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1.0 EXECUTIVE SUMMARY AND COMCLUSIONS

Emissions from industrial external combustion sources used for the pur-
poses of electricity generation, production of process steam and space heating
are characterized in the report. Emissions resulting from the direct firing
of industrial process operations or from the use of fuel as feedstock were not
considered. Emphasis was placed on the characterization of air emissions from
flue gas stacks, although samples of ash from wood combustion were collected
and analyzed during the study for the purpose of supplementing a limited data
base.

1.1 PROGRAM METHODOLOGY

The approach to the characterization of emissions from industrial combus-
tion sources involved a critical review of existing data, followed by a sam-
pling and analysis program to fill gaps in the data base. Data acquired as a
result of the measurement program, in combination with the existing data, were
further evaluated. Data inadequacies identified at the completion of the cur-
rent program are discussed with respect to the need for additional study.
‘Specifically, the objectives of this program were:

] to compile and evaluate all available air emissions data

on pollutants from selected industrial stationary conven-
tional combustion processes,

(] to acquire new emissions data from field tests,

) to characterize air emissions from selected stationary con-
ventional combustion processes and ash from wood combustion,
using combined data from existing sources and field tests, and

. to determine additional data needs, including specific areas

of data uncertainty. )
The emissions characterization was based on modified Level I sampling and analy-
sis procedures, the principal modification being the use of gas chromatography/
mass spectroscopy to analyze for polycyclic organic material (POM). Level I




procedures use semiquantitative (plus or minus a factor of 3) techniques of
sample collection and laboratory and field analysis to: (1) provide pre-
liminary emissions data for waste streams and pollutants not adequately char-
acterized; (2) identify potential problem areas; and (3) set priorities

for waste streams and pollutants in those streams for further, more guantita-
tive testing. Using the information from Level I, available resources can be
directed toward Level II testing, which involves specific quantitative analysis
of components of those streams that do contain significant poliutant levels.
The data developed at Level II are used to identify control technology needs
and to further define the environmental hazards associated with emissions.

1.2 SOURCE DESCRIPTION

Statijonary external combustion sources used within the industrial sector
for electricity generation, production of steam for process heating, and space
heating can be classified according to the type of fuel used and furnace and
boiler design. Fuels used in industrial combustion systems include bituminous
coal, anthracite coal, lignite coal, wood, residual oil, distillate oil, and
natural gas. Pulverized dry bottom furnaces and stoker furnaces are the major
furnace designs used by the industrial sector for the combustion of bituminous
coal. _S@gger furnaces predominate for wood-fired combustion sources and for
the combustion of 1%gﬁite andranthraciféwcoals.."Affhough a large percéntage
of industrial boilers are cast iron systems, these systems constitute only
about 7 percent of total industrial boiler capacity. Firetube boilers, in
which the combustion gases pass through tubes submerged in water, make up
about 24 percent of total industrial caﬁacity. These units generally are
smaller than about 21 GJ/hr* input capacity. Watertube boilers constitute
about 69 percent of the industrial boiler capacity. In a watertube system
the combustion gases transfer heat to tubes into which water is fed to be
converted to steam. Boiler systems larger than about 53 GJ/hr input capacity
and systems with steam pressures exceeding about 65 kPa are almost exclusively
watertube systems.

—

*One Btu = 1,055 Joules {J). Although it is EPA policy to use the metric
system, this publication uses certain nonmetric units for convenience. A
conversion table is presented in Appendix D.




There are approximately 500,000 industrial bcilers in the United States
with an estimated capacity of about 4,000 x 102 J/hr. Natural gas is the
primary fuel, accounting for about 63 percent of the total industrial fossil
fuel use in 1978; while 0i1 and coal account for about 18 percent and 15 percent,
respectively. Wood and other miscellaneous fuels are minor fuel sources.

Total fuel consumption by the industrial external combustion sources considered
in this study was 8700 x 10%°® J/yr in 1978, about 25 percent of total national
fuel consumption by the stationary combustion sources studied in this program.
The overall growth rate during the 1978 to 13985 period should be about 3 percent
per year. Coal consumption by 1985 could account for 30 percent of industrial
fuel use in 1985, if provisions of the National Energy Plan are fully imple-
mented. This increase, however, could be a gross overestimate because of the
influence of regulatory actions Timiting, for example, sulfur content of the
coal fuel. '

Air, water, and solid waste pollutants are emitted from many sources con-
stituting an industrial boiler facility. The major source of air emissions is
flue gas emissions from stacks. Other potential sources of air emissions,
depending on the size of the facility and the type of fuel burned, are ash
handling and storage, fuel handling and storage, and drifts and vapors from
cooling systems. Wastewater emission streams and sources of solid wastes vary
in number and volume, depending again on facility size and type of fuel burned.
Emphasis in this study was placed solely on air emissions from stacks, with
the exception of the characterization of bottom ash and fly ash from the wood-
fired systems tested in this study.

Air pollution control on industrial boilers is mainly directed at reducing
particulate flue gas emissions from solid fuel-fired sources. The estimated
overall efficiency of particulate removal in the industrial sector, based on
data in the National Emissions Data System (NEDS), is 81 percent for pulverized
units and 53 percent for stokers. Application of control measures for S0, and
NOy is not extensive in the industrial sector, but will increase with the pro-
mulgation of regulations for control of such emissions from industrial boilers.

1.3 EXISTING EMISSIONS DATA BASE

This study emphasized gaseous and particulate emissions from industrial
sources. Existing flue gas emissions data were evaluated before conducting

3




the sampling and analysis program. As a result of the data evaluation effort,
many data inadequacies were identified. The status of the existing data base
can be summarized as follows.

® The existing data base for criteria pollutants* is generally

adequate, with the exception of that for emissions from wood-
fired combustion sources. .

0 The existing data base for particulate sulfate and sulfuric
acid emissions is inadequate for the oil- and solid fuel-fired
combustion source categories.

(] The existing data base for particulates by size fractions and
trace elements is adequate only for gas-fired sources.

[ The existing data base for specific organics is inadequate

for all industrial source categories.

As noted previously, industrial boilers are also sources of water poliu-
tion and solid waste. However, these sources, particularly in the case of
targe industrial boilers used for e]ectricify generation, are similar to those
at electric utilities. These sources of pollution were characterized for
electric utilities earlier in this program, and the results can be found in
Volume III of this program report series.

1.4 SOURCE MEASUREMENT PROGRAM

In order to overcome some of the deficiencies in the existing emissions
data base, the following 32 external combustion systems were tested: 10 gas-
fired, 3 distillate oil-fired, and 5 residual oil-fired boilers; 3 bituminous
pulverized wet bottom and 2 bituminous pulverized_dry bottom units; 3 bituminous
stokers; and 5 wood-fired stokers. Specific sites were chosen based on the
representativeness of the sites as measured against the important system
characteristics within each source category, including system design, size,
and age.

1.4.1 Llevel I Field Testing

The Source Assessment Sampling System (SASS) train, developed under con-
tract to EPA, was used to collect both gaseous and particulate emissions in

*Criteria pollutants are those pollutants for which a National Ambient Air
Quality Standard (NAAQS) exists, e.g., particulate, sulfur dioxide, nitrogen
qxides, carbon monoxide and hydrocarbon. The criteria pollutant, lead,
1s categorized in this study as a trace element.



quantities sufficient for the wide range of analyses needed to adequately
characterize emissions from the industrial combustion sources. The $ASS train
consists of a conventional heated probe, three cyclones and a filter mounted
in a heated oven, a gas conditidning system, an XAD-2 polymer adsorbent trap,
and a series of impingers. Particulate matter is size-fractionated and col-
lected in the cyclones and on the filter, gaseous organics and some inorganics
are-collected by the XAD-2 adsorbent, and the remaining gaseous inorganics and
trace elements are captured by the impingers. The train is run until at least
30 m® of gas has been collected. This criterion was established in conjunction
with analytical technigue sensitivities to enshre that any emission that would
increase the ambient loading by more than 1 ug/m® would be detected. The
cyclones were deleted for the gas- and oil-fired sites because particulate
loadings were too low to provide weighable quantities of samples from each
cyclone.

In addition to using the SASS train for stack gas sampling, other equip-
ment was employed to collect those components that could not be analyzed from
the train samples. A gas chromatograph (GC) with flame ionization detection
was used in the field to analyze C1-Cs hydrocarbons collected in Tedlar
gas sampling bags. Additionally, these samples were analyzed for CO, €02,

0, and N; by GC using thermal conductivity detection. Field sampling for
NO, and SO; was also conducted at selected sites using a Method 7 train
(40-CFR-60, Appendix A, Method 7) for NO, and a controlled condensation
sampling train for SO0; collection.

1.4.2 Modified Level I Laboratory Analysis

A modified Level I sampling and analytical procedure was used in this
emissions assessment program. Major deviations from Level I procedures
included the use of gas chromatography/mass spectroscopy (GC/MS) for organic
analyses, the combination of certain SASS train fractions before analysis and
the deletion of inorganic analysis of SASS train samples collected from gas-
and oil-fired sources. The combination and deletion guidelines were instituted
as a result of low levels of pollutants found in the flue gases of previously
tested gas- and oil-fired utility boilers and residential heating systems.

Full details of the procedures used are presented in Section 4.




1.4.2.1 Inorganic Analyses--

Level I inorganic analysis was designed to identify all elemental species
collected in the SASS train fractions and to provide semiquantitative data on
the elemental distributions and total emission factors. The primary tool for
Level I inorganic analysis is Spark Source Mass Spectrography (SSMS). SSMS
data were supplemented with Atomic Absorption Spectrometry (AAS) data for
Hg, As, and Sb, and with standard method determinations for sulfates.

The following SASS train fractions from the solid fuel-fired sources were
analyzed for their elemental composition: (1) the cyclione catches, (2) the
particulate filter, (3) the XAD-2 sorbent, and (4) a composite sample contain-
ing portions of the XAD-2 module condensate and HNOj; rinse, and the first
impinger solution. Fuel was also analyzed for the solid fuel- and oil-fired
sources.

1.4.2.2 Organic Analyses--

Level I organic analysis provfdes data on volatile (C;-C1¢) and nonvola-
tile (>Cis) organic compounds to supplement data for gaseous organics (C;-Ce)
measured in the field. Organics in the particulate fractions, the XAD-2 sor-
bent, and XAD-2 module condensate trap were recovered by methylene chloride
extraction. SASS train components including the tubing were carefully rinsed
with methyléne chioride or methylene chloride/acetone solvent to recover all
organics collected in the SASS train. SASS train rinses and extracts recovered
from the gas- and oil-fired sites were combined for analysis; however, samples
collected from solid fuel-fired sources were analyzed separately.

Because all samples contain significant quantities of soivents from
rinsing and are too dilute to detect organic compounds by the majority of
instrumental techniques employed by Level I procedures, the first step in the
analysis was to concentrate the sample fractions from as much as 1000 ml to
10 m1 in a Kuderna-Danish apparatus in which rinse solvent is evaporated while
the organics of interest are retained.* Kuderna-Danish concentrates were then
evaluated by GC, gravimetric analysis, infrared spectrometry (IR), and sequen-
tial GC/MS.T The extent of the organic analysis is determined by the stack

*Kuderna-Danish is a glass apparatus for evaporating bulk amounts of solvents.

*The major modification in the Level I sampling and analysis procedure was the
GC/MS analysis for POM,




gas concentrations found for total organics (volatile and nonvolatile). If

the total organics indicate a stack gas concentration below 500 pg/m®, further
analysis is not conducted. If the concentration is above 500 ug/m?, a class
fractionation by liquid chromatography is conducted followed by GC, gravimetric
and IR analyses. Low resolution mass spectroscopy analysis was also conducted
on individual fractions which contained an equivalent concentration of 500
ug/m® or which were of special interest.

1.4.3 Results

The results of the field measurement program for flue gas emissions from
industrial sources, along with supplementary values obtained from the existing
data base for certain pollutants, are presented in Table 1. Results of anal-
yses of ash samples from wood-fired systems are also presented in the table.
Also listed in Table 1 are ambient severity factors, defined as the ratio of
the calculated maximum ground-level concentration of the pollutant species to
the tevel at which a potential environmental hazard exists. An ambient
severity factor of greater than 0.05 indicates a potential problem requiring
further attention {see Appendix A for the rationale used to select 0.05 as the
value indicative of a potentital environmental problem). For the ash samples
collected during tests of the wood-fired sources, discharge severity, the
ratio of the elemental concentration in the ash to the health Minimum Acute
Toxicity Efftuent (MATE)} value of the element, was used as a measure of poten-
tial hazard. A discharge severity exceeding one is considered to warrant
concern regarding the impact of emissions on health.

The particulate, elemental, and particulate sulfate emission factors shown

in Table 1 are the mean values of those measured in this study. One bituminous,

pulverized wet bottom unit and one bituminous stoker were controlled by elec-
trostatic precipitators. Multiclones were used on the remaining bituminous
coal-fired units, with the exception of one pulverized dry unit, which was
controlled by a double alkali flue gas desulfurization (FGD) unit (measured
particulate efficiency - 99.47 percent). Emissions from two wood-fired
boilers were controlled by particulate scrubbers; the remaining three wood-
fired units were uncontrolled. Emission factors for gas- and oil-fired units
presented in the table represent uncontrolled emission factors. As noted
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previously, the overall efficiency of particulate control in the industrial
sector is Bl percent for pulverized units and 53 percent for stokers. Gas-
and oil=-fired units ére essentially uncontrolled. Control measures for
criteria pollutants other than barticulates are not widespread in the
industrial sector.

As can be seen from Table 1, the major criteria pollutants of concern are:
particulates from residual oil sources and all uncontrolled solid fuel-fired
units; NOx from all source categories; S0, from oil- and sclid fuel-fired
sources, including wood-fired units (assuming a sulfur content of 0.1 percent
and 95 percent conversion to SO,); and HC from bituminous stokers and wood-
fired boilers. Ambient severity factors are all greater than 0.05 for these
pollutant/source combinations. Emissions of €O from all the combustion source
categories tested do not represent an envirommental problem.

Particulate sulfate and SO; emissions from the solid fuel-fired sources
tested are associated with ambient severity factors in excess of 0.05 and,
thus, represent a potential environmental hazard. Also, SO; emissions, mea-
sured in one test of a unit burning residual oil, are significant despite the
use of a double alkali FGD unit to control emissions from this source.
Although the SO, removal efficiency of this FGD unit was 97.5 percent, only

"28.5 percent of the SOj3 was removed from the flue gas. -

The trace element data shown in Table 1 indicate that many trace ele-
ments emitted by controlled bituminous coal-fired sources are of concern.
Elements of greatest concern appear to be arsenic, beryllium, cobalt, chromium,
iron, potassium, lithium, sodium, nickel, phosphorus, lead, and silicon.
Chiorine, on the basis of its concentration in coal, and other elements in
addition to those listed above, may also be of concern because of variations
in the elemental content of bituminous coals. Because many industrial sources
are totally uncontrolled or only partially controlled, further consideration
of trace element emissions is warranted.

Trace element emissions of concern from the wood-fired sources tested
include barium, calcium, potassium and phosphorus, Ambient severity factors
calculated from the mean of the emission factor from these sources exceed 0.05
for these elements. Overall removal efficiency of particulates and nonvolatile
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trace elements from the five wood-fired units tested is estimated to be
36 percent,

Chromium, nickel, phosphorus, and vanadium emissions from distillate oil-
fired sources, and chromium, sodium, nickel, silticon, and vanadium emissions
from residual oil-fired sources are significant. Ambient severity factors,
based on mean emission factors measured in this study, exceed 0.05. In addi-
tion, information in the existing data base indicates that ambient severity
factors can exceed 0.05 for chlorine, cobalt, fluorine and magnesium emissions
from residual oil-fired boilers.

POM emissions from bituminous stokers and wood-fired boilers are poten-
tially significant. Mean emission factors for total POM were 180 and 210 pg/J,
respectively, for these sources. Although no active carcinogens were positively
identified and ambient severity factors for most compounds were less than 0.05,
the possible presence of benzo{a)pyrene in significant amounts was indicated
in the emissions of two wood-fired boilers and one bituminous stoker. Level II
testing is needed to provide positive identification of the POM compounds
emitted from these sources.

The samples of ash collected from the wood-fired sources were analyzed
for trace elements by SSMS and for oraganics; TCO, gravimetric organics, and
POM. Three types of samples were collected; bottom ash, cinder ash collected
downstream of the combustion chamber, and fly ash collected by a particulate
scrubber control device. Discharge severity, the ratio of the elemental con-
centration in the ash to the elemental health MATE value for solids, was used
to evaluate the impact of ash disposal. A value in excess of one indicates
that a potential environmental problem exists.

As shown in Table 1, the discharge severity is in excess of one for sev-
eral trace elements. Elements of concern in bottom ash are barium, calcium,
chromium, iron, potassium, manganese, nickel, phosphorus and silicon. For
cinder ash, discharges severities in excess of one were found for arsenic,
barium, calcium, iron, potassium, manganese, nickel, phosphorus, and silicon.
Fly ash elements of concern include calcium, chromium, iron, potassium, manga-
nese, nickel, phosphorus and silicon. If ecological effects are considered,
several other elements will warrant concern because the ecology Discharge
Multimedia Environmental Goal (DMEG) or MATE values for the pollutants of
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interest are generally lower than those for health. DMEG values are equivalent
to MATE values and are derived through a series of models which use available
data relating to properties of chemical toxicants for both health and ecologi-
cal effects. DMEG values represent concentrations that will cause minimal
adverse effects on either a human (health DMEG) or an ecological receptor
{ecological DMEG).

As anticipated, TCO and gravimetric organics were not present in signifi-
cant amounts in bottom ash. Organics were generally found in greater amounts
in cinder ash and fly ash, but are not of environmental concern. Although
POM compounds were not found in the samples of bottom ash and cinder ash, they
were found in the one sample of fly ash collected by a particulate scrubber.
The POM compounds were identical to POM compounds collected downstream of the
scrubber by the SASS train at this site. Further, the relative distribution
of these compounds in the scrubber ash and in the SASS samples was similar.
Based on this, wood fly ash will present a definite hazard at sites emitting
POM compounds such as benzo{a)pyrene. The compound benzo(a)pyrene was tenta-
tively identified in the flue gas emissions of two uncontrolled wood-fired
boiiers during thnis study.

1.5 CONCLUSIONS

Several conclusions, listed as follows, can be drawn from the characteri-
zation of emissions from industrial external combustion source:

) Industrial external combustion sources in 1978 accounted for
25, 15, 9, 24 and 28 percent, respectively, of total nation-
wide emissions of particulates, NOy, S0.,7CO, and HC emissions
from external combustion sources.

] Flue gas emissions of NOyx from industrial boilers are environ-
mentally significant. Ambient severity factors exceeded 0.05
for all of the source categories tested in this study, ranging
from 0.25 for wood-fired stokers to 2.9 for bituminous, pulver-
ized wet bottom units.

] Flue gas emissions of SO, from the residual 0il- and bituminous
coal-fired sources are associated with ambient severity factors
greater than 0.05 and, thus, are of environmental concern. The
calculated S0, ambient severity factor of 0.07 for wood, shown
in Table 1, is based on a fuel sulfur content of 0.1 percent,
Normally the wood sulfur content will be lower than the assumed
value of-0.1 percent and emissions from wood fuels containing -
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less than 0.07 percent sulfur would not be of concern. Ambient
severity factors for particulate sulfate from bituminous coal
and wood combustion, and for SO; from the two source categories
tested, bituminous, pulverized dry bottom boilers and residual
0il boilers, are in excess of 0.05 and warrant concern.

Flue gas emissions of CO from industrial sources are of little
concern. Ambient severity factors are less than 0.01 for all
source categories.

Flue gas emissions of HC are significant for bituminous stokers
and wood boilers; ambient severity factors determined in this
study are 0.05 and 0.35, respectively.

Flue gas emissions of particulate from uncontroliled solid
fuel-fired sources are of definite concern., Uncontrolled
emissions of particulates from residual oil combustion
(ambient severity factor of 0.05) may also be significant.
Well controlled sources are not expected to be a problem.
High efficiency devices, such as ESPs, should adequately
control particulate emissions from large bituminous pulver-
ized units and stokers. Ambient severity factors less than
0.05 are achievable with control devices with efficiencies
of 80 to 90 percent for wood-fired units of 50 x 10% J/hr
input capacity.

Particle size distribution data for particulate emissions
from solid fuel-fired boilers are inadequate. The data
generally exhibited high variability. Further study of
source category/control device combinations is needed.

Trace element emissions from controlled bituminous coal
combustion sources are of concern. Bituminous stokers,
probably because of less efficient control of particulates,
were the largest emitters of trace elements and particulates.
Elements of principle concern are arsenic, beryllium,
chlorine, cobalt, chromium, iron, potassium, 1ithium,

sodium, nickel, phosphorus, and lead.

Trace element emissions of concern from wood-fired boilers
are barium, calcium, potassium, and phosphorus. Mean
ambient severity factors exceed 0.05.

For distillate ¢il sources trace element emissions of con-
cern are chromium, nickel, phosphorus, and vanadium; for
residual ol sources chlorine, chromium, sodium, nickel,
silicon and vanadium are also associated with mean ambient
severity factors in excess of 0.05 and, thus, are environ-
mentally significant. ’
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Analysis of organic emissions from industrial sites indicates
that the principal organic constituents are esters, ethers,
glycols and aliphatic and aromatic hydrocarbons. The most
prevalent constituents are generally associated with MATE
values in the 10 to 1000 mg/m® range. Ambient severity
factors will not exceed 0.05 at these MATE levels. However,
more detailed Level II analysis would be required to
definitely identify compounds and establish their environ-
mental significance.

Flue gas emissions of POM from gas-fired sources were not
significant. Compounds identified in highest concentra-
tions were naphthalene and phenanthrene. The data base
for POM emissions from gas-fired industrial sources is
adequate.

POM emissions from oil-fired sources were not significant.
Biphenyl was emitted in small amounts from two residual
oil-fired boilers but the associated ambient severity
factor was less than 0.001. The POM data base for oil-
fired sources is adequate.

POM compounds of potential environmental significance may

be present in the flue gas emissions from bituminous stokers.
and wood-fired boilers. A compound, tentatively identified

as benzo(a)pyrene, was found at some of these sites. Phenan-
thirene was ajso emitted in significant amounts from one of the
wood-fired boilers. Level II GC/MS analysis is required to
positively identify POM compounds and to establish the impact

of the POM_emissions from these source categories.

The disposal of fly ash from wood combustion poses a poten-
tial hazard. Compounds, such as benzo{a)pyrene, if present

in flue gas emissions, could be collected by the control
device. The discharge severity of this compound in the ash
could well exceed unity. In addition, the discharge severities
for several trace elements are appreciably greater than unity.
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2.0 INTRODUCTION

The combustion of common fuels - coal, o0il, gas, and wood - in conven-
tional stationary systems for heating and power generation is one of the
largest and most widespread sources of environmental pollution. Combustion
of these fuels affects air, water, and land. In a preliminary assessment
of the significance of stationary combustion systems as sources of pollution,
it was estimated that these combustion sources contribute a major portion
of the total manmade emissions of nitrogen oxides, sulfur dioxide, and
particulate matter.? Further, many of the combustion processes and associ-
ated pollution control technologies aiso produce solid wastes, in the form
of ash and sludge, that present disposal problems. Leaching of chemical
compounds and heavy metals from fuel or waste material, as well as direct
discharges of wastewater streams, may result in contamination of water
resources, Assessment of the environmental impacts is complicated by
multimedia effects, as pollutants merge with or pass between envirommental
media. For example, removal of sulfur dioxide and particulate matter from
flue gases significantly increases the amount of solid wastes requiring
disposal.

The U.S. Environmental Protection Agency (EPA) has long been active in
requlating the release of pollutants from stationary caonventional combustion
processes., The involvement has included characterizing emissioh streams,
researching on the health and ecological effects of combustion poliutants,
developing and demonstrating pollution control technologies, and setting and
enforcing environmental standards. Much of the earlier work on combustion
pollutant characterization, however, was focused on the three major air
pollutants - sulfur dioxide, nitrogen oxides, and particulate matter - and
the subsequent development of control technologies and standards for these
pollutants. As a consequence, the early characterization work was limited
in scope and did not adequately address the emissions of other potentially
hazardous pollutants or the multimedia aspects of combustion emissions.
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These observations were confirmed in the preliminary assessment study,® which
jdentified the inadequate characterization of flue gas emissions of trace
elements, sulfates, particulate matter by size fraction, and polycyclic organic
matter (POM). In addition, the same study also identified the general in-
adequacy of the data base characterizing air emissions from cooling towers

and coal storage piles, and wastewater effluents and solid wastes from com-
bustion processes.

From the above discussion, it is apparent that much of the data describing
pollutant types and guantities released from stationary conventional combus-
tion processes were unavailable. A comprehensive characterization of emis-
sions from these processes, therefore, was needed as a basis for identifying
the pollutants of concern, for estimating the total quantities of pollutants
emitted, for assessing the impacts of pollutant emissions on health and the
environment, and for evaluating the need for control technology development.
In response to the need for a comprehensive characterization, the EPA's Indus-
trail Environmental Research Laboratory at Research Triangle Park (IERL-RTP)
in North Carolina established the Emissions Assessment of Conventional Com-
bustion Systems program as one of the primary efforts for filling the identi-
fied data gaps. Specifically, the objectives of this program are:

e  Compilation and evaluation of all available emissions data

on pollutants from selected stationary conventional combus-
tion processes.

0 Acquisition of needed new emissions data from field tests.

) Characterization of air emissions, wastewater effluents,
and solid wastes generated from selected stationary conven-
tional combustion processes, using combined data from
existing sources and field tests.

. Determination of additional data needs, including specific

areas of data uncertainty.

Because of the comprehensive characterization requirement, the assess-
ment process in the current program is based on a critical examination of
exising data, followed by a phased sampling approach to fill data gaps.

In the first phase, sampling and analysis procedures are used to provide
results accurate to a factor of 3 so that preliminary assessments can be
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made and problem areas identified. The methodology employed is similar to

the Level I sampling and analysis procedures developed under the direction

of 1ERL; a major addition being that GC/MS analysis for POM is performed

on the samples collected in this program. Evaluation of resuits from the
first phase will determine all waste stream/pollutant combinations requiring

a more detailed and accurate Level II sampling and analysis program. In terms
of major potential benefits, the characterization of combustion source emis-
sions from this program will allow EPA to determine the environmental accep-
tability of combustion wastes streams and pollutants and the need for control
of environmentally unacceptable pollutants.

The combustion source types to be assessed in this program have been
selected because of their re]evanée to emissions and because they are among
the Targest, potentially largest, or most numerous (in use) of existing
combustion source types. A total of 51 source types have been selected for
study. Selected source types have been classified under the following
principal categories:

(1) Electricity generation - external combustion

{2) Industrial - external combustion

(3) Electricity generation and industrial - internal combustion

(4) Commercial/institutional - space heating and internal combustion
(5) Residential - space heating

These five principal categories have been further divided into subcategories
based on fuel type, furnace design, and firing method. The subcategorization
is needed because of the differences in the emission characteristics of
combuspion source types.

This program report is the fifth in a series of five group/category
reports, and is concerned with the characterization of emissions from indus-
trail combustion sources. The main purposes of this report are to discuss
data evaluation and test results, and to provide in a single document, best
estimates of emission factors for stack gas effluents from industrial com-
bustion sources. These emission estimates were derived using combined data
from existing information sources and field tests conducted in the current
program. The report also provides estimates of nationwide flue gas emissions
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from industrial combustion sources, and identifies major gaps in emissions
data. As such, information contained in the report can be used for:

. Compiling emission factors for pollutants for which no
existing data were available.

(] Upgrading existing emission factors for pollutants.

