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1. INTRODUCTION

The U.S. Environmental Protection Agency (EPA) has recently analyzed information on
the health effects of elevated concentrations of respirable particulate matter (PM) in ambient air. 
This analysis lead to revisions of the national ambient air quality standards (NAAQS) for PM. 
The EPA has also added a new "indicator" to measure respirable PM concentrations.  The
previous indicator was PM10, which is defined as particle matter having a nominal aerodynamic
diameter of 10 micrometer (Fm) or less.  The additional indicator is based on smaller particles,
PM2.5, defined as PM less than or equal to 2.5 micrometer in aerodynamic diameter.1 

1.1 PURPOSE OF THIS DOCUMENT

The purpose of this document is to support the development of implementation strategies
for attaining revised ambient standards for PM, based on PM2.5 and PM10.  This document is a
revision of the EPA's 1982 guidance on Control Techniques for Particulate Emissions from
Stationary Sources.2  The focus of this document is on the control of PM10 and PM2.5 emissions
from industrial sources.  This document does not address nonindustrial sources, such as
residential wood combustion and windblown dust, which are covered by separate guidance
documents.  

Although they account for a smaller fraction of national PM10 emissions than nonindustrial
sources (see Section 2), industrial sources can have significant ambient impacts.  These can be
especially important in urbanized areas which are typically centers of both population and
industrial activity.  In addition, PM emissions from industrial sources tend to be concentrated in
the smaller size ranges, increasing their importance in the implementation of a potential standard
for PM2.5.
 
1.2 OTHER RESOURCES

The EPA has recently developed control techniques documents for a number of
nonindustrial sources of PM emissions.  In addition, reports have been prepared assessing the
overall levels of control that could be achieved both in direct emissions of PM, and in emissions of
gaseous pollutants that can react to produce secondary PM.  Secondary PM is produced mainly
from sulfur oxides (SOx), nitrogen oxides (NOx), ammonia (NH3), and volatile organic compounds
(VOC).  These precursor gases react with one another and with oxygen and water in the
atmosphere to form condensible compounds.  Appendix A gives a summary of control techniques
documents and other EPA documents available to support the development of control strategies
for primary PM10 and PM2.5 emissions, and emissions of precursor gases for secondary PM.

1.3 ORGANIZATION

This document is organized in seven sections, including this introduction.  Section 2 gives
background information on trends in PM air quality and emissions, projected future impacts of
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control programs, and major current sources of PM10 and PM2.5 emissions. 

Section 3 discusses the methods available to measure PM emissions.  These techniques are
needed to estimate the level of emissions from the source before and after control, as well as
determine the control efficiency of the PM control devices/techniques.  This section discusses
established as well as innovative procedures that have been developed to measure the mass and/or
size of PM, especially for PM10 and PM2.5.  Techniques for identifying and measuring the chemical
species of the PM are discussed as well.  

Section 4 presents approaches for reducing PM emissions through the use of fuel
substitution and source reduction techniques, i.e. process modifications or optimization.  

Section 5 is the heart of this document, and contains detailed descriptions of the primary
devices used to control PM at stationary sources: electrostatic precipitators (ESPs), fabric filters,
wet scrubbers, and incinerators.  For each of these control devices, the various designs of the
devices are discussed along with the principles of operation.  The range of control efficiencies for
each device is then discussed and the source categories to which the devices are applicable are
presented.  The capital and annual costs for each device are also included in Section 5 along with
the energy and other secondary environmental impacts of the technologies.  Section 5 begins with
a discussion of pretreatment techniques, that is similar in format to the primary device discussion. 
The pretreatment devices are used to reduce the PM loading on the primary PM collection
devices, in order to reduce the size and, potentially, the costs of the primary control device, and to
possibly increase the overall PM collection efficiency.

Section 6 discusses industrial fugitive emission controls that include enclosures, ventilation
techniques, and optimization of equipment and operations.  Where available, the reported control
efficiencies of the control measures are presented.

Section 7 discusses the emerging PM control technologies that are being investigated by
the EPA and industry to increase the control efficiency of PM control and/or to target fine
particles.  Many of these technologies have been implemented in pilot- or full-scale operation.
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2. BACKGROUND

National ambient air quality standards (NAAQS) for particulate matter (PM) were first
established in 1971.  These standards applied to total suspended PM (TSP) as measured by a high
volume sampler.  The sampler design favored the collection of particles with aerodynamic
diameters up to 50 µm.  In 1987, the EPA changed the indicator for PM from TSP to PM10.  The
NAAQS levels for PM10 were set at a 24-hour average of 150 µg/m3 (with no more than one
expected exceedance per year), and an annual average of 50 µg/m3 (expected arithmetic mean).1 
In 1997, the EPA revised the form of the 24-hour (daily) PM10 NAAQS and established PM2.5 as a
new fine PM indicator.  

Prior to the revision, the 24-hour PM10 NAAQS was met when the expected number of
days per calendar year with a 24-hour average concentration above 150 µg/m3 was less than or
equal to one (averaged over 3 calendar years).  The revised 24-hour PM10 standard is met when
the 99th percentile of the distribution of 24-hour concentrations at each monitor in an area for a
period of one year (averaged over 3 calendar years) does not exceed 150 µg/m3.  The annual
PM10 standard was not impacted by the 1997 revisions.

The new PM2.5 NAAQS are set at an annual mean concentration of less than or equal to
15 µg/m3 and a 24-hour (daily) concentration less than or equal to 65 µg/m3.  The annual standard
is met when the three year average of the annual arithmetic mean of the 24-hour concentrations
from single or multiple community-oriented monitors does not exceed 15 µg/m3.  The daily
standard is met when the 98th percentile of the distribution of the 24-hour concentrations for a
period of one year (averaged over 3 calendar years) does not exceed 65 µg/m3 at each monitor
within an area.

2.1 TRENDS IN AMBIENT PARTICULATE MATTER CONCENTRATIONS AND
PARTICULATE MATTER EMISSIONS

The most recent EPA report on trends in ambient PM concentrations covers PM10 for the
years 1988 through 1996.2  Complete data on ambient PM10 concentrations are available from 900
monitoring sites with urban, suburban and rural locations.  The annual arithmetic mean PM10

concentration for all sites (national average) during 1988 was 32 µg/m3.  By 1996, the annual
arithmetic mean concentration had decreased to 24 µg/m3, a 25 percent improvement over 1988
levels.  The trend of PM10 concentrations at urban and suburban sites was essentially the same
with the annual mean decreasing from about 34 µg/m3 in 1988 to about 26 µg/m3 in 1996.  The
annual arithmetic mean at rural sites in 1988 was 25 µg/m3.  The mean decreased 20 percent to 20
µg/m3 in 1996.

An independent analysis of PM10 trends, conducted by Darlington, et.al., found the same
improvements in concentrations.3  Data from monitoring sites that reported at least one reading
each year from 1988 through 1995 (585 sites) to the Atmospheric Information Retrieval System
(AIRS) were used in this analysis.  Nationwide, the analysis indicated a 24 percent reduction in
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PM10 concentrations from 34 µg/m3 in 1988 to 26 µg/m3 in 1995.  About 160 of the monitoring
sites used by Darlington were located in counties designated as nonattainment for PM10 and 425
were located in attainment counties.  The annual mean concentration for all the nonattainment
counties in 1988 was 41 µg/m3.  This was reduced by  26 percent to 31 µg/m3 in 1995.  The mean
in the attainment counties decreased 20 percent, from 30 µg/m3 in 1988 to 24 µg/m3 in 1995.

Table 2-1 shows trends in PM10 emissions for major emission sources from 1987 to 1996. 
The table shows a good deal of fluctuation in emissions, mainly due to changes in natural wind
erosion.  It must also be noted that fugitive dust emissions estimates in the table are subject to a
high degree of uncertainty (e.g. paved and unpaved roads, construction, agricultural operations,
and wind erosion).  These fugitive dust emissions are overestimated when compared to ambient
measurements of the mineral-related components of PM2.5.

Ambient concentration data are not available to assess historical trends in PM2.5 ambient
concentrations or emissions.  However, visibility can be viewed as a surrogate measure of trends
in fine particles in the range of 2.5 micrometers and under.  Particles in this size range contribute
greatly to the scattering and absorption of light (known as light extinction).  There are two large
contiguous haze areas in the continental U.S.  One encompasses the eastern U.S. and the other
includes the western Pacific states.  There has been a marked decrease in haze over the 30 year
period from 1960 to 1990 in the western Pacific states.  The mid-continent section of the eastern
haze area has remained relatively constant over this period, whereas the eastern U.S. has shown a
change from winter-dominated haze to summer-dominated haze.2  

2.2 PROJECTIONS FOR FUTURE CONTROL PROGRAMS AND EMISSIONS

The EPA's Office of Policy, Planning, and Evaluation (OPPE) has projected emission
levels for PM10 and PM2.5 based on implementation of control programs required under the Clean
Air Act Amendments (CAAA) of 1990.  Control programs for PM under Title I of the CAAA are
projected to have only a small impact on overall future emissions--a reduction of about 3 percent
for PM10 and less than 0.1 percent for PM2.5.

2 

Because of a lack of available data, OPPE's projections did not take into account the
impact of regulations for hazardous air pollutants (HAPs) under Title III of the CAAA. 
However, a number of the Title III HAPs are metals that are emitted in fine PM, both in bulk and
trace quantities.  Standards implemented for these particulate HAPs will have some impacts on
PM10 and PM2.5 emissions.  

Substantial reductions in SO2 emissions are projected by OPPE as a result of acid rain
control programs implemented under Title IV of the CAAA.  In addition, reductions in NOx

emissions are projected as a result of Title IV, and reductions in both NOx and VOC are projected
as a result of ozone control programs under Title I.  All of these pollutants are precursors of
secondary PM.  Therefore, emission reductions for these pollutants are expected to produce
reductions in the formation of secondary PM.
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2.3 SOURCES OF PM10 AND PM2.5 EMISSIONS

Emission sources can be broadly classified as point sources and area sources.  Point
sources are large emission sources that are treated on a point-by-point basis in emissions
inventories.  These are typically industrial facilities, utilities, or large commercial or institutional
emission sources.  Area sources are defined as emission sources that are too numerous or
dispersed to be treated individually in an emissions inventory.  This category also includes
highway vehicles and nonroad engines and equipment.

The emissions discussed in the next two sections are based on the 1990 National
Inventory.  The 1990 National Inventory attributed approximately 90 percent of PM10 and 70
percent of PM2.5 emissions to fugitive dust from agriculture, paved roads, unpaved roads, and
construction activities.  While these are certainly major sources of PM emissions, the confidence
in these estimates is low.  These estimates are believed to be high, and the inventory is being
reviewed and revised to improve these estimates.  For this reason, the following two sections
discuss important sources of PM emissions in general terms without estimates of impact on
emissions.

