gradually increase over time could be caused by alkali 
feeding problems.  Scaling in pipes can reduce the cross-sectional area available for flow and 
thereby affect the ability of the system to operate properly.  Short term sulfur dioxide 
emission data during periods of increasing system load increase should be checked.  The 
inability to respond quickly could also be caused by scaling in the pipes. 
 
Basic Level 2:  pH and Alkalinity of Scrubbing Liquid 
 
The pH of the scrubbing liquid is an important inspection parameter.  If the pH drops below 
approximately 5.5, the removal efficiency begins to drop due to absorption equilibrium 
limits.  pH levels above approximately 8 can create scaling problems due to the 
precipitations of calcium and magnesium carbonates. 
 
Alkalinity is the total concentration of species that can react with dissolved acid species.  
High alkalinity levels are needed to ensure that the system can handle short-term variations 
in the inlet sulfur dioxide concentrations.  These variations are very common due to the 
highly variable levels in coal sulfur content in some coal supplies.  Alkalinity is measured by 
a series of wet chemical analyses performed on a routine basis. 
 
Basic Level 2:  Alkali Feed Rates 
 
The alkali feed rate data are relevant to the performance evaluation, since there is a clear 
relationship between the amount of alkali present and the removal efficiency.  For absorbers 
and spray dryer dry scrubbers, the alkali feed rate is usually monitored with a magnetic flow 
meter and the solids concentrations by a slurry density meter.  For dry injection dry 
scrubbers, the alkali feed rate is determined from weigh belt or screw feeder data. 
 
If emission exceedances occur with near constant inlet concentrations, the maximum feed 
rate should be checked and compared to the baseline value.  Any steady decline in the 
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maximum rates may be due to scaling of the feed lines.  In addition, the extent to which 
alkali feed rates follow fluctuations in the inlet concentration should also be observed. 
 
Basic Level 2:  Inlet and Outlet Temperatures 
 
In wet scrubbing systems, the difference between the inlet and outlet gas temperature is a 
useful indicator of gas-liquid contact problems and, as a result, reduced collection efficiency.  
The existence of significant problems is indicated by a temperature difference that is 5°F to 
10°F less than the baseline difference.  The inlet gas temperature is important with respect to 
the materials of construction in the absorber vessel.  If the inlet gas temperature is 
significantly higher than normal, damage could occur to corrosion resistant liners and other 
non-metal components in the absorber vessel. 
 
In spray dryer dry scrubbers, the inlet temperature affects the capability to evaporate the 
slurry droplets to dryness.  Inlet temperatures that are too low can create sludge build-up 
problems in the outlet of the spray dryer vessel.  The spray dryer outlet gas temperature is an 
indirect indicator of acid gas removal efficiency and should be compared to baseline values.  
Efficiency decreases as the outlet temperature increases. 
 
For dry injection dry scrubbers, the inlet temperature affects the ability to cool the gas stream 
to the 250°F level necessary for proper adsorption to the acid gases.  Inlet temperatures 
substantially above normal could create problems, especially if gas flow rates are also high. 
 
Basic Level 2:  Visible Emissions 
 
Visible emissions from SO2 control systems can be caused by the nucleation of sulfuric acid 
vapor in the flue gas stream, by reduced collection efficiency in the particle control device, 
or by failure of the mist eliminator to effectively remove liquid droplets from the gas stream.  
Droplet emissions are also indicated by the presence of a deposition pattern in the area within 
approximately 50 yards of the stack. 
 
Basic Level 2:  Physical Condition 
 
This physical condition of the absorber shell should be evaluated for indications of corrosion 
and for vapor leaks. 
 
Follow-up Level 2:  Mist Eliminator Static Pressure Drop 
 
All absorber vessels used on wet scrubbing systems must have a mist eliminator to remove 
droplets formed in the scrubber.  The static pressure drop across the mist eliminator is 
usually in the range of 1 to 4 in. H2O, depending on the design of the mist eliminator and the 
gas velocity through the unit.  An increase in the static pressure drop above the baseline 
range usually indicates solids buildup.  A decrease in the static pressure may indicate 
structural failure. 
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Follow-up Level 2:  Slurry Atomizer Conditions 
 
Poor performance of a spray dryer dry scrubber can occur because of poor atomizing 
conditions.  For systems using compressed air assisted nozzles, the air and slurry pressures 
should be noted and compared to the baseline values. 
 
Follow-up Level 2:  Flue Gas Oxygen Content 
 
The flue gas oxygen concentration is an important operating variable.  Increased boiler 
excess air levels or increased air infiltration provide additional oxygen in the scrubbing 
liquor that can cause increased oxidation of sulfite to sulfate.  Calcium sulfate precipitation 
can cause scaling-related operating problems in systems designed for sulfites. 
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Review Problems 
 
Video Problem 1 
 
This inspection concerns a co-current flow sulfur dioxide scrubber serving a No. 6 oil-fired 
boiler.  The inspector is on-site to observe the scrubber operating conditions during 
particulate and sulfur dioxide emission tests.  The scrubber operating conditions are 
summarized below. 
 
 Static pressure drop, in. H2O 4 
 Inlet gas temperature, °F 450 
 Scrubber operating pH  6.7 
 Scrubber design pH 6.0 
 
1. Is the scrubber pH in the proper range for high efficiency sulfur dioxide control? 
 
 
 
 
2. What problems could develop if the pH occasionally increases to more than 10? 
 
 
 
 
3. The emission test is being conducted during the summer.  The plant is discharging the 

steam since there is no space heating requirement at the time of the test.  What safety 
considerations apply due to this operating condition.? 

 
 
 
 
 
Video Problem 2 
 
The municipal incinerator facility shown in the videotape consists of three reciprocating 
grate units, all of which are rated at 150 tons per day capacity.  Following the incinerator, 
there is a waste heat boiler used to make steam for sale to a local manufacturing plant.  The 
waste heat boiler is not shown in the tape.  The combined flue gas streams from all three 
incinerators are ducted to a single dry injection dry scrubber.  This air pollution control 
system includes alkali injection equipment, a gas stream cooler, and a pulse-jet fabric filter.  
The alkali used for acid gas removal is hydrated lime.  Some of the solids captured in the 
fabric filter are recycled to the front of the dry scrubber system to utilize unreacted lime and 
reduce operating costs. 
 



Chapter 6:  Sulfur Oxides Control Systems 

6-18 

4. Draw a block diagram type flowchart of the incinerator and dry scrubber system shown 
in the video. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. What information could the inspector obtain by observing the combustion conditions 

through the side access hatch shown in the video? 
 

a. The presence of air-fuel distribution problems caused by poor waste distribution 
on the grates 

b. The charging of any obviously inappropriate materials  
c. The existence of excessive soot emissions due to the quenching of flames on 

refractory surfaces 
d. The adequacy of overfire air induced turbulence 
e. None of the above.  Observations at this hatch can not be done safely. 

 
6. What plant equipment or instruments would be useful in future inspections to improve 

the capability of the inspector to evaluate the acid gas removal effectiveness? 
 

a. Weekly or monthly lime silo level measurements to quantify long term average 
usage values 

b. Weigh belt monitors in the hydrated lime feed system 
c. Hydrogen chloride emission monitor 
d. Sulfur dioxide emission monitor 
e. Nothing additional is desirable or necessary 
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7. What potential problems would be created by air infiltration in the hoppers of the fabric 
filter shown in the video? 

 
a. Solids bridging in the hoppers due to the hygroscopic nature of the calcium 

chloride solids formed 
b. Blinding of the bags 
c. Corrosion due to acid deposition in cold spots 
d. Abrasive blasting of the bags by entrained particulate 
e. None of the above 

 
General Problems 
 
8. A reverse air fabric filter serving as the particulate control system for a dry injection dry 

scrubber on a waste incinerator has the following operating data.  The opacity has 
recently increased from 2% to more than 15%.  What is the possible reason for the 
problem? 

 
 Inspection Baseline 
 Data Data 
 Fabric Filter Pressure Drop, in. H2O  7.0 4.5 
 Cleaning Pressure Drop, in. H2O 
 Compartment 1 -1.0 -1.1 
 Compartment 2 -1.2 -1.2 
 Compartment 3 -1.3 -1.1 
 Compartment 4 -1.2 -1.1 
 Fabric Filter Temperatures (Full Load Boiler Operation) 
 Inlet Gas Temperature, oF 245 250 
 Outlet Gas Temperature, oF 225 245 
 
9. A sulfur dioxide continuous emission monitor in the stack serving a spray dryer dry 

scrubber has occasional emission spikes.  What are some of the possible reasons for these 
spikes? 

 
 
 
 
 
10. An operator of a pulse-jet fabric filter used as part of  a dry injection dry scrubber system 

has decreased the frequency of bag cleaning and slightly reduced the air pressure.  No 
additional fugitive emissions from the incinerator occurred due to these changes.  Will 
the changes probably increase or decrease the hydrogen chloride and sulfur dioxide 
removal efficiencies in the fabric filter? 
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11. A reverse-air fabric filter used as part of a spray dryer dry scrubbing system is suddenly 
experiencing high static pressure drops.  What are some of the possible explanations for 
this change?  What data and information should be compiled during the Level 2 
inspection? 

 



 

 

CHAPTER 7 
UTILITY AND INDUSTRIAL BOILERS 

This is an important source category in many areas due to the large number of these sources 
and the large potential for particulate, sulfur dioxide, and nitrogen oxides emissions.  This 
chapter emphasizes issues concerning particulate emissions.  Boiler firing problems and non-
ideal fuel characteristics can result in increased particulate emissions regardless of the 
adequacy of the electrostatic precipitator or filtration system used for particulate control.  
Accordingly, Level 2 inspections often involve an evaluation of the boiler firing conditions 
and the fuel quality. 
  
Process Description 
 
A simplified representation of a boiler is shown in Figure 7-1.  Fuel is mixed with air in 
proportions that provide for complete oxidation, and hot combustion products are formed.  
The amount of fuel that must be fired in utility and industrial boilers depends on the need for 
energy to be extracted from the hot combustion products.  When the energy demands 
increase, the amount of fuel being fired increases.  The amount of air used in the oxidation 
process is directly related to the amount of fuel being fired. 
 

Figure 7-1.  Simplified combustion process 
 
When the reactions go to completion, all of the carbon atoms are oxidized to carbon dioxide.  
Excess air is used to ensure that the reactions go to completion, to the maximum extent 
possible.  The quantity of excess air used in the combustion process varies in accordance 
with the fuel type and with the boiler load.  Oil-fired boilers often have excess air rates of 
only 10% to 15% at low load and 5% to 10% at high load.  Most coal-fired boilers have 
excess air rates of 50% to 100% at low load and 25% to 50% at high load.  Wood-fired boiler 
excess air rates are usually slightly higher than the rates for coal-fired boilers. 
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The quantity of excess air necessary for combustion is determined and controlled by the 
combustion system controller, often termed the “boiler master.”  The boiler master uses 
average values for the fuel characteristics and for the boiler load-dependent excess air rates 
to control the fan supplying the air to the combustion system.  The fan supplying combustion 
air has dampers that can be automatically opened or closed as necessary to adjust the air flow 
rate.  These fans are often called forced draft (FD) fans.  The combustion system controller is 
shown in Figure 7-2. 

Figure 7-2.  Combustion control system 
 
The boiler master also controls the quantity of fuel fed to the combustion zone.  Fuel flow is 
increased or decreased as necessary to maintain the operating load demanded by the boiler.  
The actual quantity of fuel needed is partially dependent on the gross heating value of the 
fuel.  The gross heating value is the total amount of energy generated by the exothermic 
oxidation reactions involving the fuel.  Typical gross heating values are 140,000 to 150,000 
Btus/gallon for fuel oil, 7,000 to 14,000 Btus/lb for coal, and 4,000 to 6,000 Btus/lb for 
wood. 
 
Energy losses also influence the amount of fuel needed to maintain a specific boiler load.  
The main energy losses include the heat contained in the flue gases exiting the boiler heat 
exchange equipment, the unburned fuel lost in the ash, and the latent heat needed to 
evaporate moisture entering with the fuel.  A small fraction of the total energy released is lost 
as radiant energy to the boiler surroundings. 
 
The induced draft (ID) fan at the outlet of the combustion system is sized to move the 
combustion gases formed in the boiler, using inlet or outlet dampers for modulating the gas 
flow rate.  The function of the ID fan is to maintain a slight negative static pressure in the 
combustion zone.  This pressure is typically -0.05 to -0.25 in. H2O and is termed the boiler 
draft.  The ID fan works independently of the combustion controller. 
 
Fossil-fuel fired boilers have heat exchange systems to convert thermal energy into steam.  
The steam is generated in boiler tubes that usually line the entire combustion zone and are 
arranged in tube banks throughout the upper portions of the boiler.  These tubes are 
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connected to a set of steam and mud drums inside the unit.  These drums distribute the boiler 
feed water and collect the steam generated.  Typical combustion product gas stream 
temperatures throughout the boiler heat exchange equipment are indicated in Figure 7-3.  
Gases leaving the economizer (used to preheat boiler feed water) are usually in the 
temperature range of 600°F to 700°F.  The flue gases leaving the air preheater are usually in 
the temperature range of 300°F to 350°F. 
 

 
  

Figure 7-3.  Economizer and air preheater flue gas temperatures  
 
The heat recovery equipment can be designed to remove more of the heat from the flue gas 
and thereby make the overall combustion system more energy efficient.  There is a practical 
limit, however.  Sulfuric acid vapor, which is generated in small quantities in most 
combustion systems, condenses at temperatures of 200°F to 350°F depending on the 
concentration (see Figure 7-4). 
 
Once sulfuric acid is in the condensed form, it causes severe corrosion.  Designers usually 
maintain a temperature margin of safety to keep the boiler and air pollution control 
equipment at temperatures 30°F to 50°F above the range at which sulfuric acid can condense.  
As long as sulfuric acid stays in the vapor form, it is not corrosive. 
 
Unfortunately, there are substantial unit-to-unit differences in the sulfuric acid vapor 
concentrations produced in the combustion zone.  Therefore, there are some uncertainties in 
the actual sulfur acid dewpoint.  The 30°F to 50°F margin is often maintained due to these 
uncertainties. 
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Figure 7-4.  Sulfuric acid dewpoint curve 
 
Overfeed Stokers 
 
Overfeed stokers are small-to-medium sized boilers with rated steam capacities of 20,000 to 
150,000 pounds of steam per hour.  They are generally used for applications where a 
relatively stable steam rate is desirable, such as institutional space heating.  Overfeed stokers 
are not capable of rapid load changes; therefore, they are not desirable for process operations 
with severe and frequent changes in steam demand. 
 