) Performing environmental assessments of industrial
combustion sources.

(] Determining the nationwide burden of emissions from
industrial combustion sources.

] Evaluating the need for control technology development,
based on analysis of the environmental impacts of uncon-
trolled and controlled emissions.

] Planning future Level II field tests to provide critical
data needs.

® Providing input to the development of emission standards.
A total of seven industrial combustion source types are considered:¥

........ External combustion, bituminous,. pulverized dry

External combustion, bituminous, pulverized wet
External combustion, bituminous, spreader stoker

0
0
0

.1.42.4.0 External combustion, wood, stoker
2 External combustion, residual oil
2 External combustion, distillate oil
0

External combustion, natural gas

The approach taken in this emissions characterization of industrial
combustion sources is similar to that taken to characterize other combustion
source types. First, availabie information concerning the process and popu-
lation characteristics of the combustion sources and their emissions was
assembled and assessed to determine the adequacy of the available data
base. Sampling and analysis were then conducted at selected representative
sites to fi1) identified data gaps in the existing data base. The results

*The 1.D. Code referes to the classification code used in Reference 1.
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were evaluated to determine the need for and type of additional sampling and
analysis, and to identify the environmentally significant substances emitted
from industrial combustion sources. Emissions data obtained from the sampling
and analysis program were combined with existing emissions data to provide
estimates of current and future nationwide emissions of pollutants from indus-
trial combustion sources. Appendix A describes the criteria for evaluating
the adequacy of emission data. The data reduction procedure is presented in
Appendix B. Finally, detailed tabulations of the existing data base are pre-
sented in Appendix C.
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3.0 SOURCE DESCRIPTION

The primary use of fuel in the industrial sector is for the production
of steam which is then used for process heating, electricity generation, or
space heating. Fuels used for this purpose include natural gas, oil, coal,
wood, and waste products such as process or refinery gas, and bagasse.
Natural gas and oil are also used in stationary internal combustion engines
to produce electricity, and as feedstocks for various chemical processes.

In addition, natural gas, o0il, and process and refinery gases are often used
for direct process heating.

This study is concerned with the characterization of emissions from the
use of natural gas, oil, coal, and wood in industrial boilers. These boilers
have a wide range of capacities and operate under a wide range of conditions.
Although industrial boilers are sometimes defined as those boilers in the
10 to 500 GJ/hr size range, units as small as 0.4 GJ/hr and as large as 1500
GJ/hr in capacity are used in the industrial sector. Boiler steam tempera-
tures range from 100°C to 500°C.~ To provide an understandifig of the emissions
associated with industrial boilers, this section presents an overview of the
inddstria] boiler population with brief descriptions of industry size and
geographic distribution; fuel consumption; combustion system design, size
distribution and age; control system application; and trends.

3.1 SIZE OF THE INDUSTRY AND GEOGRAPHIC DISTRIBUTION

Table 2 compares natural gas, oil, coal, and other fuel use in the
industrial sector with consumptions in the commercial, residential, and
electric utility sectors for the year 1978. As shown in the table, the
industrial sector accounts for approximately 25 percent of total fuel use.
Natural gas is the primary fuel in the industrial sector, accounting for
about 63 percent of the total fossil fuel use in 1978; while 0il and coal
account for about 18 percent and 15 percent, respectively. Wood, bagasse,
and process and refinery gases are minor fuel sources. Approximately 72
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percent of the energy derived from fossil fuels in the industrial sector was
used to provide steam for process heat, while about 15 pércent was used for
electricity generation, and 14 percent was used for space heating.®

TABLE 2. U.S. FUEL CONSUMPTION IN THE UTILITY, INDUSTRIAL,
COMMERCIAL, AND RESIDENTIAL SECTORS IN 1978

Annual consumptioh (10*® Joules)

Fuel Utility Industrial Commercial Residential
Natural gas 2.56 6.49% 2.20 3.90
Petroleum 4.09 1.78% 2.60 2.53
Coal 11.46 1.54P 0.14 0.21
Other 0.01 0.45 0.10 0.05

Total 18.12 10.26 5.04 6.69

3Excludes o011 company use.

bExc1udes use for coke production.
Source: References 2, 3, and 4.

Estimates of total fuel consumption in the industrial sector are shwon
in Table 3 for the period 1974 through 1978. This table shows an overall
increase in industrial fuel consumption of about 3 percent per year. This
growth is expected to continue through 1985,

TABLE 3. FUEL CONSUMPTION TRENDS IN THE INDUSTRIAL SECTOR

Annual consumption {102 Joules)

1974 1975 1976 1977 1978

Natural gas 5.92 6.12 6.51 6.45 6.49
Distillate 0i1®  0.26 0.26 0.32  0.39 0.38
Residual 0i1? 0.93 0.75 0.99 1.11 1.40
CoaP 1.60 1.36 1.35 1.50  1.54
Other 0.27 ©0.30 0.3  0.40 0.45

Total 8.98 8.79 9.52 9.85  10.26

4Excludes o1l company use.
bExc]udes use for coke production.
Source: References 2, 3, and 4.
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Figures 1 through 3 illustrate 1978 regional consumption of gas, oil,
and coal, respectively, in the industrial sector. For each type of fuel, the
percentages of total U.S. industrial consumption are shown for states where
consumption in the industrial se&tor exceeded 1 percent of the Y.S. total.
States in which industrial cohsumption exceeded 5 percent of the U.S. total
are shaded. These figures show that consumption of all fuels, especially
coal, was relatively high in the industrialized north central states; and
that natural gas consumption was relatively high in the gas producing
southern states of Texas and Louisiana, and in California.

The distribution of industrial fuel consumption in 1978 with respect to
(1) external and internal combustion, (2} fuel type, and (3} fuel firing
method is estimated in Table 4. The various fuel firing systems shown in
the table are described in the following section. Increases are expected
in the use of coal and refuse fuels.

3.2 CHARACTERISTICS OF COMBUSTION EGUIPMENT

A typical steam producing external combustion system consists of a com-
bustion chamber, in which fuel and air are mixed and caused to react, and a
heat exchanger, or boiler, which transfers heat from the fuel combustion
products to water, causing the production of steam. A system is generally
cﬁass?fiéd aééording fo the fﬁéT-firéng method, and:fhewtgbe-of boiler used,-
which are generally independent of one another. This section describes
firing techniques and boiler systems typically used in the industrial sector.

3.2.1 Fuel Firing Methods

The fuel firing techniques used in a combustion system affects the degree
of mixing between the fuel and combustion air, and, in the case of liquid and
solid fuels, the fuel surface area exposed to the combustion air. Thus, for
all fuels and especially for 1iquid and solid fuels, the firing method can
have an impact on emissions of incomplete combustion products, including CO,
hydrocarbons, and particulate soot {unburned carbon). For coal and other
solid fuels, the firing method can influence the amount of inert matter
which becomes entrained in exhaust gases.
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TABLE 4. ESTIMATED INDUSTRIAL FUEL USE BY
COMBUSTION SYSTEM, 1978

Fuel used,
Source category (PI/yr)
Industrial 10,260
External combustion 8,690
Coal 1,540
Bituminous 1,490
Pulverized, dry 730
Pulverized, wet 150
Cyclone 40
Spreader stokers 510
Other stokers 60
Anthracite 10
A1l stokers 10
Lignite 40
Spreader stokers 40
Petroleum 1,710
Residual oil 1,400
Tangential firing 170
Other 1,230
Distillate oil 310
Tangential firing 50
Other 200
Gas 4,990
Tangential firing 500
-~ 0ther - .- 4,480
Other 450
Wood/Bark 420
Bagasse 30
Internal combustion 1,570
Distillate oil .70
Gas 1,500

Source: References 1 through 7.
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3.2.1.1 Gas Burners--

Because natural gas can be mixed easily with air, gas burners are con-
siderably simpler than those used-for ¢il or solid fuels. Natural gas is
generally mixed with a fraction of the air necessary for complete combustion
before being fed to the combustion chamber. The air mixed with the gas at
this stage is called primary air. The gas mixture enters the combustion
chamber either through nozzles or through perforated rings. Upon entering
the chamber, the gas mixture is ignited and mixes with secondary air, which
makes up the remainder of air necessary for complete combustion.

3.2.1.2 Atomization Methods for 0il1-Fired Systems--

In order to maximize the surface area of 01l exposed to air in industrial
combustion systems, measures are taken to atomize 0il as it enters the combus-
tion chamber. Four basic methods of 0il firing are currently in use: air,
steam, and mechanical; and rotary cup. Particulate emissions from air
atomized systems are typically lower than emjssions from systems using other
techniques.®

In air atomization systems, oil is fed to the combustion chamber through
a central tube of a nozzle, and pressurized air is fed throuah an annulus
around the 0i1 passageway. The air and oil streams are combined either
inside the nozzle, or allowed to mix after leaving the nozzle. The pressure
drop across the nozzle causes turbulent mixing of the oil and atomizing air,
resulting in the formation of fine o0il droplets. The droplet stream ignites
and mixes with secondary combustion air in the combustion chamber.

Steam atomized burners operate under the same principles as air atomized
burners, except that high pressure steam, rather than pressurized air, is
used to atomize the oil. Particulate emissions from steam atomized systems
generally exceed emissions from air atomized systems by a factor of about
three.® Steam atomized systems are generally used when high pressuré steam
is more readily available than pressurized air.

In mechanical atomization systems, pressurized o0il is fed to the
combustion chamber through one or more orifices. 0il droplets are given
angular momentum as they leave these orifices. This angular momentum causes
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the droplets to break up into finer sizes. Particulate emissions from

these systems are typically higher than emissions from air or steam atomized
systems.?® However, mechanical atomization systems are simpler and generally
easier to maintain than air or steam atomization systems.

Rotary cup systems feed o0il to the smaller end of a rotating cone, the
larger end of which is exposed to the combustion chamber. Centrifugal forces
cause the oil to form a thin film on the wall of the cone. The o0il migrates
to the 1ip of the cone, and is dispersed into the combustion chamber in the
form of fine droplets. Rotary cup systems have high maintenance requirements
relative to other atomization systems, and are therefore not generally in use
in newer boilers.

3.2.1.3 Coal-Firing Methods--

Coal-firing techniques can be divided into two major groups: stoker
firing and suspension firing. Stoker firing systems can be further divided
into three groups: underfeed stokers, overfeed stokers, and spreader stokers.
Suspension firing systems inctude pulverized coal-firing and cyclone systems.

In an underfeed stoker, coal is fed to the bottom of a fuel bed, where
moisture and volatiles are driven off and the coal is coked. The volatiles
rise through the bed and undergo combustion above the bed. The coked coal
is forced to the top of the bed by newly fed coal and spills out of the bed
onto side grates, where combustion is completed. Combustion air is supplied
at the side grates; also overfire air is often supplied to the flame zone
above the bed. Underfeed stokers generally are used to burn Eastern coking
bituminous coal or anthracite, crushed to about 0.6 to 3.2 cm in diameter.
They account for roughly 24 percent of total coal-fired industrial combus-
tion system capacity.

In an overfeed stoker, coal is fed onto a continuous conveyor called a
traveling grate. The grate carries the coal under an adjustable gate and
through the furnace chamber, where combustion air is fed through the bottom
of the grate. The coal burns as it moves across the furnace, and ash particles
fall to the bottom of the furnace at the end of the grate. Overfeed stokers
can burn a wide variety of coals, with the exception of coking bituminous
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coals, which mat and restrict airf]ow through the grate. In addition to
coal, overfeed stokers can be designed to burn wood or other solid fuels.
They account for roughly 8 percent of total coal-fired industrial combustion
system capacity.

In a spreader stoker, feeders distribute coal uniformly over the traveling
grate. Combustion air is provided both over and under the grate. Captured
flyash is also recycled. Spreader stokers can be used to burn almost any
type of coal or solid fuel, including wood, wood waste products, and bagasse.
Coking qualities of coals used in spreader stokers have little effect on
system performance. Spreader stokers represent approximately 23 percent of
total coal-fired industrial combustion system capacity.

Pulverized coai-fired systems constitute approximately 33 percent of
total U.S. industrial coal-fired boiler capacity. These systems use coal
pulverized to the consistency of fine powder. This coal is generally
suspended in primary air before being fed to the combustion chamber, where
it is ignited and mixed with secondary combustion air. Pulverized coal
furnaces are further classified as dry bottom or wet bottom systems depending
on the ash removal technique used. In dry bottom furnaces, coals with high
fusion temperature are burned and dry ash removal techniques are used, while,
in wet bottom furnaces, coals with low fusion temperatures are used and ash
can be removed through a slag tap. In the industrial sector, dry bottom
pulverized coal-fired systems are much more widely used than wet bottom
systems.

Cyclone furnaces are not as widely used in the industrial sector as
pulverized coal-fired systems or stoker systems (Table 4). These furnaces
are used to burn low fusion temperature coal that has been crushed to a
maximum particle size of about 4.75 mm (4 mesh). The coal is fed tangentially,
with primary air, to a horizontal cylindrical chamber. In the furnace, smaller
coal particles are burned in suspension, while, because of the tangential
firing method, larger particles are forced against the outer wall of the
chamber. Ash is also forced against the outer wall, where, because of its
Tow fusion temperature. it forms a molten layer of slag and causes larger
coal particles to adhere to the combustion chamber wall until they are burned
instead of becoming entrained in exhaust gases leaving the combustion chamber.
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In all coal-fired combustion systems, particulate emissions are directly
related to the ash content of the coal used. However, the extent to which
the ash becomes entrained in exhaust gases is dependent on the coal-firing
methods. Particulate emission féctors, based on the ash content of coal,
have been published by EPA for various coal-firing techniques.® For spreader
stokers, other stokers, pulverized coal fired systems, and cyclone systems ,
particulate emission factors are 13A, 5A, 16A and 2A pounds per ton of coal,
respectively. The ash content of coal in percent is denoted by A; an emission
factor of 20A represents 100 percent entrainment of coal ash content in the
flue gases assuming complete combustion of all combustible matter.

3.2.1.4 Wood-Firing Methods--

Firing methods for wood-burning boilers include spreader stokers, over-
feed stokers, underfeed stokers, dutch ovens, suspension-firings, and
fluidized-bed combustion (FBC). The various stoker and suspension firing
methods designs are essentially the same as those described in Section 3.2.1.3
for coal-fired boilers. The dutch oven design is basically a refractory-
lined, rectangular box into which the wood fuel is dropped through a feed
chute. The fuel burns on a fixed grate that is sometimes water-cooled.

Ash falls through the grate and collects in an ash pit. The FBC design

uses a bed of inert-particles through which air is blown so that the bed -
behaves as a fluid. Wood fuel enters in the space above the bed and burns
both in suspension and in the bed. The ash is removed from the bottom of

the combustion chamber where it collects after falling through the bed.

The  vast majority of installed wood-fired boilers are spreader stokers
and dutch ovens. The latter were the standard design prior to the 1950s,
when they began to be replaced by stokers in new installations. Dutch ovens
are still quite common, but new ones are rarely, if ever, built. The most
common design of new boilers is the spreader stoker. The other stoker designs
and FBC are relatively rare.

Wood-burning boilers are rarely fired with 100 percent wood fuel. They
are usually equipped to burn a fossil fuel as well, with oil and natural gas
being the most common alternative fuels. The oil or natural gas is usually
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used to start up the boiler or carry most of the steam load during periods
when the wood supply is interrupted. When coal is used as a supplemental fuel,
it is almost continuously co-fired with the wood.

3.2.2 Heat Transfer Systems

In the industrial sector, three boiler types are currently in use: cast
iron boilers, firetube boilers, and watertube boilers.

3.2.2.1 Cast Iron Boilers--

Although a large percentage by number of industrial boilers are cast
iron systems, these systems comprise only about 7 percent of the total U.S.
industrial boiler capacity. Cast iron systems are generally used to burn oil
or natural gas.®> They are used to produce either low pressure steam or hot
water. In a cast iron system combustion gases rise past a vertical heat
exchanger. Water enters :at the bottom of the heat exchanger, and rises through
the exchanger tubes as it becomes heated. Cast iron systems are reliable and
durable, with an average boiler life of about 50 years.’ They require very
little maintenance, and can handle overloading in demand surges. However, the
cost of a cast iron boiler is generally higher than the cost of a firetube
boiler of comparable size.

3.2.2.2 Firetube Boilers--

Firetube boilers make up about 24 percent of total U.S. industrial
boiler capacity. These units generally are smaller than about 21 GJ/hr
input capacity.® In firetube systems, combustion products pass through
tubes submerged in water. Natural gas and oil are generally used as fuels,
because the ash present in coal can cause tube fouling. Small units are
generaily fired by natural gas, while Targer units are generally fired by
distiilate or residual oil. Firetube systems are used for space heating,
process steam, and portable electric generation units.® They are susceptible
to structural failure when subjected to large variations in steam demand,
and are, therefore, used primarily where loads are relatively constant.

3.2.2.3 MWatertube Boilers--

Watertube systems constitute about 69 percent of the total U.S. indus-
trial boiler capacity. These systems range in input capacity from 0.42 to
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over 1580 GJ/hr. Package units are available with capacities up to about

256 GJ/hr; larger units are field-erected. In a watertube system, combustion
gases contact the outsides of tubes into which water is fed to be converted
to steam. The tubes are relatively small in diameter, and therefore provide
rapid heat transfer, good response to steam demands, and high efficiency

(> 80 percent). Also, because of the small tube diameter, watertube boilers
can produce high pressure steam more safely than can firetube boilers.

Boiler systems larger than about 53 GJ/hr and systems with steam pressures
exceeding about 65 kPa are almost exclusively watertube systems. Watertube
systems can burn any available fuel.

3.3 SIZE DISTRIBUTION AND AGE OF INDUSTRIAL BOILERS

Size distributions for the most widely used types of boilers in the
industrial sector and for systems using different coal-firing techniques
are presented in Table 5. This table also shows the total number and capacity
of these combustion system categories. As shown in this table, cast iron
systems with capacities less than 10 GJ/hr make up a large percentage (58 per-
cent by number) of boilers used in the industrial sector; however, watertube
systeams in the 25 to 500 GJ/hr capacity range account for almost 70 percent
of industrial boiler capacity. Firetube systems, in the 0.42 to 26.4 GJ/hr
‘size range, account for an additional 13 percent of capacity. Coal-fired .
systems are, on the average, larger than gas or oil-fired systems; with
pulverized coal-firing systems larger than 106 GJ/hr constituting 33 percent
of the total coal-firing capacity, and spreader stokers, with a median capac-
ity in the range of 106 to 265 GJ/hr, constituting ancther 23 percent.
Table 6 shows the extent to which various atomization methods are used for
different size ranges of oil-fired industrial boilers. Air atomization is
the most common atomization technique for small units, while steam atomiza-
tion is commonly used for larger systems.

There are approximately 1500 wood-fired industrial boilers in the
United States. Table 7 shows the size distribution, by number, of wood-fired
boilers sotd between 1965 and 1973. Although the distribution presented in
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TABLE 6. POPULATION DISTRIBUTION OF OIL-FIRED INDUSTRIAL
BOILERS BY ATOMIZATION METHOD (1972)

Percent by number in rated
capacity range (GJ/hr)

10.6-17.5 17.5-106 106-264 264-528

Air atomization 40 15 5 1
Steam atomization 20 70 85 94
Mechanical atomization 10 10 10 5
Rotary cup atomization 30 5 -- --

Source: Reference 11.

TABLE 7. CAPACITY DISTRIBUTION OF WOOD-FIRED BOILER SALES
FROM 1965 THROUGH 1973

Capacity range Percent of boilers
GJ/hr sold
8-13 _ 2.2
13-79 72.8
79-197 18.4
197-394 3.3
Over 394 4.4

Source: Reference 11.
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Table 7 is for a limited time period, it is expected to be typical of the
capacity distribution of the total installed population. The distribution of
firing designs in each capacity range is shown in Table 8 for wood-fired
boilers sold between 1965 and 1976. It is clear from this table that spreader
stokers are the most popular design, particuiar]y in the larger sizes.

_ Data are available from boiler sales information on the age distribution
of various types of industrial and commercial boilers that burn natural gas,
0il, and coal.® These are presented in Table 9. As indicated in this table,
over 95 percent of the coal-fired capacity in the industrial/commercial sector
was over 10 years old in 1978. Also, coal-burning firetube systems have not
been purchased in the past 10 years. The boiler age data for coal-fired
units may indicate that a large number of units are on standby.?

3.4 CONTROL SYSTEM FOR INDUSTRIAL BOILERS

Data on emission control systems used for industrial boilers have been
gathered using the National Emissions Data System (NEDS).%:'! Natural gas
and oil-fired systems generally are not controlled because they do not
require controls to meet typical State Implementation Plan (SIP) regulations.
Particulate emissions from coal-fired industrial boilers are generally con-
trolled, while SO, emissions are generally not controlled. Table 10 presents
the results of a survey of particulate emission control systems for a total
of 2533 boilers.!? The most frequently used control devices were various

types of cyclones; uncontrolied boilers were also common.

Average collector efficiencies and total nationwide control efficiencies
for coal-fired industrial boilers, based on NEDS data, are shown in Table
11. As this table shows, nearly all pulverized coal-fired systems and cycione
systems are equipped with control systems, while stoker systems are less
frequently controlled. Typical SIPs require some degree of control (about
80 percent) for most coal-fired industrial boilers. Also, New Source Per-
formance Standards promulgated in 1974 apply to all new, modified or recon-
structed fossil fuel or wood-fired boilers with input capacities greater
than 256 GJ/hr, and require approximately 99 percent control of particulate
emissions for coal-fired systems in this size range.® New Source Performance
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TABLE 8. OISTRIBUTION OF FIRING ODESIGNS WITHIN CAPACITY RANGES
IN WOOD-FIRED BOILER SALES, 1965-1975

Percent (by number) in rated
capacity range (GJ/hr)

Firing design 8-13 13-79 79-197 197-394 Over 394

Spreader stoker 50.0 34.6 72.5 ~ 100.0 66.7

Underfeed stoker 0 1.9 0 0 0
Overfeed stoker 0 34.0 20.0 0 0
Suspension-firing 4] a 2.5 g 11.1
Other 50.0 29.5 5.0 0 22.2

Source: Reference 10,

TABLE 9. AGE DATA FOR INDUSTRIAL/COMMERCIAL
SIZE BOILERS, 1978

Percent
of capacity
System type <10 yrs old

Natural gas

_Cast iron_ 30
Firetube 27
Watertube 28

Distillate o1l

Cast iron 42
Firetube - 37
Watertube 15

Residual oil

Cast iron 43

Firetube 37

Watertube 20
Coal

Cast iron 3

Firetube 0

Watertube )

Source: Reference 5.
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TABLE 10. CONTROL SYSTEMS USED FOR COAL-FIRED BOILERS

Percent
Control technique {by number)
No control 33
Cyclone 47
Scrubber 4
Electrostatic precipitator 14
Fabric filter 1

Source: Reference 12 (2533 units surveyed).

TABLE 11. ESTIMATED APPLICATION OF CONTROL EQUIPMENT
TO COAL-FIRED INDUSTRIAL BOILERS, 1978

Average

collector Control Net

efficiency application control
System type (percent) {percent) (percent)
Pulverized 85 95 ' 81
Cycione 82 91 75
Stoker 85 62 53

Source: Reference 5 and 6.
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Standards that would affect industrial boilers are expected to be proposed
in the early 1980s.* Passage of these standards would result in increased
application of control and installation of more efficient control systems,
especially for particulate matter, in the future.
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4.0 EMISSIONS

Flue gases represent the principal source of air emissions from industrial
boilers. Pollutants emitted in flue gas streams include particulates, nitrogen
oxides, sulfur oxides, sulfates, carbon monoxide, trace elements, and a variety
of organic materials including polycyclic organic material (POM). Emissions of
nitrogen oxides result from the oxidation of the nitrogen component of com-
bustion air and nitrogen present in the fuel. Emissions of sulfur oxides,
primarily SO;, result from the oxidation of sulfur present in the fuel. The
guantities of nitrogen oxides, S03, and sulfates emitted depend on the type
of fuel burned, the amount of excess air present, and the flame temperature.
The formation of SO; and sulfates is also catalyzed by trace elements in the
fuel, such as vanadium and nickel.

Emissions of carbon monoxide and organic compounds such as hydrocarbons
and POM result from incomplete combustion. ‘Particu1ate matter emissions
comprise combustion products of mineral compounds present in the fuel and
products of incompiete combustion, such as soot. Elements present in the
fuel are emitted primarily as particulates with some inorganic species emit-
ted in gaseous form.

Fugitive air and water emissions from coal and ash storage piles in the
industrial sector are relatively minor in comparison to such emissions from
utility sources. Coal consumed by the industrial sector represents only about
10 percent of the coal burned by utilities; coal storage piles for industrial
boilers are generally small, approximately 33 percent of the size of coal
storage piles for a coal-fired utility boiler of similar capacity; and the
average particulate collection efficiency of coal-fired industrial boilers is
70 percent compared to an overall collection efficiency of 92 percent for
coal-fired utilities. Thus, fugitive air and water emissions from industrial
coal and ash storage piles represent approximately 3.3 percent and 7.6
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percent, respectively, of such emissions from the utility sector. These emis-
sions have been examined in detail in the utility report (Volume I1I1) of this
EACCS program series and were not considered in this industrial combustion
source sampling and analysis prdgram. Fugitive emissions from gaseous and
Tiquid fuels are considered minor because gaseous fuels are contained before
combustion, and evaporation losses from liquid fuels are small because of
their Tow volatility.

Qther sources of air and water pollution and solid waste generation have
also been examined in detail in the utility report and were not subjected to
further examination in this study of industrial emissions. These sources
include cooling towers, boiler blowdown and feedwater treatment, equipment
cleaning, particulate scrubbers, and flue gas desulfurization {FGD) equipment.
However, results of a detailed study of emissions from an industrial boiler
burning either exclusively coal or 0il and equipped with a double-alkali FGD
unit, conducted under the auspices of this program, are described in Reference
15. Flue gas emissions from this unit are summarized in this report (site
200/201, pulverized ceoal and site 202/203, residual oil).

decause of the types and quantities of fuels burned, industria) combustion
sources contribute more to the nationwide pollutant burden than commercial
and.residential combustion sources, but_ less than utility combustion sources.
Industrial boilers are usually larger than residential and commercial sources,
but are less numerous and better controlled. In general, industrial boilers
have higher stacks, which promote dispersion of pollutants. Industrial boilers
are smaller than utility boilers, but are generally not as well maintained
and controlled. Poor maintenance can, in some instances, lead to excess
emissions of potentially hazardous air pollutants, such as PQM.

Detailed data on flue gas emissions from industrial boilers are presented
in the following sections. As noted above, fugitive air emissions and pollu-
tant emissions to water from industrial boilers are not discussed in this
report. However, the trace element and organic content of a limited number
of ash samples from wood burning sites were measured, and the data are dis-
cussed later in this section. Data, characterizing ash from wood combustion
are limited and were felt to be of potential interest because of the high
levels of POM compounds found in the flue gas of some wood-fired combustion
sources.
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4.1 EVALUATION OF EXISTING EMISSIONS DATA

4.1.1 Criteria for Evaluating the Adequacy of Emission Data

A major task in this program was the identification of gaps and
inadequacies in the existing emissions data base for combustion sources.
The results of this effort were used to determine the extent of the
sampling and analysis program required to complete an adequate emissions
assessment for each of the combustion source types. In addition, the data
acquired during the sampling and analysis program, in combination with the
existing data, also need to be assessed. Data inadequacies identified at
the completion of the current program will require further study.