2.3.1 Point Sources

Particulate matter emissions from utility, industrial and commercial/institutional
combustion sources are small in comparison with emissions from area combustion sources.  This
is due both to superior combustion conditions, which result in higher combustion efficiencies, and
also to add-on PM controls for coal combustion and some oil combustion sources.  Utility,
industrial, and commercial/institutional combustion were the most significant point sources of
PM10 and PM2.5 in 1990.  Other significant industrial sources included metal processing, mineral
products processing, and wood products processing.2  

2.3.2 Area Sources

Fugitive emissions from agriculture, paved roads, unpaved roads, and construction
activities represent a major portion of PM10 and PM2.5 emissions.  However, as stated above, these
emissions appear to be overestimated when reconciled to ambient measurements of the mineral-
related components of PM2.5.  In addition to these fugitive dust emission sources, area source
combustion categories including residential wood burning, wildfires, and prescribed burning of
forest residues were important sources.  Highway vehicles, nonroad engines and equipment, and
open burning of wastes also made significant contributions.2
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2.4 CHARACTERIZATION OF PM2.5 CONCENTRATIONS

Ambient samples of PM2.5 from eight research studies are summarized in Figures 1 and
2.4,5  The PM2.5 samples were chemically analyzed to determine the amounts of ammonium sulfate,
ammonium nitrate, carbon, and soil present.  Ammonium sulfate and ammonium nitrate are
secondary particles formed in the atmosphere from the reaction of ammonia with sulfur dioxide
(SO2) and nitrogen oxides (NOX), respectively.  Carbon and soil are primary particles.  These are
generally emitted directly into the atmosphere, or generated by processes such as wind erosion,
construction, or traffic on paved or unpaved roads.  The results of these analyses for eastern
states are shown in Figure 1.  Figure 2 summarizes the results for western states.

Figure 1 indicates that in the eastern states, PM2.5 was dominated by ammonium sulfate
particles which accounted for 40 to 60 percent of the total mass.  Ammonium nitrate particles
contributed another 5 to 15 percent.  Carbon particles, from sources such as incomplete
combustion, accounted for 30 to 40 percent of the PM2.5 mass.  The fraction of soil in the eastern
samples ranged from 5 to 10 percent.5

Figure 2 shows that only 5 to 15 percent of the PM2.5 was ammonium sulfate, and
ammonium nitrate accounted for 1 to 35 percent of the total mass.  The percentage of carbon
from incomplete combustion ranged from 35 to 65 percent of the western samples.  Soil content
in the western samples contributed 5 to 15 percent of the total mass of PM2.5.

5

The following sections of this document address techniques for reducing primary
particulate emissions from stationary combustion sources and industrial processes.  As illustrated
above, secondary particles (ammonium sulfate and ammonium nitrate) comprise a large
percentage of the PM2.5 samples in both the Eastern and Western United States.  This is indicative
of the need to address emissions of sulfur dioxide, nitrogen oxides, and ammonia when
considering means of reducing PM2.5 concentrations in the future.
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3 MEASUREMENT

The determination of the control efficiency of PM control devices requires the use of
methods to determine the control device inlet and outlet PM emissions.  This section discusses
established as well as innovative procedures that have been developed to measure the mass and/or
size of PM, especially for PM10 and PM2.5.  Techniques for identifying and measuring the chemical
species of the PM are discussed as well.

The most precise method of determining the mass concentration of PM is to collect the
entire volume of gas (and PM) and to determine the mass concentration from this sample.  This
procedure, however, is feasible only with a few sources where there are very low flow rates. 
Procedures have been developed to sample small portions of the gas stream to obtain a
representative sample so that estimates of PM mass emissions can be made.  These procedures are
called "extractive" methods, since a portion of the gas stream is removed from the source and
sampled elsewhere.  Other more innovative procedures are being used to determine PM mass
concentrations in situ.  Also, as part of a PM emission characterization of a source or control
device, the size distribution of the PM may be needed.  This is especially true for PM2.5 emission
determinations, since procedures to determine PM2.5 mass emissions directly are still under
development (see Section 3.5, below).  

In the measurement of PM during extractive methods, it is important that the gas be
sampled isokinetically so that a representative sample of PM enters the sampling device.  The term
"isokinetic" refers to the situation where the gas streamlines of the source gas are preserved
within the sampling probe so that the concentration and size distribution of the PM in the sample
probe is the same as that in the source effluent duct.  The parameter that must be controlled to
establish isokinetics is the gas velocity within the sample probe, which must be equal to the actual
gas velocity at the sample point in the source exhaust duct.  Since the sample probe will have a
smaller diameter than the source exhaust duct and possibly a lower temperature, the actual gas
flow rate used to extract gas through the sampling probe must be controlled to establish an
isokinetic sampling velocity.

Anisokinetics, or the lack of isokinetics, can lead to either over or under sampling of
particles of a certain size.  Sampling velocities less than isokinetic will lead to an overestimation of
larger-sized particles and a higher than actual PM mass concentration; conversely, sampling
velocities higher than isokinetic will lead to an overestimation of smaller particles with a lower
than actual PM mass concentration.

3.1 List of EPA PM Mass Measurement Test Methods

Table 3-1 lists the EPA test methods applicable to the measurement of PM mass
emissions.  These methods are discussed further in the next section.  To obtain a detailed 
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description of these methods, the EPA's Technology Transfer Network, an electronic bulletin
board, can be viewed at http://www.epa.gov/ttn.

3.2 EPA Stationary (Point) Source PM Mass Measurement Test Methods

The following sections describe the EPA Test Methods for the sampling and analysis of
PM mass that include test methods for the measurement of total PM, PM10, condensible PM, and
opacity.  

EPA Test Method 5, that measures total PM from stationary sources, is the predominant
test procedure used to measure PM mass emissions.  The sampling train and isokinetic sampling
procedures described in Method 5 are also the basis for many other EPA test methods.  The
Method 5 sampling train and procedures also has been modified and adapted into test methods
that are designed to measure other gas constituents, such as semi-volatile compounds, in exhaust
gases where PM is likely to also exist.  In some cases, this is because PM mass measurements are
desired in addition to the target compounds; in other cases, the PM is collected so as to remove
the potential for interference with the measurement of the target compounds.

Method 5 and the other stationary source measurement methods described below rely on
the use of EPA Test Methods 1 through 4.  These methods describe the appropriate techniques to
be used to sample the exhaust gas from stationary sources, and also the techniques used to obtain
data on the physical and chemical characteristics of the exhaust gas which are needed to calculate
PM emissions.  These auxiliary test methods and their variations are listed in Table 3-2.

3.2.1 EPA Test Method 5 for Total PM Mass

This method is applicable for the determination of PM mass emissions from stationary
sources.  Particulate matter (PM) is withdrawn isokinetically from the source and collected on a
glass fiber filter maintained at a temperature in the range of l20 ± l4EC or another temperature as
specified in a regulation or approved for special purposes by the EPA for the specific application. 
The PM mass, which includes any material that condenses at or above the filtration temperature,
is determined gravimetrically after removal of uncombined water.

A schematic of the sampling train used in this method is shown in Figure 3-l.  Complete
construction details are given in "APTD-0581:  Construction Details of Isokinetic Source-
Sampling Equipment;"1 commercial models of this train are also available.  Changes from APTD-
058l and allowable modifications of the train shown in Figure 3-l can be obtained 
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Figure 3-1.  EPA Test Method 5 Sampling Train.



     a Emission Monitoring and Analysis Division, Office of Air Quality Planning and Standards, U.S. Environmental
Protection Agency, Research Triangle Park, North Carolina. 27711
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from the EPA's Emission Measurement Technical Information Center.a  The operating and
maintenance procedures for the sampling train are described in APTD-0576: "Maintenance,
Calibration, and Operation of Isokinetic Source Sampling Equipment."2 Correct usage of the
sampling train is important in obtaining valid results with this method.

3.2.2 EPA Test Method 5 Variations:  5A - 5H

The following methods are considered variations of Method 5 that target a specific
industry or type of PM emissions.  The specifics of each method are summarized below and
include the differences between the method and Method 5, and any other noteworthy details.
Otherwise, the methods are largely identical to Method 5.

C Method 5A:  Determination of PM Emissions from the Asphalt Processing
and Asphalt Roofing Industry.  This method is similar to Method 5 except that
in this method the PM catch is maintained at a slightly lower temperature in
Method 5A, 42EC vs. 120EC in Method 5, and a precollector cyclone is used.  

C Method 5B:  Determination of Nonsulfuric Acid PM from Stationary
Sources.  This method is similar to Method 5 except that the sample train is
maintained at a higher temperature in Method 5B, 160EC vs. 120EC in Method 5,
and the collected sample is heated in the oven for 6 hours to volatilize any sulfuric
acid that may have collected.  The nonsulfuric acid PM is then determined by the
method.

C Method 5C:  Determination of PM in Small Ducts.  A test method to address
PM measurement in small ducts is tentatively planned; no information about the
method is currently available.

C Method 5D:  Determination of PM Emissions from Positive Pressure Fabric
Filters.  Method 5D is similar to Method 5, except that it provides alternatives to
Method 1 in terms of determining the measurement site, and location and number
of sampling (traverse) points.  Since the velocities of the exhaust gases from
positive pressure fabric filters are often too low to measure accurately with the
type S pitot specified in Method 2, alternative velocity determinations are
presented in Method 5D.  Because of the allowable changes to site selection and
velocity determination in Method 5D, alternative calculations for PM
concentration and gas flow are presented with the method.

C Method 5E:  Determination of PM Emissions from the Wool Fiberglass
Insulation Manufacturing Industry.  This method is similar to Method 5 except
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that it measures both filterable and condensed PM enabling the determination of
total PM.  A sodium hydroxide impinger solution is used to collect the condensed
PM.

C Method 5F:  Determination of Nonsulfate PM Emissions from Stationary
Sources.  This method is similar to Method 5 except that the sample train is
maintained at a higher temperature in Method 5F, 160EC vs. 120EC in Method 5,
and the collected sample is extracted with water to analyze for sulfate content.

C Method 5G:  Determination of PM Emissions from Wood Heaters from a
Dilution Tunnel Sampling Location.  This method differs substantially from
Method 5 in that there are different sampling trains specified for Method 5G and
that the PM is withdrawn from a single point from a total collection hood and
sampling tunnel that combines the wood heater exhaust with ambient dilution air. 
The PM is collected on two glass fiber filters in series, as opposed to only one used
in Method 5.  The fiber filters are also maintained at a much lower temperature in
Method 5G, 32EC vs. 120EC in Method 5.

C Method 5H:  Determination of PM Emissions from Wood Heaters from a Stack
Location.  This method is more similar than Method 5G to Method 5, since the
filter is maintained at 120EC.  Although, a dual filter sampling train from a single
point is used, as in Method 5G, the two filters are separated by the impingers.