Overfeed stokers are fired exclusively with coal.  Coal is deposited as a 1-3 inch layer across 
a grate traveling from the front to the rear of the boiler at a rate that varies from 4 to 20 feet 
per hour, depending on boiler load.  The ash drops into a refractory lined chamber at the end 
of the grate.  This ash is often removed manually on a once-per-shift to once-per-day basis.  
A cross sectional sketch of an overfeed stoker is shown in Figure 7-5. 
 
A series of separate plenums provides a portion of the combustion air underneath the grate.  
The combustion air facilitates coal ignition, releases volatile matter, and oxidizes the char.  
There are generally five to seven of these chambers, allowing the air flows to match the 
expected combustion rates at different areas in the boiler.  The highest undergrate air flow is 
provided in the middle zone, where the coal is being ignited, and in the last two zones, where 
the remaining char in the ash is being burned out. 
 
The remainder of the combustion air, the overfire air, is provided above the coal bed and 
grates.  A series of nozzles across the boiler is used to distribute the air.  The overfire air 
completes the oxidation of volatile organic compounds released during combustion.  It is 
injected under moderate positive pressures of 15 in. H2O to 75 in. H2O to ensure good 
mixing with the combustion gases. 
 



Chapter 7:  Utility and Industrial Boilers 

7-5 

Figure 7-5.  Overfeed stoker 
 
Two important coal properties of overfeed combustion systems are the free-swell index and 
the ash fusion temperature.  Both properties are determined in special tests that are rarely 
performed by operators. 
 
The free-swell index is a qualitative indicator of the tendency for the coal to increase in size 
during combustion.  Coals are rated on a scale from 1 to 9, with the values being proportional 
to the extent of swelling.  Free-swell index is important to overfeed stokers because an 
increase in the size of the coal can choke off the air flow through the coal bed.  Impaired 
air/fuel distribution can contribute to incomplete combustion in portions of the boiler.  In 
extreme cases, the reduced combustion rates caused by high free-swell-index coal can allow 
the active combustion zone of the boiler to extend toward the back of the boiler.  Coal that is 
still burning can be discharged into the ash pit.  Here, the burning coal is a safety hazard to 
operators, and it is a large source of particulate emissions because of the lack of combustion 
air supply. 
 
With overfeed stokers, the coal should have a free-swell index less than about 5.  Slightly 
higher values can be tolerated by tempering, which is the process of adding small quantities 
of water to the coal to create steam in the coal bed.  This process breaks up the coal particles 
to permit air flow. 
 
Ash fusion temperature is defined as the temperature at which the ash begins to soften and 
form molten, glass-like material.  Molten ash can flow into and block some of the air holes 
through the grate.  This disrupts the air/fuel ratio and increases particulate emissions in the 
affected areas.  Molten ash can also form large fused chunks of material called clinkers.  The 
clinkers that form on the grates and side walls can also cause solids removal problems in the 
boilers. 
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Ash fusion temperatures for coal vary from about 1,800°F to more than 2,500°F.  Coal ash 
fusion temperatures as low as 1,900°F can be tolerated in overfeed stokers, depending on the 
specific type of grate being used. 
 
A minimum of 5 to 6 percent ash is needed in the coal to protect the grate parts in the 
burnout area of the boiler.  If the ash content is too low, radiant energy can overheat the 
grates and cause thermal warpage, thus impairing air-coal distribution. 
 
Spreader Stokers 
 
Spreader stokers are relatively large and have steam capacities ranging from 40,000 to more 
than 400,000 pounds of steam per hour.  These boilers can change load rapidly; therefore, 
they are often used in process operations where there are rapidly changing steam demands 
because of cyclic operations. 
 
Coal, wood, or waste is fed from coal bunkers into mechanical feeders at the front of the 
boiler.  There are usually between two and six independent feeders.  The fuel is flung 
outward and distributed uniformly on a grate that moves toward the front of the boiler.  
Combustion air is introduced through a single undergrate air plenum and a set of overfire air 
nozzles on the front and back walls of the boiler.  About 30 percent of the fuel or waste is 
burned while the particles are in suspension during feeding.  The remainder of the coal burns 
on the fuel bed.  A sketch of a spreader stoker fired boiler is shown in Figure 7-6. 
 
Overfire air ports are usually located at several elevations on the back wall and at least one 
elevation on the front wall.  These ports provide the air for coal combustion being burned in 
suspension and for volatile matter released from the fuel burning on the grates.  A view of an 
overfire air nozzle from inside the boiler is shown in Figure 7-7. 
 
Because most of the fuel combustion takes place on a grate, the properties of the fuel are 
important.  As with overfeed stokers, fuels should have a free-swell index less than about 5 
or 6, an ash fusion temperature greater than about 1,900°F, and an ash content of at least 5 to 
6 percent. 
 
Spreader stokers are especially sensitive to the adequacy of coal, wood, or waste distribution 
on the grates.  The reduced air flow resistance caused by thin spots in the fuel bed allows air 
to channel through and bypass thicker areas.  This imbalances the air/fuel ratio and thereby 
increases particulate emissions.  When the condition is extreme, high velocity air flow 
through portions of the grate can cause entrainment and emission of unburnt char.  Thin fuel 
beds can also contribute to thermal damage to the grate bars because there is insufficient ash 
to shield the grates from the radiant heat of the combustion zone. 
 
Poor coal distribution is usually caused by improper settings of the coal stokers or by 
improper coal sizing.  Fine coal drops primarily in front of the boiler, while coarse coal 
carries to the back.  The uniformity of the fuel bed on the grate can be evaluated visually 
using side access hatches.  These hatches have impact resistant glass and purge air flow to 
reduce potential health and safety problems.  Unshielded hatches should not be opened. 



Chapter 7:  Utility and Industrial Boilers 

7-7 

 

  
 

Figure 7-6.  Spreader stoker fired boiler 
 
Because of the firing characteristics of spreader stoker boilers, the fly ash generally has 
higher carbonaceous matter content than overfeed stokers and other types of coal-fired 
boilers.  The quantity of carbonaceous matter is an indirect, but useful, indicator of 
combustion conditions.  This quantity is measured as the loss-on-ignition (LOI).  An ash 
sample is placed in an oxidizing environment and heated to 1,450°F to determine the LOI 
value.  The loss in sample weight from oxidation is then expressed as a percentage of the as-
sampled weight.  Typical LOI values for a spreader stoker boiler range from 10 to 50 
percent.  Because of the carryover of small carbonaceous char, spreader stokers often have a 
cinder return chute.  This chute deposits the cinder back onto the grate. 
 
Pulverized Coal-Fired Boilers 
 
Pulverized coal-fired boilers are economical primarily for large industrial and utility power 
stations.  The coal is pulverized before combustion to a size at least 70 percent less than 200 
mesh.  At this size, the coal can be burned entirely in suspension, and no grate is necessary.  
By pulverizing the coal, problems associated with high free swell index and coal size 
variability are essentially eliminated.  Furthermore, pulverized coal-fired boilers can respond 
rapidly to change in steam demand. 
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Figure 7-7.  Overfire air nozzles 
 
As shown in Figure 7-8, combustion occurs in a large refractory-lined furnace with boiler 
tubes for steam generation.  A variety of designs exist based on the arrangement of the 
burners: 
 

• Front-fired 
• Opposed (front and back walls) 
• Tangential (four corners) 

 
The arrangement has an effect on generating certain types of pollutants, especially nitrogen 
oxides.  This effect results from the differences in the maximum gas temperatures generated.  
Typically, opposed firing results in the highest temperatures, because of the intermingling of 
the flames, and tangential firing produces the lowest temperatures. 
 
Combustion air is supplied by forced draft fans.  The air is heated in either rotary or tube 
type air preheaters and injected into the pulverizers to suspend the fuel.  The combustion air 
and coal particles are then transported to each of the burners.  Air flow to each of the burners 
is controlled by a set of air registers. 
 
A significant portion of the ash in the coal, termed bottom ash, is removed from the bottom 
of the boiler furnace.  When the ash fusion temperature is relatively high, this ash is entirely 
in the solid form.  Units that remove ash in this form are called dry bottom.  Pulverized coal-
fired boilers designed for low ash fusion coals remove the bottom ash in the molten state.  
These units are logically termed wet-bottom. 
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Figure 7-8.  Pulverized coal fired boiler 

 
Fly ash generated during combustion usually accounts for about 50 to 75 percent of the total 
ash.  Because of the good combustion conditions in a pulverized coal-fired boiler, the 
carbonaceous content of this ash is generally low.  The LOI values are usually in the range of 
0.5 to 5 percent.  In units with pulverizer problems or other combustion problems, the LOI 
levels can increase to more than 10 percent. 
 
Pulverized coal-fired boilers have a number of sets of soot blowers throughout the furnace 
area, the heat exchange area, and the heat recovery area.  Small wall-type soot blowers are 
used in the furnace area to minimize the accumulation of molten slag from localized high 
temperatures.  Long, retractable soot blowers and either compressed air or steam are used in 
the superheaters and reheaters for removing particulate matter that foul heat exchange 
surfaces and thereby reduce boiler thermal efficiency.  Soot blowers are also used in the 
economizer and air preheater to improve heat transfer.  There can be more than 60 soot 
blowers, and in large units, they can be activated on a continuous cycle.  In smaller units, 
soot blowers are operated once per shift or once per day and take 1 to 2 hours to complete the 
soot blowing cycle. 
 
Oil-Fired Boilers 
 
A large industrial or utility scale oil-fired boiler is similar to a pulverized coal-fired boiler.  
An array of burners is mounted in a tube-lined furnace area, and heat exchange and heat 
recovery equipment are used to generate steam and to reduce the flue gas temperatures.  The 
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primary differences between oil-fired and pulverized coal boilers are the geometry of the 
furnace area, the furnace volume, and the type of burners. 
 
Two main types of fuel oil are used in large installations: No. 2 and No. 6.  No 6 oil is a 
residual oil with a relatively high sulfur and ash content.  It must be heated to pump it to the 
burners.  No.2 oil has a low sulfur and ash content.  Essentially all the small quantities of ash 
entering with the fuel are emitted as flyash.  The flyash from oil-fired units usually has a 
different composition than that generated in coal-fired boilers. 
  
Inspection 
 
Important inspection parameters for combustion sources are summarized below.  The 
importance of each of these parameters varies for the different types of combustion processes 
addressed in this section.  Nevertheless, the list provides a consistent format for discussing 
the inspection of this broad range of sources. 
 
 Fuel Characteristics 
 

• Type(s) of fuels 
• Ultimate analysis 
• Proximate analysis 
• Ash composition 
• Fuel sizing 
• Ash fusion temperatures 
• Free-swell index 

 
 Firing Conditions 
 

• Load 
• Oxygen concentrations 
• CO concentrations 
• Air infiltration 
• Overfire and underfire air flow rates 
• Soot blowing practices 
• Fuel/air distribution 
• Boiler draft 

 
 Ash Characteristics 
 

• LOI and appearance 
• Fugitive emissions 
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Fuel Characteristics:  Type(s) of Fuels 
 
The type of fuel that can be fired is normally restricted to that explicitly specified in the 
operating permit. 
 
The types of woods being burned in wood-fired units can be checked by observing the feed 
conveyors delivering the wood to the fuel bunkers or by checking fuel feed records in the 
control room.  The various types of wood waste include the following. 
 

• Bark 
• Dimensional lumber 
• Chips 
• Sawdust 
• Sander dust 

 
These materials have significantly different moisture contents and size distributions.  
Accordingly, it can be difficult to burn different types of wood waste in a single combustion 
system unless there are independent methods for fuel distribution. 
 
Fuel Characteristics:  Ultimate Analysis 
 
Most commercial laboratories that service the utility and industrial boiler industries can 
perform ultimate analyses of the fuel.  With large industrial and utility boilers, fuel samples 
are sent out for ultimate analysis as often as weekly.  This analysis provides data on the 
sulfur, nitrogen, chlorine and ash concentrations in the fuel.  In many cases, there are direct 
regulatory requirements pertaining to the sulfur content.  Higher-than-allowed sulfur levels 
cause excessive SO2 emissions.  Much-lower-than-normal sulfur levels can also create 
problems for electrostatic precipitators in certain cases.  The nitrogen level provides a rough 
indication of the potential for nitrogen oxides formation.  Fuel supplies with high nitrogen 
contents generally form higher nitric oxide and nitrogen dioxide emissions.  The ultimate 
analyses data are usually readily available in the laboratory data sheets kept on file. 
 
Fuel Characteristics:  Proximate Analysis 
 
The proximate fuel analysis provides data concerning fuel behavior in the combustion 
process. 
 

• Volatile matter content, percent 
• Fixed carbon content, percent 
• Moisture content, percent 
• Ash content, percent 
• Heating value, Btus/pound 
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The heating value has a direct relationship to the amount of fuel that must be burned to 
generate a specific amount of steam.  Usually, reduced heating values in the fuel result in 
increased ash, sulfur dioxide, and other emissions directly related to fuel constituents. 
 
The importance of moisture content is that it affects the ability to quickly change the heat 
output from the fuel when boiler or incinerator operating loads increase.  During load 
increases, moist fuel can reduce furnace operating temperatures by withdrawing thermal 
energy to evaporate the water.  Certain types of wood waste, such as bark, can consist of as 
much as 65 percent water.  Other types of wood, such as chips, sander dust, and sawdust can 
have water contents less than 10 percent by weight. 
 
Fuel Characteristics:  Ash Composition 
 
The metal composition of the ash is highly variable.  Material concentrations (such as 
arsenic, cadmium, mercury, lead, and other volatile metals) vary substantially in coal 
supplies.  Generally, there is little information available concerning the ash composition.  
However, the analyses necessary to determine this information are not especially difficult or 
expensive and can usually be performed by any well-equipped chemical laboratory serving 
the utility industry. 
 
Fuel Characteristics:  Fuel Sizing 
 
Sizing is an important variable in boilers, such as spreader stokers, where the coal, wood, or 
refuse-derived fuel is mechanically distributed.  Changes in the fuel size distribution can 
have an adverse effect on the adequacy of the fuel/air distribution. An example specification 
for coal size distribution in spreader stoker boilers is shown in Figure 7-9.  Data for other 
types of boilers and fuel are available in standard reference texts. 
 