The criteria for assessing the adequacy of emissions data were
developed by considering both the reliability and the variability of the
data. A detailed presentation of the procedures used to identify and
evaluate emissions data is given in Appendix A. Briefly, the general
approach was to use a three-step process. In the first step, the available
data were screened for adequate definition of process and fuel parameters
that may affect emissions, as well as for validity and accuracy of sampling
and analysis methods. In the second step of the data evaluation process,
emissions data deemed acceptable in Step 1 were subjected to further engineering
and statistical analyses to determine the internal consistency of the test
results and the varijability in emission factors. The third and final step
in the process used a method developed by Monsanto Research Corporation
(MRC) that is based on both the potential environmental risks associated with
the emissions of each pollutant and the quality and variability of the data.
The potential environmental risks associated with pollutant emissions were
determined by using an ambient severity factor that is defined as the ratio of
the calculated maximum ground-level concentration of the pollutant species
for an isolated typical source to the level at which a potential environmental
hazard exists. Data variability, V, is defined as

v =t X
X

where s(x) is the standard deviation of the mean and x is the estimated mean
value. Defined in this manner, data variability is a measure of the "relative
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precision” of the estimated mean emission factor, assuming a normal distribu-
tion of emission factors {see Appendix A). If the variability of emission
factor data is < 70 percent, (equivalent to an accuracy factor of < 3, which
has been defined by EPA as the acéeptab1e accuracy for Level I sampling and
analysis), the data are deemed adequate. However, if the variability of the
emissions data is > 70 percent, the determination of data adequacy and the
need for further measurement will be based on calculated ambient severity
factors for each pollutant. The data will be considered adequate if the upper
bound of the ambient severity factor is < 0.05.

In addition to the general approach described above, fuel analysis, mass
balance, and physico-chemical considerations can often be used to estimate
emission levels and to establish the adequacy of the data base. For example,
flue gas emissions of trace elements from cil-fired boilers can be determined
from the trace element content of fuel oil by mass balance. Thus, an adequate
characterization of the trace element content of fuel 0il will provide an
adequate characterization of trace element emissions from oil-fired boilers.
Fuel sulfur content, ash content of coal, and the nitrogen content of residual

3
Py £ £ 3 ] i
examples of fuel characteristics that can be used to estimate

0i1 are other
emissions from combustion sources. EPA emission factors given in Reference 9
{(AP-42) for particulates, sulfur oxides, and nitrogen oxides are dependent
to varying degrees on certain of the above fuel characteristics. Certain
combustion system characteristics; e.g., size, load, burner type, and other
operational parameters, also affect emissions of some criteria poilutants.

These effects are guantified in AP-42 for some combustion source categories.

Both fuel and combustion system characteristics are important factors
affecting criteria poilutant emissions, and the magnitude of these factors
can be determined for combustion source categories under representative combus-
tion conditions by examination of EPA emission factors.S However, the existing
emissions data base is too limited to allow estimation of criteria pollutant
emissions under nonrepresentative or abnormal conditions of combustion source
operation, nor js it possible to quantify emissions of certain pollutants, e.g.,
POM, under any conditions. Although emissions of POM are known to be dependent
on such factors as fuel, burner efficiency, and load, the magnitude of such
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factors cannot be assessed given the present state of knowledge of emissions
from combustion sources. A major objective of this program is to provide
additional data for use in the assessment of the significance of POM and
other emissions from representative combustion scurce categories, using the
general approach described previously.

4.1.2 Existing Emissions Data: Gas-Fired Sources

4.1.2.1 Criteria Pollutant Emissions--

Criteria pollutant emissions data for gas-fired industrial-size
boilers have been obtained by KVB Engineering, Inc.!6'17 These data were
obtained under several different operating conditions for representative
gas-fired units, including 23 watertube boilers and nine firetube boilers.
Input capacities of these units ranged from 8.5 to 338 GJ/hr. A summary of
the criteria pollutant emissions data obtained at baseline conditions
(approximately 80 percent load and 10 percent C0,). is presented in Table
12, For each pollutant, this table shows the number of data points, the
mean emission factor, the variability of the mean, the ambient source
severity factor, an assessment of the data base adequacy, and for comparison,

the published EPA emission factor.? Detailed test results are presented
in Appendix C with information on the units tested, including age,

efficiency, and stack gas composition.

As indicated in Table 12, the data base for criteria pollutant emissions
from gas-fired industrial boilers is considered adequate. The variability
of hydrocarbon emissions data exceeds 70 percent; however, the upper limit
of the severity factor for this pollutant is below 0.05. The only criteria
pollutant of potential environmental significance for gas-fired industrial
boilers is N0y, with a mean severity factor exceeding 0.1. However, emission
factors shown in Table 12 for hydrocarbons, CO, and SO, are higher than
published EPA emission factors by 5- te 10-fold. 1In the cases of hydrocarbons
and CO, the discrepancies are probably attributable to boiler operating
conditions. The discrepancy in the case of SO, can not be attributed to
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boiler operating conditions, because SO, emissions from natural gas firing
depend only on the fuel sulfur content. Because the published EPA emissign
factor for S0: was calculated from fuel sulfur content, the KVB data are
suspect. (

TABLE 12. SUMMARY OF CRITERIA POLLUTANT EMISSIONS DATA
FOR GAS-FIRED INDUSTRIAL BOILERS

Mean EPA
Number emission Ambient emission
of data factor Variability severit Data base factor
Pollutant points {ng/3) {percent) facto adequacyd {ng/J)
Particuiate 14 2,46 24 0.0012 A 2.10-6.29
S0, 2 3.20 - 0.0011 A 0.3
N0, {as NOZ) 3 71.4 20 0.1160 A 50.30-96.50
Hydrocarbons 22 6.81 7 0.0134° A 1.26
A 7.13

co 36 32.8 65 0.0002

3Based on a firing rate of 13.5 GJ/hr and a stack height of 23 meters.
bAdequate data base is indicated by A.
CUpper limit of severity factor.

4.1.2.2 Fine Particulate Emissions--

KVB Engineering, Inc., also attempted to determine the particile size
distribution of fly ash from six gas-fired industrial boilers by optical
classification.1® The results of the KVB study are variable: for
three boilers the majority of particles emitted were larger than 6um,
whereas for the other three, the majority of particles were smaller than & um.
Also, the relative numbers of small particles (< 2um) were not determined
in five of the six tests because of the difficulty in counting small particles
by the optical technique used. However, the lack of particle size distribu-
tion data does not represent a serious data deficiency, because of the
relatively low particulate emissions from gas-fired sources.

4.1.2.3 Sulfate and Trace Eiement Emissions--

Sulfate and trace element emissions data were not found in the literature
for natural gas-fired industrial sources. However, because of the low
sulfur and trace element contents of natural gas, the lack of data does
not represent a serious deficiency.
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4.1.2.4 Specific Organic and POM Emissions--

Emissions of POM from a gas-fired process heating boiler were measured
by the Public Health Service.'® The unit tested was a firetube boiler with
a rated capacity of 7.6 GJ/hr. During testing the unit was operated at a
firing rate of about 9.8 GJ/hr. Test samples were obtained by passing the
flue gas through two water impingers at 0°C, a series of freeze-out traps at
-17°C, and a high efficiency filter. Organic material was then extracted
from the samples with benzene and separated into a number of fractions by
chromatography, and concentrations of specific compounds were measured by
ultraviolet-visible spectroscopy. Table 13 presents the results of these
measurements. Because POM data are available for only one gas-fired boiler,
no meaningful measure of variability or ambient severity is possible.

TABLE 13. POM EMISSIONS FROM A GAS-FIRED INDUSTRIAL BOILER®®

Emissions

Pollutant (pg/Jd)
Total benzene soluble organics 1040
Benzo (a) pyrene 0.2
Pyrene 0.004
Benzo (e) pyrene 0.014
Perylene ND
Benzo (g,h,i) pyrene ND
Anthanthrene ND
Coronene 0.012
Anthracene ND
Phenanthrene ND
Fluoranthrene 0.09

ND --'not detected.

_ Generally, emissions of POM from gas-fired sources are not of concern
because of the chemical makeup of natural gas. Natural gas contains predomi-
nantly saturated hydrocarbons, which do not promote the addition reactions
between hydrocarbon species necessary to form large molecular weight hydro-
carbons. Also, cyclic compounds, which form convenient building blocks for
POMs, are not generally present in natural gas. However, because of the
severity of POM exposure and the deficiency of data, further testing for POM
emissions from gas-fired boilers was conducted.
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4,1.3 Existing Emissions Data: O0il-Fired Sources

4,1.3.1 Criteria Pollutant Emissions--

KVB and Environmental Ultrasystems obtained criteria pollutant emissions
data for a number of distillate and residual oil-fired industrial size
boilers at a variety of operating conditions.186°17°19°20 Emjssions data were
obtained at baseline conditions (approximately 80 percent lcad and 12 percent
C0,) for 14 distillate oil-fired boilers and 24 residual oil-fired boilers.
These boilers include firetube systems using air and steam atomization;
and watertube systems using air, steam, and mechanical atomization. The
distillate oil-fired boilers tested ranged in input capacity from about
4 to 145 GJ/hr; the residual 0il-fired units ranged from about 4 to 660 GJ/hr
input capacity. The results of tests conducted at baseline conditions are
presented in Appendix C and summarized for distillate and residual o0il-fired
sources in Tables 14 and 15, respectively. Appendix C presents information
on the units tested, including ages and efficiencies, as well as information
on operating conditions and fuel sulfur contents. Tables 14 and 15 present

1es,
ssions from distillate and residual 0il-Ffired

—

factors Tor criteria poilutant em s
sources, respectively. The tables also present assessments of data base
adequacy and, for-comparison, published EPA emission factors.®

As shown in Table 14 and 15, the criteria pollutant emissions data
base for distillate and residual oil-fired industrial boilers are considered
adequate. Emission factor variabilities for hydrocarbons and CO from distil-
late oil-fired boilers and hydrocarbons from residual oil-fired boilers are
greater than 70 percent; however, the upper limit ambient severity factors
for these pollutants are all much less than 0.05. Emissions of NOx from both
distillate and residual ojl-fired boilers and $0; from residual oil-fired
boilers are enviromentally significant, with ambient severity factors
exceeding 0.05. Also, ambient severity factors for S50, emissions from
distillate oil-fired units and particulate emissions from residual oil-
fired units approach 0.05 -- 0.022 and 0.020, respectively.
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TABLE 14, SUMMARY OF CRITERIA POLLUTANT ENISSIONS DATA FOR
DISTILLATE OIL-FIRED INDUSTRIAL BOILERS

Mean EPA

Number emission i Ambient emission

of data factor Variability severity Data base factor
Pollutant points (ng/d) {percent) factord adequacyb (ng/Jd)
Particulate 9 13.7 n 0.0036 A 6.4
50, 9 494s° 29 0.02219 A a555°¢
NOx (as N02) 20 66.2 14 0.0568 A 70.6
Hydrocarbons 5 1.86 135 0.0026°® A 3.21
Co 18 2.06 98 <0.0001€ A 16.0

8Based on a firing rate of 7.1 GJ/hr and a stack height of 23 meters.
bAdequate data base is indicated by A.

%S refers to the percentage of sulfur by weight in the oil.

dBased on a average fuel sulfur content of 0.24 percent.

eUpper limit of severity factor.

TABLE 15. SUMMARY OF CRITERIA POLLUTANT EMISSIONS DATA FOR
RESIDUAL OIL-FIRED INDUSTRIAL BOILERS

Mean EPA
Number emission Ambient emission
. of data factor Variability severity Data base factor
Pollutant points {ng/J) {percent) factord adequacyb {ng/J)
Particulate 22 39.3 35 0.0200 A 30.
SO2 25 4355°¢ g 0.1590d A 4625
NO, (as NOE) 34 151 12 0.2450 A 177
Hydrocarbons 13 3.02 75 0.0061% A 2.94
co 3 3.72 61 <0.000 A 14.7

4

4gased on a firing rate of 13.5 GJ/hr and a stack height of 23 meters.
bAdequate data base is indicated by A.

€5 refers to the percentage of sulfur in the oil.

dBased on an average fuel sulfur content of about 1.03 percent.
eUpper limit severity factor.
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4.1.3.2 Fine Particuiate Emissions--

Particle size distribution data by mass were obtained by KVB Engineering,
Inc., for two distillate 0il-fired industrial boilers and six residual oil-
fired boilers.17°12 These data are summarized in Table 16. Mass median
diameters ranged from 3.4 to 5.0 um for distillate oii-fired boilers and
from less than 1.0 um to 3.4 um for residual oil-fired boilers. Percentages
of respirable particles (particies less than about 3 um)} ranged from 2€ to
55 percent for distillate oil-fired sources, and from 46 to 93 percent for
residual oil-fired sources. The particle size data base for residual oil-
fired systems is adequate; however, the data base for distillate oil-fired
systems must be considered inadequate.

4.1.3.3 S0; and Sulfate Emissions--

Data obtained by KVB indicate that the ratio of S0; emissions to SOX
emissions from oil-fired industrial boilers is typically 1 to 2 percent.17°1%
The data show a sharp increase in this ratio at low SO, emission rates;
however, this effect was attributed by KVB to inadequacies in the SO; measure-
ment technique at iow concentrations.’’ The rate of formation of 503 is
generally directly proportionsl to the concentration of S0,. Formation of
50; is also enhanced-by increased combustion oxygen and by the-presence of
trace elements such as vanadium and nickel, which catalyze the conversion
of SO, to SO;. No data are available on the conversion of S0; to primary
sulfate in industrial boilers.

Using the SOx emission rates presented in Tables 14 and 15, if
1.5 percent of the sulfur emitted from oil-fired industrial boilers is
emitted as 503, emission factors for SO, from distillate and residual
oil-fired boilers are 1.8 ng/J and 6.7 ng/J, respectively. Ambient severity
factors for these emission rates are 0.067 and 0.26, respectively. Based on
these factors, 50; emissions from both distillate and residual oil-fired
industrial boilers are significant.
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4.1.3.4 Trace Element Emissions--

The trace element data base for residual oil-fired industrial beoilers
is 1imited to data obtained by KVB for a residual oil-fired boiler.1®
However, for oil combustion, emissions of trace elements can be estimated
with a good degree of accuracy by assuming that all trace elements present
in 0il are emitted in the fiue gas. Table 17 presents average trace element
contents of residual oil, based on a weighted average of residual oils used in
the United States.2! Emission factors and mean ambient source severity factors
calculated using these data are presented in Table 18. Emissions of several
elements have severity factors greater than 0.05, and are therefore of
environmental concern. Elements for which mean source severities exceed 0.05
are arsenic, beryllium, cadmium, cobalt, chromium, iron, potassium, nickel,
lead, uranium, and vanadium. Because no data are available on the variability
of trace element concentrations in residual oil, and because emissions of
several trace elements from industrial residual oil-fired boilers appear to
be environmentally significant, the data base for trace element emissions
from industrial residual oil-fired boilers is considered inadequate.

Data on trace element concentrations in distillate oil or on trace
element emissions from distillate 0il combustion were not found in the
literature. However, emissions of trace elements from distillate oil™
combustion are generally much lower than emissions from residual oil
combustion.

4.1.3.5 Specific Organic and POM Emissions--

Emissions of POM from oil-fired industrial boilers havg'been measured by
the Public Health Service and by KVB Engineering.18°19 [n the Public Health
Service tests, samples were collected by passing the flue gas through two
water impingers at 0°C, a series of freeze-out traps at -17°C, and a high
efficiency filter. Organic matter was extracted from the filter catch with
benzene and separated into fractions using chromatography. Concentrations
of specific compounds were measured by ultraviolet-visible spectroscopy.’®
In the KVB tests, samples were collected by passing the flue gas through
XAD-2 resin, and concentrations of specific organics were determined using
combined gas chromatography/mass spectroscopy.!®
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TABLE 17. AVERAGE TRACE ELEMENT CONCENTRATIONS OF RESIDUAL OIL

Trace Concentration, Trace Concentration,
element pom element ppm
Yanadium 160 Gallium 0.4
Nickel 42.2 Indium 0.3
Potassium 34 Silver 0.3
Sodium 3 Germanium 0.2
Iron 18 Thallium 0.2
Silicon 17.5 Zirconium 0.2
Calcium 14 Strontium 0.1%
Magnesium 13 Bromine 0.13
Chlorine 12 Fluorine 0.12
Tin 6.2 Ruthenium 0.10
Atuminum 3.8 Tellurium 0.1
Lead 3.5 Cesium 0.09
Copper 2.8 BerylTium 0.08
Cadmium 2.27 Iodine 0.06
Cobalt 2.21 Lithium Q.06
Rubidium 2 Mercury 0.04
Titanium 1.8 Tantalum 0.04
Manganese 1.33 Rhodium 0.03
Chromium 1.3 Gold 0.02
Barium 1.26 Platinum 0.02
Zinc 1.26 Scandium 0.02
Phosphorus 1.1 Bismuth 0.01
Molybdenum 0.90 Cerium 0.006
Arsenic 0.8 Tungsten 0.004
Selenium 0.7 Hafnium 0.003
Uranium 0.7 Yttrium 0.002
Antimony 0.44 Niobium 0.601
Boron 0.41

Source: Reference Z21.
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TABLE 18. TRACE ELEMENT EMISSION FACTORS AND MEAN AMBIENT SEVERITY
FACTORS FOR RESIDUAL QIL-FIRED INDUSTRIAL BOILERS
Emission Ambient?
Concentration factor severity
Trace element (ppm) {pg/J) factor
Aluminum (A1) 3.8 87 0.002
Arsenic (As) 0.8 18 1.1
- Boron (B) 0.41 9.4 <0.001
Barium (Ba) 1.26 28.8 0.008
Beryllium (Be) 0.08 1.8 0.11
Bromine (Br) 0.13 3.0 <0.001
Calcium (Ca) 14 320 0.002
Cadmium (Cd) 2.27 51.9 0.64
Chlorine (C1) 12 274 0.012
Cobalt (Co) 2.21 50.5 0.12
Chromium (Cr) 1.3 30 2.7
Copper (Cu) 2.8 64 0.638
Fluorine (F) 0.12 2.7 <0.001
Iron {Fe) 18 411 0.05
Mercury (Hg) 0.04 0.9 0.002
Potassium (K) 34 777 0.48
Lithium (L1} 0.06 1.4 0.006
Magnesium (Mg) 13 297 0.006
Manganese (Mn) 1.33 30.4 <0.001
Molybdenum (Mo} G.S 21 <0.081
Sodium {Na) 31 708 0.034
Nickel (Ni) 42.2 964 7.8
__Phosphorus—.(P) —— il o 026 0,008 e
Lead (Pb} 3.5 80 0.066
Antimony (Sb) 0.44 10 0.002
Selenium (Se) 0.7 16 0.010
Silicon (Si) 17.5 400 0.004
Tin {Sn) 6.2 142 0.004
Strontium (Sr) 0.1% - 3.4 <0.001
Thorium (Th) <0.001 0.02 <0.001
Uranium (U) 0.7 16 0.22
Vanadium (V) 160 3656 0.90
Zinc {Zn) 1.26 28.8 <0.001

%Based on a firing rate of 50 x 10° J/hr.
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The results of these tests are presented in Table 19. Because of
difficulties in sample analysis, the results of the KVB tests (unit 3) show
only the lower 1imits of POM emissions. Variabilities and severity factors
for the Public Health Service data were not calculated because of the
Timited number of tests and the variations in fuel used and boiler load. The
data base for POM emissions from distillate and residual oil-fired industrial
boilers must be considered inadequate.

TABLE 19. POM EMISSIONS FROM OIL-FIRED INDUSTRIAL BOILERS, pg/J

Combustion sources, firing rates, and fuels

Unit | Unit 2 Unit 3
22 GJ/hr 15 GJ/hr 20 GJ/hr
PoTlutant #2 0112 #6 oi1b #6 0iic
Total benzene
soluble arganics 1320 3130 >0.009

Benzo {a) pyrene «(.02 06.0% >0.000007
Pyrene 0.04 0.3 >0.00009
Benzo (e) pyrene ND ND >0.000007
Perylene ND ND NM
Benzo {g,h,i) pyrene ND ND NM
Anthanthrene ND ND NM
Coronene ND ND NM
Anthracene ND ND >(.0056
Phenanthrene ND 1.8 ND
Fluoranthrene 0.05 0.3 >0.0021
Methyl anthracenes NM NM >0.00037
bibenz (a,h) anthracene NM NM ND
Benzo {c) phenanthrene MM, NM 0.000005
3-MethyTcholanthrene NM NM ND . '
Dibenzo (a,h) pyrene NM NM ND
Dibenzo (a,i} pyrene NM NM ND
Dibenzo {c,9) carbazole NM NM ND
Chrysene NM KM >0.000044
8enzofluoranthrenes NM NM >{3. 00001

ND -- not detected
MM -- not measured

aReference 18. Steam atomized watertube unit operating at 91 percent load.
bReference 18. Steam atomized watertube unit operating at 48 percent Yoad.

“Reference 19: Mechanical atomization watertube unit operating at 83 percent load.
Because of difficulties in sample analysis, emissions data reported for this unit show
only the lower limits of POM emissions.

4,1.4 Existing Emissions Data: Coal-Fired Sources

4.1.4.1 Criteria Pollutant Emissions--

Bituminous Coal-Fired Sources--KVB Engineering obtained criteria pollutant
emissions data for bituminous coal-fired industrial boilers operating under
a variety of conditions,16°17722-24726 The sources tested include nine pul-
verized coal-fired boilers ranging in input capacity from 132 GJ/hr to 1500
GJ/hr, 11 spreader stokers with capacities ranging from 66 GJ/hr to 417 GJ/hr
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input capacity, and 13 grate type and underfeed stokers with input capacities
ranging from 13 GJ/hr to 80 GJ/hr. All of these systems used watertube
boilers. The results of tests conducted at baseline conditions (approxi-
mately 80 percent load and 10 percent CO;) are presented in Appendix C with
information on operating conditions, stack gas concentrations, and fuel
sulfur and ash contents. Summaries of particulate, S0, NOX, hydrocarbon,
and CO emissions data are presented in Tables 20 through 24, respectively.
For each of the above boiler types, the tables present the number of data
points, the average emission factor, the variability and the ambient severity
factor associated with the emission factor, an assessment of the data base
adequacy, and, for comparison, the published EPA emission factor.®

Because data were available for only one cyclone system, the criteria
pollutant emissions data base for cyclones must be considered inadequate.
However, as noted in Chapter 3 (Table 3), cyclone systems consume only
about 2.6 percent of the coal used as fuel in the industrial sector.

Particulate emission factors and associated ambient severity factors
are presented in Table 20 for both controlled and uncontrolied emissions.
Controlled emissions were determined using the average particulate control
efficiencies shown in Section 3 (Table 11) for the various boiler types.
Although the emission factors for pulverized dry bottom systems and other -
stokers are roughly a factor of two lower than their respective EPA emission
factors, the variability of the data is less than 70 percent and the data
are adequate for these units. Data variability is greater than 70 percent
for spreader stokers and therefore the data base is inadequate. Because
only one cyclone was tested the data base for cyclones is also inadequate.
Ambient severity factors exceed 0.05 for all combustion systems, including
the controlled systems. Control systems with efficiencies greater than 95
percent would be required to reduce ambient severity factors to 0.05 or less.

For pulverized coal-fired systems and stokers, the data base for 50:
emissions is considered adequate. The emission factors for SO, have vari-
abilities well under 70 percent and, when the variabilities are taken into
account, are in agreement with published EPA emission factors. 50 emissions
are environmentally significant for all of the coal combustion systems studied.

54




"1 Aq pajedlpu} si paseq

*3u3243d Ut JUJU0D ySe |anj SIIEILpUL Y

*d072e) AJLA2ABS JLun| ;maa:m

p

ejep ajenbapeul pue y Aq paledipul SL aseg ejep mumacwv<u

*quataad 60° b1

30 |POY SNOULUNILG 404 JUJUOD ysSe sbeadae ue pue {SJ3y0]S J8YI0 40) $AIJ3W 2 £7 PUR *sSudN01S Japeauds pur
*S3U0|2AD ‘SUI[LOQ PIJLY-(B0I PIZLAIA(ND U0 SJIIAW 0§ 4O SIYBLAY Y201 ¢5UIN01S 4BYIO0 40y 4Y/00 05 pue *SJay03s
Japeaads 40y Jy/(Pg ST *SIUC|IAD puP SAILLOQ PaULS-| B0 pazi4aa(nd 40} 4y/(g 00Z 4O sa13toeded jeay uo owmmmn

(g g uoLydas ‘g adrdey)) Sauo|ILD 40y IuUIIARD ZE Pue ‘S4IN0IS pue
S43(10Q paJii-|00D paziuaa[nd 40y Ju3IL3d GE 3Ue SUOLSS|WI PI||04IU0D DILNI(EI 0} PISN [0JIUOD 4O S3LOUBLI144T,

qum v £2°0 51 £9 uqm u<mm g1 431035 43ylQ
qumm l 291 5 01 £8 vqom u<~mm P4 43%0}5 J49peduds
u<mm | {270 51 -- uqu vqmm I 3u0|24)
nqmmm 1) 6t°0 ¢'¢t L2 n<NN um¢H 9 Aap *pazLJ4dA|ng
{p/6u) Aaenbape  pa|{043uo) pa|043u00U[ (Jusduad) mvmﬁﬂoLuzou pal [043uodup sjutod warsks
40320}  3seq ejeq Ajtp1qetaey elep 40 uoLIsSnNquo’)

UoLSS LW agouumu P JWE T
¥d3 juaquy

{p/6u) aoloey uoLsSSLWI Jaquny

ueay

SY3T108 IWIYISNAONI Q3¥I4-TY0D
SNONIWNLIE 404 VIVQ SNOISSIWI 3ILVINJILYYd 40 AYYWWNS

‘0 319Vl

55




TABLE 21. SUMMARY OF SO, EMISSIONS DATA FOR BITUMINOUS
COAL-FIRED INDUSTRIAL BOILERS

Mean EPA
Number emission Ambient emission
Combustion of data factor Variability severity Data basg factor
system points {ng/J) {percent) factor? adequacy {ng/J)
Pulverized, dry 6 6195° 25 1.3 A 7435¢
Cyclone 1 3255¢ -- 0.69 - I 7435¢
Spreader stoker 22 7585°¢ 10 1.2 A 7835°¢
Other stoker 10 6885° 12 1.7 A 7435¢

3Based on heat capacities of 200 GJ/hr for pulverized coal-fired boilers and
cyclones, 150 GJ/hr for spreader stokers, and 50 GJ/hr for other stokers;
stack heights of 50 meters for pulverized coal-fired boilers, cyclones, and
spreader stokers, and 23.2 meters for other stokers; and on an average fuel
sulfur content of 1.92 percent.

bAdequate data based is indicated by A and inadequate data base is indicated
by I.

s indicates percent sulfur in fuel,

TABLE 22. SWMMARY OF NOx EMISSIONS DATA FOR BITIMINOUS

COAL-FIRED INDUSTRIAL BOILERS

_ ’ . Mean EPA
Number emission ' T Ambient T emission
Combustion of data factor Variability severity Data base factor
system points {ng/3) (percent) factord adequacyb {ng/J}
Pulverized, dry 6 243 30 1.7 A 352
Cyclone 1 482 -~ 3.4 1 1070
Spreader stoker 25 238 7 1.2 A 293
Other stoker 15 127 16 1.0 A 293

dpased on heat capacities of 200 GJ/hr for pulverized coal-fired boilers and cyclones,
140 GJ/hr for spreader stokers, and 50 GJ)/hr for other stokers; stack heights of 50 meters
for pulverized coal fired boilers, cyclones, and spreader stokers, and 23.2 meters for
other stokers.

bAdequate data base is indicated by A and inadequate data base is indicated by {.
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TABLE 23. SUMMARY OF HYDROCARBON EMISSIONS DATA FOR
BITUMINOUS COAL-FIRED INDUSTRIAL BOILERS

Mean EPA

Number emission ‘ Armbient emission

Combustion of data factor Variability severity Data base factor

system points (ng/d) (percent) factora adequacyb {ng/d)
Pulverized, dry 5 3.3 1M 0.025% A 6
Cyclone .- - - .- 1 6
Spreader stoker 3 4.0 80 0.019° A 6
Other stoker - - - . - 6

3Based on heat capacities of 200 GJ/hr for pulverized coal-fired boilers and cyclones,
150 GJ/hr for spreader stokers, and 50 GJ/hr for other stokers; stack heights of 50 meters
for pulverized coal fired boilers, cyclones, and spreader stokers, and 231.2 meters for
other stokers.

bAdequate data base is indicated by A and inadequate data base is indicated by I.
CUpper limit of severity factor.