3.2.3 EPA Test Methods for PM10 from Stationary Sources

The following are two methods to measure PM10 emissions from stationary sources.  Both
methods are in-stack procedures; one method uses exhaust gas recycling and the other constant
sampling.  Since condensible emissions not collected by these methods are also PM10 that
contribute to ambient PM10 levels, the EPA suggests that source PM10 measurements include both
in-stack PM10 methods, such as method 201 or 201A, and condensible emissions measurements to
establish source contributions to ambient levels of PM10, such as for emission inventory purposes. 
Condensible emissions may be measured by an impinger analysis in combination with Method 201
and 201A, or by Method 202.  Method 202 is discussed below in Section 3.2.5

3.2.3.1 Method 201: Determination of PM10 Emissions--Exhaust Gas Recycle
Procedure

Method 201 applies to the in-stack measurement of PM10 emissions.  In Method 201, a
gas sample is isokinetically extracted from the source.  An in-stack cyclone is used to separate PM
greater than PM10, and an in-stack glass fiber filter is used to collect the PM10.  To maintain
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isokinetic flow rate conditions at the tip of the probe and a constant flow rate through the
cyclone, a clean dried portion of the sample gas at stack temperature is recycled into the nozzle. 
The particulate mass is then determined gravimetrically after removal of uncombined water. 
Further information on this method can be found in the EPA document Application Guide for
Source PM10 Measurement with Exhaust Gas Recycle Sampling System.3

3.2.3.2 Methods 201A:  Determination of PM10 Emissions--Constant Sampling Rate
Procedure

Method 201A is a variation of Method 201, and may be used for the same purposes as
Method 201.  In Method 201A, a gas sample is extracted at a constant flow rate through an in-
stack sizing device, which separates PM greater than PM10, attached to a PM sampling train.  The
sizing device can be either a cyclone that meets the specifications in the method or a cascade
impactor that has been calibrated using a specified procedure.  Variations from isokinetic
sampling conditions are maintained in the sampling train within well-defined limits. With the
exception of the PM10 sizing device and in-stack filter, this train is the same as an EPA Method 17
train.  The particulate mass collected with the sampling train is then determined gravimetrically
after removal of uncombined water.  Further information on this method can be found in the EPA
document Application Guide for Source PM10 Measurement with Constant Sampling Rate.4

3.2.4 EPA Test Method 17:  Determination of PM Emissions from Stationary Sources--
In-Stack Filtration Method

This method describes an in-stack gas sampling method that can be used in situations
where PM concentrations are not influenced by stack temperatures, over the normal range of
temperatures associated with the source category.  Therefore, Method 17 eliminates the use of the
heated glass sampling probe and heated filter holder required in the "out-of-stack" Method 5, that
is cumbersome and requires careful operation by usually trained operators.  Method 17 can only
be used to fulfill EPA requirements when specified by an EPA standard, and only used within the
stack temperature range also specified by the EPA.  Method 17 is especially not applicable to gas
streams containing liquid droplets or which are saturated with water vapor.  Also, Method 17
should not be used if the projected cross-sectional area of the probe/filter holder assembly covers
more than 5 percent of the stack cross-sectional area.

3.2.5 Method 202 for Condensible PM Measurement

This method applies to the determination of condensible particulate matter (CPM)
emissions from stationary sources.  It is intended to represent condensible matter as material that
condenses after passing through a filter.  In Method 202, condensible PM is collected in the
impinger portion of a Method 17 type sampling train.  The impinger contents are immediately
purged after the run with nitrogen gas to remove dissolved sulfur dioxide gases from the impinger
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contents.  The impinger solution is then extracted with methylene chloride.  The organic and
aqueous fractions are then taken to dryness and the residues weighed.  The total of both fractions
represents the condensible PM.  

There is the potential for low collection efficiency at oil-fired boilers with this method.  To
improve the collection efficiency at these sources, an additional filter should be placed between
the second and third impinger.  In sources that use ammonia (NH3) injection as a control
technique for hydrogen chloride (HCl), NH3 can interfere with the determination of condensible
PM by Method 202 by reacting with HCl in the gas stream to form ammonium chloride, which is
then measured as condensible PM.  The method describes measures that can be taken to correct
for this interference.

The filter catch of this method can be analyzed according to the appropriate method to
speciate the PM.  Method 202 also may be used in conjunction with the methods designed to
measure PM10 (Method 201 or 201A) if the probes are glass-lined.  If Method 202 is used in
conjunction with Method 201 or 201A, the impinger train configuration and analysis specified in
Method 202 should be used in conjunction with a sample train operation and front end recovery
and analysis conducted according to Method 201 or 201A.  Method 202 may also be modified to
measure material that condenses at other temperatures by specifying the filter and probe
temperature.  A heated Method 5 out-of-stack filter may be used instead of the in-stack filter to
determine condensible emissions at wet sources.  

The following documents discuss the measurement of condensible PM and the
development of this method in more detail:  Measurement of Condensible Vapor Contribution to
PM10 Emissions,5 A Review of Current Methods for Measuring Particulate Matter Including
Condensibles from Stationary Sources,6 and Method Development and Evaluation of Draft
Protocol for Measurement of Condensible Particulate Emissions.7

3.2.6 EPA Test Method 9:  Visual Determination of the Opacity of Emissions from
Stationary Sources, and Alternate Method 1 for the Use of Remote Lidar

This method involves the determination of plume opacity by qualified observers that are
trained and certified according to procedures described in the method.  Method 9 describes the
procedures that are to be used by these observers to determine plume opacity in the field.  The
method also includes performance criteria that are applicable to the method variables which,
unless controlled, may exert significant influence upon plume appearance to the observer.

Alternate Method 1 to Method 9 provides for the remote determination of opacity using a
Lidar (laser radar light detection and ranging) system that employs a ruby (red) laser.  The Lidar
uses its own light source and, therefore, can be used in the day or night.  The Alternative Method
includes design, calibration, and performance evaluation procedures for the Lidar system.  The
method is applicable to a stationary or mobile Lidar system.
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3.2.7 Performance Specifications for Continuous Emissions Monitoring Systems (CEM)
Used to Monitor Opacity

The EPA has published performance specifications (PS 1) for the use of CEMS to monitor
opacity at new stationary sources (40 CFR 60, Appendix B).  This performance specification
applies to opacity monitors installed after March 30, 1996.  The CEMS monitors PM using the
principle of transmissometry of light.  Light that has specific spectral characteristics is projected
from a lamp in the CEMS through the stack gas.  The intensity of the light after passing through
the gas is attenuated (absorbed and scattered) by the PM and then measured by a sensor.  The
percentage of the projected light attenuated is defined to be the opacity.  Transmittance is defined
to be the opposite of opacity, i.e., opaque stack emissions that attenuate all of the light will have a
transmittance of zero and an opacity of 100 percent, and transparent stack emissions have a
transmittance of 100 percent and opacity of zero.

This performance specification establishes specific design criteria for an opacity
monitor/transmissometer CEMS.  The performance specification also specifies installation,
calibration, and evaluating criteria to ensure proper performance of the CEMS.

3.3 Other Stationary (Point) Source PM Mass Measurement Test Methods

Other test methods for the measurement of PM mass include ASTM Method
D3685/D3685M8 and ASME Power Test Code 27.9  A piezoelectric quart crystal has been used
to measure "quasi-continuous" PM mass emissions.10  The device directly measures the electrical
frequency shift of the crystal due to the accumulating PM mass.  

A triboelectric instrument has been developed for use as a continuous PM mass emissions
monitor by Auburn International, called the Triboflow CEM 2604.  The triboelectric effect is the
transfer of electrical charge that takes place when two objects rub or abrade each other.  In the
Triboflow CEM, the tribolelectrical charge that is transferred from PM in a duct to a stainless
steel probe is monitored as a current flow.  Note that the triboelectric effect is different from static
electricity, which is the storage as opposed to the transfer of charge.  The Triboflow CEM is
suited for monitoring the PM mass emissions of a relatively low level PM source, such as at the
exit of a high efficiency PM control device.11 

The use of CEMs for PM mass measurement is currently being investigated by EPA's
Office of Research and Development.  An EPA "Application Guide" for the mass measurement of
PM2.5 is also under development, but has not been validated yet.12

3.4 Fugitive PM Measurement Methods

The following are brief descriptions of eight methods that are available to measure PM10

from fugitive dust sources.  These methods are described in detail in the EPA document: A
Review of Methods for Measuring Fugitive PM-10 Emission Rates.13  Some of these methods
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have been available for a long time while others have been developed recently.  Many are not
frequently used and/or they were developed for other purposes (e.g., soil science).  Guidance on
selecting the most appropriate method for a given source type has been developed14 and can be
found as an appendix in the above EPA review document (Reference 13).  Another document that
discusses many of the methods described below is Techniques and Equipment for Measuring
Inhalable Particulate Fugitive Emissions.15

 
Other documents that discuss the individual methods are referenced below with the

description of each method. Because many of these methods were developed before PM10 was a
concern, some of the methods manuals referenced here describe only the measurement of total
suspended PM.  Therefore, although these earlier documents contain a substantial amount of
valuable information, the equipment described for use in the methods are likely to be outdated. 
More current documents are referenced where available.

C Quasi-stack Method.  This method consists of enclosing or hooding the fugitive
dust source, on either a permanent or temporary basis, with the use of a fan and
then sampling the exhaust isokinetically using EPA Test Methods 201 or 201A. 
This method is considered to be potentially the most accurate because the entire
plume is captured and measured close to the source.  Care must be taken,
however, not to artificially generate emissions from the source with the sampling
equipment.   Additional information about this method can be found in Technical
Manual for the Measurement of Fugitive Emissions: Quasi-Stack Sampling
Method.16  More current equipment is described in Technical Manual:  Hood
System Capture of Process Fugitive Emissions17 and Evaluation of an Air Curtain
Hooding System for a Primary Copper Converter, Volume I.18

C Roof Monitor Method.19  This method may be the best means of measuring
fugitive PM when a number of processes are located within a building.  The PM is
measured from all openings in the building and the total fugitive emission rate is
the sum of the emission rates from all the openings.  This method is best used
when the building itself is construed as the "source."  The method involves the
measurement of the PM10 concentration (with EPA Test Method 201 or 201A) in
the duct exhaust, which is then multiplied times the air exit velocity and the
opening cross-sectional area to produce the emission rate.  Since the dust
concentration may vary across the duct opening, a number of sites along the cross
section of each duct should be sampled, as in stack testing (EPA Test Method 1). 
If sampling is performed in an actual roof monitor vent, it is recommended that
sampling be done according to EPA Method 5D.

In the event that isokinetic sampling is not feasible because of the variation in air
velocity in the openings, ambient PM10 measurement techniques may be used. 
Ambient samplers that have met EPA criteria are described in the "List of
Designated Reference and Equivalent Methods" issued by the EPA's Atmospheric



     b U.S. Environmental Protection Agency, Office of Research and Development, Atmospheric Research and
Exposure Assessment Laboratory, Methods Research and Development Division (MD-77), Research Triangle
Park, North Carolina.  27711.  (919)541-2622 or 4599.
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Research and Exposure Assessment Laboratory.b  Reference 13 contains the list as
of February 8, 1993.

C Upwind-downwind Method.20  In this method, ambient PM10 concentrations are
measured upwind and downwind of a dust source.  The difference between the
two concentrations is considered to be the PM10 concentration due to the fugitive
emission source.  Using wind speed, direction, and other meteorological data
obtained during the PM10 sampling period, the emission rate is determined using
dispersion models.  The EPA "Industrial Source Complex" model is being revised
to develop an improved deposition term to make it more accurate for use with PM. 

While the upwind-downwind method is considered the most versatile of the
fugitive measurement methods, it has also been considered the least accurate, since
only a small portion of a greatly diluted plume is sampled.  Recent studies,
however, have found that fugitive emission rates estimated using the upwind-
downwind method are within a factor of two 80 percent of the time as with the
quasi-stack method.21

C Exposure Profile Method.22  This method consists of using a number of ambient
samplers (typically 4 or 5) at several heights along a vertical tower (4 to 10 meters
in height) equipped with nozzles and flow rate adjustments to sample the fugitive
PM plume isokinetically.  The tower is also equipped to measure wind speed and
direction.  The towers are placed downwind of the source, with ambient samplers
(1 to 4) also placed upwind of the source to determine the background PM
concentration.  Ambient data obtained from these samplers are used to determine
the total mass flux of dust emitted from the source; this is done by integration of
the dust exposure values obtained from the various sampling points.23

The Exposure Profile Method is largely constrained to situations where sampling
close to the source is possible, except where extensions to the towers are used.24 
However, even with these extensions, the exposure profiling method may not be
practical for sampling large area sources.  Losses of PM10 may occur if the source
is close to the ground, but since this dust would not become airborne and
contribute to emissions, the measurement of these "relevant emissions" is possibly
just as desirable as the actual emissions from the source.13  The exposure profiling
method is considered more accurate than the upwind-downwind method and is
considered to be comparable to the roof monitor method13 and is considered well
suited to roads.13
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C Portable Wind Tunnel Method.  This method is applicable to wind-generated
fugitive emissions only.  It was developed in the 1970's to study the effects of
wind-blown sand on vegetation and to quantify the sources of wind erosion.  It has
been used since to quantify wind-generated emissions from exposed soil and coal
storage piles.25,26,27  The portable wind tunnel consists of a vacuum cleaner-shaped
device, the mouth of which is placed directly on the surface to be tested using an
airtight seal.  A fan draws air through the mouth of the tunnel, through a long tube
into a raised duct section where PM sampling can occur.  Sampling can be
performed using EPA Method 201 or 201A.  The fugitive dust emission rate is
equal to the particle concentration times the tunnel flow rate.  Over flat ground,
the tunnel centerline wind speed can be related to wind speed at 10 meters altitude.