 
  

Figure 7-9.  Fuel size distribution for a spreader stoker (in % less than size) 
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The American Society of Testing Materials’ (ASTM) sizing screens can be used by plant 
personnel to measure the size distribution.  Fuel sampling procedures for using the feed 
conveyors or bunkers (fuel storage areas on combustion sources) are important to ensure that 
the sample tested is representative of the fuel being fired.  Obtaining several samples is often 
necessary because significant differences can occur from bunker to bunker in a single boiler. 
 
Fuel Characteristics:  Ash Fusion Temperature 
 
The ash fusion temperature can be measured by commercial laboratories using ASTM 
Procedure D1857-68.  The following three characteristics are used to describe the coal ash 
tendency to soften and deform during firing: 
 

• Initial deformation temperature 
• Softening temperature 
• Fluid temperature 

 
The ash fusion temperature is the result of complex inorganic ash chemistry.  Some variation 
in the ash fusion temperature is common at all installations.  For blended coal supplies, the 
ash fusion temperature of the blended coal is difficult to predict from the ash fusion 
temperatures of the individual coal supplies. 
 
Fuel Characteristics:  Free Swell Index 
 
Free swell index is determined using ASTM Procedure D720-67.  The values range from a 
low of 1 to a high of 9.  Coals with high free swell indices are especially prone to combustion 
problems in coal-fired boilers using a bed of coal on a grate. 
 
Firing Conditions:  Load 
 
The boiler load or operating rate can be determined using the stream generation rate, which is 
measured in the steam line leading to the turbine.  The steam flow rate meter is usually 
accurate.  The steam generation rate can be compared with the feed water return rate to the 
economizer.  The two values should be similar.  The steam generation rate and the feed water 
flow rate are usually monitored continuously in the plant control room. 
 
The electrical generation rate can be another measure of the boiler load.  In some plants, 
however, instruments do not measure the energy consumed at the plant to operate the plant 
equipment and the air pollution control device. 
 
Fuel charging weights are not a good measure of the boiler load.  Substantial variations in the 
fuel heating value are difficult to take into account unless samples are obtained and analyzed.  
This process is expensive for all types of units.  Also, the weight belt scales and other 
measurement devices require frequent calibration. 
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High boiler loads in excess of the permitted value are important since the amounts of 
pollutants generated, such as particulate matter and SO2, are proportional to the quantities of 
each in the fuel fired.  Also, substantially increased NOX can be generated at high boiler 
loads because of the high temperatures in portions of the combustion zone. 
 
Most fossil-fuel-fired boilers have limited capabilities to operate at low loads.  Most 
pulverized-coal-fired boilers and oil-fired boilers are limited to minimum loads that are 30 to 
40 percent of the full load steam generation rate.  Some overfeed stokers and spreader stokers 
firing coal can go down to levels of 25 percent of full load.  Below these operating rates, the 
heat release rates are too low to generate sufficient heat in the boiler.  The low gas 
temperatures prevailing throughout the unit allow the emission of partial oxidation products, 
carbon monoxide, and carbonaceous particulate matter. 
 
In addition to checking the minimum and maximum boiler loads, agency inspectors should 
check the load variability.  The ability to maintain good combustion conditions during load 
changes varies substantially among the different types of boilers.  Wood-fired boilers 
burning bark or other high-moisture content fuel cannot change load rapidly using the fuel 
alone.  Conversely, boilers such as spreader stokers firing coal, pulverized-coal-fired boilers, 
and oil-fired boilers can change loads relatively rapidly.  In these cases, the rate of load 
change is limited to the rates at which the process controls can adjust firing conditions and to 
the allowable rates of temperature change with respect to thermal expansion or contraction of 
refractory, boiler tubes, and other boiler components. 
 
System load variability can be evaluated qualitatively using the steam rate charts or feed 
water flow rate charts.  For newer plants without strip charts, the data acquisition systems 
can be used by plant personnel to prepare a plot of the instantaneous steam rate data during 
the previous 12 to 24 hours. 
 
Sometimes, the steam rate data should be evaluated in conjunction with fuel feed rates and 
system continuous emission monitors.  In some wood-fired boilers, the short term increase in 
steam demand can be achieved using the supplemental oil- or gas-fired heaters in the boiler.  
In these cases, the gas temperatures remain in the necessary range, and no substantial 
increase in effluent opacity, CO, or other emissions occurs.  The use of the supplemental 
burners can be determined by checking the fuel feed rate to these burners.  These data are 
usually available in the control room. 
 
Firing Conditions:  Oxygen Concentrations 
 
The flue gas oxygen concentrations are usually measured downstream of the economizer, 
where the gas temperatures are in the range of 500°F to 700°F.  In sources with continuous 
emission monitors for SO2 or NOX, an oxygen monitor at the stack or monitoring location is 
used to correct the emission rates to pounds of pollutant per million Btu heat input rate.  Data 
should be obtained from both instruments, but the data from the economizer outlet unit are 
most representative of the conditions in the boiler. 
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The oxygen concentrations are a function of the operating load.  At high load, the oxygen 
concentrations should be relatively low.  During low load periods, the boiler control system 
provides additional excess air to maintain adequate oxidation.  The variations in the oxygen 
levels at different loads should be compared against data for similar combustion systems and 
fuels.  Data concerning other sources are available by surveying agency files and by 
reviewing combustion texts. 
 
High oxygen concentrations are usually associated with increased emissions of CO, partial 
oxidation products, particulate matter, and possibly even NOX.  Usually, the high oxygen 
levels result from the infiltration of ambient air that cools the combustion zone and impairs 
the oxidation reactions.  Excessive combustion rates can also favor the formation of thermal- 
and fuel-derived NOX. 
 
Low oxygen concentrations result from inadequate boiler firing control systems.  Emissions 
of CO, partial oxidation products, and particulate matter occur rapidly as the oxygen 
decreases from the desired range. 
 
The adequacy of the oxygen concentrations during rapid changes in operating rate should be 
evaluated based on the instantaneous data available from the strip charts or computerized 
data acquisition systems in the control room.  Emissions record reviews could be limited to 
the short-term periods during rapid load increases or decreases. 
 
Firing Conditions:  CO Concentrations 
 
Most combustion systems, even large industrial and utility-scale units, do not have CO 
concentration monitors.  Therefore, data are often available only from portable analyzers.  
The CO concentrations vary for the combustion system type and the fuel type.  Overfeed 
stokers generally have relatively low hourly average levels of less than 50 ppm.  Spreader 
stoker units firing wood can have average values approaching 150 ppm. 
 
For units not subject to regulatory limits, the CO data should be compared with baseline data.  
Significant increases in the hourly average and instantaneous CO data indicate combustion 
problems.  The air pollution control devices downstream are rarely designed to efficiently 
handle the change in the pollutant characteristics and the increase in pollutant generation 
caused by significant combustion problems. 
 
The specific types of combustion problems should be evaluated using information 
concerning firing conditions and fuel characteristics.  Possible reasons for higher CO 
concentrations include, but are not limited to the following: 
 

• Overcharging of moist fuels 
• Air infiltration related cooling of the combustion area 
• Inadequate oxygen 
• Poor air/fuel distribution 
• Inadequate overfire air 
• Operation at low loads 



Chapter 7:  Utility and Industrial Boilers 

7-16 

 
Firing Conditions:  Air Infiltration 
 
Air infiltration is a common problem with essentially all types of fossil-fuel fired boilers.  
Air infiltration is caused, in part, by gaps in refractory and thermal insulation that develop 
slowly over time because of load related thermal expansion and contraction cycles.  For 
example, large pulverized-coal-fired boilers can expand more than 2 feet while going from 
cold off-line conditions to maximum-rated load.  The development of air leaks often goes 
unnoticed because it is gradual and does not cause unique operating problems that are easily 
identified.  Air infiltration cools down the gas stream and thereby inhibits completion of the 
oxidation reactions.  This temperature reduction might not be identified because combustion 
zone temperatures are too hot to monitor by conventional, permanently mounted instruments. 
 
One of the best indications of air infiltration is a gradual increase in the average oxygen 
concentrations at a given boiler load.  This is indicated by the baseline comparison chart 
presented in Figure 7-10. 
  

 
  

Figure 7-10.  Shift in flue gas oxygen concentrations from baseline conditions 
 
Another indicator of air infiltration is audible leaks in lower areas of the unit.  Leaks are 
common near the tops of the boiler hoppers, in the joints at the corners of the casings, and 
around the fuel feeders and stokers.  General plant noise often obscures the characteristic 
sound of air movement, however. 
 
Boiler drafts close to or exceeding 0.0 in. H2O, rather than the more normal -0.05 to -0.25 in. 
H2O, could be indicative of air infiltration.  The poor draft conditions could be caused by the 
inability of the ID fan to remove both the combustion gases generated in the unit and the air 
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leaking into the combustion area.  This problem is most severe at high boiler load because 
the quantity of combustion gas generated is at a maximum.  Accordingly, the boiler draft data 
should be evaluated from selected high load periods. 
 
During off-line periods, air infiltration problems can be identified by plant personnel using 
smoke bombs, smoke tracers, and detailed internal inspections.  Usually, some recaulking, 
regasketing, or other repairs are needed at least every 2 to 5 years. 
 
Firing Conditions:  Overfire and Underfire Air Flow Rates 
 
The total quantity of combustion air is controlled by the boiler master or controller and is 
based on the total quantity of fuel necessary to generate the required load.  The partitioning 
of this combustion air between the overfire air ports and the underfire plenums is set for each 
type of boiler and fuel.  These flow rates and supply pressures are varied as necessary to 
optimize combustion. 
 
Generally, fuels with a high volatile content (e.g., wood) have high overfire air flow rates 
because much of the fuel burns as organic compounds volatilized from the solid fuel during 
ignition.  Fuels with a high fixed carbon level (e.g., anthracite coal) often have high 
undergrate air flow rates because much of the combustion involves the burning of char and 
carbonaceous matter on the grate.  Substantial unit-to-unit variations in the overfire and 
underfire air flow rates result from differences in unit design and fuel.  Shifts from baseline 
conditions for a specific unit provide the best indication of possible problems involving these 
flow rates. 
 
The static pressures in the overfire air supply headers and in the undergrate plenum(s) should 
be recorded.  Data for the inspection period are available from the control room static 
pressure monitors.  Usually, the data are recorded once per shift in the unit operating logs.  
Shifts from baseline overfire and underfire pressures combined with apparently increased 
emissions (CO and stack opacity) could indicate non-ideal combustion conditions. 
 
Caution is necessary when evaluating static pressure data.  Generally, increased pressures are 
indicated by increased air flow rates.  Partial plugging of the overfire air nozzles or the 
orifices or slots in the grates can increase the air flow resistance.  Partial plugging can be 
caused by low ash fusion temperature fuel.  Changes in the quantity of fuel on the grates can 
also influence the air flow resistance.  Because of the multiple factors influencing these 
pressures, changes in overfire and undergrate pressures must be evaluated with other data 
concerning firing conditions and fuel characteristics. 
 
Firing Conditions:  Soot Blowing Practices 
 
The purpose of soot blowers is to dislodge solids that are on the heat exchange surfaces.  
When the soot blowers are activated, short term surges of particulate matter are reentrained 
in the flue gas stream and carried to the air pollution control system.  Information about the 
soot blowing cycle is helpful in interpreting the performance of the air pollution control 
system. 
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The activation frequency of the soot blowers can be determined by observing the indicator 
lights often mounted in the soot blower control room.  The frequency can also be determined 
using data from the plant’s centralized data acquisition system. 
 
Usually, the compressed air or steam pressures used in the soot blowers are not modified 
once optimum cleaning times and intensities are determined for the specific unit.  It would be 
helpful to record these pressures using the plant’s pressure gauges. 
 
Firing Conditions:  Fuel/Air Distribution 
 
The fuel/air distribution is especially important on spreader-stoker boilers because of the way 
in which the fuel is charged.  Thin spots on the grate allow too much air to pass through, and 
thick areas receive insufficient oxygen.  Both conditions increase pollutant emissions. 
 
The fuel/air distribution can be evaluated qualitatively by observing the grate from protected, 
side-access hatches.  Small variations in the side-to-side and front-to-back fuel bed 
thicknesses are normal.  Large variations can cause combustion problems.  Unprotected 
hatches should not be used for observing fuel/air distribution.  Fugitive emissions can occur 
if the boiler draft in equal to or greater than 0.0 in. H2O for even brief periods of time.  
Protective eyewear is needed even for protected hatches, because the intense light from the 
combustion processes can cause eye damage. 
 
Firing Conditions:  Boiler Draft 
 
The boiler draft is monitored by a gauge located upstream of the heat exchange equipment.  
The draft is normally -0.05 in. H2O to -0.25 in. H2O.  More negative static pressures suggest 
ambient infiltration into the combustion zone.  This could quench vapor phase oxidation 
reactions.  Draft pressures that are positive might indicate fugitive emissions from the boiler.  
These emissions are usually visible. 
 
Ash Characteristics:  LOI and Appearance 
 
Loss-on-ignition provides a general indication of combustion conditions.  High loss-on-
ignition values are associated with carbonaceous matter in the exhaust gases, which should 
be present only in low concentrations. 
 
One of the limitations of LOI data is the difficulty of obtaining a representative ash sample.  
In the case of electrostatic precipitators, the characteristics of the ash vary from the inlet 
hoppers to the outlet hoppers.  Even with a specific hopper of a precipitator, there can be 
spatial and temporal variations in the ash composition.  In the case of filtration systems, there 
can be variations from hopper-to-hopper due to gas flow maldistribution problems 
originating in the combustion equipment.  Accordingly, caution is needed in evaluating ash 
composition data based on a limited number of samples, or samples obtained in a 
consistently nonrepresentative manner. 
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The appearance of ash provides qualitative supporting information concerning the burning 
characteristics in the boiler.  The presence of large quantities of carbonaceous particulate 
indicates combustion problems. 
 
Ash Characteristics:  Fugitive Emissions  
 
Fugitive emissions of bottom ash and fly ash should be minimal.  These emissions can occur 
because of ash handling practices that allow piles of the material to accumulate in areas 
prone to ambient winds.  Fugitive emissions can also occur if the ash is loaded into trucks for 
transport to nearby landfills.  Emissions can occur during the loading operation and during 
transport in trucks without tarps or other means of preventing reentrainment. 
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Review Problems 
 
Video Problem 
 
This example inspection concerns a multi-compartment, reverse air fabric filter serving a 
small pulverized coal fired boiler.  The ash content is generally in the moderate range.  The 
boiler is one of three boilers in a heating plant that provide steam and electricity for an 
institution.  The coal used at the plant is an eastern bituminous coal with a sulfur content of 
approximately 1.2% to 1.5%. 
 