TABLE 24. SUMMARY OF CO EMISSIONS DATA FOR BITUMINOUS
COAL-FIRED INDUSTRIAL BOILERS

e === TSI R T T EE ST BT IT—r TR [ Troi s Rt = = —_————

Mean EPA
) Number emission Ambient emission
Combustion of data factor Variability severity Data base factor
system points {ng/J) {percent) factord adequacyd (ng/J)
Pulverized, dry 4 0 0 0 A 20
Cyclone 1 0 -- 0 [ 20
Spreader stoker 30 132 a7 0.0017 A 20
Other stoker 14 250 76 0.008%° A 20

3Based on heat capacities of 200 GJ/hr for pulverized coal-fired boilers and cyclones,
150 GJ/hr for spreader stokers, and 50 GJ/hr far other stokers; stack heights of 50 meters
for pulverized coal fired boilers, cyclones, and spreader stokers, and 23.2 meters for
other stokers.

bAdequate data base is indicated by A and inadequate data base is indicated by I.
cUpper limit of severity factor.
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The NO} emissions data base for pulverized ccal-fired systems and
stokers is considered adequate, based on the data variability. The NOx
emission factor for small stokers is lower by a factor of about 2.3 than
the published EPA emission factor; however the EPA emission factor is based
on a compilation of data for all stokers, including spreader stokers, NOx
emissions from all of the coal combustion systems considered are associated
with ambient severity factors greater than 1, and are therefore considered
environmentally significant ,

Although hydrocarbon and CO emission factors derived from the literature
have high variabilities and are not generally in agreement with published
EPA emission factors, the ambient severity factors associated with these
emission factors are well below 0.05. Therefore the data base for hydrocarbon
and CO emissions from pulverized coal-fired systems and stokers is
considered adequate. No data are available on hydrocarbon emissions from
small stokers; however, hydrocarbon emissions from these stokers are
expected to be similar to hydrocarbon emissions from spreader stokers.

Anthracite and Lignite Coal-Fired Sources--Data were not available in

the Titerature on criteria pollutant emissions from anthracite and lignite
coal-fired sources. However, anthracite and lignite coals account for
only about 0.65. percent_and 2.6_percent,,fespective]y, of the coal_used
for fuel in the industrial sector. Published EPA emission factors for
criteria pollutants from anthracite and lignite coal-fired sources and
associated severity factors are presented in Table 25.° Controlled
particulate emission factors and associated severity factors are also
presented, based on an average particulate emission control efficiency for
stokers of 85 percent (Table 11).

Mean ambient severity factors for 50, emissions, HO, emissions, and
uncontrolled particulate emissions are in excess of 0.05 for both anthracite
and lignite coal-fired sources. Also, severity factors of controlled parti-
culate emissions and hydrocarbon emissions from lignite coal-fired sources
exceed 0.05, and the severity factor for controlled particulate emissions
from anthracite coal-fired sources approaches 0.05. Average severity factors




for CO emissions from both anthracite and lignite coal-fired sources, and
hydrocarbon emissions from anthracite coal-fired sources, are well below

0.05; therefore these emissions are not considered enviromentally significant.
However, because no data are available to determine the variability of emissions
from anthracite and lignite coal-fired sources, the data base for all criteria
pollutant emissions from these sources must be considered inadequate.

TABLE 25. PUBLISHED EPA EMISSIONS FACTORS AND AMBIENT SOURCE
SEVERITY FACTORS FOR ANTHRACITE- AND LIGNITE-FIRED

BOILERS
Anthrarite-fired bo}}ersa Lignite-fired boiiersb
Emission Ambient Emission Ambient
factor severiEy factor severi&y
Pollutant (ng/J) factor (ng/d) factor
particutate -- d d
Uncontrolled 14A 0.25 2254 1.1
Controlled ZA 0.037 34A 0.16
s0, 5515€ 0.4 96652 0.45
NOx 145 1.2 193 1.0
Hydrocarbon 0 0 32.2 0.087
co 14.5 0.0002 64.4 0.0008

3A11 stokers.
bSpreader stokers.

CBased on heat capacities of 150 GJ/hr for Tignite-fired spreader stokers and 50 GJ/hr
for anthracite-fired stokers; stack heights of 50 meters for lignite-fired spreader
stokers and 23.2 meters for anthracite-fired stokers; and the following fuel sulfur
and ash contents: anthracite coal -- A = 10 percent, 5 = 0.57 percent; and lignite
coal -- A = 7,13 percent, S = 0.65 percent,

dA indicates percent ash in fuel.
®5 indicates percent sulfur in fuel.

4.1.4.2 Fine Particulate Emissions--

Particle size data for uncontrolled emissions from bituminous coal-fired
industrial boilers are available from two sources. Data on a pulverized
coal-fired system were acquired by Monsanto,?® and data for pulverized systems,
spreader stokers, and other stokers were acquired by KVB Engineering.27,%23,2%4,26
These data are summarized in Table 26. For each of the varigus combustion
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systems, average values, variabilities, and ranges are presented for the mass
fractions of particles smaller than 1 um, 3 um, and 10 um,

TABLE 26. SUMMARY OF PARTICLE SIZE DATA FCR UNCONTROLLED EMISSIONS
FROM BITUMINOUS COAL-FIRED BOILERS

Fraction of particulate in
aerodynamic size range

<l um <3 um <10 pm

Pulverized, dry

Average (3 tests) 0.04 0.19 0.40

Variability 155% 131% 124%

Range 0.013-0.08 0.12-0.3 0.17-0.54
Spreader stoker

Average {8 tests) 0.02 0.08 0.17

Variability 97% 117% 76%

Range 0.011-0.08 0.025-0.35 0.08-0.48
Other stoker

Average {6 tests) 0.23 0.32 0.40

Variability 85% 54% 39%

Range 0.10-0.58 0.21-0.64 0.28-0.68

Data are also available on the average collection efficiencies of different
control devices for particles in various size rangds.  Colléection efficiencies
for particles in the <1 um, 1-3 pm, 3-10 um, and >10 um aercdynamic size
ranges are presented in Table 27 for a medium efficiency cyclone, a multi-
clone, a medium efficiency scrubber, an electrostatic precipitator, a venturi
scrubber, and a fabric filter.

Mass emission rates of particles smaller than 1 um, 3 um, and 10 um are
presented in Table 28 for pulverized coal-fired systems, spreader stokers,
and other stokers equipped with the control devices listed above. Total
uncontrolled particulate loadings were taken from Table 20; uncontrolled
emission factors for different size ranges were calculated using these loadings
and the particle size data presented in Table 26. Controlled emission
factors were then calculated using the uncontrolled emission factors for
the various size ranges and the control efficiencies presented in Table 27.
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EFFICIENCIES OF PARTICULATE REMOVAL BY CONTROL

TABLE 27.
DEVICES FOR VARIOQUS SIZE FRACTIONS
Percent efficiencies of particulate removal
Particulate for various aerodynamic size ranges
control device <1 yum T-3 um 3-10 um >T0 um

Medium efficiency cyclone 0.25 12 50 70
Multiclone n 54 85 95
Medium efficiency scrubber 26 77 98.0 99.6
High efficiency ESP 96.5 98.25 99.1 89.5
Venturi scrubber n 99.5 >99.8 >99.8
Fabric filter 96 99.75 >99,95 >99,95

Source: Reference 27

TABLE 28.

EMISSIONS FROM BITUMINOUS COAL-FIRED BOILERS

ESTIMATED UNCONTROLLED AND CONTROLLED FINE PARTICULATE

Combustion system and
emission control technique

Emission factors for aerodynamic

particle size ranges (ng/J}

<l uym <3 um <10 um Total
Pulverized, dry
Uncontrolled 75.1 390 838 2085
Medium efficiency cyclone 4.9 352 576 950
Multiclane 66.8 212 279 34
Medium efficiency scrubber 55.5 128 137 142
High efficiency ESP 2.63 8.14 12.2 18.4
Venturi scrubber 21.8 23.4 23.4-24.2 23.4-26.7
Fabric filter 3.00 3.79 3.7%-4.00 3.79-4.63
Spreader stoker
Uncontrelled 97.9 368 769 4664
Medium efficiency cyclone 97.7 336 537 1705
Multiclone 87.2 222 282 477
Medium efficiency scrubber 72.5 149 157 235
High efficiency ESP 3.43 8.16 11.8 46.8
Venturi scrubber 28.4 29.8 29.8-30.6 29.8-38.4
Fabric filter 3.92 4.60 4.60-4.80 4.60-6.75
Other stoker
Uncontrolled 19] 266 332 831
Medium efficiency cyclone 19 257 290 440
Multiclone 170 204 214 239
Medium efficiency scrubber 141 158 159 161
High efficiency ESP 6.69 8.00 8.60 1.1
Venturi scrubber B5.4 55.8 55.8-55.9 55.8-56.9
Fabric filter 7.65 7.84 7.84-7.87 7.84-8.12
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As shown in Table 26, variabilities for the percentages of particles in
various size ranges for different boiler types are generally high. Only the
variabilities of the percentages'of particles smaller than 10 um and smaller
than 3 um for stokers, other than spreader stokers, are lower than 0.70. In
addition, the variability of mass emission rates for a particular size range
would be approximately equal to the sum of the variability of the total
uncontrolled particulate emission rate for the boiler type under consideration,
the variability of the percentage of particles in the given size range for
that boiler type, and, if controlled emissions are under consideration, the
variability of the control efficiency for the given size range. For this
reason, the mass emission rate of particles in a given size fraction cannot
be calculated with a good degree of reliability.

Thus, the data base for fine particulate emissions from bituminous
coal-fired boilers must be considered inadequate. Nc data were found in the
literature for the particle size distributions of emissions from anthracite
or lignite coal-fired boilers.

4.1.4.3 S0; and Sulfate Emissions--

The data base for S0; and sulfate emissions from coal-fired industrial
boilers is limited. Sulfur trioxide emissions were measured by KVB for a
pulverized coal-fired unit and two stokers, and by Monsanto Research Corpora-
tion for another pulverized coal-fired unit.'7523:25 These data are
summarized in Table 29. As shown in this table, the average fraction of fuel
sulfur converted to SQ; during the above tests was 0.81 percent, and the
variability of this fraction is 174 percent. There are insufficient data to
determine whether SO; emission rates vary for different combustion systems or
for different operating parameters. Also, no data are available on SO;
emission from anthracite or lignite coal-fired industrial boilers.

An average 50; emission factor for bituminous coal-fired boilers has
been calculated using the KVB and Monsanto data and is presented in Table 30.
Also presented in Table 30 are severity factors for S0; emissions from
various combustion systems estimated using this emission factor. As shown in
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this table, emissions of S03 are environmentally significant--with mean
severity factors well in excess of 1.0--for all of the industrial combustion
systems studied. Because of the high variability of SO, emissions data

for industrial combustion systems and the environmental significance of
these emissions, the S0; emissions data base must be considered inadequate.

TABLE 29. SUMMARY OF S0, EMISSIONS DATA FOR BITUMINOUS COAL-FIRED

BOILERS

Percent of fuel

Combustion sulfur emitted
system as SO Reference

Pulverized, dry 0.11 25
Pulverized, dry 0.76 17
Spreader stoker 2.1 17
Spreader stoker 0.3 23
Average 0.81
Variability (percent) 174

TABLE 30. EMISSION FACTORS AND AMBIENT SOURCE SEVERITY FACTORS FOR
S03 FROM BITUMINOUS COAL-FIRED INDUSTRIAL BQILERS -

S0; emission Mean Upper limit

: factor severity severity

Combustion System (ng/d) factora factord
Pulverized, dry 7.95 sP 2.23 6.11
Cyclone 7.95° § 2.23 6.11
Spreader stoker 7.95 S 1.67 4,58
Other stoker 7.95 § 2.59 7.08

4Based on heat capacities of 200 GJ/hr for pulverized coal-fired boilers
and cyclones, 150 GJ/hr for spreader stokers, and 50 GJ/hr for other
stokers; and stack heights of 50 meters for pulverized coal-fired boilers,
cyclones, and spreader stokers, and 23.2 meters for other stokers.

bS indicates the percentage of sulfur present in the fuel. The emission

factor presented is based on an average fuel sulfur content of 1.92
percent.
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Sulfate emissions data are available only for the pulverized coal-fired
boiler tested by Monsanto.?® The fraction of fuel sulfur emitted as
sulfates (including H2504) during these tests was about 0.13 percent.

This corresponds to an emission factor for sulfate in nanograms per joule

of about 1.27 S, where S represents fuel sulfur content in percent. Because
no data are available to determine the variability of these emissions, the
data base for sulfate emissions from industrial coal-fired systems is also
considered inadequate.

Emissions of SO0; and sulfates from industrial boilers are expected to
be similar to emissions from utility boilers. Data for bituminous coal-fired
utility boilers show an average conversion of fuel sulfur to primary sulfate
of 1.5 percent, where primary sulfate is defined to include S0;, sulfuric
acid and sulfate salts (such as metallic sulfates and ammonium sulfate).?®
The data alsc indicate that approximately equal amounts of fuel sulfur are
converted to SO, and sulfate (sulfuric acid and sulfate salts). Thus SO,
emissions data for industrial boilers?® and utility boilers?® are in approxi-
mate agreement. However, sulfate emissjons from utility boilers are much
higher than that measured in the Monsanto industrial boiler test.

4.1,9.4 Trgpg E1emgpt Emis;joqs--

Trace element emissions from coal-fired combustion systems are determined
by the concentrations of trace elements in the coal burned, and the partitioning
patterns of the elements between the bottom ash, the fly ash and the gas
phase. Trace elements present in coal have been classified in three main
groups based on their partitioning behavior.2® Class I include elements
that are approximately equally concentrated in the fly ash and the bottom
ash, Class II includes elements that are enriched in the fly ash relative
to their concentrations in the bottom ash, and Class IIl includes elements that
are emitted in the gas phase. The partitioning behavior of a particular
element is determined by the volatility and adsorptive properties of its
compounds. Most of the trace elements present in coal fall into Class I.

Class Il elements include antimony, arsenic, cadminum, copper, gallium, lead,
molybdenum, sulfur and zinc; and Class I1II elements include bromine,
chlorine, and mercury.??
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The data base for trace element emissions from coal-fired industrial
boilers is limited. Emission rates of a wide variety of elements from a
pulverized bituminous coal-fired boiler were.measured by Monsanto Research
.Corporation.23 Also, trace element mass balance and emissions data have been
developed by KVB for a chain grate stoker and a pulverized coal-fired system.3°
However, these data pertain only to the coal types that were burned during
testing.

Trace element emissions from industrial boilers are expected to be
similar to trace element emissions from utility boilers, for which an extensive
data base has been developed. Estimated emission factors and source severities
are presented in Table 31 for uncontrolled and controlled trace element
emissions from bituminous coal-fired pulverized and spreader stoker industrial
combustion systems. These data were estimated using data developed in Reference
28 for utility boilers. The utility boiler data are based on average trace
element concentrations for various types of coal, and trace element partition
factors calculated from test data.

The emission factors presented in Table 31 should be considered estimates,
because the assumption was made that emissions from industrial boilers can
be compared to emissions from much larger utility boilers. Also, the utility
boiler data in Reference 28 were based mainly on test data for pulverized
systems controlled by electrostatic precipitators. Thus, additional assumptions
were made in calculating controlled emission factors and emission factors for
spreader stokers. - These assumptions were that the behavior of trace elements
in cyclone control devices is similar to that in electrostatic precipitators
and that the trace element partitioning in a spreader stoker system is
similar to that in a pulverized system. Although these assumptions are not
strictly correct, the estimated emission factors in Table 31 should provide
a good indication of the relative envirommental significance of trace
elements from industrial boilers.

As shown in Table 31, emissions of a number of elements from industrial
boilers are environmentally significant. Controlled emissions of several
elements, are associated with severities exceeding 0.05, and uncontrolled
emissions of a number of elements and controlled emissions of chlorine are
associated with severity factors in excess of 1.0, Because of the lack of
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trace element emissions data for coal-fired industrial boilers, and because
of the potential environmental significance of these emissions, additional
data for trace element emissions are needed.

4,1.4.5 Specific Organic and POM Emissions--

Emissions of specific POM from bituminous coal-fired industrial boilers
have been measured by the Public Health Service and by Monsanto Research
Corporation.1®,25 No data were found in the literature for POM emissions
from anthracite- or lignite-fired industrial boilers. In the Public Health
Service tests, samples were collected by chilling the flue gas and passing
it through a high efficiency filter. Organic matter was extracted from the
filter catch with benzene and separated into fractions using chromatography,
Concentrations of specific organics were measured using ultraviolet-visible
spectroscopy.l® In the Monsanto tests, samples were collected using a Source
Assessment Sampling System (SASS) train, which uses cyclones to capture
particuiate matter and XAD-2 resin to capture gaseous organic species.

Polycyclic species were extracted using methylene chloride, and concentrations

of specific organics were determined using combined gas chromatography/mass
spectroscopy. 2°

The results of these tests are shown in Table 32. Variabilities and
severity factors for the data were not calculated because of the limited
number of tests and the variations in fuel used, boiler 10ad, and combusticn
method. The data base for POM emissions from coal-fired industrial boilers
is considered inadequate.

4,1.5 Existing Emissions Data; Wood-Fired Sources

The pollutant emissions data base for wood-fired combustion is growing
as a result of an increased interest in wood as a fuel and increased efforts
by EPA to fill existing data gaps. The inadequacy of the data base is, in
some measure, due to the variability of wood fuel as fired in a number of
combustion system designs. Information concerning wood-fired combustion
systems and pertinent properties of wood, e.g., chemical composition,
average moisture content and thermal properties, can be found in references
31-33, This information, while useful in assessing the potential impact
of emissions from wood combustion, cannot be directly related to emissions

from specific sources.
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4.1.5.1 Criteria Pollutant Emissions--

Particulate emissions data for boilers fired by combinations of wood
fuels have been compiled by the Oregon Department of Environmental Quality.
Also, emissions from wood and wood waste boilers have been measured by the
Vermont Agency of Environmental Conservation.®® Appendix C presents the

Ibs35

data which were obtained at baseline conditions (approximately 80 percent
load) for boilers fired by combinations of wood and bark. Available informa-
tion on boiler operating conditions and fuel composition is also presented.
The wood/bark combustion systems for which particulate emissions data are
available can be divided into dutch oven systems, which generally use
firetube boilers, and stoker systems, which generally use watertube boilers.
Emissions data for these two categories are summarized in Table 33. The
dutch oven systems tested ranged in size from 2.4 GJ/hr to 88 GJ/hr input
capacity, while the stokers tested ranged from 30 GJ/hr to 150 GJ/hr

input capacity. As noted in Chapter 3, wood-fired boilers are often
installed with attached multiclones for particulate control or fly ash
reinjection. Therefore, emissions data are summarized in Table 33 for
uncontrolled units, multiclone controlled units with fly ash reinjection,

and multiclione controlled units without fly ash reinjection. For each

boiler type and emission control method, the table presents the number of
units tested, the average emission factor for the tested units, the variability
and the severity factor associated with the emission factor, and an assessment
of the data base adequacy. Also, for comparison, the published EPA emission
factor range for uncontrolled wood/bark boilers is presented.®

The data indicate that particulate emissions are environmentally
significant for uncontrolled dutch ovens, and for both multiclione controlled
and uncontrollied stokers. The variabilities of the mean emission factors
for multiclone controlied stokers and for controlled and uncontrolled dutch
ovens are below 70 percent. Therefore, the data base for these wood-fired
combustion systems is considered adequate. The variability of the mean
emission factor for uncontrolled stokers, however, is well above 70 percent,
and thus the data base for uncontrolled stokers must be considered inadeguate.
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S0, emission rates were measured for four large bark-fired boilers by
the National Council of the Paper Industry for Air and Stream Improvement
(NCASI).?” These boilers were stokers ranging in size from 160 GJ/hr to
270 GJ/hr input capacity. The results of these tests are presented in
Appendix C and summarized in Table 34. The tests indicated that about
5 percent of the sulfur present in the bark was emitted in the flue gas as
302, while the remaining 95 percent exited the boiler in the form of sulfate
in either the fly ash or the bottom ash. The high conversion of sulfur to
sulfate was attributed by NCASI to the alkaline nature of wood ash and high
excess air levels generally used for wood/bark boilers. The high excess air
levels result in relatively low combustion temperatures which cause the 303
formation to be more thermodynamically favored than in oil or coal-fired
boilers. The published EPA emission factor, shown in Table 34 for comparison,
is based on the assumption that about 50 percent of the sulfur present in
wood is emitted in the flue gas.

As shown in Table 34, the data base for SO2 emissions from wood/bark
boilers meets the criteria for data base adequacy. The variability of the
mean emission factor is well below 70 percent, and the ambient severity
associated with the mean emission factor is less than 0.001.

NOx emission rates for wood/bark boilers have been measured by the State
of Vermont,®® TRW Environmental Engineering Division,®® Monsanto Research
Corp.,2% and NCASI.*? The boilers tested were dutch oven units and
stokers, and, ranged in size from 5.8 GJ/hr to 400 GJ/hr input capacity.

The results of the tests are presented in Appendix C and summarized in

Table 34. These results indicate that the NOx emission factor, in terms of

mass of NOx per unit boiler heat input, increases dramatically with the

boiler heat input capacity. Emission factors were in the range of 5-10 ng/J

for small boilers (about 10 GJ/hr input capacity) and in the range of 50-100 ng/J
for large boilers (greater than 30 GJ/hr input capacity). As indicated in

Table 34, the mean NOX emission factor from the literature data is much

lower than the published EPA NOX emission factor.9 This may be the result

of differences in operating conditions, as the units tested by Vermont and

TRW were operated at very high excess air levels (up to 500 percent).
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As shown in Table 34, the data base for NO, emissions from wood/bark-fired
boilers satisfies the criteria for data base adequacy. The variability of
the mean NOy emission factor is below 70 percent, and the ambient severity
factor associated with the mean emission factor is 0.025, which is less than
the 0.05 level considered to represent environmental significance. However,
because the severity factor is close to 0.05, and because the emission factor
derived from the literature is lower than the published EPA emission factor
by an order of magnitude, the data base is considered inadequate.

Hydrocarbon emissions from a number of dutch oven and stoker wood/bark
boilers have been measured by the Oregon Department of Environmental Quality.
The units tested ranged in size from 11 to 72 GJ/hr output steam capacity. The
test results are presented in Appendix C and summarized in Table 34. Table 34

41

shows the number of sources tested, the mean emission factor, variability, the
ambient severity factor associated with the mean emission factor, an assessment
of the data base adequacy, and, for comparison, the published EPA emission
factor for hydrocarbons.9

As shown in Table 34, the data base for hydrocarbon emissions from
wood/bark-fired boilers is considered adequate. Although the variability of
the mean emission factor derived from the literature exceeds 70 percent, the
upper limit severity factor is below 0.05. Also, when the variability of the
emission factor derived from literature is taken into account, this emission
factor is an agreement with the Tower range of the EPA published emission
factor.

No data on CO emissions from wood or wood waste combustion were found in
the literature. Therefore, the data base for CO emissions from wood/bark
boilers must be considered inadequate.

4.1.5.2 Fine Particulate Emissions--

Particle size distribution data by mass were obtained by the State of
Vermont for five uncontrolled dutch ovens and 2 uncontrolled stokers,36 and
by Monsanto Research Corp. for a cyclone controlled stoker with fly ash

39

reinjection, These data are summarized in Table 35.
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TABLE 35. PARTICLE SIZE DISTRIBUTION DATA FOR
WOOD-FIRED BOILERS

Fraction of particulates in
aerodynamic size range

<1 pm <3 um <10 um

Dutch oven-uncontrolled

Average (16 tests)? 0.42 0.53 0.71

Variability 27% 25% 13%

Range 0.0-0.63 0.6-0.88 0.42-0.88
Stoker-uncontrolled

Average (6 tests)b 0.18 0.25 0.42

Variability 120% 99% . 58%

Range 0.019-0.49 0.065-0.58 0.21-0.72
Stoker-multiclone control

Average (6 tests)C 0.19 0.45 0.76

Variability 79% % 12%

Range 0.02-0.43 0.33-0.68 0.65-0.92

a.- . . 1. rage ) — -
Four boiiers were tested three times each and ane boiler was
tested four times for a total of 16 tests.

Two boilers were tested three times each for a total of six
tests. o T ) - - '

Cone boiler was tested six times.

b
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Percentages of respirable particles {particles smaller than about 3 um) averége
about 53 percent for the uncontrolled dutch ovens, 25 percent for the uncon-
trolied stokers, and 45 percent for the controlled stoker. As Table 35 shows,
the mean fractions of particles smaller than 1 ym, 3 um, and 10 um for uncon-
trolled dutch ovens have variabilities well below 70 percent for the small size
ranges. Therefore, the particle size distribution data for dutch ovens are
considered adequate. The particle size data for uncontrollied and controlled
stokers have variabilities higher than 70 percent for the small size ranges.
For this reason, and because only a few stokers have been tested, the particle
size data base for stokers must be considered inadeguate.

4,1.5.3 SO3 and Sulfate Emissions--

In addition to measuring SO2 emissions from bark-fired boilers, NCASI
also measured particulate sulfate concentrations in the bottom ash, the
primary cyclone collector catch, and the flyash emitted from the boﬂers.37
Particulate sulfate emissions were successfully measured for three of the
four boilers tested by NCASI. These units were cyclone controlled stokers
ranging in sizg from 150 GJ/hr to 270 GJ/hr heat input. The particulate
sulfate emissions data obtained by NCASI are presented in Table 36. This
table alsc gives the mean particulate sulfate emission rate and the variability
associated with this emission factor. The mean emission factor corresponds
to the emission as particulate sulfates of about 67 percent of the fuel sulfur.
The variability of the mean emission factor is well above 70 percent and
the upper limit ambient severity derived from the emissions data is 0.57.

Thus, the data base for particulate sulifate emissions from wood/bark boilers
must be considered inadequate. No data were found in the literature for

gaseous SO3 emissions from wood/bark boilers.
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TABLE 36. PARTICULATE SULFATE EMISSIONS DATA FOR BARK-FIRED BOILERS.