C Scale-Model Wind Tunnel Method.  This method involves creating a wind
tunnel that resembles the source or terrain to be sampled with the use of, in many
cases, a to-scale recreation of the source within the wind tunnel.  Parameters such
as turbulence, velocity profile, wind shear, and other physical quantities, such as air
moisture and terrain roughness, are usually duplicated within the wind tunnel.  The
advantage of using a scale-model wind tunnel is that the individual parameters
affecting dust emissions can then be controlled.  The disadvantage is that the
relationship between the tests and actual field measurements is "uncertain."

C Tracer Method.  This method uses either a gas or particles as a tracer for dust
from the source to be measured.  Common tracers are sulfur hexafluoride (SF6)

28

and fluorescent or phosphorescent materials or coatings.  The assumption is that
the tracer plume will strongly resemble the dust plume if the tracer is released in
the same place and time as the dust.  Downwind measurements of the tracer and
dust concentrations are used to quantify the (upwind) dust emission rate by a
direct proportion using the (upwind) tracer release rate (i.e. emission rate).  A
study was done to determine the accuracy of the gas tracer method.  This study
determined that using a correction factor of 1.03 to calculate the source emission
rate increases the accuracy of the method.29

C Balloon Method.30,25  This method is a variation of the exposure profiling method,
discussed above.  In the Balloon Method, a balloon is used to suspend ambient
samplers at varying heights instead of the sampling tower used in the exposure
profiling method.  This method is especially suited for sampling large area sources
and/or sources which may not be closely approached.  The problem with the
Balloon method is that often the sampling is not done isokinetically, since once the
balloon is aloft, nozzles cannot be changed.  If variable flow rate sampling is not
possible, the fixed flow rate in the samplers may also contribute to anisokinetics. 
However, isokinetic sampling is less critical to accurate measurement of PM10 than
for total suspended PM.31



     c Pollution Control Systems Corporation, Seattle, Washington.
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3.5 Particle Size Analysis

The size distribution of a particulate dust stream is sometimes desired to determine the
emissions from a source or collection efficiency of a PM control device.  Various measurement
approaches are available to determining the size distribution of a particulate stream that include
cascade impactors, sampling cyclones, centrifugal separators, and more advanced techniques that
utilize lasers.  Note that EPA Test Method 201 and 201A can be used directly to determine PM10

emissions and collection efficiency; however, for PM2.5 and other particle sizes, one of the
methods discussed below is needed to determine emissions or collection efficiency.32

3.5.1 Cascade Impactors

Cascade impactors are a widely used method to size particles that have been commercially
available for source testing since the early 1970's,33 and have a relatively well-developed
theoretical basis.32,34  Impactors collect particles by inertial impaction and utilize a series of plates
(discs) or stages with various-sized holes (jets) that alter the velocity of the gas passing onto the
next stage.  Particles of a specific size or larger will impact each plate, while smaller particles will
pass through to the next plate.  The plates are coated with a sticky material (substrate) that causes
the PM impacting the plates to be irreversibly collected.  The selection of cascade impactor
substrates is an important part of impactor use.32,35  

Cascade impactors generally can determine particle sizes between 0.3 to 16 Fm,32 with low
pressure impactors commercially available (Pollution Control Systems Corp.)c that measure
particles between 0.02 and 10 Fm.36,37  The major limitation of cascade impactors is that only a
small amount of PM (usually less than 10 mg) can be collected on each stage;32 therefore, the gas
sampling volume/time must be adjusted to accommodate for this upper limit.  Cascade impactors
may also be subject to biases towards small particles because of particle bounce and
reentrainment, and because of fracturing of larger particles during impaction.

The proper operation of cascade impactors for source testing is described in the EPA
document, Procedures for Cascade Impactor Calibration and Operation in Process Streams.38

3.5.2 Sampling Cyclones

Cyclone samplers operate in the same manner as cyclones used for PM collection, in that
the gas with PM is forced to spin so that some of the PM hits the cyclone walls and is collected. 
PM above a certain size specific to the cyclone will be largely collected and particles below a
certain size will mostly pass through the cyclone uncollected.  Individual sampling cyclones are
only able to determine the mass of particles either above and below a specific size.  However, if
various-sized sampling cyclones are used in series, PM sizes over a (relatively broad) range can be



     d Sierra Instruments, Inc., Carmel Valley, California.

     e TSI Inc., St. Paul, Minnesota.

     f Insitec Measurement Systems, San Ramon, California.
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determined.  The limitations of the sampling cyclones are that they are inadequate for sampling
gases with low PM concentrations.32

In the late 1970's, the EPA developed the Source Assessment Sampling System (SASS) as
a broad source assessment tool to screen for PM, organics, and inorganics in one sampling
train.39,40  The SASS train included a series of three cyclones and a back-up filter that separated
PM into the following size categories:  >10 Fm, 3 to 10 Fm, 1 to 3 Fm, and <1 Fm.  Because the
SASS train was constructed out of stainless steel to better withstand field conditions, the recovery
rates for the chemical analyses were not as high as sampling trains made out of glass, such as the
Office of Solid Waste's method, SW846-Method 0010 (Modified Method 5) described in Section
3.6.2.41  The OSW method, however, does not fractionate PM by size.

A system of five cyclones nested in series has also been developed42,43 and is commercially
available from vendors, including Sierra Instruments, Inc.d  The five cyclones have progressively
smaller cut points, with reported d50's of 5.4, 2.1, 1.4, 0.65, and 0.32 Fm.  
3.5.3 Real-Time Size Distribution Measurement

An Aerodynamic Particle Sizer (APS) has been developed that can determines the "real-
time" size of particles by measuring their velocity as the particles accelerate through a plate
orifice.44  The particle velocity measurements are made with a laser Doppler velocimeter.45,46  The
instrument is commercially available from TSI Inc.e

The in situ measurement of PM using lasers have been reported to be successful for small
particles, less than 1 Fm.47  The laser is used to heat the PM and, based on the PM cooling rates,
size differentiation is possible.  This method has the advantage of a very short measurement time
period (microseconds), so that the effect of rapidly changing processes on the particle size
distribution can be determined.

Acoustical techniques are also being used to size PM.  This technique relies on the
detection and measurement of elastic waves arising from the impact of the particles on a surface,
such as a plate,48 or other particles.49  The acoustic signal can be measured inexpensively by a high
fidelity piezoelectric transducer48 or with the use of a simple microphone.49  The latter method is
better suited to regularly-shaped PM, while the former is not recommended for high number
concentration particle streams (>109 per m3).

An optical method has been developed from an EPA funded study by Insitec Measurement
Systems.f  The method, known as “Transform method for Extinction-Scattering with Spatial



     g Coulter Electronics, Hialeah, Florida.

     h Particle Data Laboratories, Ltd., Elmhurst, Illinois.
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resolution” (TESS), is a patented technique based on laser light scattering.50  TESS measures total
particle concentration.  The measurement is independent of particle composition, velocity, and
size distribution.  The particle concentration is measured as a ratio of scattered to transmitted
light.

A diffusion battery that can be used in a source situation has been developed.51  Diffusion
batteries utilize arrays of screens, tubes, or plates, which present a large surface area for the
deposition of particles by Brownian diffusion.  Particulate matter of different sizes can be
classified with diffusion batteries because of the difference in diffusion coefficients for particles of
different sizes.52,53

Other real-time particle sizing/counting methods are available.  These devices include
optical devices, condensation nuclei counters, and electrical mobility analyzers. 54,55,56, 57,58,59  Some
of these devices may not be appropriate for source level PM concentrations and/or can not
properly account for particle refractive index or shape.

3.5.4 Size Distribution of Bulk Samples

Particulate matter can be collected from the source and later analyzed for the particle size
distribution in the laboratory using various available techniques.  These techniques should be used
with caution, however, because the original flue gas particle distribution may be altered by
agglomeration, particle breakup, chemical reactions, or loss of volatiles that occur during sample
collection and storage.  Also, artifact mass may be formed from filter materials, such as glass
fiber, that oxidize in contact with acid gases in the sample air.  Therefore, the size distribution
results obtained with these methods are meaningful only if the effects of sample collection and
storage are negligible or clearly known.

Particle size of PM collected on filters can be determined with scanning electron
microscopes (SEM)60.  The particle volume size distribution is estimated from the size distribution
determined by the SEM.  SEM can be used down to 0.01 Fm.61

Another device used for particle sizing electrically stimulates the particles that are
resuspended in a conductive fluid.  The amplitude of the resulting electrical pulse generated by
each particle is measured as the particles pass individually through an orifice or aperture.  Because
the electrical pulse is proportional to the particle volume, particle diameter can be estimated by
assuming a spherically-shaped particle.  Instruments such as a Coulter®g Counter62 and Elzone®h

Electrozone63 are commercially available to provide this type of analysis.64,65  These devices can
provide analysis of particle with sizes >20 Fm and as low as 0.35Fm.62  



     i Industrial Gas Cleaning Institute, Inc., Stamford, Connecticut.
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A Bahco Micro-Particle Classifier is the particle sizing device recommended by the
Industrial Gas Cleaning Institutei to determine particle size and collection efficiency of mechanical
collectors, for particles of 1 to over 20 Fm in diameter.  Procedures for calibration of the Bahco
are found in the American Society of Mechanical Engineers Power Test Code 289 that describes
procedures to be used for determining the size of fine PM found in dust and smoke.  The Bahco is
one of a class of instruments called centrifugal classifiers, that in effect determine the terminal
velocity distribution of the PM, which can be related to particle size using Stokes' Law.  In reality,
these instruments determine the diameter of equivalent solid spherical particles and, therefore,
may not provide useful information if the PM is significantly nonspherical.

An across-duct laminar flow device has been developed that collects PM for later size
analysis by a Malvern laser diffraction size analyzer.66  This instrument also measures the electric
charge of the particles so that it can be used to optimize ESP operation.

3.6 Speciation

Extractive PM sampling procedures, such as EPA Test Method 5, allow for the chemical
speciation of the collected PM.  Most methods for speciation of PM use spectroscopic detection,
although other analytical procedures can also be used.  The following sections discuss the various
techniques that can be used to speciate PM.  Descriptions of two EPA test methods that detail
procedures to collect as well as analyze PM for individual species are also included below.  

3.6.1 EPA Test Method 29 for Metals and PM

Method 29 is applicable to the determination of antimony (Sb), arsenic (As), barium (Ba),
beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese
(Mn), mercury (Hg), nickel (Ni), phosphorus (P), selenium (Se), silver (Ag), 
thallium (Tl), and zinc (Zn) emissions from stationary sources.  This method may be used to
determine total PM emissions, in addition to the metals emissions, if the prescribed procedures
and precautions are followed.