There are two relatively similar fabric filters at the plant.  The one shown in the videotape 
serves the smallest boiler at the facility.  The other collector (not shown) serves both of the 
other units.  The fabric filter is composed of four compartments.  The bag material is 9 ounce 
per square yard silicon-graphite coated fiberglass.  It is very similar to most reverse air 
baghouses serving pulverized coal-fired boilers.  Overall, the plant has a good compliance 
record.  However, at the time the videotape was prepared, the plant was experiencing 
premature bag failure problems in the unit shown. 
 
1. All of the fabric filter compartment static pressure gauges were not operational at the 

time of the inspection.  Is this a violation of required “good operational practices” for 
operating and maintaining the control device? 

 
a. No.  The plant has properly maintained the overall differential pressure gauge for 

the baghouse. 
b. No.  If the failure of a static pressure gauge is to be considered a violation, the 

industrial community is full of violators. 
c. No.  There is no reason to believe that the failure of the gauges is aggravating the 

premature bag failure problem. 
d. Yes.  It is important to monitor the static pressure drops across each compartment 

to check for bag cleaning problems. 
 
2. What should the inspector do to further evaluate the baghouse and boiler operation? 
 

a. Conduct a Level 3 inspection when the compartment being rebagged is returned 
to service. 

b. Review fabric filter gas inlet temperature records during the last 1 to 12 months to 
accurately determine average and minimum gas temperatures. 

c. Review bag replacement records during the last 1 to 12 months to determine the 
frequency of short term excess emission problems. 

d. Review the opacity monitor records during the last 1 to 12 months to determine 
the frequency of short term excess emission problems. 
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3. Was it appropriate for the inspector to attempt a visible emission observation in the rain? 
 

a. Yes.  As long as the data limitations were properly described. 
b. Yes. A general indication of visible emissions was important in this case to 

determine if the plant was able to identify and replace failed bags before the 20% 
opacity standard was violated. 

c. No.  This does not meet Method 9 requirements. 
d. No.  Most inspectors have enough sense to stay out of the rain. 

 
4. What issues should be discussed by senior agency personnel and plant management? 
 

a. Possible boiler operating changes to increase flue gas temperatures 
b. Possible changes in boiler usage to increase load and thereby increase flue gas 

temperatures 
c. Flue gas tests to determine the actual acid dewpoints 
d. The variability of boiler oxygen concentrations at low and high boiler loads 
e. The variability of the coal sulfur content in the coal supplies 

 
General Problems 
 
5. A fabric filter serving a pulverized coal-fired boiler has average opacities of more than 

25%.  What factors could be contributing to the emission problems? 
 
 Inspection Baseline  
 Data Data 
 Stack visible emissions, % 25 5 
 
 Opacity monitor 
 Average Opacity (6-min.), % 25 6 
 Spiking  No No 
 Condensing Plume No No 
 
 Fabric Filter Pressure Drop, in. H2O 5.0 4.5 
 
 Cleaning Pressure Drop, in. H2O 
 Compartment 1 -1.5 -1.5 
 Compartment 2 -1.5 -1.5 
 Compartment 3 -1.5 -1.2 
 Compartment 4 -1.2 -1.5 
 
 Fabric Filter Temperatures (Full Load Boiler Operation) 
 Inlet Gas Temperature, oF 255 330 
 Outlet Gas Temperature, oF 248 320 
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 Boiler Operating Conditions (Full Load) 
 Draft, in. H2O +0.10 -0.15 
 Oxygen Content, % 7.4 4.8 
 Economizer Outlet Temperature, oF 580 650 
 Air Preheater Outlet Temperature, oF 272 350  
 Coal Sulfur Content, % 1.5 1.5 
 Fly ash LOI, %   15     3 
 
6. A spreader stoker burning coal has an electrostatic precipitator that is suffering from low 

resistivity related rapping reentrainment problems.  What can be done by the operator to 
minimize the problem? 

 
 Inspection Baseline 
 Data Data 
 Stack Visible Emissions, % 22 8 
 
 Opacity monitor 
 Average Opacity (6-min.), % 30 10 
 Spiking Severe Minor 
 
 Electrostatic Precipitator Temperatures (Full Load Boiler Operation) 
 Inlet Gas Temperature, oF 380 370 
 Outlet Gas Temperature, oF 367 365 
 
 Boiler Operating Conditions (Full Load) 
 Coal Sulfur Content, % 1.4 1.3 
 Oxygen Content, % 6.5 6.0 
 Carbon Monoxide, ppm 800 130 
 Undergrate Pressure, in. H2O 2.0 2.3 
 Overfire Air Pressure, in. H2O 30 25 
 
 Coal Sizing, % 
 Less than 0.75 inches 95 80 
 Less than 0.25 inches 70 25 
 Less than 20 mesh 50 5 
 Less than 100 mesh 10 1 
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7. A spreader stoker firing wood waste with a 58% moisture content is controlled by a 
fabric filter.  A condensing plume of 40% to 70% exists during boiler load increases.  
What options does an operator have to reduce these emissions? 

 
 Inspection Baseline  
 Data Data 
 
 Stack Visible Emissions, % 40-70 15 
 (during load increase) 
 
  Fabric Filter Pressure Drop, in. H2O 5.5 5.5 
 Fabric Filter Inlet Temperature oF 345 365 
 
 Oxygen Content, % 6 5.8 
 Carbon Monoxide, ppm 750 200 
 
 
8. A reverse air fabric filter serving a pulverized coal-fired boiler has had chronic bag 

failure and excessive emission problems.  The Level 2 inspection data are provided 
below along with baseline performance data.  The plant owners have proposed installing 
new bags to correct the emission problems.  Is this an adequate compliance program? 

 
 Inspection Baseline  
 Data Data 
 Stack Visible Emissions, % 40 5 
 
 Opacity Monitor 
 Average Opacity (6-min.), % 37 6 
 Spiking No No 
 Condensing Plume No No 
 
 Baghouse Pressure Drop, in. H2O 4.5 3.8 
 
 Cleaning Pressure Drop, in. H2O 
 Compartment 1 -0.5 -1.0 
 Compartment 2 -0.8 -1.0 
 Compartment 3 -0.8 -0.8 
 Compartment 4 -0.8 -1.0 
 
 Fabric Filter Temperatures (Full Load Boiler Operation) 
 Inlet Gas Temperature, oF 255 270 
 Outlet Gas Temperature, oF 248 260 
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 Boiler Operating Conditions (Full Load) 
 Draft, in. H2O -0.15 -0.15 
 Boiler Oxygen Content, % 6.4 5.8 
 Economizer Outlet Temperature, oF 620 650 
 Air Preheater Outlet Temperature, oF 272 270 
 Coal Sulfur Content, % 1.8 1.7 
 Fly ash LOI, % 6 4 
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CHAPTER 8 
MUNICIPAL AND MEDICAL WASTE 
INCINERATORS 

Municipal and medical waste incinerators are combustion processes that are similar in many 
respects to fossil-fuel fired boilers.  However, the wastes burned in these incinerators are 
more difficult to burn than wood, coal or oil, and the characteristics of the waste can change 
significantly over short time periods.  The waste stream can also contain inappropriate 
materials, such as cans of gasoline, hazardous wastes, or bulky appliances or furniture. 
 
The particulate emissions from municipal and medical waste incinerators, except for modular 
units, are at concentrations equal to or slightly lower than those common in wood- and coal-
fired boilers.  Modular incinerators typically have low particulate emission rates.  In all 
incinerators, the submicron fraction of the particles can be enriched with metal compounds 
that have nucleated from the vapor phase.  Because of the relatively low sulfur content of the 
wastes burned in the incinerators, sulfur dioxide emissions are considerably lower than those 
for coal- and oil-fired boilers.  Hydrogen chloride emissions from incinerators can be high 
due to the presence of chlorine-containing wastes. 
 
Because of the emission characteristics, many municipal and medical waste incinerators use 
a combination of air pollution control systems.  A high efficiency particulate control system 
is used for particulate control, and a dry or wet scrubbing system is used for control of 
hydrogen chloride and other acid gases.  In some cases, a nitrogen oxides control system may 
be used. 
 
Municipal waste incinerators usually have capacities of 50 to 400 tons of waste per day.  
When additional capacity is needed, multiple units can be installed in a single plant.  Medical 
waste incinerators vary in capacity from less than 5 tons per day to more than 100 tons per 
day.  Both types of incinerators usually operate within 80% to 100% of rated capacity. 
  
Process Description 
 
Reciprocating Grate Waste Incinerators 
 
A sloped, reciprocating-grate waste incinerator is similar to a coal-fired mass overfeed stoker 
boiler.  The wastes are moved through the unit by the slope of the grate and by the 
reciprocating (back-and-forth) movement of the grate sections.  Wastes are deposited on the 
upper sections of the grate from a chute loaded by an overhead crane.  Ash and residue are 
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discharged from the lower end of the grate into an ash pit.  There, the ash is quenched and 
removed continually by a conveyor. 
 
There are at least four undergrate plenums that adjust the undefire air rates to the different 
rates of combustion in the incinerator.  Low air flow rates are used in the first zone (drying 
and ignition) and in the last zone (ash burnout).  As indicated in Figure 8-1, the air flow rates 
are adjusted by dampers in the air supply ducts to the plenums. 
 

 
  

Figure 8-1.  Reciprocating grate incinerator 
 
Because of the importance of the air flow through the orifices in the grate bars, reciprocating-
grate combustion systems are especially vulnerable to low ash fusion temperature materials, 
such as glass.  These materials can melt or soften during combustion and plug some of the 
orifices.  The impaired waste-air ratio increases emissions of organic compounds and carbon 
monoxide.  
 
All incinerators are vulnerable to the following types of undesirable waste: 
 

• Explosive materials, such as solvent-laden paints, chemicals, and high-pressure gas 
cylinders 

• Long, stringy material, such as cables and plastic wrapping 
• Bulky material, such as appliances, automotive parts, and furniture 
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• Highly moist wastes, such as yard wastes and some types of agricultural wastes 
 
These materials should be intercepted and removed on the tipping floor (waste receiving 
area) of the incinerator.  To the maximum extent possible, these materials should not be 
charged.  Also, hazardous wastes, such as asbestos-containing materials and hazardous 
chemicals, should not be charged to the unit. 
 
Modular Incinerators 
 
A modular incinerator, shown in Figure 8-2, contains two separate chambers:  a primary 
chamber for the volatilization of the wastes and a secondary chamber for oxidation of vapor 
phase organic compounds.  The waste material is charged into the side of the primary 
chamber with a hydraulic ram.  During combustion, the fuel and ash are moved downward by 
the intermittent movement of two or more hydraulic rams in the bottom of the primary 
chamber.  The waste rolls and falls about one foot as it passes over each of these rams.  This 
mild movement disturbs packed material and exposes fresh fuel to the heat and air necessary 
to promote combustion. 
 
The gas stream temperature leaving the primary chamber is normally 1,100°F to 1,200°F.  
The secondary chamber exit gas temperature is usually in the range of 1,800°F to 2,200°F.  
The gas residence time in the upper chamber is generally 1 to 2 seconds, depending on the 
applicable regulatory requirements. 
 

 
  

Figure 8-2.  Modular incinerator 
 
Combustion air is provided partially by an forced draft fan injecting air through nozzles 
mounted on the lower hydraulic rams on the bottom of the incinerator.  Combustion air is 
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also supplied by the secondary chamber burner fan (upper right of Figure 8-2).  There is also 
a burner on the primary chamber that is usually in service only during incinerator start-up. 
 
The two basic modular designs are starved air and stoichiometric.  In the stoichiometric 
firing units, excess air is supplied to both chambers.  In starved-air designs, the primary 
chamber is supplied with less than the necessary oxygen to complete the oxidation reactions.  
Additional air is then injected into the secondary chamber for complete oxidation of the 
vaporous material.  The purpose of this design is to reduce the carry over of particulate from 
the primary chamber to the secondary chamber by minimizing the combustion gas flow rates.  
Provisions are not made for the oxidation of particulate char in the upper combustion area. 
 
Unlike some reciprocating grate incinerators, modular incinerator combustion areas are 
entirely refractory lined.  There are no boiler tubes to take up energy and thereby cool the 
combustion area.  The heat re-radiated by the refractory helps to dry and ignite the wastes 
charged to the primary chamber.  In the secondary chamber, the refractory helps to minimize 
nonuniform gas temperatures. 
 
Modular incinerators are vulnerable to incomplete combustion of the wastes resting at the 
bottom of the fuel pile moving through the unit.  The waste and ash on the top of the fuel pile 
can shield the lower material from the radiant energy necessary to ignite it.  Incomplete 
combustion can be due to a variety of problems, such as inadequate underfeed air, excessive 
waste moisture levels, or excessive waste feed rates.  The ash and residue being removed 
from the ash quench pit are highly carbonaceous when combustion is incomplete in the 
incinerator.  In extreme cases, large unburned pieces of waste are visible in this residue. 
 
Modular incinerators are also vulnerable to charge-door air infiltration leaks.  The 
temperature differential across the door, coupled with the frequent movement of the door, 
contribute to this deterioration. 
 
Ash fusion problems are generally not severe for modular incinerators, despite the fact that 
some wastes, such as glass, have softening and melting temperatures as low as 1,600°F.  This 
temperature is not normally reached in the primary chamber, and any clinker material that 
forms can be moved out of the chamber by the normal movement of the ash and residue.  The 
underfeed air nozzles are not especially vulnerable to plugging from molten ash and 
softened, sticky ash. 
 
Rotary Kilns 
 
Like the modular incinerator, a rotary kiln combustion system has two combustion areas:  the 
kiln and a refractory-lined secondary combustion chamber.  A typical system is shown in 
Figure 8-3. 
 
The wastes are charged through a chute at the upper end of the kiln and move downward in 
an internal cage.  Large incombustible debris is retained in the cage so that it does not impact 
with and damage the refractory lining of the kiln during rotation.  An oil- or gas-fired burner 
is at the bottom of the kiln to provide supplemental heating and to preheat the kiln before 
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waste firing.  Good combustion conditions are created by the constant mixing of the waste 
and air during kiln rotation and by the radiant heat from the kiln refractory.  The ash and 
residue are discharged from the bottom of the kiln. 
 