Particulate Fuel Fuel
sulfate sulfur ash
Boiler emissions - content - content
Unit 1 1050S ng/J 0.068% 1.3%
Unit 2 388S ng/Jd 0.010% 1.3%
Unit 3 10905 ng/J 0.060% 2.5%
Mean 842S ng/Jd
Variability 116%

S refers to the fuel sulfur content in percent.
4.1.5.4 Trace Element Emissions--

No data were found in the literature on trace element emissions from
wood- or wood-waste - fired boilers. However, fly ash from a wood-fired
stoker caught in a primary cyclone collector was analyzed for trace elements by
the State of Vermont.36 The results of these tests are presented in Table 37.
A1s0 presented in this table are estimates of trace element emission factors
and mean ambient severity factors for uncontrolled stokers and multiclone
controlled stokers without flyash reinjection. These emission .factors and e
mean severities were obtained using the particulate emission factors presented '
in Table 33, with the assumption that the trace element content of emissions
will be similar to that of the primary collector catch. However, because the
more volatile trace elements would become concentrated in smaller particles
which would penetrate the primary collection system, emissions of some trace
elements may be higher than Table 37 indicates. As shown in Table 37, the only
trace element associated with an ambient severity greater than 0.05 is magnesium,
with a severity factor of 0.093. However, since the severity factors presented
in the table are based on an analysis of captured flyash rather than flyash emis-
sions, the data base for all trace element emissions from wood/bark boilers
must be considered inadequate. '

4.1.5.5 Specific Organic and POM Emissions--

The specific organic and POM emissions data base for wood and wood-waste
boilers is limited to data for benzo{a)pyrene (BaP) emissions collected by
Monsanto Research Corp.39 Monsanto measured BaP emissions for a bark-fired
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spreader stoker controiled by a cyclone and a venturi scrubber in series.
BaP concentrations were measured concurrently in the stack gas entering and
Teaving the venturi scrubber. BaP was collected by passing the stack gas
through a heated filter and a tube filled with XAD-2 resin. The BaP was
then extracted from the filter and the resin using cyclohexane and methylene
chloride, respectively; BaP concentrations in the solvents were measureq
using fluorescence spectrophotometry.

The results of the Monsanto BaP tests are summarized in Table 38. This
table presents, for the cyclone controlled stack gas and the cyclone and scrubber
controlled stack gas, the ranges of emission factors, the mean emission factors,
and the variabilities associated with the mean emission factors. The Monsanto
results indicate that the secondary scrubber did not reduce BaP emissions. In
fact, on the average, the measured concentration of BaP entering the scrubber
was lower than the measured concentration leaving it. The difference is,
however, within the range of the variability of the data. The varjability was
133 percent for measurements conducted upstream of the scrubber and 126 percent
for measurements conducted downstream of the scrubber.

Because of this high variability, and because the Monsanto tests were
for a single boiler, the data base for BaP emissions from wood- and wood-waste
boilers must be considered inadequate. As noted above, no data were found in
the Titerature on emissions of other specific organics or POM. .

TABLE 38. BaP EMISSIONS DATA FOR A BARK-FIRED STOKER.

Cyclone Scrubber
controlled controlled
emissions emissions
Number of tests 6 6
Emission factor range (pg/J) 0.00-0.047 0.00-0.067
Mean emission factor (pg/Jd) 0.014 0.022
Variability (percent) 133 126
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4.2 EMISSION DATA ACQUISITION

4.2.1 Selection of Test Facilities

The evaluation of existing emissions data for industrial combustion
sources has shown that the existing data base is generally inadequate. To
correct these deficiencies, a total of 32 sites were selected for sampling
and analysis of flue gas emissions.

In general, the assignment of the number of test sites to each source
category was based on consideration of three factors: fuel consumption
within the industrial sector, potential significance of the impact caused by
flue gas emissions, and inadequate characterization of flue gas emissions.
Thus, more bituminous coal-fired sites were selected for testing than were
warranted by fuel consumption because of the known high NOy, SOz and particulate
emissions from these sources, and the inadequate characterization of fine
particulate, trace element and organic emissions from these same sources.
Similarly, five wood-fired sources, a number far greater than that warranted
by fuel consumption alone, were selected for testing because of the inadequate
characterization of most pollutants from wood-fired sources and the high POM
emissions found in an earlier test of a wood-fired commercial/institutional
combustion source. ¥

The choice of specific sites was based on the representativeness of
the sites as measured against the important characteristics of systems
within each source category. Firing method, unit capacity and age were the
principal characteristics considered. When several sites within a source
category were selected for testing, a range of these characteristics was
generally chosen. For example, the gas-fired sites tested include three
firetube and seven watertube units. The capacity and age of the firetube
units tested were 8, 15, and 25 GJ/hr and 23, 22, and 6 years old in age,
respectively. The watertube units ranged in capacity from 36 to 178 GJ/hr
and in age from 7 to 50 years. Consistent with industrial practice, no
control devices were used with these units.

The rated thermal output capacity, manufacturer, burner and boiler
type and pollution control method, as appropriate for the 32 sources tested,

are-presented in Tables 39, 40, and 41. As shown in the tables, the gas-
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TABLE 41. CHARACTERISTICS QF INDUSTRIAL SOLID FJUEL-FIRED EXTERNAL
COMBUSTION SOURCES SELECTED FOR TESTING

a Age as Pollution
Combustion Site Rated capacit of 1979 control
source type No. Manufacturer (GJ/hr) (M (years} device
Bituminous, 223 Babcock & Wilcox 247 72 25 Multiclone followed by
pulverized ESP. 99.7% est. o/a
wet bottom eff,
Bituminous, 224 Babcock & Wilcox 185 54 32 Multiclone at 90% est.
pulverized . eff.
wet bottom
Bituminous, 225 Babcock & Wilcox 185 54 32 Multiclone at 90% est.
pulverized eff.
wet bottom
Bituminous, 200/ Babcock & Wilcox 117 34 12 Milticlone followed by
pulverized 201 double alkali FGD unit
dry bottom 99.4X off. for parc.;
96.7% eff. for 50,.
Bituminous, 341 Combustion 256 75 13 ESP at 99% est. eff.
pulverized Engineering
dry bottom
Bituminous, 221 Wickes 158 46 23 Multicyclone followed by
spreader ESP. 99.5% est. o/a
stokers eff.
67 Lumincus, 228 Babrock & Wilcox 131 38.4 27 Multiclone at 90% est.
spreader . eff.
stokers
-~-Bituminous, 340 ... Babcock & Wilcox 153 45 27 2-multicyciones at 95%
spreader o o est. o/a eff. - -
stokers
Wood b 145 Wellons-Birchfield 13 3.7 12 None
stokers
Wood 146¢ Puget Sound 57 16.8 31 Scrubber 80% est.
stokers Machinery eff. R
Wood 147¢ Erie City Iron 97 28.4 19 Scrubber 90% est.
stokers Works ) eff.
Wood 148 Babcock & Wilcox 43 12.6 29 None
stokers
Wood 1499 wellons, Inc. 18.5 5.4 1 None
stokers

aOutput capacity.

bUnderfeed stokers unless otherwise noted.
“Dutch oven design. '

9F1uid bed design.
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and distillate oil-fired sites were not equipped with control devices; only

one residual o0il site (Site 200/201) was equipped with a control device, a
pilot double alkali FGD unit; two of the wood-fired sites were equipped with
scrubbers and all coal-fired sites were equipped with either multiclones, ESPs,
or the pilot FGD unit evaluated during coal combustion at Site 202/203.

4,2.2 Field Testing

Field testing procedures were based on Level I environmental assessment
methods. The Source Assessment Sampling System (SASS) was used to coliect
particulate, organic and trace metal samples. The SASS train (Figure 4)
is a high volume (5 scfm) system designed to extract particulates and gases
from the flue gas stream, separate particulates into four size fractions,
trap organics in an adsorbent, and collect volatile trace metals in liquid
solutions. The high sampling volume is required to collect adequate quantities
of trace materials for subsequent laboratory analysis. The train is constructed
so that all sample contacting surfaces are type 316 stainless steel, Teflon,
or glass.

In accordance. with the program Procedures Manuai, the cyciones were
not used at the gas- and oil-fired sources because of low concentrations of
particulates and their characteristic small particle diameters for these
fuels. In all tests, however, particulates were collected on Spectrograde
glass fiber filters in the heated oven. The sample stream was then cooled
and the organic material collected by adsorption on XAD-2 resin (a styrene,
divinylbenzene copolymer). The gas then passed through an impinger contain-
ing hydrogen peroxide to collect oxidizable constituents. The second and
third impingers, containing ammonium peroxydisulfate and silver nitrate,
were used to collect voiatile trace elements. A fourth impinger containing
silica gel was used to remove the remaining moisture from the gas stream.

Samples of the flue gas were obtained at a single traverse point approxi-
mating the average flow rate of the flue gas, as determined by a multipoint
traverse. Sampling time for the SASS train was from 4 to 6 hours as required
to obtain a total sample volume of 30 cubic meters or greater. Sample recovery
was carried out in a clean environment according to Level 1 specifications.

*This procedures manual was developed specifically for this program and is
not an approved IERL-RTP procedures manual.
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Modified Level 1 field tests were conducted at the stack for 32
industrial combustion sources. The operating load and fuel feed rates
for the sites tested are presented in Table 42. Twenty-seven of the sites
were tested at energy input levels ranging from 60 to 106 percent of design
capacity. The other tests were conducted under significantly derated
conditions: as low as 20 percent of design capacity for a stoker unit
burning wood (site 149).

Samp1e§-of the flue gas were also collected in Tedlar gas sampling bags,
using a stainless steel probe, condenser, and diaphragm pump, for onsite
analyses of flue gas constituents. The gas in the bag was injected into a
gas chromatograph through a heated gas sampling valve. Low molecular weight
hydrocarbons were analyzed using a flame ionization detector, measuring the
resulting peaks for retention times and areas, and comparing these against
a known series of C;-Cg n-alkane standards for qualitative and quantitative
analysis. Carbon monoxide, C0,, 0,, and N, were measured using a thermal
conductivity detector and standard mixes of these gases for calibration.

Sampling of the flue gas for NO, was conducted either by EPA Method 7
(40-CFR-60, Appendix A, Method 7} or by chemiluminescence at several solid
fuel-fired units.

4,2.3 Laboratory Analysis Procedures

The procedures described in this section are designed to be an integral
part of the phased environmental assessment approach and apply primarily to
Level 1. The purpase of the initial phase is to obtain preliminary environ-
mental assessment information, identify problem areas, and provide the basis
for the prioritization of streams, components, and classes of materials for
further testing by more stringent techniques and procedures. As such, the
results of the sampling and of the corresponding analysis procedures should
be quantitative within a factor of #3. A detailed discussion of the approach
along with the criteria used for method selection is given in the Methods
and Procedures Manual developed for this program. In addition, changes
in methods and proce&dres have occurred during the course of this program
to reflect experience, changing data needs, and EPA-directed Level I changes.
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TABLE 42. COPERATING LOAD AND ENERGY INPUT RATES OF THE
INDUSTRIAL COMBUSTION SOURCES TESTED

' Natural Gas

Excess
Operating Percent Energy air at
Combustion Site load of base input stack exit
source type No. (Gd/hr) load (GJ/hr) (percent)
External Combustion
150 15 60 18.5 120
151 5.4 67 6.8 10
157 89 50 117 75
158 4.5 30 5.3 40
159 50 7d 63 50
161 50 70 63 35
162 50 70 63 95
328 27 76 34 50
334 49 80 61 34
335 49 80 61 20
Residuai Qi1 172 35 81 43 25
153 35 82 43 38
160 52 67 66 50
163 37 47 46 20
202/203 20*
Distillate 011 170 B3 7e 104 48
172 93 60 116 &5
173 39 93 48 75
174 75 70 94 35
Bituminous, pulveri- 200/201 93 89 104 20%"
zed dry bottom 331 205 80 256 61
Bituminous, pulveri- 223 150 61 167 125
zed wet bottom 224 120 65 133 100
225 120 : 65 133 55
Bituminous, stoker 221 144 91 179 100
226 52 40 65 220
340 123 80 183 125
Wood, underfeed 145 13 100 15.8 100
stoker 146 60 106 76 90
147 92 95 115 119
148 35 80 £l 140
149 3.7 20 5.5 450

*Combustion chamber excess air.
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A detailed 1ist of these changes is provided in Volume III of this program
series. Major changes include the foliowing:

) The computation of inorganic emissions from gas- and oil-fired
sites has been modified, based on the assumption that inorganic
emissions aré nil from gas-fired sites and that all inorganics
from fuel 0§l combustion are emitted from the stack. Thus, in-

organic emissions from oil-fired sites are calculated from
analysis of the fuel.

] Organic emission fram gas- and oil-fired sites are integrated
values as a result of combination of SASS fractions prior to
analysis.

) For solid fuel-fired sites sampled after June 1978, the XAD-2
resin residue {after Parr bomb combustion} was combined with
the composite (module condensate, HNO3 module rinse, and H,0,
impinger) sample prior to analysis by SSMS for inorganics.

® AAS analysis of the second and third (APS} impingers for Hg is
conducted only if the Hg concentration in the fuel is >1 ppm
and "real values" are obtained for the composite sample.

] The NO, analysis procedure was changed to EPA Method 7 as a
result of NO, loss over time in the Tedlar gas sampling bags.

4,2.3.1 Inorganic Analysis--

As noted above, the inorganic analysis scheme was modified in the case
of gas- and oil-fired sites, eliminating inorganic¢ determinations for gas-
fired sites and restricting inorganic determinations for oil-fired sites to
an analysis of the fuel. 1In the case of the solid fuel-fired sites, the
modified Level I analysis plan shown in Figure 5 was followed. The analytical
scheme consisted of an elemental survey by Spark Source Mass Spectrometry
(SSMS) for the determination of approximately 70 elements. Specific analyses
by Atomic Absorption Spectrometry (AAS) were conducted for mercury and,
when indicated by the results of the fuel analysis, for arsenic and antimony.
Particulate sulfate was determined turbidimetrically, chlorides were measured
by specific ion electrode and/or ion chromatography, and S0; was determined
by an acid-base titration.

Figure 5 also indicates the procedures followed to prepare samples for
analysis. Particulate samples were digested with aqua regia before
analysis. However, these samples were analyzed by SSMS directly without
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preparation whenever possible; i.e., no glass fiber /ilter material was
present. Samples for chloride analysis were extracted with hot water;
this extract was also the preferred sample for sulfate analysis. Fuel
feeds and XAD-2 resin were prepared by combustion in a Parr oxygen bomb
to destroy the organic matrix. No preparative steps were necessary for
the other inorganic samples.

Brief descriptions of the analytical techniqhes used for inorganic
characterizations are provided below.

- ° SSMS - SSMS was used in the laboratory to perform a semi-quanti-
tative elemental survey analysis on all types of Level ! samples.
The analysis was performed using a JEOL Analytical Instru-
ments, Inc., Model JMS-01BM-2 Mass Spectrograph. The JMS-
01BM-2 is a high resolution, double-focusing mass spectro-
meter with Mattauch-Herzog ion optics and ion sensitive
photoplate detection. The instrument is specially designed
to carry out high sensitivity trace element analysis of
metals, powders, or semiconductor type materials using an
RF spark ion source. Elemental analysis by SSMS involves the
incorporation of a sample aliquot into two conducting
electrodes, which are decomposed and subsequently analyzed
by a mass determination using a double-focusing mass
spectrometer. Decomposition of the sample electrodes is
accomplished by applying a radio frequency {1 MHz) potential
of about 4 kV, which induces an electrical discharge
in the form of a spark plasma. Because of the high energy
associated with the discharge, the spark plasma created
is composed primarily of elemental species. The positively
charged ions contained in the plasma are accelerated and
formed into an ion beam by a high potential electric field
(30 kV}). The beam is then energy-focused and momentum-
dispersed to produce a mass spectrum that is recorded by
an ion-sensitive photoplate.

SSMS can be used to detect elemental species contained in the
sampie electrodes at levels down to 1072 grams. Although the
sensitivity varies somewhat, depending on the element of in-
terest and the sample type, practically all elements in the
periodic tabie can be detected. Using photoplate detection,
all elements having masses in the range 6 to 240 can be de-
tected simultaneously. Concentration data are derived from

the intensities (optical density) of the mass spectral lines,
There are several methods for determining concentration data
from photoplate spectral line densities. The methods vary
widely in terms of their complexity and corresponding precision
and accuracy of the results. The photoplate interpretation
procedures followed for this program and for Level I survey
work in general are designed to yield concentration data accurate
to within a factor of 2 for 70 elements.
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Mercury - Cold Vapor - The cold vapor me: cury analysis is
based on the reduction of mercury species in acid solution
with stannous chloride and the subsequent sparging of ele-
mental mercury, with nitrogen, through a quartz cell where
its absorption at 253.7 'nm is monitored.

Arsenic - Hydride Evolution - This procedure entails the
reduction and conversion of arsenic to its hydride in acid
solution with either stannous chloride and metallic zinc

or sodium borohydride. The volatile hydride is swept from
the reaction vessel, in a stream of argon, into an argon-
hydrogen flame in an AAS. There, the hydride is decomposed
and the arsenic concentration is monitored at its resonance
wavelength, 193.7 nm. Excess hydrogen peroxide and nitric
acid present in certain Level 1 samples interfere with the
analysis and must be removed before the addition of either
the zinc slurry or sodium borohydride used to generate the
arsenic hydride.

Antimony - Hydride Evolution - Antimony-containing compounds
are decomposed by adding sulfuric and nitric acids and evap-
orating the sample to fumes of SO,. The antimony liberated

is subsequently reacted with potassium iodide and stannous
chloride, and finally with sodium borohydride to form

stibine. This stibine is removed from solution by aeration

and swept by a flow of nitrogen into a hydrogen diffusion flame
in an AAS. The gas sampie absorption is measured at 217.6 mm.
Because stibine is freed from the original sample matrix,
interferences in the flame are minimized.

Sulfate - Turbidimetric -~ The basis of the analysis is the
formation of a barijum sulfate precipitate in a hydrochloric
acid medium with barium chloride in such a manner as to form
barium sulfate crystals of uniform size. The absorbence of
the barium suifate suspension is measured by a transmission
photometer and the sulfate ion concentration determined by
comparison of the reading with a standard curve.

Chloride - Specific lon Electrode and Ion Chromatography -
Chloride is determined potentiometrically using a solid

state selective ion chloride electrode in conjunction with

a double junction reference electrode and a pH meter having

an expanded millivolt scale. Ion chromatography is used to
check the results of the specific ion electrode determinations,
and results are generally in excellent agreement.

S0; - Controlled Condensation - The SO3 concentration of the
Goksoyr-Ross sampling train condenser coil rinse is determined
by an acid-base titration against 0.02N sodium hydroxide that
has been standardized against primary standard potassium acid
phthalate.
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4.2.3.2 O0rganic Analysis--

An overview of the SASS train samples collected from industrial sources
for organic analysis is shown in Figure 6. The sample preparation procedures
and appropriate sample combination schemes are also shown in the figure.
Organic liquids required no preparation; however, aqueous liquids and solid
samples were extracted with methylene chloride to separate the organic
and inorganic portions before analysis. In the case .of gas- and oil-fired
sites, the solvent rinses of SASS train components were combined with the
solvent extracts of the XAD-2 resin and particulate filters for concentration
into one organic sample for analysis.

The modified Level I organic analysis methodology and decision criteria
used for organic characterization of industrial sources are presented in
Figure 7. A1l samples were first concentrated in Kuderna-Danish
evaporators to 10-ml volumes. (If material dropped out of solution during
concentration, the extract was restored to a convenient volume large enough
for the material to redissolve.) Two 1-ml aliquots were taken from each
concentrate for the following analyses:

] total chromatographable organic material (GC-TCO) and
GC/MS analysis for POM and

. gravimetric determination of nonvolatile organic material

and an infrared (IR) analysis on the residue from the gravi-
metric determination.

The data provided by performing the TCO and the gravimetric analyses
were used to make the decision as to the analysis path to be followed for
all other determinations. The TCO analysis provided quantitative inform-
ation on the bulk amount of semivolatile organic material in the boiling
range of the C; to C;s alkanes - 90°C to 300°C. The gravimetric
analysis provided quantitative results on the amount of nonvolatile
organics in the sample. These two values combined gave an estimate of the
total organic content of the sample. Whenever the total organic gontent
of the sample was equivalent to a stack concentration of 500 wg/m or
less, the organic analysis was terminated. Whenever the stack concentration
value was greater than 500 ug/m®, the direction of the analyses depended

on the TCO results.
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Figure 7. Modified Level I organic analysis plan for industrial sources.
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If the TCO was less than 10 percent of the total organic material,
the analytical pathway labeled "Method 2" in Figure 7 was followed. A
suitably sized sample aliquot was taken for liquid chromatographic fraction-
ation, evaporated to dryness, and iransferred to an LC column. Each separated
fraction was subsequently subjected to gravimetric and infrared analyses.
If the TCO was greater than 10 percent of the total organics, an aliquot
for LC was prepared by solvent exchange to preserve the volatile species.
In this "Method 1" procedure, each fraction separated still underwent
gravimetric and infrared analyses; however, in addition, these LC fractions
were also analyzed for TCO. '

The GC-TCO analysis has been used to obtain information on the
quantity of material boiling within discrete ranges corresponding to the
boiling points of the n-alkanes C; through C;¢ as well as on the total
amount of material in the overall n-alkane boiling range. Materials were
classified solely on the basis of their retention time relative to the n-
alkane and were quantitated as n-alkanes. This means any compounds con-
taining oxygen, nitrogen, sulfur, or halogens would also be reported as
alkanes.

The infrared analyses provide information on the major functional
groups (i.e., chemi¢al compound classes) present in a sample, Data obtained
by the GC-TCO and IR analyses are interrelated: many compounds detected
in the GC analysis are too volatile to remain when the sample is evaporated
for IR analysis; and many compounds identified in the IR analysis have
volatilities too low to be detected by the GC-TCO procedure., In a similar
manner, the results of GC-TCO analyses of the LC fractions complement the
IR analyses of these samples.

Fractions that contained more than 15 mg of material or that were of
special interest were analyzed by low resolution mass spectroscopy {LRMS).
LRMS is én instrumental technique that may provide molecular weights and
compound identification on a "most probable" basis for samples of low com-
plexity. In Level I analysis, it is used to supplement the compound class-
ification derived from IR spectra.
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Brief descriptions of the analytical techniques used in conducting
the Level I organic analysis and the GC/MS analysis for POM are presented

below.

Extraction of Aqueous Samples - These liquid/liquid extractions
were performed with standard separatory funnels. Whenever
necessary, the pH of the sample was adjusted to neutral with
either a saturated solution of sodium bicarbonate or ammonium
chloride. The sample was extracted three times with a volume
of high-purity methylene chloride equal to approximately 10
percent of the sample volume. The volume of the resulting
extract was measured, dried with anhydrous sodium sulfate, and
concentrated to 10 ml.

Extraction of Solid Samples - The particulate filters, cyclone
catches, and XAD-2 resin samples from the SASS train were
extracted in appropriately sized soxhlet extractors. Each sample
was placed in a glass thimble and extracted for 24 hours with
Distilled-in-Glass or Nanograde purity methylene chloride.

The resulting extracts were measured, dried, and concentrated.

Concentration of Organics - The solvent extracts of solid and
liquid samples and the solvent rinses of sampling hardware

were concentrated in K-D evaporators. Heat provided by a steam
bath was sufficient to volatilize the solvents with minimail
loss of other organic components. Samples were concentrated to
a volume between 5 and 10 ml, allowed to cool, transferred to

a volumetric flask, and diluted to a final volume of 10 ml with
methylene chloride.

Gravimetric Determination - The weight of nonvolatile organic
species was determined on the concentrates obtained from the
K-D concentration of solvent extract and rinse samples. The
samples were transferred to tared aluminum weighing dishes,
evaporated at ambient temperature, and stored in a desiccator
to constant weight. Weights of organic residues as small as
0.1 mg were measured.

IR Analysis - IR analysis was used to determine the functional
groups in an organic sample or LC fraction of a partitioned
sample. The interpreted spectra provide information on func-
tionality (e.g., carbonyl, aromatic hydrocarbon, alcohol,
amine, aliphatic hydrocarbon, halogenated organic, etc.).
Compound identification is possible only when that compound

is known to be present as a dominant constituent in the sample.

The minimum sample amount required for this analysis is 0.5

mg. A compound must be present in the sample at 5 to 10 per-
cent (w/w) at least for the characteristic functional groups

of a compound to appear sufficiently strong for interpretation.
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Organic solvents, water, and some inorgai.ic materials cause
interferences. Water, in particular, decreases the resolu-
tion and sensitivity of the analysis.

The initial organic sample concentrate or LC fraction, after
evaporation, was either (1) taken up in a small amount of
carbon tetrachloride or methylene chloride and transferred to
a NaCl window, or (2) mixed with powdered KBr, ground to a
fine consistency, and then pressed into a peliet. A grating
IR spectrophotometer was used to scan the sample in the IR
region from 2.5 to 15 microns.

TCO Analysis - GC was used to detergine the 8uantity of low
boiling hydrocarbons (BP between 90° and 300°C) in the K-D
concentrates of ail solvent rinses and organic extracts and

in LC fractions 1 through 7 (when the volatile organics were
greater than 10 percent of the total organics in the unfrac-
tionated sample). Data were used to first determine the total
quantity of the lower boiling hydrocarbons in the sample.
Whenever this total of C7 to C;¢ hydrocarbons exceeded a stack
concentration of 75 g/m, the TCO results were reported as
quantities in each of the C5 to C,¢ boiling point ranges rather
than as a total.

The extent of compound identification was limited to represent-
ing all materials as normal alkanes based on comparison of
boiling points. The analysis is semiquantitative because only
one hydrocarbon, n-decane, is used for calibration. The dif-
ferences in instrument response, or sensitivity, to other al-
kanes are well within the desired accuracy limits for lLevel I
analysis and are not taken into consideration in data
interpretation.

LC Separation - This procedure was designed to separate samples
into eight reasonably distinct classes of compounds and was
applied to all organic samples that contained a minimum of

500 wg/m3 of combined volatile (TCO) and nonvolatile (gravimet-
tric) organics. A sample weighing from 9 to 100 mg was placed
on 2 silica gel liquid chromatographic column, and a series of
eight eluents of sequentially increasing polarity was employed
to separate the sample into eight fractions for further analyses.
Because the use of HC1 in the final eluent results in

partial degradation of the column material, data were

derived from only the first seven fractions.

Two distinct methods were used to prepare samples for LC frac-
tionation and subsequent analysis. The selection of Method 1
or Method 2 {Figure 4) was based on the results of gravimetric
and TCO determinations of the concentrated organic sample.
Method 1 was used whenever the volatile oraanic content deter-
mined by the TCO analysis was in excess of 10 percent of the
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total. Method 2 was used whenever the TCO was low - less than
10 percent of the total.

In Method 1, the low boiling components must be preserved for
LC separation and subsequent analysis. This requires a sol-
vent exchange step to transfer the sample from methylene
chloride to the nonpolar solvent hexane before placement on
the column, In Method 2, where there are few volatile compo-
nents, a simple, direct solvent evaporation step is sufficient
to prepare the sampie for fractionation., Gravimetric and IR
analyses were performed on the first seven fractions of ail LC
separations. In addition, whenever Method 1 was used, a TCO
analysis was also performed on each of the seven fractions for
information on the mass and types of volatile compounds present
in each fraction. These data supplement the gravimetric and
infrared analyses performed on all fractions.

LRMS - This procedure is a survey analysis used to determine
compound types in an organic sample or in an LC fraction of a
sample. The analyst is specifically searching for hazardous
compounds or compounds that may be generally considered toxic,
e.g., aromatic hydrocarbons and chlorinated organics. Analysis
using different sample ionizing parameters results in molecular
weight data that, combined with IR and sample source data, can
provide specific compound identifications on a "most probable”
basis.

The mass spectrometer (MS) used in this procedure has sufficient
sensitivity such that 1 nanogram or less presented to the
ionizing chamber results in a full spectrum with a signal ratio
of 10:1. A dynamic range of 250,000 is achievable. The detec-
tion 1imit for a specific compound related to the size of an
air sample or liquid sample varies widely depending on the types
and quantities of the species in the mixture because

of interfering effects in the spectrum caused by multiple com-
pounds. The impact of this interference is reduced by lowering
the ionization voltage to produce spectra containing relatively
more intense molecular ions.