In Method 29, a stack sample is withdrawn isokinetically from the source; PM emissions
are collected in the probe and on a heated filter, and gaseous emissions are then collected in an
aqueous acidic solution of hydrogen peroxide (analyzed for all metals including Hg) and an
aqueous acidic solution of potassium permanganate (analyzed only for Hg).  The recovered
samples are digested, and appropriate fractions are analyzed for Hg by cold vapor atomic
absorption spectroscopy (CVAAS) and for Sb, As, Ba, Be, Cd, Cr, Co, Cu, Pb, Mn, Ni, P, Se,
Ag, Tl, and Zn by inductively coupled argon plasma emission spectroscopy (ICAP) or atomic
absorption spectroscopy (AAS).  Iron (Fe) can be a spectral interference during the analysis of
As, Cr, and Cd by ICAP.  Aluminum (Al) can be a spectral interference during the analysis of As
and Pb by ICAP.  
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Graphite furnace atomic absorption spectroscopy (GFAAS) is used for analysis of Sb, As,
Cd, Co, Pb, Se, and Tl if these elements require greater analytical sensitivity than can be obtained
by ICAP.  If desired, AAS may be used for analysis of all listed metals if the resulting in-stack
method detection limits meet the goal of the testing program.  Similarly, inductively coupled
plasma-mass spectroscopy (ICP-MS) may be used for analysis of Sb, As, Ba, Be, Cd, Cr, Co, Cu,
Pb, Mn, Ni, As, Tl and Zn.  

Method 29 is discussed in more detail in the EPA document Multiple Metals Stack
Emissions Measurement Methodology.67  Method 29 is virtually identical to two other EPA
methods: 

C EPA's Office of Solid Waste method SW-848-0012,68 "Methodology for the
Determination of Metals Emissions from Hazardous Waste Incineration and
Similar Combustion Sources;" and

C EPA's Office of Solid Waste method:  "Methodology for the Determination of
Metals Emissions from Hazardous Waste Incineration and Similar Combustion
Sources," that was developed for boilers and industrial furnaces (BIF)69.

3.6.2 EPA Office of Solid Waste Test Method 0010 (SW-846)41

This method is used to determine the amount of semivolatile organic constituents
in exhaust gas, as well as to determine total PM, as per EPA Method 5; hence, the common name
of "Modified Method 5."  OSW Test Method 0010 can be used to detect polychlorinated
biphenyls, chlorinated dibenzodioxins and dibenzofurans, polycyclic organic matter, and other
semivolatile organic compounds.  The method is used by OSW to determine the destruction and
removal efficiency of the principle organic hazardous constituents from waste incinerators.

Test Method 0010 is an EPA Test Method 5 sampling train modified to include a high
efficiency filter and a packed bed of XAD-2 or foam resin.  The filter collects the organic-laden
PM and the packed bed adsorbs the semivolatile organic species in the flue gas.  The method
includes a description of a variety of comprehensive chemical analyses to determine the identity
and concentration of the organic material.  Analysis of the filter only yields PM speciation
information.70  
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3.6.3 Spectrometry

Spectrometry is a common technique used to determine the species present in PM. 
However, since the spectrometric detectors respond to the presence of only the element, they
provide no information about chemical compounds and, in most cases, do not indicate the
oxidation state of the element. 

3.6.3.1 Atomic Absorption Spectrometry

Atomic absorption spectrometry (AAS)71 usually involves some type of (acid) extraction
of the analyte followed by excitation of the solution in a flame.  Light with a wavelength
characteristic of the element of interest traverses the flame.  The amount of light absorbed is then
related to the quantity of the element present.  In AAS, individual elements must be determined
sequentially.  Thus, although any element can be determined for which a lamp is available to
produce the characteristic light, most PM samples are large enough to allow only half a dozen
determinations.  Some elements, if present in the PM, (such as antimony and arsenic), may require
the application of special methods. Atomic absorption is subject to interferences which can lead
to substantial errors.  If recognized, however, these errors generally can be accounted for or
eliminated to produce good quantitative analyses.

3.6.3.2 Optical Emission Spectrometry

Optical emission spectrometry (OES) involves the excitation of the loosely bound
electrons in elements to observe their characteristic emissions as de-excitation occurs.  The
wavelength of the resultant light is characteristic of the element, and the intensity is an indication
of the quantity of the element present.  

The most desirable OES technique is argon plasma excitation.72  Plasma spectrometry
offers more advantages than AAS, with similar sample preparation, analysis rates, and detection
limits.  The OES techniques can simultaneously determine anywhere up to 50 elements.  Optical
emission spectrometry is, in general, more interference-free than atomic absorption.

3.6.3.3 Mass Spectrometry

Mass spectrometry (MS) is a currently expanding field of analysis, whose growth has been
fueled by the need for increased accuracy and detection of highly toxic pollutants that are present
in small concentrations in the environment.  Spectral interferences with MS are important, but
generally can be overcome by use of a spectrometer with high resolution.  As with any multi-
element technique, the accuracy of MS depends on the elements to be analyzed and on the sample
matrix.  The advantage of MS is that every element in the periodic table can be simultaneously
detected, with roughly equal sensitivity in the parts per million (ppm) and sub-ppm ranges.  The
MS techniques are also able to distinguish between isotopes, which is sometimes desirable in the
determination of isotope ratios.
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Two specific types of MS techniques applicable to PM samples are spark source mass
spectrometry73 and laser ion source MS, sometimes called laser microprobe mass analysis
(LAMMA).74  Both techniques use an energy source to vaporize and partly ionize small amounts
of the PM which, under specially controlled conditions, are then accessible for MS analysis. 
LAMMA has the advantage in that it can also determine particle size and shape with the same
resolution as a light microscope (approximately 0.13 Fm).

3.6.3.4 Neutron Activation Analysis

Neutron activation analysis (NAA) consists of a variety of distinct methods, all of which
produce unstable nuclei that emit gamma radiation.75,76  The energy and intensity of the gamma
rays are indicators of the element and its quantity.  Instrumental thermal NAA is the most
commonly used method for PM.  In this approach, a nuclear reactor is used to produce unstable
nuclei.  Neutron activation analysis can simultaneously determine up to 25 elements in on PM
sample.  Another advantage is that particles can be analyzed directly on the collecting filter
surface.

3.6.3.5 X-Ray Fluorescence Spectrometry

X-Ray fluorescence spectrometry involves excitation of tightly bound electrons and
observation of the X-ray emission as de-excitation occurs.75,77   Excitation may be done by a
variety of techniques, but use of an x-ray generator is the most common.  The technique may be
either multielement (up to perhaps 30) energy dispersive detection or wavelength dispersive
detection (up to perhaps 10 elements).  Only elements with atomic numbers greater than that of
magnesium can be analyzed.  Particles can be analyzed nondestructively, directly on a filter. 
Interferences are common and calibration can be a problem.

3.6.4 Electrochemical

Electrochemical methods have been used to a limited extent to determine a small number
of elements in PM samples.  Some of these methods are:  potentiometry with ion-selective
electrodes, polarography, and anodic stripping voltametry.75  Electrochemical methods have few
advantages for PM analysis aside from the low initial capital costs of equipment relative to other
techniques.

3.6.5 Chemical

Many wet chemical procedures constitute the classical methods used for trace element
analysis of particulate.  In general, a color-forming reagent is used, and the amount of an element
is determined by the extent of color development.  Probably the best known of these procedures is
based on the use of dithiocarbazone (dithizone)78 as the colorimetric reagent for lead.  Wet
chemical procedures are labor-intensive and slow, compared with spectral techniques, particularly
since only one element can be determined at a time.  Interferences can also be a problem.
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Methods for estimating the total mass of benzene-extractable organic material in PM are
available.  In this technique, a portion of the front-half catch from EPA Test Method 5 is placed in
a Soxhlet extractor and refluxed with benzene for several hours.  The benzene is then volatilized
and the mass of residue is measured.  

Methods of identifying and determining individual organic species abound.  These
methods use different sequences of solvent extractions that separate groups of different organic
species on the basis of solubility.  Solutions are often subjected to chromatographic separation
with mass spectral detection.  For organic compounds that are volatile up to about 300EC, gas
chromatography-mass spectrometry (GC-MS) can be used.79  For organic species with lower
volatility, liquid chromatography might be used.  High-performance liquid chromatography
(HPLC)80 is typically used, but none of these procedures permits a high rate of analysis.

For analysis of one organic species of longstanding interest, benzo-a-pyrene (BaP), thin
layer chromatography (TLC) with fluorescence detection has been used.  This procedure requires
a cyclohexane extraction, spotting, and development of a TLC plate, with fluorescence detection. 
This TLC procedure is more interference-free than some HPLC methods and has a higher yield
rate.81
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4. FUEL SUBSTITUTION AND SOURCE REDUCTION APPROACHES FOR
PARTICULATE MATTER

This section discusses the use of fuel substitution and process optimization to achieve
reductions in PM emissions.  In many cases, these practices can be easier and less expensive than
upgrading existing control technology or investing in new add-on controls.  

Fuel substitution, or fuel switching, is typically used as a means of reducing emissions
from combustion sources, such as electric utilities and industrial boilers.  It involves replacing the
current fuel with a fuel which emits less of a given pollutant when burned.  Common examples of
this would be replacing coal with oil or natural gas at an electric utility plant.  Source reduction
techniques generally consist of modifying or optimizing a given process to improve its operation,
since many PM emissions are the result of processes which are not performing to their potential. 
These emissions can be reduced or eliminated by altering the process.  

4.1 Fuel Substitution

Fuel substitution can be an effective means of reducing emissions for many types of
processes which use fuel combustion to provide heat for the process or to produce electricity. 
Fuel combustion is responsible for significant emissions of PM10 and PM2.5, as well as SOx and
NOx.  Control devices, such as fabric filters and electrostatic precipitators are often the first
option for PM control for fuel combustion sources.  However, add-on PM controls can require a
very large capital investment.  

The type of fuel and process have a great impact on the PM emissions from combustion. 
Coal, oil, and natural gas are the most common fuels used.  Of these fuels, coal combustion
generally results in the highest PM emissions.  The four major types of coal are bituminous,
subbituminous, anthracite, and lignite;1 their characteristics and emissions are very different.  Oil is
broadly classified as residual or distillate.  Residual oils contain more sulfur and ash which
contribute to higher emissions.  Fuel oils are also described by numbers.  Numbers 1 and 2 fuel
oils are distillate, Nos. 5 and 6 are residual, and No. 4 fuel oil can be distillate or a mixture of
residual and distillate.1  Natural gas is a relatively clean-burning fuel and typically results in much
less PM than oil or coal.1

4.1.1 Applicability

There are several considerations to determine if fuel switching is the best option for
reducing emissions from a given combustion source.  For many older boilers, the expense
associated with new add-on PM controls or modifications to existing controls is not practical. 
Fuel switching is an especially attractive option for these boilers because the capital investment is
usually small when compared to that of control devices.
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For fuel substitution to be practical, there must be a suitable replacement fuel available at
an acceptable cost.  Prospective fuels must be evaluated using the criteria of performance,
availability, and cost.2  The first requirement is that the replacement fuel provides a significant
reduction in emissions versus the original fuel.  The effect that the replacement fuel has on
emissions of other pollutants should be considered as well.  For example, switching to low sulfur
coal to reduce SOx emissions may increase PM emissions.2  In many cases fuel substitution will
reduce more than one type of pollutant.  For instance, substituting natural gas for coal will reduce
PM emissions and virtually eliminate SOx.  