 
  

Figure 8-3.  Rotary kiln incinerator 
 
The flue gas from the kiln goes to a secondary combustion chamber that has sufficient 
residence time to ensure complete VOC oxidation.  There is often a supplemental burner in 
this chamber for use when the gas temperature is less than 1,800°F. 
  
Inspection 
 
The inspection procedures for municipal and medical waste incinerators are similar to those 
for fossil-fuel fired boilers.  However, several differences between boiler and incinerator 
inspections exist due to the low quality and high variability of the waste streams being 
burned.  For example, ultimate analyses data are rarely available for municipal and medical 
waste incinerators, and obtaining representative samples of these highly diverse wastes is 
difficult.  Also, opening infectious medical waste bags or containers to obtain samples for 
analysis involves significant health risks.  The inspection data and observations for municipal 
and medical waste incinerators include the following: 
 
 Waste Characteristics 
 

• Type(s) of wastes burned 
 
 Firing Conditions 
 

• Load 
• Combustion chamber temperatures 
• Oxygen concentrations 
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• CO concentrations 
• Air infiltration 
• Incinerator draft 
• Overfire and underfire air flow rates 

 
 Ash Characteristics 
 

• LOI and appearance 
• Fugitive emissions 

 
Waste Characteristics:  Types of Waste(s) burned 
 
The types of wastes that can be fired are normally restricted to those explicitly specified in 
the operating permit.  With waste incinerators, the types of materials being burned can be 
checked by observing tipping floor operations.  To the maximum extent possible, undesirable 
materials should be removed.  
 

• Hazardous chemicals  
• Asbestos containing materials 
• Flammable liquids (gasoline cans, solvent-based paints) 
• Bulky furniture, appliances, or automobile parts 
• Cables and/or rolls of agricultural plastics 
• Animal carcasses 
• Pressurized cylinders 

 
Firing Conditions:  Load 
 
The incinerator operating rate can be determined using the stream generation rate of the 
waste heat boiler serving the incinerator.  The steam flow rate meter is usually accurate.  The 
steam generation rate can be compared with the feed water return rate to the economizer.  
The two values should be similar.  The steam generation rate and the feed water flow rate are 
usually monitored continuously in the incinerator control room. 
 
Waste charging weights are not a good measure of the incinerator load.  Substantial 
variations in the fuel heating value are difficult to take into account unless samples are 
obtained and analyzed.  This process is expensive for all types of units, and it is especially 
difficult for municipal and medical wastes.  Also, the weight belt scales and other 
measurement devices require frequent calibration.  However, charging rate is typically 
regulated, so it should be determined and compared to the permit limitation and the baseline 
value. 
 
High boiler loads in excess of the permitted value are important since the amounts of 
pollutants generated, such as particulate matter, SO2 and HCl, are proportional to the 
quantities of each in the waste fired.  Also, substantially increased NOX can be generated at 
high boiler loads because of the high temperatures in portions of the combustion zone. 
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In addition to checking the minimum and maximum boiler loads, agency inspectors should 
check the load variability.  Waste incinerators are especially sensitive to low load operating 
conditions because of the moist, low heating value characteristics of the fuel.  As a result, 
they are usually operated between 80% and 100% of the rated capacity.  The ability to 
maintain good combustion conditions during load changes varies substantially among the 
different types of incinerators.  Municipal and medical waste incinerators do not operate 
especially well with rapid load variations because the waste being charged is often moist.  
The rapid charging of large quantities of wastes can cause short term fluctuations in the 
combustion zone temperatures because of the heat lost in evaporating the moisture. 
 
System load variability can be evaluated qualitatively using the steam rate charts or feed 
water flow rate charts.  For newer plants without strip charts, the data acquisition systems 
can be used by plant personnel to prepare a plot of the instantaneous steam rate data during 
the previous 12 to 24 hours. 
 
Sometimes, the steam rate data should be evaluated in conjunction with waste and fuel feed 
rates and system continuous emission monitors.  In some waste incinerators, the short term 
increase in steam demand can be achieved using the supplemental oil- or gas-fired heaters in 
the boiler or secondary combustion chambers.  In these cases, the gas temperatures remain in 
the necessary range, and no substantial increase in effluent opacity, CO, or other emissions 
occurs.  The use of the supplemental burners can be determined by checking the fuel feed 
rate to these burners.  These data are usually available in the control room. 
 
Firing Conditions:  Combustion Chamber Temperatures 
 
The exit temperature(s) from the combustion chamber(s) should be checked and compared to 
the permit limitations and to the baseline values. 
 
Firing Conditions:  Oxygen Concentrations 
 
The flue gas oxygen concentration is usually measured downstream of the waste heat boiler, 
where the gas temperatures are in the range of 400°F to 500°F.  In sources with continuous 
emission monitors for SO2 or NOX, an oxygen monitor at the stack or monitoring location is 
used to correct the emission rates to pounds of pollutant per million Btu heat input rate.  Data 
should be obtained from both instruments, but the data from the waste heat boiler outlet are 
most representative of the conditions in the incinerator. 
 
High oxygen concentrations are usually associated with increased emissions of CO, partial 
oxidation products, particulate matter, and possibly even NOX.  Usually, the high oxygen 
levels result from the infiltration of ambient air that cools the combustion zone and impairs 
the oxidation reactions.  Excessive combustion rates can also favor the formation of thermal- 
and fuel-derived NOX. 
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Low oxygen concentrations result from inadequate incinerator firing control systems.  
Emissions of CO, partial oxidation products, and particulate matter occur rapidly as the 
oxygen decreases from the desired range. 
 
The adequacy of the oxygen concentrations during rapid changes in operating rate should be 
evaluated based on the instantaneous data available from the strip charts or computerized 
data acquisition systems in the control room.  Emissions record reviews could be limited to 
the short-term periods during rapid load increases or decreases. 
 
Firing Conditions:  CO Concentrations 
 
CO monitors are required for municipal incinerators with a capacity equal to or greater than 
250 tons per day.  However, most medical waste incinerators and some small-sized 
municipal waste incinerators do not have CO concentration monitors.  For these systems, CO 
data are available only from portable analyzers used by plant personnel. 
 
In the case of municipal waste incinerators with capacities greater than 250 tons per day, the 
CO concentration data are directly enforceable.  Depending on the type of incinerator, the 
plant should summarize the CO data in discrete 4-hour or 24-hour block averages, beginning 
at midnight.  These data should be compared with the regulatory limits (40CFR60, Subparts 
Cb, Ea and Eb) for the various types of incinerator systems. 
 
For units not subject to regulatory limits, the CO data should be compared with baseline data.  
Significant increases in the hourly average and instantaneous CO data indicate combustion 
problems.  The air pollution control devices downstream of waste incinerators are rarely 
designed to efficiently handle the change in the pollutant characteristics and the increase in 
pollutant generation caused by significant combustion problems. 
 
The specific types of combustion problems should be evaluated using information 
concerning firing conditions and fuel characteristics.  Possible reasons for high CO 
concentrations include, but are not limited to the following. 
 

• Overcharging of moist wastes 
• Air infiltration related cooling of the combustion area 
• Inadequate oxygen 
• Poor air/fuel distribution 
• Inadequate overfire air 
• Operation at low loads 

 
Firing Conditions:  Air Infiltration 
 
Air infiltration is a common problem with essentially all types of waste incinerators.  Air 
infiltration is caused, in part, by gaps in refractory and thermal insulation that develop slowly 
over time because of load related thermal expansion and contraction cycles.  The 
development of air leaks often goes unnoticed because it is gradual and does not cause 
unique operating problems that are easily identified.  Air infiltration cools down the gas 
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stream and, thereby, inhibits completion of the oxidation reactions.  This temperature 
reduction might not be identified because combustion zone temperatures are too hot to 
monitor by conventional, permanently mounted instruments.  One of the best indications of 
air infiltration is a gradual increase in the average oxygen concentrations at a given 
incinerator load. 
 
Another indication of air infiltration is audible leaks in lower areas of the unit.  Leaks are 
common near the tops of the incinerator hoppers, in the joints at the corners of the casings, 
and around the waste feeders.  General plant noise often obscures the characteristic sound of 
air movement. 
 
Firing Conditions:  Incinerator Draft 
 
Incinerator drafts close to or exceeding 0.0 in. H2O, rather than the more normal -0.05 in. 
H2O to -0.25 in. H2O, could be indicative of air infiltration.  The poor draft conditions could 
be caused by the inability of the ID fan to remove both the combustion gases generated in the 
unit and the air leaking into the combustion area.  This problem is most severe at high 
incinerator load because the quantity of combustion gas generated is at a maximum.  
Accordingly, the incinerator draft data should be evaluated for selected high load periods. 
 
During off-line periods, air infiltration problems can be identified by plant personnel using 
smoke bombs, smoke tracers, and/or detailed internal inspections.  Usually, some recaulking, 
regasketing, or other repairs are needed at least every 2 to 5 years. 
 
Firing Conditions:  Overfire and Underfire Air Flow Rates 
 
The static pressures in the overfire air supply headers and in the undergrate plenum(s) should 
be recorded.  Data for the inspection period are available from the control room static 
pressure monitors.  Usually, the data are recorded once per shift in the unit operating logs.  
Shifts from baseline overfire and underfire pressures, combined with apparently increased 
emissions (CO, stack opacity) could indicate non-ideal combustion conditions. 
 
Caution is necessary when evaluating static pressure data.  Generally, increased pressures are 
indicated by increased air flow rates.  However, partial plugging of the overfire air nozzles or 
the orifices or slots in the grates can increase the air flow resistance.  Partial plugging can be 
caused by low ash fusion temperature fuel or wastes.  Changes in the quantity of fuel or 
waste on the grates can also influence the air flow resistance.  Because of the multiple factors 
influencing these pressures, changes in overfire and undergrate pressures must be evaluated 
with other data concerning firing conditions and fuel characteristics. 
 
Ash Characteristics:  LOI and Ash Appearance 
 
Loss-on-ignition provides a general indication of combustion conditions.  High loss-on-
ignition values for the incinerator bottom ash are associated with poor combustion in the 
incinerator. 
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One of the limitations of LOI data is the difficulty of obtaining a representative ash sample.  
The bottom ash is usually conveyed from the ash quench pit underneath the incinerator.  
There can be significant variations in the ash composition, and it is difficult to obtain a 
representative sample from the conveyor. 
 
The appearance of ash provides qualitative supporting information concerning the burning 
characteristics in the incinerator.  The presence of large quantities of carbonaceous material 
indicates combustion problems. 
 
Ash Characteristics:  Fugitive Emissions 
 
Fugitive emissions of bottom ash and fly ash should be minimal.  These emissions can occur 
because of ash handling practices that allow piles of the material to accumulate in areas 
prone to ambient winds.  Fugitive emissions can also occur if the ash is loaded into trucks for 
transport to nearby landfills.  Emissions can occur during the loading operation and during 
transport in trucks without tarps or other means of preventing reentrainment. 
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Review Problems 
 
Video Problem 
 
This plant has a single modular starved air incinerator.  The plant burns medical wastes and 
general trash on a contract basis for several large hospitals.  The company operating the 
incinerator has also built a laundry next to the plant in order to use the steam generated by 
the boiler. 
 
Flue gas leaving the waste heat boiler goes to a single compartment pulse-jet fabric filter 
with Nomex® bags.  Due to the very light particulate loadings that are typical of modular 
incinerators, it is necessary to operate the compressed air cleaning system on only a very 
infrequent basis.  The ash from the fabric filter is handled as a hazardous waste due to high 
cadmium levels. 
 
There is a bypass stack on the secondary chamber.  When the damper in this duct is opened, 
the hot gas from the incinerator is emitted directly to the atmosphere.  This bypass is needed 
for safety reasons in the event that the downstream fabric filter becomes blinded. 
 
1. Draw a block diagram type flowchart of the hospital waste incinerator discussed in the 

video. 
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2. What could explain the intermittent flames extending out of the opened observation hatch 
on the medical waste incinerator? 

 
a. This is typical. 
b. The system induced draft fan may be undersized. 
c. There are transient system pressurization problems due to the closing of the 

bypass stack damper. 
d. The fabric filter has blinded, and therefore, the gas can not easily pass through. 

This creates higher-than-design static pressures in all of the upstream equipment. 
e. The plant has not operated the soot blowers in the waste heat boiler, and this has 

created excessive gas flow resistance. 
f. All of the above 

 
3. The inspector did not proceed beyond the Basic Level 2 stage with respect to the pulse-

jet fabric filter.  Was this a justifiable decision? 
 

a. Yes.   The combustion related problems were most important. 
b. No.  The fabric filter was using Nomex® bags, which are sensitive to acid attack.  

High hydrogen chloride concentrations could exist in the gas stream.  Premature 
bag failure could contribute to excess emissions in the near future. 

c. No. The fabric filter is collecting a particulate matter that is classified as 
hazardous.  Performance of this unit is very important, and it should be fully 
evaluated. 

d. No. The fabric filter is very vulnerable to blinding since the size distribution of 
emissions from medical waste incinerators is very small, and the mass loadings 
are very low. 

 
General Problems 
 
4. What problems can be caused by glass charged to a reciprocating grate incinerator? 
 
 
 
 
5. What problems can be caused by oversized items (appliances, furniture, auto parts, wire 

coils) charged to a reciprocating grate or rotary kiln incinerator? 
 



 

 

CHAPTER 9 
IRON AND STEEL PROCESSES 

Iron and steel processes are of interest primarily because of the many intermittent operations 
that can create fugitive air pollutant emissions.  Capturing these emissions in hoods and 
building ventilation systems is a major issue in the inspection of these sources.  These 
facilities are also of interest because of the large number of emission units and air pollution 
control systems. 
 
The air pollutant of primary concern in iron and steel processes is particulate matter, both 
general and toxic.  Carbon monoxide, sulfur dioxide, hydrogen sulfide, and partially oxidized 
organic compounds are also emitted from several sources.  Other air pollutants can include 
hydrogen chloride, fluoride compounds, and nitrogen oxides. 
 
Most of the particulate matter generated in many iron and steel processes are in the difficult-
to-control submicron size range.  Accordingly, the air pollution control devices are 
sophisticated.  The principal types of collectors are reverse air filtration systems and high 
energy venturi scrubbers.  Electrostatic precipitators are used only on sources that do not 
have potentially explosive concentrations of carbon monoxide or extremely high resistivity 
particulate matter.  In some cases, low-efficiency cyclonic collectors or gravity settling 
chambers are used ahead of fans and air pollution control devices to remove high 
concentrations of abrasive large-diameter particles that accompany the small particulate 
matter. 
 