Solid samples are placed in a sample cup or capillary for intro-
duction through the direct insertion probe. More volatile samples
are weighed into a cuvette for introduction through a batch or
liquid inlet system. The probe or cuvette is temperature pro-
grammed from ambient temperature to 3000C. Periodic MS scans
are taken with a 70 eV ionizing voltage as the sample is vola-
tilized during the program. A lower ionizing voltage range

(10 to 15 eV) can be used at the discretion of the operator if
the 70 eV data are complex. Spectra are interpreted using
reference compound spectral libraries, IR data, and other chem-
jcal informatijon available on the sample. The results of LRMS
analysis give qualitative information on compound types, homo-
logous series, and, in some cases, identification of specific
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compounds. This information is then used tu assess the hazardous
nature of the sample,

Gas Chromatography/Mass Spectrometry Analysis for POM - This is a
combined GC/MS method for qualitative and quantitative polycyclic
organic material (POM) determinations. Microliter quantities of
concentrated sample extracts are used for this analysis.

Microliter-sized samples are injected onto a gas chromatographic
column and are separated by the differences in the retention
characteristics between the sample components and the column ma-
terial. As the components elute from the column, they are trans-
ported through an instrument interface to the mass spectrometer
{MS), which is being operated in a Total lon Monitoring (TIM) mode.

In the MS, the various compounds are ionized, and all ion
fragments in the mass range of 40 to 400 amu are monitored.
The resulting mass spectra are stored by the computerized
data system. All compounds eluting from the GC in detectable
quantities could be identified, including aromatic compounds
containing heteroatoms, depending on the desired scope of

the analysis. The computer is used to search the stored
spectra for the specified mass fragments shown in Table 43,

TABLE 43. MASS TO CHARGE (m/e) VALUES MONITORED?

128 180 242
154 184 252
_ - ""162b 192 C— 256. - —
166 202 278
178 216 300
179 228 302

Mass to charge values have units in (gm/gm mole)/
(electron/molecule).

bInter‘na] standard is chloronaphthalene.

The POM spectra are quite distinctive because they yield

very strong molecular ions with little fragmentation. Using
molecular ions to find POM in a mixture involves reconstruct-
ing the GC trace from the stored data using only a single

mass to charge (m/e) value. Any inflection in this mass
chromatogram indicates the possibility of a POM with that
molecular weight. The spectrum is then displayed, and the
operator judges if the spectrum is consistent with a POM. The
GC retention time and the spectrum are used to make this iden-
tification, although it is often difficult to confirm which
jsomer is causing a peak without standards for the specific
material.
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Using this technique, a large number of PO can be screened

in a short period of time, and good identification of POM

type is possible. More time is required for exact identifi-
cation. Table 44 Tists POM that are sought in all samples;
any POM with a molecutar weight on this 1ist will be deter-
mined. If other POM with different molecular weights are
desired, all that is needed for their identification is the
molecular weight and a relative retention time or a standard.
During the search of the data for POM compounds, non-POM
compounds may interfere, especially if they coelute with a POM.
Computer data interaction techniques, such as ion mapping,
keep these interferences to a minimum. If a POM is confirmed,
the peak is quantitated using an internal standardization
method.

The GC/MS sensitivity varies with several parameters including
the type of compound, instrument internal cleanliness, resolu-
tion of closely eluting peaks, etc. Under "everyday" operating
conditions, 20 nanograms {ng) eluting in a peak about 5 seconds
wide yields an MS signal with a usable signal to noise ratio.
Typically, this represents at least 100 ug of any single POM
compound in a concentrated extract of a sample.

4.2.3.3 Detection Limits--

A minimum flue gas sampling volume of 30 m3 is required for all SASS
runs to ensure that all pollutant species of interest, both inorganic and
organic compounds, can be detected at levels that represent the lower
limits of environmental concern. A detailed discussion of detection limits
of analysis procedures is presented in the program Methods and Procedures
Manual.

4.2.4 Test Results
4.2.4.1 Field Measurement Results--

Oxygen concentration data and particulate, NOy, €Oz, and hydrocarbon
flue gas emissions data for the tests conducted are shown in Table 45. The
C,-Cs gaseous hydrocarbon measurements were conducted in the field, but the
C,-Cy¢ and the > C,;¢ hydrocarbon emissions were determined in the laboratory.
These laboratory determinations are included in Table 45 to facilitate com-
parison with C,-C¢ hydrocarbon emissions and calculation of total hydrocarbon

emissions.
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TABLE 44,

MINIMUM LIST OF POM MONITORED

Compound name

Molecular weight

Naphthalene

Bipheny}

Fluorene

Phenanthrene

Anthracene
Benzoquinoline

Acridine
9,10-Dihydro-phenanthrene
9,10-dihydro-anthracene
2-Methyl~fluorene
1-Methyl-fluorene
9-Methyl-fluorene
Dibenzothiophene
3-Methyl-phenanthrene
Z-Methyi~-phenanthrene
2-Methyl-anthracene

" Ethyl fluorene -

Methyi Oibenzothiophene
Fluoranthene

Pyrene

Dimethyl phenanthrenes

Benzo (a) fluorene or 1,2-benzofluorene
Benzo (b) fluorene or 2,3-benzofluorene
Benzo (¢) fluorene or 3,4-benzofluorene

2-Methyl-fluoranthene
4-Methyl-pyrene
3-Methyl-pyrene
1-Methyl-pyrene
Trimethyl phenanthrenes

128
154
166
178
178
179
179
180
180
180
180
180
182
192
192
192

195

196
202
202
206
216
216
216
216
216
216
216
220

MATE value
air (vg/m°)
5.0 x 10
1.0 x 103
1.4 x 10%
1.59 x 103
5.6 x 104
N
9.0 x 10%
N
Hi
N
N
N
2.3 x 0%
3.0 x 10%
3.0 x 104
30x  x 10%
I
N
9.0 x io%
2.3 x10°
N
N
N
N
N
N
N
N
N

(continued)
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TABLE 44 (continued)

Compound name Molecular weight E?IE(:S};E)
Benzo {c) phenanthrene 228 2.73 x 104
Benzo (ghi) fluoranthene ' 228 N
Benzo (a) anthracene 228 4.5 x 10!
Chrysene 228 2.2 x 103
Triphenylene (9,10-Benzo-Phenanthrene) 228 N
4-Methyl-benzo {a) anthracene 242 N
1-Methyl-chrysene 242 1.79 x 103
6-Methyl-chrysene i 242 1.79 x 103
Benzo (f) fluoranthene 252 N
Benzo (k) fluoranthene 252 1.63 x 103
Benzo (b) fluoranthene 252 9.0 x 102
Benzo {a) pyrene 252 2.0 x 1072
Benzo (e) pyrene 252 3.04 x 103
Perylene ' 252 N
Benzo {c)} tetraphene 256 N
7,12-Dimethyl-benzo (a) anthracene 256 2.6 x 107!
9,10-Dimethyl-benzo (a) anthracene 256 2.96 x 10!
1,2,3,4-Dibenzanthracene 278 . 1.0 x 1o
2,3,6,7-Dibenzanthracene 278 N
Benzo (b} chrysene 278 N
Picene 278 2.5 x 103
Coronene 300 N
Benzo (ghi) perylene 302 5.43 x 102
1,2,3,4-Dibenzpyrene 302 N
1,2,4,5-Dibenzpyrene 302 N
Alkyl substituted naphthalenes - 2.0 x 105
Alkyl substituted biphenyl - N

N= Not Available
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The data represent emissions as measured. Howevar, all of the coal-fired
units, two of the wood-fired units and one oil-fired unit were equipped with
particulate control devices. These control systems, which include a pilot,
double alkali FGD unit on Sites 200'and 202, and their measured or design
efficiencies have been listed in Tables 40 and 41. Only a limited number
of NO, emission measurements were made because of the general adequacy of the
existing emissions data base for this pollutant. Sulfur dioxide emission data
were obtained only at Sites 200 and 202 and the SO, removal efficiencies
given in Tables 40 and 41 represent actual field data from Reference 15.
Sulfur dioxide emissions, however, can be computed for all sites from the
fuel sulfur content.

The data reduction procedures for converting emission concentrations
(ppm or mg/m®) to emission factors (ng/J} are presented in Appendix B. The
test results presented in Table 45 will be discussed in detail in Section 4.3.

4.2.4.2 Laboratory Analysis Results--

This section presents results of laboratory analyses of samples
collected at the combustion sources tested. The analytical methodology
used was described in Section 4.2.3.

Inorganic Analysis Results--

Trace element data were obtained by SSMS for the solid fuel-fired sites
tested. Results were obtained for up to 65 elements for each section of the
SASS train analyzed and were summed to provide a total value and an emission
concentration. Emission concentrations for the oil-fired sites were calculated
based on fuel analyses assuming that the total elemental content of the fuel
is emitted with the flue gas. Trace element analyses were also conducted
for the solid fuels. A discussion of the flue gas trace element data will
be presented in Section 4.3.

A summary of the data from the specific inorganic analyses conducted is
presented in Table 46. Data are shown for emission concentrations of mercury,
arsenic, and antimony from 0il and coal-fired sources as determined by AAS.
The Goksoyr-Ross procedure was used to determine SO; concentrations; pro-
cedures for the determination of sulfate have been described in Section 4.2.3.
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Organic Analysis Results--

Total Organic Emissions--Tables 47 and 48 present summaries of organic
emissions from gas- and oil-fired sites and solid fuel-fired sites, respec-
tively. The data are quantitative and are grouped into three general
categories consistent with the procedures used for analysis. These categories
are:

. gaseous - compounds boiling below 90°C, C;-Cs,
) volatile - compounds boiling between 90° and 300°C, C;-C16, and
(] nonvolatile - compounds boiling above 300°C, = Ci¢.

Gaseous hydrocarbons are determined in the field, whereas all other
organic analyses are performed in the laboratory. The C,-C¢ field ddter-
minations are included here to present an overview of total hydrocarbon
emissions. '

Large variations exist in total hydrocarbon emissions within all of
the source categories tested. Although the data presented in the tables
have not been normalized for heat input, the variation is greater than that
which could be attributed to differences in excess air or combustion system
air leakage. Other factors contributing to the variability, such as System
age, fuel, and operating conditions, will be discussed in Section 4.3.

Organic Component Analyses--Further quantitative and qualitative
characterizations of organic emissions were conducted in accordance with
program procedures as outlined in Section 4.2. The following subsections
will discuss the results of these tests.

1iquid chromatographic separation results--As discussed in Section 4.2.3,
the composite samples from the gas- and oil-fired sources and the individual
SASS component samples from the solid fuel-fired sources are subjected to
fractionation into seven components if the total nongaseous organic emissions
are found to be greater than 0.5 mg/m®. Gravimetry and IR spectroscopy are
used to analyze each fraction for the amounts of » C,¢ hydrocarbons and com-
pound classes, respectively. If the volatile organic content of a sample
exceeds 10 percent of the total organics, then a solvent exchange is performed
before the separation to preserve volatile organics, and volatile organics
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(TCO) are measured in each fraction. The results of the LC fractionations
are presented in Tables 49 and 50 (an explanation of the sample identifica-
tion codes is given in Figure 8). The results (TCO, GRAV, and total organics)
are presented as emission concentrations. However, it should be noted that
the concentrations provided in Tables 49 and 50 are generally lower than
those previously presented in Tables 47 and 48 because total recovery from
the columns is not achieved. In addition, in the case of the solid fuel-
fired sources, only data from the XAD-2 resin module or the resin module
and condensate are shown. The XAD-2 resin module was designed to trap the
bulk of the organic emissions but varying amounts of organics are found

in other SASS train component samples.

Examination of the data indicates that the largest amounts of organic
materials recovered in the individual fractions are found in LC fractions
6 and 7. The distribution of organics in individual fractions is shown
graphically in Figure 9. Fraction 6 should contain in alcohols, phenols, esters,
ketones, amines, alkyl sulfur compounds, and some carboxylic acids. Fraction 7
should contain sulfonic acids, sulfoxides, carboxylic acids, and phosphates.

Infrared analysis results--Infrared (IR) spectroscopy was used to
determine organic compound classes by functional group analysis in neat

the IR analyses of XAD-2 resin samples and LC fractions from the industrial
sources tested. Aliphatic hydrocarbons, aromatics, esters, ketones, and
carboxylic acids are the compound classes typically found. Benzoates and
phthalates are common contaminants, and their presence in the spectra of the
samples should be discounted.

Low resolution mass spectral results--As described in Section 4.2.3, low
resolution mass spectrometric (LRMS) analysis for compounds and compound
classes is performed on any LC fraction of a flue gés sample, the source
concentration of which exceeds 0.5 mg/m?. Table 52 presents results of LRMS
analysis of LC fractions meeting this criterion.
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Results of GC/MS analyses for Polycyclic Organic Material (POM)--A11
organic sample concentrates were analyzed by GC/MS for POM. Table 53 presents
the results of POM analyses for the industrial sources. Some compounds shown
represent isomers of compounds of identical molecular weight which could not
be definitively identified by techniques used for Level I GC/MS analysis.
Additional sampling and Level II GC/MS analysis would be required to positively
jdentify compounds emitted from those sources.
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4.3 ANALYSIS OF DATA EVALUATION AND PROGRAM TEST RESULTS

4.3.1 Emissions of Criteria Pollutants

The particulate, NOy, €O, and total organic emissions data collected in
this program are presented in Tables 54 and 55, respectively, for gas- and o0il-
fired sources and solid fuel-fired sources. Emissions of S0, were not measured
in the test program with the exception of tests of a double alkali scrubber
at Sites 200/201 and 202/203. (See Reference 15).

4.3.1.1 Gas- and Qil-fired Boilers--

As shown in Table 54 calculated emission factor data variabilities exceed
0.7 for all criteria pollutants from the gas-fired combustion sources tested.
Data variability is greatest for the HC and CO emission factors. The varia-
tions in emissions of criteria pollutants cannot be completely explained on
the basis of boiler load or flue gas oxygen content. As shown in Table 42,
all of the boilers, with the exception of those at Sites 150, 151, 157, and
158, were operated at loads greater than 70 percent of rated capacity. Excess
air levels measured at the flue gas stack were greater than 25 percent for
all boilers except for Site 151 (10 percent), Site 334 (24 percent), and Site
335 (20 percent). The low excess air level and low load operation during test-
ing at Site 151 could explain the high HC and CO emission factors measured at
this site. Moderately high HC and CO emission factors were also measured at
Sites 334 and 335. However, both of these sites were operated at baseline
conditions (80 percent of rated capacity).

The variability of particulate and hydrocarbon emission factors for the
residual oil-fired and distillate oil-fired sources tested are greater than
0.7. No definite correlation between boiler operating parameters and emissions
of criteria pollutants is apparent, and the variability and lTevel of emissions
must be attributed to factors which contribute to combustion efficiency such
as fuel atomization, combustion air, and other factors not measured in this
program,
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TABLE 54. CRITERIA POLLUTANT EMISSION FACTORS AND DATA VARIABILITY
FOR THE GAS- AND OIL-FIRED INDUSTRIAL COMBUSTION SOURCES

TESTED
Emission factor (ng/J)
Site
Source category number  Particulates NO, €o HC
Gas-fired boilers 150 0.184 - 14 1.9
v 151 0.062 - 337 38.9
157 0.09 . 10 0.7
158 0.63 - 159 2.0
159 0.14 103 2051 0.7
161 0.17 81 2058 <2.1
162 0.15 12 6 0.6
328 0.001 51 3 <0.8
" 334 0.255 - 623 3.7
fetov 335 0.536 49 165 1.2
X 0.2z 59 543 5.3 -
S(X) _ 0.07 15 259 3.8
tS(X)/X 0.72 + 0.71 1.1 1.6
Residual oil-fired boilers 152 8.8 188 4.6 5.7
- - - 153 _16.4 194 6.3 6.3
160 3.9 146 6.9 0.3
163 3.3 109 5.5 0.3
202 17.6° 161 5.3 <5.1
X 8.1 160 5.7 3.5-
S{X) _ 3.0 15 0.4 1.3
tS(X)/X 1.2 0.26 0.20 1.1
Distillate oil-fired boilers 170 1.4 - - 3.7
172 19.7 - - 0.3
173 18.7 - <506 0.5
174 1.0 - - 0.5
X 10.5 - - 1.3 -
S(X) 5.1 - - 0.81
tS{(X}/X 1.5 - - 2.0

- = Not measured.

%ot included in calculations of mean (X), standard deviation of the

mean (S(X)), or variability (tS(X}/X).
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4.3.1.2 Solid Fuel-Fired Boilers

Emission factor and variability data, when précticab1e, are presented in
Table 55 for the solid fuel-fired boilers tested. Data variability exceeds
0.7 for all pollutants from all the combustion source categories included in
the program. The variability of the particulate emission factor data for
bituminous-fired sources has been calculated for uncontrolled emissions only
by adjusting the measured emission factors to reflect the design, estimated,
or measured efficiency of the control device. A1l of the bituminous units were
controlled by multiclones and/or electrostatic precipitators or, in the case
of Site 200, by a double alkali FGD scrubber. The particulate efficiency of
this latter unit was determined in the field by actual measurement of inlet
and outlet particulate concentrations.

The large variability of the particulate emission factors can be attribu-
ted to one or more causes including single-point sampling (stratification of
particulates at the sampling location), errors in estimation of control device
efficiencies, fuel characteristics and inherent variabjlity in emissions caused
by boiler design and operating parameters.

The variabilities of the emission factors for all pollutants from the
wood-fired boilers are all relatively high with the exception of that for un-
controlled particulates. However, the variabilities are not too surprising
because of the differences in design, operating conditions and fuel burned.

The furnaces at Sites 146 and 147 were of dutch oven design; the furnace at
Site 149 was a fluid-bed type; and the remaining two units were underfeed
stokers. During the test at Site 149 the unit was operating at 20 percent of
rated capacity. The poor combustion efficiency of this unit, which contributes
in large part to the variability of the pollutant emission data, is reflected
by high particulate, CO, and HC emissions and low NO, emissions.

4.3.1.3 Comparison of Criteria Pollutant Emission Factors

In Table 56, the emission factors for the sources tested in this program
are compared with emission factors derived from the existing data base and
with EPA emission factors.? The mean criteria pollutant factors for most source
categories are overall in fair agreement with the existing data base and EPA
emission factors. Significant differences in the data bases were most
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TABLE 55. CRITERIA POLLUTANT EMISSION FACTORS AND DATA
VARIABILITY FOR THE SOLID FUEL-FIRED INDUSTRIAL
COMBUSTION SOURCES TESTED

Emission factors (ng/J}

Site
Source category number  Particulates NOx co HC
Bituminous, pulverized
dry bottom boilers 200 18.6 372 14 6.1
341 4.4 - 25 1.6
X 11.5 372 20 3.8
Bituminous, pulverized
wet bottom boilers 223 10.0 - 0 0.38
224 46.2 - 0 0.69
225 4.0 - 0 0.28
X 20 0 0.45
S(X) _ 13 0 0.12
ts(X)/X 2.8 - 0 1.1
Bituminous, spreader stoker 221 20.1 - 0 2.0
226 192 - 0 0.1
340 41 - 61 1.7
X 84 - 200 1.3
S(X) _ 54 - 20 0.6
tS(X)/(X) 2.8 - 4.4 1.9
Wood boilers 145 66 67 156 16.3
146 18 20 257 10.4
147 18 48 50 0.8
148 92 327 0 0.6
149 156 5 1588 209
X 70 93 410 47
S(X) _ 26 59 297 41
tS{X)/X 1.0 1.8 2.0 2.4

- = Not measured.
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TABLE 56.

COMPARISON OF CRITERIA POLLUTANT EMISSION FACTORS
FOR INDUSTRIAL COMBUSTION SOURCES

Combustion source type

Gas-fired hoilers

Distillate oil-fired
boilers

Residual oil-fired
boilers

Bituminous, pulverized
dry bottom boilers

Bituminous, pulverized
wet bottom boilers

Bituminous, spreader
stokers

Wood boilers

Data source

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Current study

Existing data

Combined existing data
and current study

EPA: AP-42

Emission factor {ng/J)

Particulates®

34.5
30

1964
148A

160A
3324

110A
ND

110A
251A

383A
331A

336A
254A

135
404

300
215-645

3
No, SO, co
54 ND 543
71 3.2 33
70 3.2 161
50-96 0.26 8
ND ND ND
66 ND 2.1
66 ND 2.1
70 106 15
160 ND 5.7
151 448 3.7
152 448 4.0
177 464 15
372 ND 20
243 713 ND
261 713 20
352 766 20
ND NO 0
ND ND ND
ND ND 0
586 766 20
ND ND 20
243 ND 132
243 ND 122
293 766 40
93 ND 810
5 ND ND
45 ND 410

430 65  B86-2580

[FLE M) [ZT M) L#% ] —t - Ch oh o
N Py . .o . Palai
owm (Y- ] o

L L
. o
L O

(e R ] =0 o
= .

47
86-3010

alndicates fuel ash content.

bEPA 50, emission factors based on fuel sulfur content of
and residual oil; 0.24 percent for distillate 0il;

4,600 g/10° Nm' for natural gas.

ND - No data
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prevaient for CO and HC emissions. Particulate emissions measured in this
study also exhibited variations from EPA emission factors, most noticeably

for the solid fuel-fired boilers., The particulate emission data reported in
Table 56 for the solid fuel-fired sources are uncontrolled emissions and are
given, for the bituminous combustion sources, in terms of the ash content of
the fuels used during the test program to minimimize possible error in con-
verting measured emissions to uncontrolled emissions. However, other factors,
as noted previously, could introduce errors into the conversion from measured
to uncontrolled efficiency. Disregarding errors in sampling produced by
single-point sampling, the most important factor affecting the calculation

of uncontrolled particulate emissions is the control device efficiency.
However, those units with the lowest calculated uncontrolled emissions were
controlled with multicliones. These units were generally rated at 90 or 95
percent overall efficiency. It is difficult to postulate that these mechanical.
control units were capable of operating at higher than design efficiencies,

a condition that would increase calculated uncontrolled emissions and generally
achieve closer agreement with EPA emission factors.

Emission factors for the gas- and oil-fired units were generaily in good
agreement for particulates and NO . The CO emission factor derived from the
combined existing data and current study, however, was much higher than the
EPA emission factor for gas-fired units and much lower than the EPA emission
factor for the oil-fired units. Emissions of CO are highly dependent on
unit operations, and the differences in emission factors probably reflect
differences in furnace combustion conditions. The hydrocarbdn emission factor
from the combined data base was much higher than the EPA emission factor for
gas-fired units, again probably reflecting differences in furnace design and
operation. Hydrocarbon emission factors, however, were in good agreement
for the oil-fired sources.

The combined existing data and current study emission factors for wood-
fired boilers and EPA emission factors were in fairly good agreement with the
exception of NO, emissions, which were a factor of 10 lower than EPA values.
Emissions of HC were also a factor of 2 lower than EPA values.

In summary, the above discussion indicates that (1) the combined existing
and current study emission factor data base is generally comparable to the
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EPA emission factor data base; (2) the particulate emission data base for

sotid fuel, coal-fired sources is generally inadequate and will require fur-
ther study; (3) the NOx emission data base for wood-fired boilers aiso requires
further study; and (4) the HC and CO emission data base is highly variable and
generally inadequate for all combustion source categories.

4.3.1.4 Criteria Pollutant Ambient Severity Factors

The significance of the emissions of criteria pollutants from industrial
combustion sources can be assessed using the ambient severity concept. This
concept has been discussed in Section 4.1, and detailed methods for the calcu-
lation of ambient severity factors are described in Appendix A. Basically,
the ambient severity factor is defined as the ratio of the calculated maximum
ground-level concentration of the pollutant species to the level at which a
potential environmental hazard exists. Ambient source severity factors below
0.05 are deemed insignificant.

Ambient severity factors for the criteria pollutants are presented in
Table 57. They have been calculated from the emission factors shown in
the table. The emission factors used are best estimates based on analysis
of the current study and existing data base for the source categories tested.
EPA emission factors are used for many source categories because the combined
data from this study and the existing data base are still limited to a com-
paratively few data points and cannot, as yet, be considered a reliable data
base for the estimation of emissions.

Criteria poliutants of potential concern from gas- and 0il-fired boilers
are NOx for all sources and S0, for residual oil-fired boilers. For bituminous-
and wood-fired sources, ambient severities for particulates, NOX, and S0,
exceed 0.05 and are significant. Hydrocarbon emissions from bituminous
spreader stokers and wood boilers are also significant. The severity factors
were calculated for typical industrial size units and represent severity factors
for uncontrolled emissions. As indicated in Table 57, pulverized dry bottom
units burning bituminous coal at the rate of 200 x 10° J/hr will require con-
trol device efficiencies slightly greater than 99 percent to achieve an ambient
severity factor of 0.05.

127




"GOT0 ueyl 433eauB aue pouLa3pun San|ea 1033ey AJ1UIABS Jua Lquyy,
: SUOLSS LW PR [043u0duN
*|BOD SNOULWNYLQ 404 Judddad (L0 JUIIUOI YSP UR pUR SU03I04 UOLSSIWA 4O UOLIRLND

-1e2 Ayl 40} 2p 2[QEL UL PISN SIUIIUOD UNJ(NS Byi °53140621LD BJUNOS UOLISNQUOD JBYIO |{R 403 Jdy/( 0L * 0§ pue
‘S43%03S 43peaads SMOLLWNILG 404 AU/ (0L * QGL “SItun pazeada|nd 403 ay/0 (0L - 00Z 0 S3jed Indup B3y O paseq,

G R A ERLSEIACESTOTE AT SOT SEITULOST STt mmammmir onnE ST T ETESR LSS TR i = 4 PR S SmAEERL R SGlNE m. . WW L A b E . EIEm EuSC s TS S ATwEsmoprs s s ootoornas i

970 0ol {0070 0oy {00 59 5270 05 9r°G GoE sJa|l0q pooM
—_ — w . SAIN0LS
rs0°0 0¢ L00°0> of o0 99¢ 80° L 062 0°¢ 0¥se Japeauds ‘snoutunyig

_— N , 54391109 Wo330eq 1am
2e0’0 9 L00° 0> 0 $8°0 99/ £6°¢ 986 6t (1] 474 pazia3a|nd ‘snouiunyig
— . ; R SJ43|L0q wojjoq Aup

220’0 9 100°0> 0¢ 680 997 Sl 0st g 17453 pazidaaind ‘snoutlunitig

s43]t0q

Li0"0 £ 100" 0> 51 2s°0 vov sg8'0 0Ll 9v0°0 ot PasLy-| 10 |enplsay

— _ $43{t0q

L10°0 £ 100" 0> gl {ro 90l S€'0 . 0 600°0 9 paJii-Lo aje(tistg
$00°0 1 L00°0> g 100" 0~ g2'0 SE'0 0L £00°'0 4 S421109 padty-seg
540302} (/6u) 4403203 (p/bu) 4407083 (p/bu) 4403384 | {p/bu) 4403223 (r/bu) Axobajed azanog

A1143A95 40308y A3L43A3S 403083 AJL43ARS 10308y A LJ43A3S  u0}Dey AJLADABS 40300}
jUaLquy UOLSSIW]  Judiquy UOLSSLWI  JUdLqWy UOLSSLWI  JudLquy UOLSSMM]  JudlqUY uOLSS LW
M 0 205 *oN R ULCIERLY

jueIn|jog

= - U

S32YN0OS NOILSAGWOD TVIYLSNONI 404
2SU0LIVA ALTH3AIS INIIGWY GNY SHOLOVA NOISSIW3 INVINTT0d YIYW3LI¥D (S 318Vl

128




4.3.2 Particle Size Distribution of Particulate Emissions

Particle size distribution data are based on the weights collected by the
three cyclones and the particulate filter of the SASS train during tests of
the solid fuel-fired source categories. Emission factors for the size frac-
tions and the percentage of material in each fraction are shown in Table 58.
The variability of the percentage in each fraction was also calculated and is
shown in the table. The significance of the emission data and data variability
is questionable because all of the coal-fired sources and some of the wood-
fired sources tested were equipped with control devices. Level II testing
upstream and downstream of a control device will be required to adequately
estimate emissions and the fractional size efficiencies of specific ¢ontrol
devices.