While most industrialized areas have access to a variety of fuels, some fuels may not be
practical in certain locations because of cost.  Natural gas and fuel oil are generally supplied by
pipeline.  Locations which are not near existing pipelines may find it expensive to arrange for a
natural gas or fuel oil supply.  Smaller industrial or commercial units can rely on delivery by truck. 
Since coal is typically supplied by railroad and the characteristics of coal from different areas of
the country vary widely, some types of coal may not be applicable as a replacement fuel for a
given location because they must be shipped from an unreasonable distance.

In most cases, the process will have to be modified to accommodate switching to a
different type of fuel.  For certain types of coal fired boilers, such as stokers, it may be impractical
to retrofit them to burn a liquid or gaseous fuel.  Fuel switching will often require retrofitting the
current control device in addition to the process.  Fuel substitution therefore, would not be
applicable to sources with excessive retrofit costs.

In addition to the requirements for source modification, fuel prices can be a determining
cost factor for fuel switching.  Since coal, oil, and natural gas all have different prices based on
their heating values, fuel switching may also increase operating costs.  The costs of fuel
substitution will be discussed further in section 4.1.3.

4.1.2 Emission Reductions with Fuel Switching

If fuel substitution is applicable to a given combustion process, it can result in significant
reductions in PM emissions.  In general, PM and SO2 emissions are highest for coal and lowest for
natural gas.  Tables 4.1 and 4.2 show potential PM10 and PM2.5 emission reductions, respectively,
with fuel switching.  The tables provide matrices showing the approximate emissions reductions
for switching from bituminous coal to subbituminous coal, from coal to oil, and from oil to gas. 
Distillate oil was not provided as a replacement fuel for utility sources because it is not typically
burned in utility boilers.  

 The emission reductions were calculated based on emission factors and fuel composition.1 
Emission factors are dependent on the type of fuel and the type of combustion process which is
employed.  The potential reductions achieved by switching from bituminous and subbituminous
coal in Tables 4.1 and 4.2 were based on emissions from dry bottom 
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boilers, since dry bottom boilers are responsible for the highest percentage of PM emissions from
coal combustion.3  In addition, dry bottom boilers have lower PM10 and PM2.5 emission factors
than wet bottom boilers and all types of stokers.1  Emission factors for utility and industrial coal
combustion in the same type of boilers were assumed to be the same.1  Variation in PM emissions
from oil combustion is due to differences in utility and industrial units.  Utility units tend to
operate more efficiently than industrial units and, therefore, have lower PM emissions.  This is
also the case with natural gas combustion.1

 
In terms of fuel composition, the ash content of the fuel is a major factor in determining

PM emissions.  In general, the higher ash content a given fuel, the more PM will be emitted when
burned.1  For these calculations, an average value of 8.6 weight percent ash (6.62 lb/106 Btu) in
bituminous coal was used.  The average ash content of subbituminous coal was assumed to be 5.2
percent (4 lb/106 Btu).4  Particulate emissions from oil combustion are dependent on ash and
sulfur content.1  Increasing sulfur content will increase PM emissions from oil combustion because
the sulfur inhibits complete combustion.1  Also, a small percentage (1% to 3%) of the sulfur in oil
is emitted as sulfate particulate.1  Residual oil was estimated to have ash content of 0.03 weight
percent (0.016 lb/106 Btu) and sulfur content of 2.5 percent (1.3 lb/106 Btu).4  Distillate oil was
estimated to have ash content of less than 0.01 percent (<0.005 lb/106 Btu) and sulfur content of
0.22 percent (0.115 lb/106 Btu).4  A sample calculation of the potential PM10 emission reduction
associated with switching from bituminous coal to distillate oil follows.

The PM10 emission factors for bituminous coal and distillate oil combustion in dry bottom
boilers are 2.3(A) lb/ton and 1 lb/103 gallons, respectively.1  In the coal emission factor, (A) refers
to the ash content of the fuel.  Because these factors are based on tons of coal and gallons of oil,
they must be converted into factors based on the heating value of the fuel in order to be useful. 
This is done by dividing the emission factor by the heating value:

Bituminous coal: (2.3 lb/ton)(8.6)/(26,000,000 Btu/ton) =   0.761 lb/106 Btu
Distillate oil: (1 lb/103 gal)/(138,000,000 Btu/103 gal) =   0.007 lb/106 Btu

The potential reduction in PM10 emissions when switching from bituminous coal to
distillate oil is calculated by subtracting the emission factor for oil (EFoil) from the emission factor
for coal (EFcoal) and then dividing by the coal emission factor:

Potential reduction =[(EFcoal) - (EFoil)]/(EFcoal)
=[(0.761 lb/106 Btu) - (0.007 lb/106 Btu)]/ (0.761 lb/106 Btu)
= 0.99 or 99 percent

Tables 4.1 and 4.2 indicate that the maximum reductions in PM10 and PM2.5 emissions can
be obtained by switching to from coal or residual oil to natural gas or distillate oil.  The
reductions presented in these tables were based on the average values discussed above; actual
reductions will vary with specific fuel composition.
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Table 4.3.  Average Prices of Coal, Oil, and 
Natural Gasa (References 5, 6, and 7)

Average Price

Fuel Common Price $/MMBtu

Subbituminous coalb

Utility
Industrial

$27.01/ton
$32.37/ton

1.35
1.62

Bituminous coalb

Utility
Industrial

$27.01/ton
$32.37/ton

1.04
1.25

Residual oilc $390/103 gal 2.60

Distillate oilc $616/103 gal 4.47

Natural gasc $1680/106 scf 1.68

a  More current prices are available from the Monthly Energy    
Review, published by the U.S. Department of Energy,
   Washington, DC.
b  1995 average prices.
c  Average prices as of September, 1996.

4.1.3 Costs

The costs associated with fuel substitution are related to retrofitting the current unit and
purchasing the replacement fuel.  Retrofitting the combustion process to burn another fuel can be
a major undertaking, with the necessary modifications unique to each site.  Generally, switching
from one kind of coal or grade of oil to another is less costly than switching from coal to oil or
natural gas.  In some cases, the cost of modifying the combustion process to utilize the new fuel
makes the fuel substitution impractical.  Another possible retrofit cost is related to the existing
control devices, which also may require modifications to accommodate the type of emissions
associated with the new fuel.

A cost differential may also exist between fuels.  If the replacement fuel is much more
expensive than the fuel which is currently in use, operating costs may noticeably increase.  Table
4.3 provides average prices for coal, oil, and natural gas, in terms of common units and heating
value.5,6,7  These prices will vary depending on the actual location in the U.S.  
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Table 4.4.  Potential SOx Reductions with Fuel Switching

Estimated SOx Reductions with Replacement Fuel (percent)

Original Fuel
Subbituminous

Coal
Lignite
Coala

No. 4 
Fuel Oilb

No.2 
Fuel Oilc

Natural
Gas

Bituminous Coal 72.9 80.2 47.4 91.2 99.9

Subbituminous Coal -- 26.9 -- 69.5 99.9

No. 6 Fuel Oild -- -- 46.2 91.5 99.9

No. 4 Fuel Oilb -- -- -- 84.3 99.9

No. 2 Fuel Oilc -- -- -- -- 99.7

a  Lignite coal with high sodium ash content and sulfur content of 0.4 percent by weight.
b  Distillate/residual mixture with average sulfur content of 1.35 percent by weight.
c  Distillate oil with average sulfur content of 0.22 percent by weight, typically not used in
utility boilers.
d  Residual oil with average sulfur content of 2.5 percent by weight.

4.1.4 Other Impacts

In addition to reducing PM emissions, fuel substitution can also reduce emissions of other
pollutants, such as SOx and NOx.  Potential SOx reductions with fuel switching are provided in
Table 4.4.  Natural gas is especially effective for SOx control, eliminating nearly 100 percent of
SOx.  Coal burning power plants have been switching to Western coal as a means of reducing SOx

emissions,2  since western coals have lower sulfur contents than many otherwise comparable
Eastern coals.  Unfortunately, low sulfur ash is more difficult to collect in ESPs, so that switching
to Western coal will usually require flue gas conditioning or a control device modification to
maintain PM collection efficiency.2

Substituting natural gas for coal has been shown to be effective at reducing NOx

emissions.  In 1992, Public Service Electric and Gas (PSE&G) demonstrated seasonal control of
NOx emissions by operating two utility boilers with natural gas instead of coal for the 3-month
ozone season (June, July, and August).8
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4.2 Process Modification/Optimization

Process modification and/or optimization can be an effective means of reducing PM
emissions.  Some general examples of process optimization include reducing the frequency of
mass transfer operations, improving operational efficiency, and the proper use of dust collection
devices at the point of generation.  

Manufacturing can require many individual process steps involving simple functions. 
Material transfer steps can cause fugitive PM emissions and costly loss of product.  A careful
analysis of all process steps may reveal some unnecessary or repetitive steps which can be
eliminated, resulting in fewer fugitive PM emissions.9

Particle characteristics can also have a significant impact on PM emission rates.  Particle
size has a direct effect in that larger particles settle more quickly and are more easily collected in
control devices.  Therefore, wetting and agglomeration techniques in general increase particle size
and the efficiency of control equipment.9  The performance of some control devices, such as
ESPs, is also influenced by the chemical composition of the particles.  Flue gas conditioning (see
Section 5.1) is a means of altering the composition of particles and improving the conditions for
electrostatic precipitation.

Some specific process modification/optimization techniques to reduce PM emissions are: 

C Changing from a cupola to an electric arc furnace.9

C Changing from an (open) bucket elevator to more efficient (closed) pneumatic
conveyor.9

C Screening out undersized coke (<1 inch) to reduce blast furnace fugitive emissions
in primary metal smelting.10

C Improving blast furnace combustion efficiency during primary lead smelting by
improving the furnace water cooling system.10

C Eliminating fugitive PM from transporting, pouring, and stirring molten metal by
the use of continuous kettle drossing rather than manual in primary metal smelting
(as is currently done in only foreign facilities).10

C Improving raw material quality, e.g. improve the quality of coke and sinter
concentrate used in primary metal production.10

C Cooling metal pots to reduce fume generation during kettle drossing in primary
metal production.10
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C Pumping (primary) metal directly to dross kettles using an electromagnetic pump.10

C Agglomerating blast furnace flue dust in an agglomerating furnace to reduce the
load on the fabric filter to improve its performance.  This process completely
eliminates handling of the dust and the associated fugitive emissions, and
eliminates fugitive emissions from flue dust storage piles.10

C Using permanent mold castings in gray iron foundries instead of green sand.  This
is reported to reduce PM emissions by 99 percent.10

C Pre-treating glass manufacturing raw materials to reduce the amount of fine
particles.  Pretreatments include: presintering, briquetting, pelletizing, or liquid
alkali treatment.10

C Replacing grease and oil lubricants (e.g. in glass manufacturing) with silicone
emulsions and water-soluble oils that eliminate the smoke generated from flash
vaporization of hydrocarbons from greases and oils that come into contact with
process materials.10

C Tuning industrial boilers to achieve more efficient combustion to reduce PM that
occurs as a result of incomplete combustion.