Although iron and steel processes are more complex than combustion sources, the inspection 
procedures are not as comprehensive.  This is because there are fewer metallurgical process 
operating variables that can be evaluated during the on-site inspection.  In general, three 
primary areas are of interest during the inspection of iron and steel processes: 
 

• Process operating rates 
• Quality and types of material processed 
• Prevention of short-term fugitive emissions during charging and tapping 

 
Regulatory agency personnel must use their limited time wisely.  It is usually impractical to 
inspect all sources completely.  Since many of the potential sources do not emit pollutants on 
a continuous basis, the on-site inspection work must be scheduled properly so that the 
operating conditions can be observed effectively. 
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Process Description 
 
This chapter focuses on several processes that are major sources of particulate matter in steel 
mills and iron foundries.  A simplified material flowchart of a steel mill is shown in Figure 9-
1.  The principal raw materials include ore, coal, and limestone.  Scrap steel is also charged 
to a variety of process steps. 
 

 
  

Figure 9-1.  Steel mill flowchart 
 
Because of the scale of the facility, a regulatory agency inspector or team of inspectors must 
focus on a selected number of sources, rather than attempting to evaluate all the individual 
sources. 
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Blast Furnaces 
 
The blast furnace is one of the initial processes involved in steel making.  Iron ore is 
processed in blast furnaces to produce pig iron.  Typical production rates vary from 1,000 
tons per day to 10,000 tons per day.  Several sources of particulate matter and other 
pollutants are possible from the blast furnace and associated process operations.  An example 
of a blast furnace is shown in Figure 9-2. 
 

 
   

Figure 9-2.  Blast furnace 
 
The blast furnace is a large, refractory-lined furnace filled with alternating layers of iron ore, 
coke and limestone.  The coke reacts with air preheated to 1,600°F to 2,000°F to form carbon 
monoxide, which reduces the iron oxide to molten iron as the furnace burden drops 
downward.  The limestone reacts with impurities to form a molten slag. 
 
Blast furnaces operate continuously.  Gas drawn from the top of the furnace, termed top gas, 
has a high concentration of carbon monoxide and particulate matter and trace quantities of 
hydrogen sulfide and sulfur dioxide.  Venturi or other types of wet scrubbers are used to 
remove the particulate matter so that the heating value of the gas stream (50 to 100 Btu/scf) 
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can be used in other areas of the mill.  Some of the particulate matter not removed in the air 
pollution control systems are emitted from the small stoves and other sources that consume 
the blast furnace gases.  Emissions can also occur from a bleeder valve installed downstream 
of the air pollution control systems.  These intermittent slip emissions occur when the 
furnace burden suddenly drops downward in the blast furnace.  The excessive pressure 
caused by the displaced gas is vented through the bleeder stack. 
 
Every 45 to 90 minutes, a clay-packed taphole at the bottom of the furnace is drilled out and 
accumulated molten iron and slag at a temperature of about 2,500°F are drained into a trough 
system.  The slag floats to the top of the trough and a skimmer system separates the iron and 
slag into two separate streams.  The molten iron, known as pig iron, is transported to torpedo 
cars, and the slag in drained into a pit or into a slag pot.  After tapping is completed, the 
taphole is resealed. 
 
Iron oxide fumes are generated during tapping and during molten iron transport in the 
troughs.  The mechanisms believed responsible for emissions include the oxidation of iron at 
the surface and CO-related bursting bubbles that eject small droplets of molten iron into the 
air where they can be oxidized and the resulting vapors can nucleate.  The particles generated 
by the combined action of these two mechanisms are almost entirely in the submicron range.  
Also, near the conclusion of tapping, gases inside the blast furnace can escape through the 
taphole.  These emissions are generally controlled by covering the troughs and using 
collection hoods at the taphole and slag skimmer.  Collection hoods are also used at the 
torpedo car and slag pot.  The emissions collected from these points are usually controlled by 
a fabric filter.  A simplified drawing of the troughs and the hooding system is shown in 
Figure 9-3. 
 
Hot metal desulfurization is used in some facilities to reduce the sulfur content of the pig iron 
to a level less than 0.03 percent.  This is accomplished by injecting calcium carbide (CaC2), 
lime, magnesium, or soda compounds.  The desulfurization agents are injected by a lance.  
Bubbles of the carrier gas stream create the potential for fume generation during 
desulfurization.  These emissions are collected by the torpedo car hood. 
 
Processing the slag generated in the blast furnace can generate additional particulate matter 
and hydrogen sulfide.  Typically, water is used to increase the cooling rate in the pit or to 
produce granulated slag.  Sulfur in the slag is present as calcium sulfide, and the use of water 
for cooling produces hydrogen sulfide emissions.  These emissions are generally reduced by 
using air for the initial cooling. 
 
Sintering Process 
 
The sintering process is used to recycle iron-containing ores and dusts emitted from the blast 
furnace and a variety of other dusts collected in other portions of the steel mill.  The primary 
purpose of this process is to agglomerate the material so that it is large enough to be handled 
and injected back into the blast furnace without creating fugitive particulate emissions.  
Figure 9-4 is a simplified flowchart of a sintering process. 
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Figure 9-3.  Tapping hoods 
 
The process starts with the handling of iron ore, lime, coke, dust, sinter machine recycle 
material, and turnings from various processes in the steel mill.  This material is mixed in a 
pug mill and ground to the necessary size range.  Careful blending of the iron-containing 
materials and lime is necessary to ensure that the resulting sinter will have the necessary 
chemical composition for the blast furnace reactions.  Particulate emissions can occur from a 
variety of material-handling operations involved with handling, blending, and conveying the 
feed material. 
 
The blended feed material is discharged onto a feed conveyor that leads to the ignition zone 
of the sinter machine.  Natural gas or coke oven gas is used to heat air passing through the 
bed of material.  The coke breeze included with the sinter strand is ignited and continues to 
burn as the feed material moves horizontally through the sinter machine.  Burning the coke in 
the bed of feed material causes it to fuse into sinter.  The combustion reactions are facilitated 
by air pulled downward through the bed of material into a set of windboxes underneath the 
traveling grate.  The particle-laden combustion gases from the sinter machine windboxes are 
the major source of emissions in the sintering processes.  After the sinter is cooled and sized, 
undersized material is recycled to the feed end of the process.  The large-sized sinter material 
is broken into manageable sizes and screened.  Particulate emissions occur because of these 
cooling and material-handling operations. 
 
Particulate emissions from the feed-handling operations and from the sinter cooling and 
sizing operations are relatively large diameter material.  These emissions are usually 
controlled by filtration systems or low pressure drop wet scrubbers.  The particulate 
emissions from the sintering machine windboxes span the size range from submicron 
material to particles greater than 100 micrometers.  The large sized particles are emitted from 
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entrainment of the feed material into the hot gas streams.  The small diameter particulate 
matter is the result of the nucleation of vapor-phase metal compounds and organic 
compounds.  Oils and grease on metal turnings charged with the feed material provide the 
source of the organics.  The sinter machine emissions are normally collected by high 
pressure drop (30 in. H2O to 70 in. H2O) wet scrubbers or reverse-air fabric filters.  These 
sophisticated air pollution control systems are needed because of the quantity of emissions in 
the difficult-to-control size range. 
 

 
  

Figure 9-4.  Sintering process 
 
Basic Oxygen Process Furnaces 
 
Basic oxygen process furnaces (BOPFs) refine iron into steel.  The pig iron contains high 
concentrations of carbon and other impurities, such as silicon and sulfur.  The process 
involves oxygen injection for the removal of these impurities and the addition of materials 
necessary to yield the desired type of steel.  Most BOPFs have capacities of 15 to 400 tons 
per charge, and the processing cycle lasts 30 to 50 minutes. 
 
As shown in Figure 9-5, the BOPF is a pear-shaped, refractory lined vessel.  The furnace is 
mounted on trunnions to allow it to rotate for charging, tapping, and slag removal.  There are 
three main furnace types, differentiated with regard to the way oxygen is injected into the 
molten metal: 
 

• Top-blown furnaces 
• Bottom-blown furnaces 
• Combination-blown furnaces 

 
The top-blown furnace shown in Figure 9-5 is the most common of the three designs.  The 
bottom-blown furnace, usually termed Q-BOPF, uses tuyeres in the bottom of the furnace for 
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injecting the oxygen.  The combination furnace has both lower tuyeres and a water-cooled 
oxygen lance in the top.  In the combination furnace, the majority of oxygen is injected from 
the top. 
 

 
  

Figure 9-5.  Basic oxygen process furnace 
 
The first step in the basic oxygen process is to charge the furnace with molten iron and scrap.  
Approximately 30 percent by weight of the charge is scrap steel.  As shown in Figure 9-5, 
the furnace rotates to the side to receive the charge materials.  The molten metal is poured 
from the charging ladle into the top of the rotated BOPF.  Particulate emissions are generated 
because of the turbulent mixing of the molten stream of metal with the air.  Oils or greases on 
scrap steel charged to the BOPF are also volatilized.  Charging emissions are collected in a 
secondary hood mounted adjacent to the main hood serving the top of the furnace.  These 
emissions are usually treated in a fabric filter. 
 
After charging, the furnace is rotated into the upright position, and a water-cooled oxygen 
lance is inserted into the molten iron.  Oxygen injection persists for approximately 15 to 30 
minutes to oxidize the carbon and remove other impurities.  The exothermic reaction 
between oxygen and the carbon releases the heat necessary to raise the furnace temperature 
to 3,000°F.  The effluent gas stream contains relatively high concentrations of carbon 
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monoxide and metallic fume.  The particulate matter is generated by a combination of 
mechanisms: 
 

• Entrainment of molten metal droplets in the oxygen and off-gas stream 
• Oxidation of molten metal because of reactions with the oxygen 
• Oxidation of molten metal in the gas stream because of combustion reactions in the 

hood of the BOPF 
• Nucleation of vapor phase metals and metal compounds emitted from the high-

temperature process 
 
The particle size distribution in the off-gases from the BOPF depends on the design of the 
capture system.  A closed-hood system has a skirt that fits against the side of the BOPF 
during oxygen blowing that restricts the quantity of outside air entering the hood.  An open-
hood arrangement has a small gap between the hood opening and the top of the BOPF. 
 
The particle size distribution generated within a closed-hood system is larger than that from 
an open-hood system.  Because of less air intake and because carbon monoxide combustion 
reactions are suppressed by the limited oxygen, the gas flow rates are smaller and the gas 
temperature is about 3,000°F.  Approximately 50 percent of the particulate matter is in the 
submicron range. 
 
The air flowing into the gap in an open-hood system causes combustion of the carbon 
monoxide in the gas stream, raising the gas temperature to about 4,000°F and increasing the 
potential for metal oxidation.  As a result, approximately 90 percent of the particulate matter 
is in the submicron range. 
 
After the melting and refining period is completed, the BOPF is rotated to remove the molten 
metal.  This process is termed tapping.  Particulate matter is emitted as the refined iron 
contacts the air.  These emissions are collected in a tapping hood mounted to the side of the 
hood serving the top of the furnace.  As is the case with charging emissions, a fabric filter is 
used for treatment of the particulate emissions from the tapping operations. 
 
There are a variety of other process operations associated with the BOPF process.  These 
other process operations also generate emissions. 
 

• Slag skimming - removal of high sulfur containing material from the molten iron 
before charging to the BOPF 

• BOPF vessel sampling - rotation of the furnace to a turndown position where samples 
of the molten metal can be taken for chemical analysis 

• Deslagging - rotation of the BOPF to a position where the molten slag can be poured 
into a slag pot for transport 

• Teeming - pouring of molten metal into ingots or continuous casters   
• Flux handling - handling of lime before charging to the furnace  
• Skull burning and ladle maintenance - burnout of solidified material in the charging 

ladle 
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All the operations that cause secondary emissions are intermittent.  Some of these are 
controlled by localized hoods and baghouses.  In some cases, all of the air in the BOPF 
building is collected and treated in an air pollution control system. 
 
Electric Arc Furnaces 
 
Electric arc furnaces (EAFs) are used to recycle scrap steel and to process pig iron produced 
in blast furnaces.  Their capacities range from 50 tons to more than 200 tons, and they are 
batch processes that typically require two or three charges.  The complete batch cycle is 
termed a heat and typically requires 45 to 75 minutes. 
 
As shown in Figure 9-6, the EAF is circular, with a rounded top and bottom.  It has a 
removable, water-cooled roof for charging and rocks forward 20 to 40 degrees for tapping 
and backward 15 degrees for slag removal.  A set of carbon electrodes protrudes through the 
roof to supply most of the energy for the melting and refining process.  Additional energy is 
provided by oxy-fuel burners.  The furnaces usually have limestone injectors, carbon 
injectors, and oxygen lances.  They use side-wall mounted tapping spouts or bottom taps for 
the removal of the processed metal. 
 

  
  

Figure 9-6.  Electric arc furnace 
 
The furnace roof, with the electrodes, rises and swings to the side for charging.  A clam-shell 
bucket charges scrap steel to the furnace.  After charging, the roof is closed and power is 
applied to the electrodes to begin the melting process.  The oxy-fuel burners are operated for 
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about the first ten minutes to help accelerate the process.  Two or three charges are usually 
needed to fill the furnace, and particulate emissions occur each time the scrap is dumped into 
the partially full furnace.  One significant source of these emissions is oil in the scrap.  These 
emissions consist of large, short term discharges that are captured with the building 
evacuation system or canopy hood system and sent to a fabric filter. 
 
Limestone and carbon-containing materials, such as coke or coal, are added along with the 
charged material to facilitate removal of impurities during the refining process, and oxygen 
lances are used to burn off impurities in the molten metal.  Inorganic impurities composed of 
silicon, phosphorus, and magnesium form a slag that floats to the top of the molten metal. 
 
During the melting and refining processes, effluent gases continue to be generated in the 
EAF.  These gases are exhausted from the furnace and sent to the fabric filter.  The 
particulate emissions include metals and metal compounds that volatilized in the 3,000°F 
temperature within the furnace and nucleated as the effluent gas stream passed into the 
water-cooled hoods and gas stream cooling equipment.  The particulate emissions also 
include fumes that form because of the entrainment of molten metal in the effluent gas 
stream.  Carbon monoxide is also present in the furnace off-gases. 
 