4,3.3 Emissions of Particulate Sulfate, and S0j

Emission factors and ambient severity factors for particulate sulfate
and SO; emission are presented in Table 59. The percent of fuel sulfur con-
verted to particulate sulfate or SO; is also shown in the table. The 503
data was obtained during a study of an industrial boiler burning either resid-
ual oil or coal and controlled by a double alkali FGD system.l® Particulate
sulfate emission data were obtained at these two sites in addition to most of
the other solid fuel-fired sources tested in this program.

The 3.2 percent conversion of fuel sulfur to particulate sulfate for the
single residual oil boiler tested is appreciably greater than the mean value
of 0.5 obtained in a previous study.2® The fuel sulfur convérsion to partic-
ualte sulfate resulting from the combustion of bituminous coal is highly
variable, ranging from 0.12 to 1.6 percent. However, with the exception of
the 1.6 percent conversion measured at Site 200, the limited data obtained
in this program agree very well with values measured previously for bituminous
coal-fired utility boilers. Mean conversion values of 0.032, 0.13, and 0.48
were determined in the Reference 28 study for pulverized dry, pulverized wet,
and stoker boilers, respectively. The high percent conversion of fuel sulfur
to particulate sulfate during wood combustion is based on an average fuel sul-
fur content of 0.02 percent. This high percent conversion is very similar to
that noted previously in one test of a wood-fired commercial stoker.3?
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TABLE 58. PARTICLE SIZE DISTRIBUTION DATA FOR THE SOLID
FUEL-FIRED INDUSTRIAL SOURCES TESTED

Control device

Effi- Particulate emissions, ng/J (%)
Site ciency
No. Type (%) >10 um 3-10 um 1-3 w <1 um Total

Bituminous, pulverized
dry bottom boilers

2007201 Double 99.47 0.21(1) 1.5(7) 6.3(30) 13 (62) 21(100)
alkali FGD
341 ESP 99 0.5 (13) 1.7(39) 0.7(15) 1.5(33) 4.4(100)

Bituminous, pulverized
wet bottom boilers

223 Multiclone + 99.7 o (0 0.6(6) 4.8(48) 4.6(4.6) 10{100)
ESP
224 Multiclone 90 3.2 {7) 11.9(26) 22.1{48) 8.8(19) 46{100)
225 Multiclone 95 0 {0) 0.2{1) 1.6(43) 2.2(56) 4(100;
X (2.3) {11) (46) {40)
s{x) (1.3) (7.6) (1.7) {11)
ts{x)/x (2.5} (3.0) (0.16) (1.2)
Bituminous, spreader
stokers
221-- Multiclone-+ -99.5 .. 2.9 (14) _ 4.8(24) . 4.6(23) . . 7.8{39)_  20.1{100}
ESP
226 Multiclone 90 2.9 (15) 39 (20} 15 (8B) 109{57) 192(100)
340 Multiclone 95 0.8 (2) 6.6(16) 9.6(23) 24 (59) 41(100)
X (10.3) {20) (18) (52)
s(x) {4.2) (2.3) (5.0) {6.6)
ts(x)/x (1.7} (0.5) {1.2) {0.53)

Wood boilers

145 10.5 (16) 8.3(13) 8.7(13) 38.5(58) 66(100)
146 Scrubber 90 0.3 {1.5) o (0) 0.3(1.5) 17.6(97) 18.2{100)
147 Scrubber a0 1.4 (9} ¢ (0) 0.4(2) 15.7(89) 17.5(100)
148 14.3 (16) B.7(9) 8.2(9) 60.8(66) 92(100)
145 " 43.2 (2.8) 20.8(13) 12.8(8) 79.2(51) 156(100)

x (14) (7) (6.7) (72) .

s (%) (4.4) (2.9) (2.2) (8.9)

ts(X)/x (0.86) (1.2) (0.91) (0.34)
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Emissions of S0; at Sites 200 and 202 were measured using controlled con-
densation procedures. The percent conversion of fuel sulfur to S0, was 0.40
and 0.65, respectively, for coal and residual oil combustion. The limited
exjsting &ata base reports corresponding conversions of 0.8 and 1 to 2 percent.

Overall, the emission data for particulate sulfate and SO; are highly
variable. Moreover, ambient severity factors greater than 0.05 were calculated
for all particulate sulfate and 50; emissions measured in this program.

4,.3.4 Emissions of Trace Elements

Trace element emissions from solid fuel-fired combustion sources were
determined from analysis of the collected SASS train samples and emission
factors calculated from the SASS data using the techniques described in
Appendix B. However, emission factors for oil-fired sources were calculated
from analysis of the fuel feed, assuming total release of the elements to the
flue gas. Trace element emissions from gas-fired sources were not measured
in this program. The SSMS was the principal analytical procedure used for the
measurement of trace element emissions, with values for mercury determined by
AAS. However, for Sites 200/201 and 202/203, inductively coupied piasma optical
emission spectroscopy {ICPOES) analysis was used to determine trace element
valués. Specific AAS "analyses for-arsenic and-antimony, collected by the APS.
impingers, were conducted when certain criteria, as described in Sectior 4.1
were met. '

4.3.4.1 0il-Fired Combustion Sources--

Trace element emission factors, variabilities when possible, and ambient
severity factors for the four distillate and residual oil-fired units tested
are shown in Table 60. The data variability exceeds 0.7 for all but a few
elements, reflecting differences in the trace element content of the fuels and
the Timited data base. As noted above, the emission factors are based on SSMS
analyses of the fuels burned at those sites and on the assumption that all ele-
ments exit with the flue gas.

Because of the limited number of data points, variabilities were cal-
culated for only 12 of the 27 elements listed in the table. The ambient
severity factors shown in the table were calculated based on the maximum emis-
sion factor obtained for the disti11atg oil-fired sources. In the case of the
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residual oil-fired sources, either the maximum value or the upper bound of

the emission factor was used to calculate severity factors. Data from Site 202
were not included in the calculation of variability or ambient severity factors
because this site was controlled by a FGD device. Because of this conservative
approach, several elements are associated with ambient severity factors that
are greater than 0.05, the level for which emissions are considered environ-
mentally significant in this program. Elements of significance for distillate
011 sources include chromium, nickel, phosphorus, and vanadium. For residual
0il1 combustion, elements of significance are cadmium, chromium, sodium, nickel,
phosphorus, silicon and vanadium. The data for these elements are inadequate
based on the criteria established for this program.

A comparison of current study trace element emission factors with exist-
ing data is provided in Table 61. Elements listed are those with high ambient
severity factors as determined from the emission factor data in Table 60. The
referenced data for distillate 0il represent emission factors measured in re-
cent studies of emissions from seven residential and three commercial combustion
sources. Because emission factors were also calculated in these studies using
trace element fuel concentrations as determined by SSMS, differences between
the -current study and the existing study data should be directly attributable
to the trace element content of the fuels used in the three studies. Reasonable
agreement is shown for approximately two-thirds of the 18 elements listed
in the table. Emission factors for the remaining elements differ by more than
a factor of 3.

In the case of the residual oil-fired sources, the current study data
base is compared with data that represent the weighted nationwide trace ele-
ment content of residual oils?! and recent trace element emissions data for
commercial and utility boilers. Reasonable agreement of the current study
data base with the existing data base is shown for 12 of the 18 elements.

In summary, trace element emissions are of concern for several elements
emitted from distillate oil-fired combustion sources and residual ojl-fired
industrial sources. Elements, other than those noted above that are associated
with ambient severity factors greater than 0.05, also may be of environmental
concern because the range of variability of these elements in o0il fuels is unknown.
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TABLE 61. COMPARISON OF EXISTING TRACE ELEMENT EMISSION FACTOR DATA
WITH RESULTS OF CURRENT STUDY OF QIL-FIRED INDUSTRIAL
COMBUSTION SOQURCES, pg/Jd
Distillate Residual
oil-fired boilers oil-fired boilers
Existing data Existing data
Current Current
Element study Ref. 42 Ref. 43 study Ref. 42 Ref. 21 Ref. 28

Aluminum (A1)
Arsenic (As)
Barium (Ba)
Calcium (Ca)
Cadmium (Cd)
Cobalt (Co)
Chromium (Cr)
Copper (Cu)
Fluorine (F)
Iron (Fe)
Mercury (Hg)
Potassium (K)
Lithium (L)
Magnesium (Mg)
Nickel (Ni)
Lead (Pb)
Antimony (Sb)
Silicon (Si)
Vanadium (V)
Zinc (Zn)

178 15
3.5 1.3
1.2 8.4

75 845
1.3 2.5
3.8 2.3

24 36

37 205
- 14

383 545

- 1.7
85 “ 60 -
0.5 1.5

42 40

255 112

24 48
- 1.7

735 173

195 30

42 40

250

1.

16
450
1

1.

29
160

140

230

210

290
42

110

177 156 87 132
1.2 9.1 18 12
3.3 9.5 29 3

229 780 320 1428
0.66 0.2 52 6.9

11 23 50 10
29 50 30 21
10 93 64 350
- 1.0 2.7 149
83 379 411 453
- 1.9 0.9 1.5

261 213 <177 - 392

1.1 1.0 1.4 1.7
24 11 297 2384

728 804 964 433
2 7 80 34
- 21 10 25

8655 1610 400 595

366 250 3656 714

33 46 29 66
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4.3.4.2 Bituminous Coal-Fired Combustion Sources--

As noted previously in Section 4.1, existing trace element emission fac-
tor data for industrial solid fuel-fired combustion sources are limited.
Further, interpretation of the current study and existing data base is diffi-
cult because of the large variations in fuel, control device performance, and
other factors related to the combustion source and its operation.

Emission factors and ambient severity factors for the bituminous-fjred
combustion sources tested in this program are shown in Table 62. The units
tested were two pulverized dry bottom units, one controlled by an ESP of an
estimated 94 percent efficiency and the other controlled by a double alkali
scrubber of 99.47 percent measured particulate efficiency; one pulverized wet
bottom unit controliled by a multiclone with an estimated efficiency of 90 per-
cent; and three spreader stokers, two controlled by mechanical precipitators of
90 and 95 percent rated efficiency and one controlled by an ESP rated at 99.5
percent efficiency. The ambient severity factors were calculated from the
emission factor data using the heat input rates specified in the table.

Despite the relatively high levels of control at the pulverized dry bot-
tom sites (99.47 and 99 percent, respectively, at Sites 200/207 and 341) the
calculated ambient severity factors for some elements are greater than 0.05.
These elements are arsenic, beryllium, chromium, and mercury at Site 200/201
and cobalt at Site 341. An ambient severity factors greater than 0.05 at Site
224, a pulverized wet bottom boiler controlled by a multiclone with an estim-
ated efficiency of 90 percent, was found for only one element, phosphorus.

The three bituminous spreader stokers tested were all equipped with con-
trol devices. Site 221 was controlled by an ESP with a rated efficiency of
99.5 percent; Site 226 was controlled with a 90 percent rated efficiency
multiclone; and Site 340 was controlled with a multiclone with an estimated
efficiency of 95 percent. Because of variations in the coal and in the
efficiency of the control devices at these sites, the vari;bi1ity of the emis-
sion factor was not calculated. Emission factor variability, however, is
obviously greater than 70 percent for most elements. Calculated ambient
severity factor exceeded 0.05 for beryllium, nickel, and phosphorus at all
three sites. Other elements with severity factors greater than 0.05 at one or
more of the sites are arsenic, cobalt, chromium, iron, potassium, lithium and
lead.
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Although there is an approximate correlation between emission factors
and control device efficiency, there are some inconsistencies. Site 340,
for example, emits far more elements in significant amounts than are emitted
by site 224 despite the rated efficiencies of 95 and 90 percent, respectively.
This discrepancy cannot be explained on the basis of EPA emission factors and
fuel characteristics, such as ash content.

4.3.4.3 Wood-Fired Combustion Sources--

Trace element emission factors, variabilities of the emission factors,
and mean and upper bound ambient severity factors are presented in Table 63
for the wood-fired combustion sources tested. The emission factors shown in
the table are measured values. However, the mean value of the emission factor,
data variability and the ambient severity factor were calculated for uncon-
trolled emissions by adjusting the emissions from the controlled boilers at
sites 146 and 147 to the uncontrolled level, assuming the control devices
were operating at 90 percent efficiency during the test period.

Upper bound ambient severity factors calculated on this basis exceed
0.05 for several elements. These elements are arsenic, calcium, iron, po-
tassium, magnesium, nickel, phosphorus, and lead. The number of elements of
potential significance have been increased slightly by including the calcu-
Tated uncontrolled emission values for sites 146 and 147. However, the high
emission factors measured at sites 148 and 149 also contributed significantly
to the number of elements with calculated severity factors greater than 0.05.
Because of the variability of the data and the large number of elements of
potential environmental concern, the trace element data base is inadequate
and further work is needed.

4.3.5 Emissions of Qrganics and POM

The sites tested generally emitted organic compounds at levels lower
than would be predicted from EPA emission factors. Analyses of organic emis-
sions from the industrial sources tested indicate that the principal constit-
uents are esters, carboxylic acids, naphthalenes, and aliphatic hydrocarbons.
Very few of the source testéd emitted organics at levels that met the cri-
terion for LRMS analyses (or LC sample fractions (>500 mg/m3)). The com-
pounds ideﬁtified have relatively high MATE values, in the range of 10 to
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TABLE 63. TRACE ELEMENT EMISSION FACTORS AND AMBIENT
SEVERITY FACTORS® FOR THE WOOD-FIRED IN-
DUSTRIAL COMBUSTION SOURCES TESTED

= o

Emission factor Upper'b
{pgsJ) b Mean limit
Mean . ambient  ambient
Site Site Site Site Site X ts{x) severity severity
Trace element 145 146 147 148 145 (pgsJd) X facao( factor
Alyminum (Al} 470 28.1 50 37.3 ' 1,262 577 0.84 0.013 0.023
Arsenic (As) 1.65 0.97 4.4 0.85 2.5 1.7 1.9 0.029 0.83
Boron {B} 16.2 52.8 1.9 5.4 184 150 1.9 0.002 0.005
Barium (Ba) 49.2 1.3 12.3 133 133 %0 0.76 0.021 0.036
Bery}lium (Be) 0.012 0.006 .3 0.002 0.022 0.19 0.15 ¢.011 0.013
Calcium (Ca) 7930 175 83.6 2,876 51,000 14,280 1.8 0.34 0.95
Cadmium (Cd) 0.50 0.0006 1.4 0.29 0.08 3.0 2.6 0.007 0.025
Cobalt {Co) 0.40 0.085 0.02 0.34 1.3 0.62 0.9 0.002 0.004
Chromium {Cr) 8.0 0.76 11.7 3.6 8.0 6.4 0.81 0.016 0.028
Copper (Cu) 16.5 9.9 13.8 263 14.9 106 1.2 06.012 0.026
Iron (Fe 725 81.5 58.5 278 1,978 876 0.92 0.021 0.040
Potassium (K) 2300 12.4 562 34,400 51,300 18,750 1.5 1.1 2.8
Lithium (L) 1.8 0.75 0.20 0.70 1.4 2.7 1.3 0.015 0.035
Magnesium {Mg) 1520 167 337 536 4,785 2,370 0.88 0.028 0.052
Manganese (Mn) 228 43.3 22.6 250 431 314 0.42 (.008 0.011
Sodium (Na) 236 1.3 27.8 1.3 28.1 66 2.2 0.003 0.010
Mickei (Ni) 4,8 5.3 2.0 2.5 65.5 25 i.2 8.035 G.077
Phosphorus (P} 1047 366 78.4 141 337 1,190 1.5 1.5 3.8
Lead {Pb) 43.2 6.1 12.9 2.4 6.4 49.8 1.2 0.040 0.88
Antimony {Sb} }:5 0:007 0:35 - 0.20 0:14 -1.1 1.7 <0, 001 <0.001 --
Selenium (Se) 0.3% 0.29 0.34 0.46 0.83 1.6 11 <0.001 <0.001
$ilicon (Si) 420 56 13.8 216 2,429 750 1.6 0.009 0.023
Strontium (5r) 64.8 4.2 2.8 81.1 145 72 0.78 <0.001 <0.001
Uranium (U} 1.8 1.8 1.8 1.8 1.8 0 0 0 0
Yanadium {V) 1.34 0.45 0.09 0.33 18.3 5.1 1.8 0.001 0.003
Zinc {In) 144 233 124 76.9 65,2 770 1.6 0.019 0.04%

3Based on a heat input rate of 50 x 107 J/hr.

bCalcu!ated by adjusting emissions from controlied boilers at sites 146 and 147 to the uncontrolied level
assuming control devices were operating at 90 percent efficiency.
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1000 mg/m®. Mean ambient severity factors, based on these MATE values, in-
dicate that emissions of organic compounds, excluding POM, from all of the
sources tested are not significant. Calculated ambient severity factors
are all less than 0.05. '

POM emissions from the industrial sources tested have been presented
previously in Table 53. POM emission factors and ambient severity factors
for the gas, oil, and bituminous combustion sources are shown in Table 64.
The variability of the emission factors were not calculated because of the
limited number of data points for each POM/source category combination.
POM emissions were not significant for the gas, oil, and bituminus, pulverized
wet bottom sources at which POM compounds were found. Ambient severity fac-
tors for POM emissions from these sources were all less than 0.001, calculated
using the maximum POM emission factor for each source category. The POM
emissions from bituminous stokers were somewhat greater. Again maximum emis-
sion factors, primarily from site 221, were used to calculated the ambient
severity factors. Benzo(a)pyrene (BaP) (or its isomer benzo{e)pyrene) was
found in the POM emissions from site 221. The calculated ambient severity
factor of 192, using the MATE value for benzo{a)}pyréne, indicates that POM
emissions from the source may be significant. Unfortunately, it was not pos-
sible to positively identify benzo{a)pyrene by GC/MS analysis, and Level 11
analysis would be required to determine the emissions of the benzopyrene
isomers. The ambient severity factor shown in the table represents worst-
case conditions because it assumes that only benzo(a)pyrene was emitted.

POM emissions factors and associated ambient severity factors for the
wood-fired sites are shown in Table 65 along with the variability of the data
for the more prevalent POM compounds listed. Data variability exceeded
0.70 for all POM compounds. Two sites, Nos. 146 and 149, emitted several POM
compounds including benzo({a)pyrene or its isomer benzo(e)pyrene. Ambient
severity factors for benzopyrene were calculated assuming that only benzo(a)-
pyrene was emitted and were significant. Phenanthrene was also emitted in
significant amounts from site 149,

Because of the possibility that emissions of benzo(a)pyrene from sites
221, 146, and 149 are significant, additional testing is warranted. As noted
above, positive identification of this active carcinogen will require
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Level II GC/MS analysis. Further study of POM emissions from wood-fired
sites is definitely needed. :

4.3.6 Solid Wastes from Wood-Fired Combustion Sources

Flyash and bottom ash are the principal wastes generated by wood-fired
industrial combustion sources. It was estimated that 80 x 10% g of flyash
and 160 x 10° g of bottom ash were produced in 1978 assuming 50 percent appli-
cation of control and an equal distribution of flyash and bottom ash. Al-
though wood combustion is not extensively practiced and the quantities of
ash produced are relatively small when compared to the ash produced by coal
combustion, the local environmental significance of wood waste disposal is
unknown. To add to the limited data base for these wastes, several samples of
ash were collected during the tests of the wood-fired sources. These samples
were analyzed for trace elements and organics following the program procedures
used to characterize the solid samples collected from the flue gas.

The ratio of the pollutant concentration to MATE value (health) for land
disposal of solid wastes, instead of the ambient severity factor, is used as
an indicator of environmental significance because of the difficulties in-
volved in applying the concept of the severity factor to solid waste dis-
charges. For solid wastes, the severity factor is defined as follows:

‘ SG fy, f,
VR D
where SG = s0lid waste generation, g/sec
f1 = fraction of the solid waste to water
f, = fraction of the material in the solid waste
Vg = river flow rate, m*/s
D = drinking water standard, g/m®

O0f the parameters listed above, the leaching characteristics of most solid
wastes are not well known, the river flow rate is highly site dependent, and
there is no established drinking water standard for all but a few pollutants.
Thus, the use of severity factors in the evaluation of solid waste emission
data becomes impractical.
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4.3.6.1 Solid Waste Data Acquisition--

To initiate a data base, a selected number of solid waste streams were
sampled and analyzed in this program. Solid waste samples were taken from
four of the five wood-fired sites sampled. The solid waste streams collected
consist of the following:

Bottom ash - Site 145
Cinder ash - Site 146
Bottom ash - Site 146
Bottom ash - Site 147
Cinder ash - Site 147
Scrubber ash - Site 147
Cinder ash - Site 148

Samples of solid wastes were dried and desiccated upon receipt. Typi-
cally, 100-gram aliquots were weighed for soxhlet extraction for organic
analysis. One-gram samples were used for SSMS analysis of trace elements.

4.3.6.2 Analysis of Test Results--

4.3.6.2.1 Trace Element Analysis--Elemental aha1yses of the solid waste

samples are presented in Table 66. The data have been grouped into three
types of ash: bottom ash, cinder ash, which is ash deposited between the
combustion chamber and the stack, and ash captured by the scrubber at Site
147. Data variability has been calculated for the three samples of bottom
ash and cinder ash collected. Data variability exceeds 0.7 for all but a
few elements. The high variabilities are attributable to the.size of the
data base but reflect also differences in elemental composition of the wood
feed and unit design and operating parameters.

A comparison of mean elemental concentratfons in the three types of ash
with elemental MATE (or the identical DMEG) values (health) for solid waste
is presented in Table 67. Discharge severity, the ratio of elemental concen-
tration to MATE value, is the criterion used to evaluate the significance of
ash generated. A discharge severity exceeding one is considered to warrant
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TABLE 67. DISCHARGE SEVERITY? OF TRACE ELEMENTS IN ASH FROM WOOD-
FIRED COMBUSTION SOURCES
MATE Concentration Concentration
or in in Concentration
DMEG boettom ash Discharge cinder ash Discharge in Dischargg
Trace element heaith (ppm) severity {ppm) severity  scrubber ash  severity
Alyminum (A1) 16,000 11,270 0.70 9,700 0.61 8,902 0.56
Arsenic (As) 50 9.5 0.19 69 1.38 18 0.36
Boron (B) 9,300 170 0.02 270 0.03 1,000 0.11
Barium (Ba} 1,000 1,640 1.6 2,800 2.8 560 0.56
Beryllium {Be) 6 0.33 (.06 0.07 0.01 0.47 0.08
Calcium {Ca) 48,000 119,000 2.5 416,670 8.7 110,000 2.3
Cadmium (Cd) 10 0.27 .03 1.0 0.10 <0.01 <Q.01
Cobalt (Co) 150 17.2 0.12 14.7 0.10 22 0.15
Chromium (Cr) 50 2,300 46 .27.7 0.55 260 5.2
Copper (Cu) 1,000 129 0.13 280 0.28 90 0.008
Iron (Fe) 300 32,670 109 47,030 157 22,000 73
Potassium (K) 4,200 28,530 6.8 38,330 9.1 14,000 3.3
Lithium (Li) 10 5.9 0.08 5.4 ¢.08 6.9 0.10
Magnesium (Mg} 18,000 15,320 0.86 10,070 0.56 12,000 0.67
Manganese (Mn) 50 9,230 185 4,900 98 5,600 112
Sodium (Na) 160,000 4,330 0.03 12,100 (.08 4,200 0.03
Nickel (Ni) 45 185 4.1 94 2.1 140 A
Phosphorus (P} 3,000 9,770 3.3 5,620 1.9 6,200 .1
Lead (Pb) 50 23 0.46 52 1.0 30 0.60
Antimony (Sn) 1 500 3.6 <0.01 12 <0.01 1.3 <0.01
Silicon {Si) 30,000 91,330 3.0 140,670 4.7 75,000 2.5
Strontium (Sr) 9,200 2,000 0.22 1,600 0.17 1,100 0.12
Thorium (Th} 130 4.8 0.04 1.9 0.01 <0.01 <0.0%
Uranium (U) 12,000 0.4 <0.01 0.43 <0.01 <0.01 <0.01
Vanadium (V) 500 69 0.14 72 0.14 65 0.3
Zinc (In) 5,000 102 0.02 460 0.09 '350 0.007

ﬂDischarge severity is defined as the ratio of mean elemental concentration to
MATE {DMEG) value.

bConcentration based on a single data point.

147°




2

concern regarding impact on health. Bottom ash elements present in concen-
trations that exceeded MATE values are barium, calcium, chromium, iron, po-
tassium, manganese, nickel, phosphorus, and silicon. Elements in cinder

ash at concentrations in excess of the MATE value are arsenic, barium, cal-
cium, iron, potassium, manganese, nickel, phosphorus, lead, and silicon.
Elements found in the single scrubber ash samples collected at concentrations
greater than their MATE values are calcium, chromium, iron, potassium, man-
ganese, nickel, phosphorus, and silicon.

0n the basis of data variability and discharge severity, the trace
element data base for ash is inadequate for the 11 elements listed above
with respect to health considerations. If ecological effects are considered,
other elements of environmental concern are: aluminum, cadmium, vanadium,
and zinc. The trace element data base for ash from wood combustion is also
inadequate for these elements. Note that because bottom ash, cinder ash, and
flyash will be generally combined for disposal, analysis of wood feed will
provide adequate characterization of most of the inorganic components of the
total ash generated.

4.3.6.2.2 O0Organic analysis-~The ash samples collected were analyzed for TCO
and nonvolatile organics. The data are shown in Table 68. As expected, the
concentrations of“Brgan{cs in the bottom ash aFE'geneEa11jriower than the '
cinder ash and the one sample of scrubber ash tested. However, the varia-
bility of the data is high and it is difficult to make further generalizations.
The presence of TCO compounds in the bottom ash is somewhat unexpected because
these compounds should vaporize from the ash at combustion chamber temper-
atures, The maximum TCO concentration found in any of the samples was 97 ppm.
This concentration is appreciably less than the MATE values of >11,000 PPmM,
based on health, for alkanes, alkenes and alkynes of similar carbon number.

The samples-were further analyzed for POM by GC/MS. With the exception
of naphthalene, which was found in the cinder ash sample from site 147, no POM
compounds were found in other samples of cinder and bottom ash. The naphtha-
lene concentration was 2 ppm, well below the MATE value for health of
150,000 ppm for naphthalene. POM compounds were found in the sample of
scrubber ash from site 147. POM compounds from this ash, their concentra-
tions and MATE values for thercompounds found are presented in Table 69.

The compounds identified were the same as those found in the SASS train
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catch at this site in approximately the same proportions (see Table 65). The
concentrations of the compounds identified are well below MATE values. However,
the data base for POM from flyash collected from wood-fired sources must be
considered inadequate on the basis of POM emissions found in the stack gases

of some of the other wood-fired sites tested. These emissions from other

sites (146 and 149) included a compound that could be benzo{a)pyrene. If this
compound could be positively identified and was found in amounts exceeding its
health MATE value of 0.06 ppm, then the disposal of flyash collected from
wood-fired sites would pose a hazard to health. Bottom ash disposal does not
appear to present a problem.

’

TABLE 659. POM IDENTIFIED IN SCRUBBER ASH
FROM WOOD-FIRED SITE 147

MATE
POM Concentration (health)

compound (ppm) (ppm)
Naphthalene 306 150,000
Biphenyl 3.8 3,000
Phenanthrene 10.5 4,800
Pyrene 1.9 695,000
Fluoranthene '~ 577 285,000
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5.0 TOTAL EMISSIONS

Based on the results of program sampiing and analysis efforts and the
existing emissions data base, estimates of current national emissions and
projected 1985 national emissions from industrial combustion sources have
been made using current and predicted fuel consumption rates.