C ABB Industry Oy of Finland's Burning Image analyZER (BIZER) that allows 
combustion control for kraft pulp mill recovery boilers.  In this process, infrared
cameras view the smelt pile and provide digital image processing to present
burning information.  This technique can be used for automatic burning control.11

C Hitachi, Ltd., of Japan's Oilless, Dry Centrifugal "Leak-Free" Compressors
eliminate fugitive leaks and save energy.  The PM reduction is achieved through
energy efficiency.  This device is currently being used at petroleum refineries.11

C Poland has developed a coal pyrolysis technique that produces a better fuel. 
Crushed dried coal is decomposed into gas and char in a circulating fluidized bed
reactor.  The gas is burned in a turbine and the char is mixed with coal and pressed
into briquettes of smokeless fuel called ECOCOAL.  ECOCOAL has 1.2 to 1.7
times the thermal efficiency of coal with PM emissions up to 50 percent lower.11

C Lurgi Metallurgie's (FRG) QSL Process for Secondary Lead Smelting.  Use of a
completely closed reactor designed to treat all grades results in >90 percent
control of PM.11

C Fluidized-bed heat treatment technology for primary metal manufacturing
developed by Quality Heat Treatment Pty, Ltd., of Australia.  A gas-phase heat
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treatment process uses a fluidized bed of alumina particles and is completely
enclosed, enabling collection of fugitive PM emissions.11

C Dow Chemical Ferroalloy Process.  Pure oxygen is used instead of air in a closed
furnace that produces no dust. 

4.3 References for Section 4
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5. EXHAUST GAS CLEANING SYSTEMS FOR STATIONARY SOURCES  

This section discusses the exhaust gas cleaning systems for stationary sources that can be
used in industries with particulate-bearing exhaust streams.  The devices discussed are
electrostatic precipitators (ESPs), fabric filters, wet scrubbers and incinerators (used for streams
with especially high VOC contents as well as PM).  The section begins with a discussion of
pretreatment devices that can be used to reduce the PM loading onto the primary control device
and flue gas conditioning which can enhance particle collection.

Each section includes a description of the device, the collection mechanisms, and
discussion of different systems designs.  Also included is a discussion of the applicability of the
device to the various processes to which the controls can be applied.  The effectiveness of the
device, in terms of the range of efficiencies for various types of systems and applications, is then
discussed, with a special focus on PM10 and PM2.5.  General curves relating particle size and
efficiency are included along with a discussion of the parameters influencing efficiency and their
quantitative impacts.  Two types of efficiency, fractional and cumulative, are discussed in this
section.  Fractional efficiency refers to the efficiency of a control device for a particular size of
particle only, such as 10 µm in aerodynamic diameter.  Cumulative efficiency is the efficiency of a
control device for a particular particle size and all the particles smaller that size particle, such as
PM10, which includes all particles with aerodynamic diameters of 10 µm or smaller.

Costs of the devices are discussed, and include cost tables and curves derived using
standard EPA protocol.  A discussion of the parameters affecting cost and the relationship
between costs and these parameters is included in each cost section.  In many cases, the costs
have been updated to fourth quarter 1996 using the Vatavuk Air Pollution Control Cost Index
(VAPPCI).  This index is provided in Appendix B.  The index is also published monthly in
Chemical Engineering.  Finally, the energy and other secondary environmental impacts, such as
water pollution and waste generation, are discussed along with potential mitigation measures.
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A multiple cyclone, shown in Figure 5.1-9, is a type of high efficiency cyclone which
consists of many small diameter cyclones operating in parallel.  This arrangement allows for the
treatment of large flow rates at higher efficiencies than for single cyclones.2

The greatest limitation in the use of cyclones is the energy needed to force the gas through
the narrow cyclone body.  The pressure drop within the cyclone generally increases with
increasing gas flow rate and decreasing cyclone diameter.  Cyclone pressure drop can be
estimated from a number of equations that are based on both theory and experimental data.10 

5.1.2 Collection Efficiency of Precollectors

Mechanical precollectors have a wide range of collection efficiencies.  Collectors which
rely only on gravity settling, such as settling chambers and elutriators, typically have the lowest
collection efficiencies.  Cyclones are the most effective mechanical collectors, with multicyclones
achieving the highest collection efficiencies.  

5.1.2.1 Gravity Settling

Gravity settling chambers are most effective for large and/or dense particles.  Collection
efficiency for PM10 is very low, typically less than 10 percent.  The efficiency of settling chambers
increases with the residence time of gas in the chamber.  Because of this, gravity settling chambers
are often operated at the lowest possible gas velocities.  Unfortunately, as the gas velocity
decreases, the size of the chamber must increase.  In reality, the gas velocity must be low enough
to prevent dust from becoming reentrained, but not so low that the chamber becomes
unreasonably large.3  Figure 5.1-10 presents a typical fractional collection efficiency curve for
settling chambers.2  The impact of particle density is illustrated in Figure 5.1-11.3  The more dense
particles of iron oxide, with a specific gravity of 4.5, are collected more efficiently than the quartz
dust which has a specific gravity of 2.6.2,3

5.1.2.2 Momentum Separators

Because these devices utilize inertia in addition to gravity, momentum separators achieve
collection efficiencies approaching 20 percent for PM10.  Collection efficiency for momentum
separators will increase as the gas velocity increases.  The pressure drop and corresponding
operating costs will also increase with gas velocity, so the optimum velocity must be chosen to
balance the efficiency and operating costs.2,3  Figure 5.1-12 presents efficiency data for
momentum separators collecting fly ash.

5.1.2.3 Mechanically-Aided Separators

Figure 5.1-13 provides efficiency curves for two types of mechanically-aided separators.2 
Mechanically-aided separators are capable of collection efficiencies approaching 30 percent for
PM10.

2  Mechanically-aided separators generally produce more centrifugal
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Figure 5.1-11. Impact of Particle Density on Settling Chamber Fractional Collection Efficiency
(Reference 3).
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Figure 5.1-10. Typical Fractional Collection Efficiency Curve for Settling Chamber (Reference
2).
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Figure 5.1-13. Typical Fractional Collection Efficiency Curve for a Mechanically-Aided
Separator (Reference 2).
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Figure 5.1-12. Typical Fractional Collection Efficiency Curve for a Momentum Separator
(Reference 2).
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force than cyclones, but they also have shorter residence times and more reentrainment as a result
of turbulence.  A major advantage of these separators is their compact size.4 

5.1.2.4 Cyclones

There are many factors which affect the collection efficiency of cyclones.  Cyclone
efficiency has generally been shown to increase with the following parameters:  (1) particle size
and/or density, (2) inlet duct velocity, (3) cyclone body length, (4) number of gas revolutions in
the cyclone, (5) ratio of cyclone body diameter to gas exit diameter, (6) dust loading, and (7)
smoothness of the cyclone inner wall.11 

The cyclone efficiency will decrease with increases in the following parameters:  (1) gas
viscosity, (2) cyclone body diameter, (3) gas exit diameter, (4) gas inlet duct area, and (5) gas
density.  Another common cause of cyclone ineffectiveness is leakage of air into the dust outlet. 
Specifically, this will decrease the efficiency for fine particles.11

Several approaches for estimating cyclone efficiency have been developed.  Most cyclone
theories utilize a particle size term, called a "particle cut size," that defines the particle size for a
specific collection efficiency.  Particles greater than the cut size will be collected with greater than
the specified efficiency, and smaller particles will be collected less efficiently.  Usually, the particle
cut size corresponds to 50 percent collection efficiency and is called the "d50."  Another important
cyclone sizing parameter is the "critical particle size."  Particles of this size and larger are captured
with 100 percent efficiency.  Two general types of cyclone fractional efficiency curves are shown
in Figure 5.1-14; the first curve "A" is hyperbolic, the second curve "B" is sigmoid shaped.  Most
cyclone efficiency theories will produce a curve similar to one of the two shown in this figure.6,15  

Lapple12 developed a relatively simple model to predict cyclone efficiency that was derived
from particle motion theory and requires an assumption about the number of turns the gas makes
within the cyclone.  Leith and Licht13 developed an efficiency theory that was based on an
approximate solution to theoretical particle motion equations using the assumption of turbulence
within the cyclone.  Both these theories produce a cyclone efficiency curve of type "A" in Figure
5.1-14.  More recently, Iozia and Leith14,15 developed a cyclone efficiency theory based on
theoretical particle motion that uses empirically developed coefficients.  This theory produces a
cyclone efficiency curve of type "B" in Figure 5.1-14.  The Iozia and Leith theory was shown to
predict cyclone efficiency better than the theories of Lapple, and Leith and Licht, using cyclone
laboratory test data available in the literature.15  The Lapple theory and the Iozia and Leith theory
are discussed in more detail below.

According to the Lapple theory,12 d50 is calculated as follows:

d50 = [9 µ b /(2 B N Vi (Dp - Dg))] 
½ (Eq. 5.1-1)
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Figure 5.1-14. Typical Cyclone Efficiency Curve in Log-log (A) and Linear (B) Scales
(References 6 and 15).
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where d50 is the diameter of particle collected with 50 percent efficiency (ft), µ is the gas viscosity
(lb/sec-ft), b is the cyclone inlet duct width (ft), N is the number of gas revolutions in cyclone
(estimated to be between 0.3 and 10, with a mean value of approximately 516), Vi is the inlet duct
gas velocity (ft/sec), Dp is the particle density (lb/ft3), and Dg is the gas density (lb/ft3).  The
limitation on this equation is that N, the number of gas revolutions within the cyclone, is unknown
and estimates for this value do not take into account individual cyclone design or other operating
conditions.  Also, the Lapple theory does not allow for calculation of collection efficiency for
other particle sizes.

The efficiency theory developed by Iozia and Leith14,15 to predict cyclone fractional
collection efficiency utilizes an equation, called a "logistic equation," that approximates a sigmoid-
shaped efficiency curve:

CE =  1/(1 + (d50/d)ß) (Eq. 5.1-2)

where CE is the control efficiency (expressed as a fraction for a particle of diameter d,
d50 is the diameter of the particle collected with 50 percent efficiency, and beta (ß) is a coefficient. 
Iozia and Leith developed an equation to predict ß from cyclone dimensions  using laboratory test
data from a 25 cm diameter cyclone:15

ln ß = 0.62 - 0.87 ln (d50) + 5.21 ln (ab/D2) + 1.05 (ln (ab/D2)2 (Eq. 5.1-3)

where d50, as above, is expressed in centimeters; a is the cyclone inlet duct height, b is the cyclone
inlet duct width, and D is the cyclone diameter.  An equation to predict d50 was also developed:

d50 = {(9 F Q)/(B z Dp Vtmax
2)} (Eq. 5.1-4)

where µ is gas viscosity, Q is gas flow, z is approximately equal to the cyclone height  minus the
height of the extension of the exit duct into the cyclone, Dp is the particle density, and Vtmax

2 is the
maximum tangential gas velocity within the cyclone and is calculated as below:

Vtmax
2 = 6.1Vi {(ab/D2)0.61 (De/D)-0.74 (H/D)-0.33} (Eq. 5.1-5)

where Vi is the gas inlet duct velocity; a, b, and D are as above; De is cyclone outlet duct
diameter; and H is the cyclone overall height (h + Lc).

Iozia and Leith used their cyclone efficiency theory to optimize cyclone design.17 Using a
computerized cyclone optimization program, they developed curves to predict the cyclone
dimensions of a cyclone with the highest efficiency possible for a given situation.18  Figure 5.1-15
shows the inlet and outlet duct dimensions needed to achieve this optimized cyclone design.17 
The predictions of Iozia and Leith, however, have not yet been tested in full-scale industrial
applications.
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For single cyclones, conventional cyclones can remove 10 µm particles with 85 to 90
percent efficiency, 5 Fm particles with 75 - 85 percent efficiency, and 2.5 Fm particles with 60 to
75 percent efficiency.6  High efficiency single cyclones can remove 5 Fm particles at up to 90
percent efficiency, with higher efficiencies achievable for larger particles.1  High throughput
cyclones are only guaranteed to remove particles greater than 20 Fm, although collection of
smaller particles does occur to some extent.19 

Multicyclones are reported to achieve from 80 percent efficiency up to 95 percent
efficiency for particles 5 Fm.1,5,19  In some cases, multiple cyclones have been used as primary
collection devices.19  Multiple cyclones are often used as precollectors at industrial combustion
operations.  Figure 5.1-16 shows the collection efficiency for multiple cyclones at a boiler that is
burning oil.  At many large industrial combustion units, PM emissions include significant amounts
of carbon which was not fully combusted.  To improve the efficiency of these units, collected fly
ash from the multiple cyclones (or other precollection devices) is reinjected into the combustion
unit.  This operation, known as fly ash reinjection, increases the particulate loading considerably,
and leads to lower collection efficiencies for small particles.5  Figure 5.1-17 illustrates this effect,
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showing efficiency curves for multiple cyclones at coal and wood boilers with and without fly ash
injection.
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Figure 5.1-16. Cumulative Collection Efficiency Data for Multiple Cyclones at a Residual Oil-
Fired Boiler (Reference 5).