Furnace tapping occurs after chemical analysis of the molten material indicates that the metal 
is within the necessary specifications.  The molten metal is poured through a side-mounted 
spout into a preheated ladle or through a bottom taphole into a ladle below the furnace.  
Particulate emissions occur because of the contact of the molten metal and the air.  Alloying 
elements also contribute to the emissions.  These emissions are usually captured with the 
building evacuation system or canopy hood system and sent to the fabric filter. 
 
Iron Foundries 
 
Iron foundries process scrap iron and steel to produce ingots or metal castings.  The plants 
consist of a number of melting units, casting operations, and material-handling operations.  A 
simplified schematic of an iron foundry is shown in Figure 9-7.  Most foundries have only 
one of the three types of melting units shown in this figure. 
 
The principal raw materials consumed in the foundry include iron and steel scrap, coke, and 
flux materials, such as limestone.  Sand and binders are also used for the casting operations.  
Melting the scrap metal is accomplished in one or more of the following types of furnaces, 
all of which are batch operations: 
 

• Electric arc 
• Cupola 
• Induction furnace 
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Figure 9-7.  Emission points in a typical iron foundry 
 
The electric arc furnaces used in iron foundries are generally similar to those used for steel 
production.  Emissions occur primarily during charging of the scrap metal and tapping of the 
molten metal.  During charging, the roof is removed, and the metal is dumped into the 
furnace from an overhead crane.  The energy for melting is provided by three electrodes 
inserted through the roof of the electric arc and by oxy-fuel burners.  At the end of the heat, 
the furnace is tipped to tap the molten metal into a ladle.  Particulate emissions from the 
various operations associated with the EAF are collected by hoods and directed to a filtration 
system. 
 
A cupola is a cylindrical, refractory-lined furnace charged with alternating layers of scrap 
metal, coke, and fluxing agents.  The energy used for melting is provided by the combustion 
of the coke.  The flux materials help remove impurities present in the metal.  Exhaust gases 
from the cupola are collected from the top and are generally controlled in a fabric filter.  A 
sophisticated particulate matter control system is needed because a major fraction of the 
particulate matter is in the submicron range.  Toxic metals present as part of the particulate 
matter often include zinc oxide, lead, and cadmium.  The cupola’s effluent gas stream also 
has toxic gases, such as carbon monoxide and partially oxidized organic compounds. 
 
As with other furnaces, the quality of scrap metal charged to the cupola has an impact on the 
particulate emission characteristics.  Scrap with a large amount of oil and grease creates 
organic vapor emissions that can nucleate homogeneously to form submicron particulate 
matter.  Because of the counterflow movement of the hot gas and the charged material, the 
organics are usually not fully oxidized before release from the cupola. 
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Induction furnaces use fluctuating magnetic fields in a refractory-lined chamber for melting 
metal.  Particulate emissions occur during charging, tapping and deslagging.  These 
emissions are usually captured by small hoods adjacent to the tapping and slag removal 
spouts and collected in a fabric filter. 
 
The molten metal processed in the furnaces is conveyed to the pouring area in ladles.  
Emissions of particulate matter and volatilized organics occur during pouring because of the 
contact of the molten metal with the organic binders and the release agents present in the 
sand molds.  These emissions are usually captured in the building exhaust system, since it is 
often impractical to hood the individual pouring locations because of the large number and 
small size of the molds. 
 
There are a variety of material handling and processing operations that support the 
preparation of the molds. 
 

• Sand preparation 
• Core making 
• Sand reclaiming 

 
Particulate emissions from these operations are usually controlled by small pulse-jet fabric 
filters. 
 
The shakeout system, used for removing the castings from the molds, is a vibrating grid that 
shakes the mold and core sand from the casting.  Particulate emissions from the shakeout 
system are usually controlled in pulse-jet, reverse-air, or shaker type filtration systems.  The 
castings are cooled and cleaned before shipping.  Abrasive cleaning and shot blasting stations 
are usually ducted together and served by a single cyclonic collector or small fabric filter. 
  
Inspection 
 
There are several basic issues involved in the inspection of iron and steel processes: 
 

• Is the process operating in accordance with the operating permit limitations and in 
accordance with applicable NSPS regulations? 

• Are fugitive emissions being adequately captured? 
• Have operating conditions changed and created potential problems for the air 

pollution control system? 
 
The inspection is relatively time-consuming because of the need to observe operating 
conditions for a variety of process operations that may occur at intervals of 1 to 8 hours.  
Important inspection points are summarized below.  Most of the data are obtained in the 
control room for the process.  Information concerning fugitive emission capture effectiveness 
requires observations of the process and hoods during various charging, tapping, deslagging, 
and other routine operations. 
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 Operating Procedures 
 

• Quality of scrap charged 
• Oxygen injection 
• Operating rate 

 
 Emissions 
 

• Fugitive emission observations 
• Opacity monitoring data 

 
 Emission capture system 
 

• Hood position and condition 
• Gas flow rate 
• Inlet gas temperature 
• Hood static pressure 

 
In-plant observations must be made from a safe vantage point.  Potential health and safety 
problems include fugitive hot gas plumes, overhead moving equipment, high-voltage-
powered material-transport cars, toxic fumes, heat stress, and noise.  Inspectors must have 
safety training before conducting the inspection, and they must obey all plant health and 
safety requirements. 
 
Operating Procedures:  Quality of Scrap Charged 
 
The presence of excessive quantities of oily scrap and turnings contributes to the emission of 
organic vapor.  Some of the organic vapor can nucleate to form difficult-to-collect submicron 
particles.  Some of the organic vapor can react to form potentially toxic partially oxidized 
organic compounds that condense heterogeneously on the surfaces of particles. 
 
The quality of the scrap can be evaluated by first determining the fraction of the material 
being charged to blast furnaces, BOPFs, EAFs, and cupolas that contain turnings and other 
oily scrap.  This information is available in the control room.  Next, the quantity of oil in the 
oily scrap must be evaluated.  This is done visually. 
 
Operating Procedures:  Oxygen Injection 
 
Oxygen is used in metal refining to remove impurities such as carbon.  Particulate emissions 
can be high during the oxygen injection period because of the entrainment of fine droplets of 
molten metal in the oxygen stream, the volatilization of impurities at the high temperatures, 
and the oxidation of iron to form iron oxide.  Typically, the control system is designed to 
accommodate emissions resulting from a specific injection rate.  Increases in the oxygen 
flow rate can result in greater emissions that the control equipment is capable of handling, 
increasing fugitive losses from the furnace.  Information on the oxygen flow rate is available 
in the control room. 
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Operating Procedures:  Operating Rate 
 
Iron and steel processes such as blast furnaces, BOPFs, and EAFs usually operate at or near 
their capacity.  These processes have limited turndown capability.  Accordingly, the 
operating rate can be estimated simply by determining the number of furnaces operating and 
the number of cycles or heats being completed on a weekly basis.  These data are readily 
available in the operating logs for the portion of the plant being inspected. 
 
Emissions:  Fugitive Emission Observations 
 
Observation of fugitive emissions is one of the most important parts of the process 
inspection.  Fugitive emissions that are not captured by either a localized hood or a building 
evacuation system penetrate directly to the ambient air. 
 
The first step in evaluating the fugitive emissions is to determine if there is a building 
evacuation system.  This information should be available in the operating permit and the 
agency files.  The capture hoods for these systems are usually mounted under the roofs of the 
melt shops, BOPF buildings, cast houses, and other structures.  The ductwork leading from 
the building to a filtration system or electrostatic precipitator is usually large because of the 
high gas flow rates needed to properly ventilate a large structure. 
 
If there is a building evacuation system, the fugitive emission observations are limited to 
uncaptured emissions escaping through roof monitors, entryways, and other openings in the 
structure.  Fugitive emission observations can be made using USEPA Reference Method 22 
or Method 9. 
 
If there is no building evacuation system, fugitive emissions around localized hoods should 
be observed, since some of these emissions will eventually exit the building openings.  Most 
fugitive emissions are intermittent and occur only during charging, tapping, deslagging, or 
pouring of material.  The observations should be conducted during several of these steps.  
The hoods will not operate at 100 percent capture effectiveness.  Slight fugitive emissions 
around hoods and enclosures can occur even with well-designed and well-maintained hoods. 
 
Emissions:  Opacity Monitoring Data 
 
Some large hood and ventilation systems have opacity monitors in the ductwork before the 
air pollution control system, where the gas temperatures are moderate.  The opacity data 
provide a good indication of the adequacy of particulate matter capture.  The duration of the 
peak opacities should be noted using the instrument recorder in the control room. 
 
These opacity monitors may not be in readily accessible locations.  If so, routine inspection 
steps, such as alignment, purge-air blower status, and purge-air hose condition, should not be 
made.  The instrument operating conditions can be checked only by plant personnel during 
periods when inhalation hazards and other potential safety risks are minimal. 
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Emission Capture System:  Hood Position and Condition 
 
The effectiveness of a localized hood or a furnace enclosure depends on its position and 
condition.  Several factors influence the effectiveness of hoods: 
 

• Position of the hood relative to the source of emissions 
• Cross drafts or other factors interfering with capture 
• Physical condition of the hood 
• Capture velocities at the hood 

 
Hoods must be as close as possible to the source of emission generation in order to achieve 
high capture efficiency and should be positioned to take advantage of any thermal drafts 
resulting from hot fugitive emissions.  Hoods too far away or improperly positioned will 
capture only a small portion of the emissions, especially when the emissions occur as short-
term releases.  Unfortunately, hoods and enclosures can interfere with access to the furnaces 
and metal-handling activities.  The need for routine access must be balanced with the need to 
position the hoods and enclosures close to the points of pollutant generation. 
 
The position and condition of all major hoods and enclosures should be evaluated.  Movable 
hoods should be positioned before the start of process operations generating intermittent 
releases.  Baffles, skirts, or other hood enhancement equipment should be intact and 
relatively free from damage.  Some dents and warpage are common, however, because of the 
potential for collisions with overhead equipment and the severe temperature variations. 
 
Emission Capture System:  Gas Flow Rate 
 
The gas flow rate through the hood or enclosure system has a direct impact on the pollutant 
capture effectiveness.  A decrease in the gas flow rate causes a decrease in the localized gas 
capture velocities.  The gas flow rate can be qualitatively evaluated using the motor currents 
for the forced-draft or induced-draft fan in the air pollution control system.  Increases in the 
motor currents at a given gas temperature are usually indicative of increased gas flow rate. 
 
Unfortunately, these data provide only a rough indication of whether the gas flow rates have 
increased or decreased from the baseline period.  The motor current data cannot be converted 
into an estimated gas flow rate value because of variations in the following factors: 
 

• Power factor 
• Fan inlet and outlet damper position 
• Fan speed in units with variable speed drives 

 
Emission Capture System:  Inlet Gas Temperature 
 
Air infiltration into the hood, ductwork, or fan can account for a significant fraction of the 
total gas flow through the air pollution control device.  If infiltration occurs, the pollutant 
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capture effectiveness at the face of the hood or within the enclosure decreases as the quantity 
of infiltrating air increases.  This is true because fans simply move a certain volume of gas, 
regardless of whether it is composed of the pollutant laden gas or ambient air. 
 
A decrease in the gas temperatures during the process cycles provides a qualitative indication 
of air infiltration.  For example, the temperature profile during a complete tapping or 
charging cycle can be compared with similar data taken during a baseline period. 
 
Some processes use water sprays or dilution air to cool the gas stream before it gets to the air 
pollution control device.  In these cases, the gas temperature data are used simply to evaluate 
the adequacy of cooling.  The peak gas temperatures should be below the maximum 
operating temperature for the air pollution control system.  Records should be reviewed to 
confirm that the peak temperatures have been consistently below this limit. 
 
Emission Capture System:  Hood Static Pressure 
 
Hood static pressure is related to the square of the gas flow rate entering the hood.  This 
pressure can be monitored directly downstream of the converging ductwork from the hood.  
A decrease in the hood static pressure means that the gas capture velocities have decreased.  
The impact of this change depends on the adequacy of the hood position and its physical 
condition.  Usually, a decrease in hood static pressure results in a decrease in the pollutant 
capture efficiency. 
 
In some cases, it is impractical to monitor the hood static pressure.  Differential transmitters 
cannot operate at extremely high gas temperatures and damage can occur if the hood is 
engulfed in hot gas plumes from the process. 
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Review Problems 
 
1. A sudden increase in the plume residual opacity has been observed for a venturi scrubber serving 

an electric arc furnace.  Based on the following data, what is a logical explanation for this 
condition? 

 
 Inspection Baseline 
 Data Data 
 Stack 
 Residual Opacity, % 30 5 
 Droplet Entrainment Severe None 
 
 Scrubber 
 Static Pressure Drop, in. H2O 48 52 
 Inlet Gas Temperature, °F 360 360 
 Outlet Gas Temperature, °F 140 138 
 Mist Eliminator Pressure Drop, in. H2O 3.4 1.2 
 Outlet Liquid pH  5.0 5.5 
 
2. The apparent fugitive emissions from an electric arc furnace tapping hood have increased 

since the last inspection.  What is a logical explanation for the increase in emissions? 
 
 Inspection Baseline 
 Data Data 
 Stack 
 Visible Emissions, %  5 5 
 Average Opacity (6-min), %  3 5 
 
 Fabric Filter 
 Static Pressure Drop, in. H2O 6.5 6.1 
 Inlet Gas Temperature, oF 390 405 
 Outlet Gas Temperature, oF 370 395 
 
 Process 
 Hood Static Pressure, in. H2O -1.2 -1.6 
 Fan Current, amps 250 260 
 
3. A venturi scrubber serving a cupola has the following operating conditions during the 

inspection.  What follow-up inspection steps would be appropriate? 
 
 Inspection Baseline 
 Data Data 
 Stack 
 Residual Opacity, % 25 10 
 Droplet Entrainment None None 
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 Scrubber 
 Static Pressure Drop, in. H2O 40 44 
 Inlet Gas Temperature, oF 370 375 
 Outlet Gas Temperature, oF 190 175 
 Mist Eliminator Pressure Drop, in. H2O 2.4 2.0 
 Outlet Liquid pH 6.0 5.5 
 



 

 

CHAPTER 10 
ASPHALT PLANTS 

Asphalt plants make paving material by mixing various sizes of stone, often termed 
aggregate with a viscous binder.  Different grades of material are produced primarily by 
using different aggregate size gradations.  The organic binder used in the process varies 
seasonally.  More volatile organic binders are used when the weather is relatively cold.  
There are two main styles of asphalt plants: 
 

• Hot mix 
• Drum mix 

  
Process Description 
 
Hot Mix Plants 
 
A hot mix asphalt plant uses a batch process.  Aggregate is first dried and then coated with 
the asphaltic organic binder.  Various sizes of aggregate obtained from a rock crushing plant 
are stored in piles on the plant site.  A front-end loader is used to fill bins of each aggregate 
size.  The aggregate is metered out onto a conveyor belt so that the size range approximates 
the specifications of the paving material to be produced. 
 