5.1.3 Applicability

Mechanical precollectors have very few limitations in their application as precollectors,
although they are not generally used where there is no coarse PM.  Mechanical precollectors can
be used to treat small and large flow rates and remove a wide range of particle sizes.  Mechanical
collectors are simple in design and inexpensive to purchase and operate.  In addition, their use will
reduce the particulate loading on primary collection devices which will extend operating life.2

The vast majority of dusts are suitable for collection in mechanical precollectors.  One
exception may be sticky dusts, which can clog cyclones.  In addition, mechanical precollectors
would not be effective for gas streams where the bulk of the PM is small (<3 Fm).  Mechanical
collectors can be constructed out of various materials and are capable of operating under any
conditions which the construction materials allow.  Typically, any industry which uses large and
relatively expensive control devices, such as a fabric filters or electrostatic precipitators (ESPs),
will also employ mechanical precollectors.  Multiple cyclones are the most common device for
industrial applications, especially for boilers and other combustion units that generate smaller
particles.  Some industries also use mechanical collectors for product or catalyst recovery, since
these collectors are nondestructive and allow reuse or sale of the recovered material.2
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Figure 5.1-17. Cumulative Collection Efficiency Data for Multiple Cyclones at Coal and Wood

Bark Boilers, With and Without Fly Ash Reinjection (Reference 5).



5.1-24

5.1.4 Costs of Precollectors

The costs of installing and operating a mechanical pre-collector include both capital and
annual costs.  Capital costs are all of the initial costs related to collector equipment and
installation.  Annual costs are the direct yearly costs of operating the device, plus indirect costs
such as overhead; capital recovery; and taxes, insurance, and administrative charges.  The
following sections discuss capital and annual costs for mechanical collectors, referenced to the
third quarter of 1995 unless otherwise noted.  Since cyclones are the most common and generally
most effective mechanical precollectors for industrial applications, this section will focus only on
the costs of these devices.  

5.1.4.1 Capital Costs of Cyclones

The total capital investment (TCI) for cyclones includes all of the initial capital costs, both
direct and indirect.  Direct capital costs are the purchased equipment costs (PEC), and the costs
of installation (supports, etc.).  Indirect costs are related to the installation and include
engineering, construction, contractors, start-up, testing, and contingencies.  The PEC is calculated
based on the cyclone specifications.  The direct and indirect installation costs are calculated as
factors of the PEC.  For cyclones, installation costs are generally low, with the combination of
direct and indirect costs assumed to be about 25 percent of the PEC.  Hence, the TCI for cyclones
is typically calculated as 1.25 times the PEC.20

The most important parameter for sizing cyclones is the inlet duct area (A), which can be
calculated from the following equations:19

A = Q/Vi (Eq. 5.1-6)

A = (Q(Dp - Dg)/µ)1.33 dc
2.67 (Eq. 5.1-7)

where A is the cyclone inlet duct area (ft2), Q is the cyclone gas flow rate (ACFM), Vi is the
cyclone inlet duct velocity (ft/min), Dp is the particle density (lb/ft3), Dg is the gas density (lb/ft3), µ
is the gas viscosity (lb/ft-sec), and dc is the critical particle size (Fm). 

By selecting an inlet duct gas velocity (Vi) for Equation 5.1-2, the inlet duct area can be
determined and Equation 5.1-3 can be solved for the critical particle size (dc).  The critical particle
size is defined for this equation as the smallest particle that the cyclone can collect with 100
percent efficiency.  Similarly, the inlet duct gas velocity can be calculated for a given critical
particle size.19

Cyclone costs are based on the inlet duct area, and include the cyclone, fan, motor,
supports, hopper (or drum), and rotary air lock.  Figure 5.1-18 presents a cost curve for cyclones 
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Figure 5.1-18. Total Capital Investment vs. Inlet Duct Area for 
0.2 ft2 < Duct Area < 2.64 ft2 (Reference 19).

with inlet duct areas between 0.2 and 2.64 ft2.  The step in this curve at 0.35 ft2 is a result of the 
fact that cyclones with inlet duct areas less than 0.35 ft2 do not require air locks, which are
dampers that prevent the gas in the cyclone from entering the dust hopper during dust removal.19 
For cyclones with required total inlet duct areas greater than 2.64 ft2, the total inlet duct area must
be divided equally between 2 or more cyclones, each with inlet duct areas less than 2.64 ft2.  

Figure 5.1-19 provides a cost curve for cyclones with total inlet duct areas greater than
2.64 ft2.19  The steps in this curve indicate the flow rates at which an additional cyclone becomes
necessary.  The step function approximates a straight line.  The cost curves in this document are
for carbon steel cyclones, other materials may increase costs.20  

Capital costs obtained from this document can be escalated to more current values
through the use of the Vatavuk Air Pollution Control Cost Indexes (VAPCCI), which are
published monthly and updated quarterly in Chemical Engineering magazine.  The VAPCCI
updates the PEC and, since capital costs are based only on the PEC, capital costs can be easily
adjusted using the VAPCCI.  To escalate capital costs from one year (Costold) to another more
recent year (Costnew), a simple proportion can be used, as follows:21

Costnew = Costold(VAPCCInew/VAPCCIold) (Eq. 5.1-8)

The VAPCCI for mechanical collectors from fourth quarter 1996 was 103.3.
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Figure 5.1-19. Total Capital Investment vs. Inlet Duct Area for Duct Area > 2.64 ft2 (Reference
19).

5.1.4.2 Annual Costs of Cyclones

The total annual costs for a cyclone consist of both direct and indirect costs.  Direct
annual costs are those associated with the operation and maintenance of the cyclone.  These
include maintenance labor, maintenance materials, electricity, and dust disposal.  Typical
nonhazardous dust disposal costs are $20-$30/ton, excluding transportation costs.  Hazardous
dusts can cost ten times as much to dispose of.22  Cyclones are assumed to have no need for
operator and supervisor labor.20

The indirect annual costs for cyclones include taxes, insurance, administrative costs,
overhead,  and capital recovery.  All of these costs but overhead are dependent on the TCI.  Table
5.1-2 provides the parameters which impact annual costs and estimates of typical values.  Table
5.1-3 provides the annual cost factors for cyclones.20  Annual costs are very site-specific and,
therefore, difficult to generalize.



5.1-27

T
ab

le
 5

.1
-2

.  
A

nn
ua

l C
os

t P
ar

am
et

er
s 

fo
r 

C
yc

lo
ne

s 
(R

ef
er

en
ce

 9
).

Pa
ra

m
et

er
D

es
cr

ip
tio

n
T

yp
ic

al
 V

al
ue

s

D
ir

ec
t C

os
t P

ar
am

et
er

s
O

pe
ra

tin
g 

fa
ct

or
 (

O
F)

M
ai

nt
en

an
ce

 la
bo

r 
ra

te
 (

M
R

)
M

ai
nt

en
an

ce
 s

hi
ft

 (
M

S)
 f

ac
to

r 
M

ai
nt

en
an

ce
 m

at
er

ia
ls

 f
ac

to
r 

(M
F)

E
le

ct
ri

ci
ty

 r
at

e 
(E

R
)

D
us

t d
is

po
sa

l c
os

t (
D

C
)

H
ou

rs
 o

f 
cy

cl
on

e 
op

er
at

io
n 

pe
r 

ye
ar

M
ai

nt
en

an
ce

 la
bo

r 
pa

y 
ra

te
Fr

ac
tio

n 
of

 m
ai

nt
en

an
ce

 s
hi

ft
 o

n 
cy

cl
on

e
Fr

ac
tio

n 
of

 m
ai

nt
en

an
ce

 la
bo

r 
co

st
 

C
os

t o
f 

el
ec

tr
ic

ity
C

os
t o

f 
du

st
 d

is
po

sa
l

8,
64

0 
hr

/y
r

$1
4.

00
/h

rb

0.
25

b

1.
0b

$0
.0

7/
kW

-h
ra

$2
0-

$3
0/

to
na

In
di

re
ct

 C
os

t P
ar

am
et

er
s

O
ve

rh
ea

d 
fa

ct
or

 (
O

V
)

A
nn

ua
l i

nt
er

es
t r

at
e 

(I
)

O
pe

ra
tin

g 
lif

e 
(n

)
C

ap
ita

l r
ec

ov
er

y 
fa

ct
or

 (
C

R
F)

T
ax

es
 (

T
A

X
)

In
su

ra
nc

e 
(I

N
S)

A
dm

in
is

tr
at

iv
e 

co
st

s 
(A

C
)

Fr
ac

tio
n 

of
 to

ta
l l

ab
or

 a
nd

 (
M

M
) 

co
st

s
O

pp
or

tu
ni

ty
 c

os
t o

f 
th

e 
ca

pi
ta

l
E

xp
ec

te
d 

op
er

at
in

g 
lif

e 
of

 c
yc

lo
ne

Fu
nc

tio
n 

of
 (

n)
 a

nd
 (

I)
Fr

ac
tio

n 
of

 th
e 

T
C

Id

Fr
ac

tio
n 

of
 th

e 
T

C
Id

Fr
ac

tio
n 

of
 th

e 
T

C
Id

0.
60

b

7 
pe

rc
en

tb

20
 y

ea
rs

b

0.
09

44
c

0.
01

b

0.
01

b

0.
02

b

a
E

st
im

at
ed

 f
or

 1
99

6 
fr

om
 c

ur
re

nt
ly

 a
va

ila
bl

e 
in

fo
rm

at
io

n.
b

E
st

im
at

es
 f

ro
m

 "
C

O
$T

-A
IR

" 
C

on
tr

ol
 C

os
t S

pr
ea

ds
he

et
s 

(R
ef

er
en

ce
 2

0)
.

c
C

ap
ita

l R
ec

ov
er

y 
Fa

ct
or

 is
 c

al
cu

la
te

d 
fr

om
 th

e 
fo

llo
w

in
g 

fo
rm

ul
a:

  C
R

F
 =

 {
I(

1 
+

 I
)n } 

÷
 {

(1
 +

 I
)n  -

 1
},

 
w

he
re

 I 
=

 in
te

re
st

 r
at

e 
(f

ra
ct

io
n)

 a
nd

 n
 =

 o
pe

ra
tin

g 
lif

e 
(y

ea
rs

).
d

T
he

 to
ta

l c
ap

ita
l i

nv
es

tm
en

t (
T

C
I)

 c
an

 b
e 

es
ca

la
te

d 
to

 c
ur

re
nt

 v
al

ue
s 

by
 u

si
ng

 th
e 

V
at

av
uk

 A
ir

 P
ol

lu
tio

n 
C

on
tr

ol
 C

os
t I

nd
ex

es
(V

A
PC

C
I)

, d
es

cr
ib

ed
 in

 S
ec

tio
n 

5.
1.

4.
1.