The aggregate is then dried in a small rotary dryer.  As shown in Figure 10-1, the internal 
surfaces of the dryer have metal plates, called flights, to lift a portion of the aggregate and 
shower it across the hot combustion gas stream.  The purpose of the dryer is to reduce the 
surface moisture and to heat the stone so that the organic binder can coat it properly. 
 
The rotary dryer is usually fired with No.2 oil, No.6 oil, or gas.  In some cases, pulverized 
coal is used as a less expensive alternative because fuel costs are an important part of the 
total production costs.  The temperature of the combustion gases leaving the dryer ranges 
from 250°F to 325°F.  The combustion gases entrain particulate matter from the tumbling 
layers of stone in the dryer.  Most of the particulate matter is in a large size range.  Other 
pollutants in the gas stream include sulfur dioxide generated by the sulfur-containing fuel, 
nitrogen oxides generated in the burner flame, and carbon monoxide formed from incomplete 
combustion.  A portion of the sulfur dioxide formed during combustion is adsorbed by 
alkaline materials present in the aggregate.  Accordingly, sulfur dioxide emissions are lower 
than anticipated based on fuel analyses.  Because the dryer operates at low temperatures, 
nitrogen oxide formation is limited.  The concentrations of carbon monoxide are highly 
variable because they depend on the adequacy of burner adjustment and on the extent to 
which the burner flame is quenched by contact with the cascading aggregate. 
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Figure 10-1.  Internal flights in an aggregate dryer 
 
The heated and dried aggregate is transported by a hot elevator to the top of the mixing 
tower.  Here, the aggregate is screened and segregated into several hot bins.  The material is 
then discharged into weigh buckets in the size proportions specified for the paving material.  
The proportioned aggregate is then dumped into a mixing chamber, called a pug mill, shown 
in the center of Figure 10-2. 
 

  
  

Figure 10-2.  Hot mix asphalt plant 
 
The asphalt binder is added to the aggregate as it is mixed in the pug mill and usually 
accounts for approximately 5 percent by weight of the final asphaltic concrete.  The asphaltic 
concrete produced in the pug mill is loaded into trucks that pull directly underneath. 
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Particulate matter entrained in the dryer effluent gas stream is collected in either a pulse-jet 
fabric filter or a medium energy scrubber.  Pulse-jet fabric filters are relatively simple, 
single-compartment designs using felted Nomex® fabrics.  Most of the scrubbers are venturis 
or venturi-like units.  Typical scrubber static pressure drops range from 15 in. H2O to 30 in. 
H2O.  Both types of air pollution control systems have been able to comply consistently with 
the 0.04 grains per dscf limitation in USEPA’s New Source Performance Standard. 
 
Fugitive dust emissions can occur from the mixing tower, unpaved roads, and aggregate 
storage piles.  The mixing tower emissions are usually collected and ducted to the air 
pollution control system used for the dryer.  In some plants, a large-diameter cyclone is used 
upstream of the main control system to capture the stone fines that can be reused.  Fugitive 
dust emissions from the roads can be minimized by routinely wetting the road surface.  The 
dust emissions from storage piles can be minimized by small quantities of crusting agents 
that bond the small stone particles to the surfaces of large aggregate. 
 
Drum Mix Plants 
 
Drum mix plants are more compact than hot mix plants.  The aggregate is dried, and the 
asphalt binder is applied in the drum.  A simplified sketch of one type of drum mix plant is 
shown in Figure 10-3. 
 
Aggregate of various sizes is metered out from the cold bins onto the feed conveyor leading 
to the dryer.  In this case, however, the blending of sizes must be accurate because the 
asphaltic concrete is produced in the dryer rather than in a mixing tower. 
 
The dryer is a rotary combustion chamber with internal flights for mixing the aggregate with 
the hot gases.  Asphalt binder is pumped through an injection pipe that extends into the dryer.  
The binder is sprayed on the aggregate that has been heated and dried while passing through 
the initial portion of the dryer.  The placement of the injection pipe can be adjusted slightly 
by the operator, if necessary, to optimize coating of the aggregate or to avoid excessive 
smoke generation. 
 
The dryer emissions in a drum mix plant are similar to those in a hot mix plant.  Organic 
vapor can be generated, however, if the binder is injected at a location that is too hot or if the 
binder has a high concentration of volatile compounds.  Pulse-jet fabric filters and medium 
energy wet scrubbers are used to control particulate emissions. 
 
The drum mix process can be easily adapted for recycling old road-bed material.  Recycling 
is often required by highway departments because it conserves aggregate and asphalt binder.  
The recycled asphalt pavement or RAP is ground up and charged to the drum through a chute 
located approximately in the center.  RAP accounts for 15 to 40 percent of the total 
throughput.  The recycled material is heated and dried before contact with fresh asphalt 
binder. 
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Figure 10-3.  Drum mix asphalt plant 
 
The asphaltic concrete produced in the drum mixer is conveyed to a heated silo, where it is 
stored.  The product is loaded into trucks that pull under the silo.  Some fugitive emissions of 
organic vapor can occur during transport to the silo, during filling of the silo, and during 
loading of the trucks.  Fugitive emissions of particulate matter can occur from aggregate 
storage piles and roads. 
  
Inspection 
 
The inspection procedures for asphalt plants are relatively limited due to the small scale of 
the process: 
 

• Production rates 
• Dryer aggregate temperatures 
• Binder type 
• Dryer effluent gas temperatures 
• Fugitive Emissions  

 
Production Rates 
 
The production rate of asphaltic concrete is monitored continuously, and records are 
maintained in the control room.  The production rate is usually limited by the capacity of the 
dryer, the moisture content of the aggregate, and the demand for the product.  The production 
rate data are used primarily to document that the plant is working in a representative manner 
during the inspection.  The production rate data can be reviewed for the time period since the 
last inspection to confirm that the plant operated in accordance with its permit. 
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Dryer Aggregate Temperatures 
 
The temperature of the aggregate or asphaltic concrete leaving the dryer is monitored using a 
thermocouple in the chute leading from the dryer.  The aggregate is often heated to 25°F to 
50°F above the final temperature that will be needed at the paving site to allow for cooling in 
the remainder of the process and during transport to the job site.  Excessively hot 
temperatures, however, can cause volatilization of a portion of the asphalt binder.  In the case 
of hot-mix plants, this volatilization occurs when the hot aggregate is mixed with the binder 
in the pug mill.  Emissions also occur during truck loading. 
 
In the case of drum mix plants, the volatilization of the binder occurs in the drum.  If the 
concentration is sufficiently high, the vapor-phase material nucleates to form submicron, 
bluish-white particulate matter upon being discharged from the stack.  These emissions can 
sometimes be minimized by one or more of the following actions: 
 

• Reducing the dryer aggregate temperature 
• Shielding the binder injection point from the radiant heat of the burner 
• Moving the binder injection pipe to a slightly cooler area within the drum 
• Converting to a less volatile binder 

 
Binder Type 
 
The binder is asphalt material that is a waste product from oil refining.  The chemical 
composition of the binder varies geographically and seasonally because of differences in the 
source of crude oil and the refining practices.  The volatility of the binder is rated on a scale 
from AC 2.5 to AC 200.  Asphalt material with a rating of AC 2.5 is especially volatile.  The 
type of binder is specified on the shipping records provided by the oil company.  These 
records are maintained in the control room. 
 
Dryer Effluent Gas Temperature 
 
High gas temperatures from the dryer are unusual.  If a fabric filter is used for emission 
control, high gas temperatures as a result of a loss of aggregate feed or other problems could 
cause thermal damage to the bags.  In a scrubber is used, the materials of construction could 
be damaged. 
 
Fugitive Emissions 
 
Fugitive emissions from the mixing tower of a hot mix plant should be checked while the 
plant is operating.  Problems with emission capture can occur because of plugging of the 
small air handling ducts or because of air infiltration into the small ducts.  Fugitive emissions 
of condensed organic vapors should be checked during truck loading.  Problems associated 
with excessive aggregate temperatures or volatile binders will be most apparent at this time.  
Fugitive emissions from roads should also be observed while the front end loaders are 
refilling the cold bins. 
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On drum mix plants, fugitive emissions of condensed organics from the top of the conveyor 
to the silo, the silo opening, and the truck loading area should be checked while asphaltic 
concrete is being handled.  These areas are usually not ventilated.  Accordingly, the only 
means to minimize emissions is to control the aggregate temperatures and the binder 
volatility. 
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Review Problems 
 
Video Problem 
 
This inspection concerns a conventional hot mix asphalt plant with a single dryer controlled 
by a fabric filter.  About four years before, a previous owner installed a recycle system by 
adding a new chamber between the weigh bins and the pug mill.  Recycled road material is 
charged into this new chamber and exposed to new aggregate heated substantially hotter than 
conventional hot mix plants.  Heat transfer from the hot, fresh aggregate begins to soften the 
recycled material and prepares it to receive the asphalt binder coating in the pug mill.  The 
plant normally operates with 65% fresh aggregate and 35% recycled road material. 
 
The fabric filter is a relatively conventional plenum pulse design.  A set of poppet dampers is 
used for one-by-one cleaning of each of the small compartments in the unit.  The bag 
material is a 14 ounce per square yard Nomex®, and the air-to-cloth ratio is approximately 4.  
Unlike some units, there is no cyclone upstream for the collection of larger material 
entrained in the dryer. 
 
The recycle material/fresh aggregate mixing chamber is controlled by a cyclonic spray tower 
designed and installed by the previous owners.  Scrubber water is introduced through more 
than 120 spray nozzles mounted on a header pipe in the center of the tower.  The gas stream 
enters at the bottom of the tower and spirals upward through the water sprays.  An induced 
draft fan with a discharge duct angled 45 degrees upward is used for gas movement through 
the scrubber.  There are no monitoring instruments serving the scrubber system. 
 
The inspector limited the scope of the field work concerning the fabric filter to the Basic 
Level 2 inspection list.  In addition to the information provided below, the inspector noted 
that the unit was in good physical condition.  The clean side deposits could not be checked 
because the collector was operating at the time and because the uninsulated roof was very 
hot. 
 
 Fabric filter inspection data: 
 
 Average Opacity, % 5 
 Pressure Drop, in. H2O 6  
 Inlet Gas Temperature, °F 275 
 Condensing Plume  No 
 
 Wet scrubber inspection data: 
 
 Approximate Average Opacity, % 30 
  Condensing Plume  Yes 
 General Condition Good  
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1. The inspector emphasized the wet scrubber system on the recycle operation.  Only a 
Basic Level 2 inspection was performed on the fabric filter.  Was this a proper use of the 
inspection time available? 

 
a. Yes.  The wet scrubber system was emitting more particulate matter than the 

fabric filter. 
b. No.  The inspector should have been evaluating the fugitive emissions from the 

truck loading operation. 
c. No.  The emissions from the wet scrubber system were mainly steam, not 

particulate matter.  
 
2. How could the compliance status of the fabric filter and wet scrubber be determined? 
 

a. A Level 3 or Level 4 inspection 
b. A Method 5 stack test 
c. Other______________________________________________ 

 
3. How should the inspector have investigated the efforts by plant personnel to minimize 

fugitive emissions? 
 

a. Determine if the trucks filled with asphaltic concrete are covered prior to leaving 
the plant site. 

b. Check the static pressures in the fugitive dust pick-up lines. 
c. Check the temperature records for the heated aggregate leaving the dryer. 
d. Check the asphalt binder composition records. 
e. Confirm that wet suppression techniques are being used. 
f. Other_________________________________________________ 

 
4. Would a static pressure gauge across the wet scrubber system be helpful for evaluating 

the performance of the scrubber system? 
 

a. Yes.  Emissions are inversely proportional to pressure drop. 
b. Yes.  This would provide an indication of poor gas-liquor contact in the spray 

tower. 
c. No.  Emissions are not a function of pressure drop. 
d. No.  The gauge could not be serviced properly due to limited accessibility. 
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5. What safety instructions should be prepared for new personnel assigned responsibility for 
inspections of this plant? 

 
a. Avoid areas where there are signs of dripping or splattering asphalt binder or No. 

6 fuel oil. 
b. Avoid the uninsulated roof of the baghouse during dryer operation. 
c. Do not walk under the storage silo. 
d. Select visible emission observation sites out of vehicle traffic areas. 
e. Request that plant personnel obtain pond samples. 
f. Do not touch hot aggregate chutes or hot dryer exhaust gas ducts. 
g. Other________________________________________________ 

 
General Problems 
 
6. A venturi scrubber at a drum mix asphalt plant has a residual plume of 60%.  Based on 

the inspection data provided below, what is the most probable explanation for this 
problem? 

 
 Visible Emissions (Residual Plume), % 60 
 Static Pressure Drop, in. H2O 24 
 Inlet Gas Temperature, oF 315 
 Outlet Gas Temperature, oF  131 
 Liquid Flow Rate, gpm 120  
 Gas Flow Rate, acfm 11,000 
 Outlet Liquid pH 6.1 
 Aggregate Dryer Exit Temperature, oF 340 
 Asphalt Binder AC 20 
 Fugitive Emissions: 
 Conveyor to Silo Yes 
 Silo Yes 
 Truck Loading Yes 
 Production Rate 90% of capacity 
 
7. A venturi scrubber serving a hot mix asphalt plant dryer has the following operating 

conditions.  Is there any reason to suspect that emissions have increased since the 
baseline time period? 

 
 Inspection Baseline 
 Data Data 
 Scrubber 
 
 Visible Emissions, % 15 5 
 Static Pressure Drop, in. H2O 23 16 
 Inlet Gas Temperature, oF 290 310 
 Outlet Gas Temperature, oF 142 131 
 Mist Eliminator Pressure Drop, in. H2O 2.0 1.3 
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  Liquid Flow Rate, gpm 100 105  
 Outlet Liquid pH 6.0 6.5 
 
 Dryer 
 
 Aggregate Temperature, oF 295 300 
 Asphalt Binder AC 40 AC 40 
 Production Rate, ton/day 100 100 
 