5.1 CURRENT AND FUTURE FUEL CONSUMPTION

Fuel consumption data for 1978 for the industrial sector were obtained
from DOE energy data and EPA report publications. Information provided
by these sources was synthesized to obtain fuel consumption estimates pre-
sented in Table 70 for the source categories studied in this program. In
1978 the industrial sector consumed about 25 percent of the fuel used by
stationary combustion sources. In 1978, 65 percent of the fuel consumed
by the industrial sector was natural gas, 4 percent was distiliate oil,
and 11 percent was residual oil. Solid fuel consumption accounted for the
remaining 20 percent, 16 percent coal, and 4 percent wood fuel.

Estimates of fuel consumption in 1985 were based on historical data,
although information presented in References 44 through 47 was considered
in estimating growth by fuel type and method of firing. Historically the
use of fossil fuels in industrial boilers has increased at the rate of about
2 to 4 percent per year. An overall growth rate of 19 percent was used
to project 1978 external fuel combustion to 1985, The annual growth rate
of ~2.6 percent is less than the Project Independence Evaluation System*®
estimate of 4.5 percent per year and the estimate of 3.7 percent presented
in Reference 45, but is about equal to the estimate of 2.6-2.9 percent
given in Reference 46 and the projection of 2.3 percent given in Reference 47.

The projection of trends in fuel consumption is subject to large uncer-
tainties and is dependent on future regulatory and national policy decisions
and international events that can significantly affect future fuel consumption
patterns. At present, firm data regarding the operation of boilers in the
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TABLE 70. 1978 AND PROJECTED 1985 INDUSTRIAL
FUEL CONSUMPTION

Fuel consumption

{10'° joules) Percent
change

Source cateaory 1978 1985 1978-1985
Industrial 10,260 11,740 +14
External combustion 8,690 10,320 +19
Coal 1,540 2,002 +30
Bituminous 1,490 1,955 +31
Pulverized, dry 730 876 +20
Pulverized, wet 150 81 -46
Cyclone 40 14 -65
Spreader stokers 510 916 +80
Other stokers 60 68 +13
Anthracite 10 7 -33
A1l stokers 10 7 -33
Lignite 40 40 0
Spreader stokers 40 40 0
Petroleum 1,710 2,308 +35
Residual oil 1,400 2,028 +45
Tangential firing 170 210 +24
Other 1,230 1,818 +48
Distillate o0il 310 280 -10
Tangential firing 50 42 -16
Other 260 238 -8
Gas o . 4,990 5,470 - +10
Tangential firing 500 500 0
Other 4,490 4,970 +11
Other 450 540 +20
Wood/Bark 420 500 +19
Bagasse 30 40 +33
Internal combustion 1,570 1,420 -10
Distillate oil 70 87 +24
Gas 1,500 1,333 -11

Sources: References 1 through 7, and 44 through 47.
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industrial sector are limited as is information concerning the future avail-
ability of fuels and combustion equipment. The projected increase in the

use of coal shown in Table 70 may not materialize because of delays in imple-
menting the national energy pian which calls for reduced reliance on oil

and natural gas in favor of coal. Increased use of coal {or wood) by indus-
trial combustion sources also faces certain significant obstacles including
the need for fuel storage areas, the imposition of more stringent emission
regulations on small boilers, and the cost and availability of combustion

and control equipment.

5.2 NATIONWIDE EMISSIONS

The nationwide emissions of criteria pollutants from industrial external
combustion sources in 1978 and 1985 were determined based on combined current
study and existing data emission factors or EPA emission factors (see Table 58)
and the estimated fuel comsumption rates shown in Table 70. Nationwide emis-
sion totals for the criteria pollutants are presented in Table 71 and con-
trasted with emissions from other stationary external combustion source use
sectors in Table 72. The industrial sector accounts for about 25, 15, 9,

24, and 28 percent, respectively, of particulate, NOy, SOz, CO, and HC emis-
sions from all external combustion sources.

The emissions from the gas- and oil-fired source categories represent
uncontrolled emissions. These source categories are generally not subject
to control because they do not need controls to meet typical SIP regulations.
However, some degree of particulate control for solid fuel-fired boilers is
required to meet SIP requlations. Also New Source Performance Standards
promulgated in 1974 apply to all new, modified, or reconstructed solid fuel-
fired boilers with input capacities greater than 256 GJ/hr, and require
approximately 99 percent control of particulate emissions. New Source Per-
formance Standards that would affect industrial boilers are expected to be
proposed in the early 1980s. Particulate emission estimates for 1978 were
calculated using net control efficiencies of 81 percent for the pulverized
units and 53 percent for the spreader stokers and wood stokers. In estimat-
ing 1985 emissions it was assumed that the increase in coal use was attri-
butable to new units and a net particulate control efficiency of 90 percent
was appiied to emissions from these new units. An SO, control efficiency of
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80 percent was also applied to SO, emissions from the new bituminous, pulver-
ized dry bottom units. Emissions of NO, were not subjected to control,
although it is possible that regulations for NO, will be promulgated in the
future and become effective prior to 1985.

TABLE 72. SUMMARY QF CRITERIA POLLUTANT EMISSIONS FROM STATIGNARY
EXTERNAL COMBUSTION SQURCES BY USE SECTOR

Pollutant emjssions {GJ/yr)

Use sector Particulates  NO, 502 C0 HC
Electric utilities 3506 5331 16,134 675 83
- Industrial 1236 1071 1,636 268 66
Commercial/institutional 262 832 824 89 52
Residential : 28 267 269 64 33
Total 5032 7201 19,043 1096 234

Because of the above assumptions regarding the imposition of more §tring-
ent control, projected 1985 emissions of particulates are only 12 percent
greater than 1978 emissions. The estimated growth in coal consumption was
30 percent over the 1978-1985 period. Gas and oil, which represented 77
percent of the fuel used in 1978, accounted for 4, 52, and 33 percent,
respectively, of particulate, NO,, and SO, emissions from industrial external
combustion sources. In 1985, it was estimated that gas and oil consumption
will drop slightly to 75 percent of the total fuel used by industrial boilers.
Projected emissions from gas and oil combustion in 1985 represent 4, 51, and
36 percent, respectively, of total nationwide emissions of particulate, NOy,
and S0, from industrial boilers.

Trace element emissions from industrial external combustion sources are
summarized in Table 73 for 1978, Emission from gas-fired sources are negli-
gible and are not included in the table. Total emissions were estimated from
the fuel consumption data shown in Table 70 and the best available emission
factor data. For distillate oi) the emission factors used were available
values computed from the present study and the existing data base as shown
in Table 61. The residual oil emission factors used were those from
Reference 21 (see Table 61) because these emission factors represent the
weighted nationwide trace element content of residual oils. These values
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should be more representative of trace element emissions from residual oil-
fired boilers than the average of the limited emissions factor data obtained
in this study. Emissjons from bituminous combustion sources were based on
emission factors calculated from data presented in Reference 28, Table 59,
adjusted for the particulate control efficiencies and particulate emission
factors applicable to the source categories; i.e., bituminous pulverized
dry bottom, bituminous pulverized wet bottom, and spreader stoker. Average
trace element emission factors measured in this study were used to estimate
nationwide emissions from the wood-fired sources.

Trace eiement emissions from industrial external combustion are predomi-
nately the result of coal combustion. Bituminous stokers, rather than
pulverized units, are the largest contributor because of the lower level of
control applied to stokers in the industrial sector.

Trace element emissions in 1985 can be related to the increase in parti-
culate emissions as previously shown in Table 71. Annual emissions from
bituminous pulverized dry bottom boilers in 1985 will be roughly 11 percent
greater than 1978 emissions. Trace element emissions from bitiminous pulver-
jzed wet bottom boilers will be 46 percent lTower in 1985, while emissions
from bituminous_stokers will shown a 17 percent increase over 1978 emissions.

Trace element emissions from the other industrial source categories will be ~
proportional to the changes in fuel consumption shown in Table 70.

POM emissions from industrial sources in 1978 and 1885 are shown in
Table 74. The estimates are based on current and projected fuel consumption
estimates and POM emission factors measured in this program. The preponder-
ance of POM emissions is from wood combustion. Bituminous stokers are also
significant contributors. Total POM emissions in 1985 from industrial sources
will amount to about 480 Mg per year, approximately a 25 percent increase
over 1978 POM emissions. Industrial POM emissions are approximately 250
percent greater than POM emission estimates given in Reference 28 for elec-
tricity generation external combustion sources.
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TABLE 73. CURRENT NATIONWIDE EMISSIONS OF TRACE ELEMENTS FROM INDUSTRIAL
EXTERNAL COMBUSTION SOURCES

Emissions {Gg/year)

Bituminous, Bituminous,
Distillate Residual pulverized pulverized Bituminous
. oil-fired oil-fired dry bottom wet bottom spreader Wood
Element boilers bailers boilers boilers stokers boilers
Aluminim (A1) 0.050 0.096 55.2 8.7 1.7 0.11
Arsenic (As) <0.001 0.020 0.17 0.027 0.22 0.002
Boron (B) <0.001 0.010 0.57 0.080 0.74 0.024
Barium (Ba) 0.002 0.032 0.58 0.091 0.75 0.018
Beryllium {Be) <0.001 0.002 0.014 0.002 0.018 <0.001
Bromine (Br) - 0.003 0.047 0.007 0.061 -
Calcium (Ca) 0.14 0.35 36.6 5.7 47.6 2.8
Cadmium (Cd) 0.002 0.057 0.011 0.002 0.014 <0.001
Cobalt (Co) <0.001 0.056 4.7 0.74 6.1 <0.001
Chromium (Cr) 0.009 0.033 0.056 0.009 0.73 0.006
Copper (Cu) 0.042 0.070 0.36 6.057 0.45 0.021
Fluorine (F) - 0.003 1.9 0.30 2.5 -
Iron {Fe) 0.11 0.45 54.6 8.6 71.0 0.17
Mercury (Hg) - <0.001 <0.001 <0.001 <0.001 -
Potassium (K) 0.039 0.85 7.4 1.2 S.6 3.7
Lithium (Li) <0.001 0.002 0.16 0.025 0.21 <0.001
Magnesium {Mg) 0.030 0.33 7.9 1.2 10.3 0.47
Manganese (Mn) 0.013 0.033 0.25 0.039 0.33 0.062
Molybdenum (Mo) - 0.023 0.070 0.011 0.091 -
Sodium (Na) 0.019 0.78 3.3 0.52 4.3 0.013
Nickel {(Ni) 0.068 1.11 0.40 0.063 - 0.32 0.006
Phosphorus {P) 0.014 0.028 0.58 0.095 0.75 0.24
Lead (Pb) 0,012 0.088 0.13 0.010 ¢.17 0.009
Antimony {Sb) <0.001 0.011 0.028 0.004 0.036 <0.001
Selenium {Se) 0.001 0.018 0.042 0.007 0.085 <0.001
Silicon (Si) 0.093 0.44 98.8 15.5 1.28 0.15
Tin (Sn) - 0.16 0.070 0.011 0.091 -
Strontium (Sr) 0.001 0.004 0.97 0.15 1.3 0.014
Thorium (Th) <0.001 <0.001 0.008 0.001 0.010 -
Uranium (U) <0.001 0.018 0.006 0.001 0.008 -
vanadium (V) 0.024 4.02 0.18 0.028 0.23 <0.001
Zinc (Zn) 0.020 0.002 0.28 0.044 0.36 0.15
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APPENDIX A

CRITERIA FOR EVALUATING THE ADEQUACY
OF EXISTING EMISSIONS DATA FOR
CONVENTIONAL STATIONARY COMBUSTION SYSTEMS

A major task in the present program was to identify gaps and inadequacies
in the existing emissions data base for conventional stationary combustion
systems. The output from this effort will be used in the planning and perfor-
mance of a combined field and laboratory program as required to complete
adequate emissions assessment for each of the combustion source types.

The criteria for assessing the adequacy of emissions data are developed
by considering both the reliability and variability of the data. The general
approach is to use a three-step process as described below. This approach
is applicable to the evaluation of the existing emissions data as well as
emissions data collected during the course of this program.

STEP 1

In the first step of the evaluation process, the emissions data are
screened for adequate definition of process and fuel parameters that may
affect emissions as well as validity and accuracy of sampling and analysis
methods. The screening mechanism is devised to reject emissions data that
would be of Tittle or no use. Acceptance of emissions data in this screening
step only indicates the possibility for furhter analysis and in no way suggests
that these data are valid or reliable. As such, the data screening criteria
are often expressed in terms of minimum requiremnets. These screening
criteria are depicted in Figure A-1 and discussed in detail below.

The first criterion that will be applied is that only source test data
will be accepted. A significant portion of the data base, and especially
those contained in the National Emissions Data Systems (NEDS), were developed
by the use of standard emission factors* and not derived from actual test
data. The inclusion of these estimated emissions data in the data base would
lead to the obviously biased conclusion that the actual emissions were the
same as those predicted by the standard emission factors.

The second criterion that wil) be applied is an adequate description
of the source. To further analyze the emissions data, there must be
sufficient information to designate the combustion source according to the

*Mostly by the use of emission factors published in the EPA Publication
AP-42: Reference A-1.
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PROCEED TO STEP 2

Figure A-1. Step 1 Screening Mechanism for Emissions Data
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appropriate GCA classification code. As a minimum, the information provided
should include: the function of the combustion source (electricity genera-
tion, industrial, commercial/institutional, or residential), the type of com-
bustion {external combustion or internal combustion), the type of fuel used
(coal, oil, gas, or refuse), and in the case of coal combustion, the type of
furnace (pu1verized dry bottom, pulverized wet bottom, cyclone, or stoker).
For emissions data that are judged to be valuable* and otherwise acceptable,
efforts will be made to acquire the needed source description information
directly from the investigator or the plant operator,

The third criterion for acceptance of emissions data for further analysis
is an adequate definition of the combustion system operating mode. For example,
operating load has a large effect on NOx emissions from combustion systems. It
is therefore important to have an adequate definition of the test conditions
that may affect emissions. As a minimum, there must be information on the fuel
consumption rate for the emissions data to be accepted. The fuel consumption
rate is necessary for the calculation of emission factors. For NOy consumption
data, field and test results that do not include information on operating load
will be considered unacceptable because they cannot be used to estimate emis-
sions from a typical combustion system nor could they be used to estimate emis~
sions at any specific load. For other types of emission data, the operating
Joad information will be considered a useful parameter for data corre]atIOn
but not an absolute requirement for data acceptance.

The fourth criterion for acceptance of emissions data for further analysis
is an adequate definition of the poliution control device performance. Con-
trol device performance will affect not only total emissions but will influence,
for example, the particle size distribution and composition of flue gas emis-
sions. The application of design efficiencies must be approached with caution
in estimating uncontrolled emissions. If a design efficiency of 99 percent is
used and if the control device operating efficiency is only 90 percent, the
calculated uncontrolled emissions would be 10 times larger than the actual case.
Because coal burning utility boilers are equipped with particulate control
devices, particulate emissions data from the coal burning utility sector will
not be corsidered acceptable unless accompanied by the particulate control
device performance data. The application of particulate control devices is
less frequent for the industrial, commercial/institutional and residential
sectors, and also much less frequent for the 0il burning utility sector and
nonexistent for the gas burning utility sector. For these combustion source
types, emissions data will be accepted as uncontrolled emissions data, unless
there is information implying the contrary. As noted in the foregoing discus-
sions acceptance of emissions data at this screening step does not suggest that
the data are necessarily valid or reliable. In the second step of the data
evaluation process, methods for rejecting outlying data points will be defined.
Controlled emissions data that have been mistakenly assumed to be uncontrolied
emissions data because of a lack of information will be identified as outlying
data points and be rejected in this second step.

*In this context, emissions data for trace elements, POM, PCB, and organics
are considered to be more valuable because of the paucity of data.
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The fifth criterion that will be used to judie the usefulness of the
emissions data is the availability of the fuel analysis data. This is espe-
cially true for emissions of trace elements and SOx. The trace element con-
tent of coal can vary by one to two orders of magnitude, and emissions are
closely related to the trace element content of the coal. No trace elements
are present in appreciable amounts in gaseous hydrocarbons; however, nickel,
vanadium and sodium are present in appreciable amounts in some fuel oil. To
estimate trace element emission levels from all sources within a given cate-
gory, the fraction of each trace element exiting the system in each effluent
stream must be estimated. Thus, trace element emissions data from coal and
0oil combustion that are not accompanied by analysis data on the trace element
content of the fuel will not be accepted. Similarly, SOx emissions are directly
related to the sulfur content of the fuel. S50y emissions data from coal and
01l combustion that do not incliude information on the sulfur content of the
fuel will therefore not be accepted.

The last criterion that will be applied is an evaluation of the accuracy
of the sampling and analysis methods used. To determine emissions from a
given site to within a factor of 3, both the sampling and analysis procedures
used must be capable of providing an accuracy that is better than a factor
of 3. The list of methods available for the sampling and analysis of general
stream types and chemical ¢lasses and species is very extensive and has been
described in detail in two recent TRW reports (References A-2 and A-3). In
general, most of the sampling and analysis procedures recommended in these
two references are adaptations of standard EPA, ASTM, APl methods, and have
an accuyracy and/or precision of = 10 to 20 percent or better. Emissions
data obtained by these recommended methods or techniques will be considered
acceptable. Emissions data obtained by methods or techniques not Visted in
these two references will be subjected tc careful review and rejected if it
is determined that the sampling or analysis method used would not be able to
provide emission estimates within an accuracy factor of 3 or better. Special -
emphasis will be placed on the review of sampling and analysis methods used
for obtaining PCB, POM, particulate sulfate, and trace elements emissions data.
In cases where information on the sampling and analysis methods used is unavail-
able, the date of testing will be used as the criterion for inclusion or
rejection of the emissions data in the usable data base. Emissions data ob-
tained before 1972 will be generally considered unacceptable because of probable
use of unreliable sampling or analysis procedures. The 1972 cut-off date is
selected on the basis that the EPA Method 5 (40-CFR-60, Appendix C, Methods),
which has been more or less recognized nationally as the standard method for
sampling particulates, was introduced in late 1971. Furthermore, most of the
more sophisticated sampling and analysis techniques for obtaining emissions
data, and especially those for measuring pollutants for which data are lacking
{such as trace elements and particulate sulfate), were not introduced and
used before 1972.

STEP 2
In the second step of the data evaluation process, emissions data that
have been identified as usable in the screening step will be subjected for fur-

ther engineering and statistical analysis to determine the internal consis-
tency of the test results and the variability in emissions factors.
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Emissions data included in the usable data base will first be categorized
according to the 5-column GCA combustion system classification code and the unit
operation from which the pollutants are emitted. For NOx, the emissions data
will be further categorized according to the method of NOx control; no control,
staged firing, low excess air, reduced load, or flue gas recirculation. Emis-
sions factors for individual sites, normally expressed in the form of 1b/MM
Btu or 1b/ton, will then be calculated for each pollutant/unit operating pair.
In the case of trace element stack emissions from coal and oil combustion,
these emission factors will be calculated in the form of the fraction of each
trace element emitted to the atmosphere,

The emission factors calculated for each pollutant/unit operation pair
will be evaluated in terms of consistency of test results among sites. All
the data will be subjected to detailed scrutiny and discarded unless there is
additional information to reclassify the data into the correct category. The
decision on whether an outlier is a reasonable result or whether it may be
discarded as being an improbable member of the group will be based on the
method of Dixon. The method of Dixon is a statistical technique applicable
to the rejection of a single outlying point from a small group of data and
is described in detail in Attachment A.

The variability of the emission factors will next be calculated. The
variability is defined as

S ts(x)
"5 (1)

where x is the estimated mean value of the emission factor, s(x) is the esti-
mated standard deviation of the mean, and t is a multiple of the estimated
standard deviation of the mean value s{x). The value of t depends on the
degree of freedom and the confidence level of the interval containing the
true mean u, and is given in standard statistics texts. For the present pro-
gram, t values at 95 percent confidence Tevel will be used in calculating the
variability of emission factors.

The main thrusts in this second step are: (1) to determine the emission
factors for each pollutant/unit operation pair and for each combustion source
category; (2) to disdard outlying data points using the method of Dixon; and
(3) to calculate the percent variability of the emission factors. The values
calcuiated in this step will be used in Step 3.

STEP 3

The final step in the data evaluation process involves a method developed
by the Monsanto Research Corporation (MRC) for the evaluation of data adequacy.
This quantitative method will indicate where additional emissions data are
needed. The method is based on both the potential environmental risks asso-
ciated with the emission of each pollutant and the quality of the existing
emissions data.
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The potential environmental) risks associated with pollutant emissions are
determined by the use of source severity factors S. For emissions to the at-
mosphere, the souvce severity S is defined as the ratio of the calculated maxi-
mum ground-ievel concentrations of the pollutant species to the level at which
a potential environmental hazard exists. The simple Gaussian Plume equation
for ground-level receptors at the plume centerline is the dispersion model
used for determining the ground-level concentration. The potential environ-
mental hazard level is taken to be the Threshold Limit Value (TLV) divided by
300 for noncriteria pollutants and the ambient air quality standard for the
criteria pollutants. The mean source severity S for noncriteria pollutants
is calculated as follows:

s=250 (2)
(TLV)h?
where Q = emission rate, g/s
TLV = threshold limit value, g/m’
h = stzck height, m

For the five criteria poliutants, the equations for calculating mean
source severity S is given in the following table:

Pollutant Severity equation

Particulate S = 70Qh"2 (3)

SOx . . .S=500n7% (4)

NO, S = 315Qn"2°% (5) ]
Hydrocarbons S = 162.5Qh™ % (6)

Co S = 0.78Qh72 (7)

The emission rate is calculated by the following equation:

Q = 155 (EF) (6PP) (¥PS) (8)
where TC = total fuel consumption, tons/year
TNP = total number of plants/sites
EF = emission factor, Yb/ton
GPP = 453.6 g/1b
YPS = 3.1688 x 108 yrs
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For discharges to the water, the source severity factor S is calculated

as follows:
Vv, C + f.f
D
where Vp = discharge flow rate, m3/s

)
1

p = discharge concentration, g/m?

leachable solid waste generation, g/sec

—h [}
o
n n

1 fraction of the solid waste to water

f2 = fraction of the material in the solid waste
Vg = river flow rate, mé/s
D = drinking water standard, g/m?

The mean source severity factor S for each pollutant/unit operation pair
will be used in the evaluation of data adequacy. The method for evaluating
data adequacy is outlined below.

Case 1: When Emissions Data Are Available and Usable

1. Determine the mean emission factor X and the variability of
the emission factor ts(x)/x for each pollutant/unit operation
pair. (This will be done in Step 2 of the data evaluation
process. )

2. Determine the mean severity factor S for each pollutant/unit
operation pair by using the mean emission factor x.

3. If the variability in emission factor < 70 percent, addi-
tional data are not needed.

4, 1f the variability in emission factor > 70 percent and
S > 0.05, the current data base is judged to be inadequate
and there is need for additional data.

5. If the variability in emission factor > 70 percent and

S < 0.05, determine the severity factor S, by using the

emission factor Xy

Xy = X *+ ts(x)

Sy is the upper bound for the severity factor S. The
current data base is judged to be adequate if S, < 0.05
and inadequate if S, > 0.05.
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Case 2: When Emissions Data Are Not Available

1. Determine, if possible, from fuel analysis, mass balance
and physico-chemical considerations the upper bound x
of the emission factor x. For trace element stack emis-
sions, for example, x, can be determined by assuming that
all the trace elements present in the fuel are emitted
through the stack.

2. Determine the upper bound S, of the severity factor S for
each pollutant/unit operation pair by using the emission
factor x,.

3. The current data base is judged to be adequate if Sy < 0.05
and inadequate if Sy > 0.05.

As discussed in a recent Monsanto report (Reference A-4}, an allowable
uncertainty in emission factor of + 70 percent (factor of 3) would lead to
an uncertainty of less than 10 in S ;71¢, which has been defined as the accept-
able uncertainty factor for S.

As a result of the application of the above data evaluation criteria,
pollutant/unit operation pairs that have been inadequately characterized will
be identified to permit the planning of field tests for acquisition of addi-
tional emissions data.
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ATTACHMENT A
METHOD OF DIXON FOR DISCARDING OUTLYING DATA*

The method of Dixon provides a test for extreme values using range. If
the observations in the sample are ranked, the individual values can be iden-
tified x1, X2 X35 . . ., Xpoys Xp- It is immaterial whether the ranking pro-
ceeds from high values to low or from low values to high. The Dixon extreme-
value test gives the maximum ratio of differences between extreme-ranking
observations to be expected at various probability levels and for different
sample sizes. Table A-1 gives the test ratios and maximum expected values.
For samples less than about eight observations, the ratio of the difference
between the extreme and the next-to-extreme value to the total range is com-
pared with the tabulated values for the same sample size. If the observed
ratio exceeds the tabulated maximum expected ratio, the extreme value may be
rejected with the risk of error set by the probability level. For samples
between about 9 and 14, the ratio of the difference between the first and
third ranking observations to the difference between the first and next to
last is tested. For samples of 15 or more, the ratio of the difference
between the first and the third ranking observations to the difference
between the first- and the second-from last observation is used.

In the evaluation of the emissions data, the 0.05 probability level will
be used as the basis for discarding outlying data.

*Volk, W. Applied Statistics for Engineers; New York McGraw-Hill, Inc.
2nd ed. p. 387-388. 1969.
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TABLE A-1. MAXIMUM RATIO OF EXTREME RANKING OBSERVATIONS

Maximum ratio

Recommended Rank Sampie Probability level
for difference size,
sample size ratio n 0.10 0.05 0.01
n<8 :2 - :1 3 0.886 0.941 0.988
n "1 4  0.679 0.765 0.889
5 0.557 0.642 0.780
6 0.482 0.560 0.698
7 0.434 0.507 0.637
8<n<l5 zs - ’_‘1x 8  0.650 0.710 0.829
n-1 - %1 9 0.594 0.657 0.776
10 0.551 0.612 0.726
11 0.517 0.576 0.679
12 0.490 0.546 0.642
13 0.467 0.521 0.615
14 0.448 0.501 0.593
0> 15 x"a ‘_")1( 15 0.472 0.525 0.616
n-2 - M1 16 0.454 0.507 0.595
17 0.438 0.490 0.577
18 0.424 0.475 0.561
19 0.412 0.462 0.547
20 0.401 0.450 0.535
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cedures Manual: Level I Environmental Assessment. EPA-600/2-76-160a.
p. 131. June 1976.

Maddalone, R. F. and S. C. Quinlavan. Technical Manual for Inorganic
Sampling and Analysis. Report prepared by TRW, Inc. for the U.S.
Environmental Protection Agency. EPA-600/2-77-24. January 1977.

Eimutis, E. C. Source Assessment: Prioritization of Stationary Air
Pollution Sources--Model Description. Report prepared by Monsanto
Research Corporation for the U.S. Environmental Protection Agency.
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APPENDIX B
DATA REDUCTION PROCEDURE

Stack emissions data reported from field measurements or laboratory
analyses are often expressed in terms of volume concentration (ppmv) or mass
concentration {mg/m?®, ug/m®). To convert these emissions data to the emission
factor form, the following data reduction procedure, adopted from Reference
B-1, is used.

The number of gm moles of flue gas per gm of fuel can be computed using
the fuel composition analysis and effluent 0, concentration:

4.762 (n¢ + ng) + 0.9405 ny - 1.881 n, F
nFG = 1-4.762 (0,/100) ~ 1-4.762 (0,/100)
where: ngg = gm moles of dry effluent/gm of fuel under

actual operating conditions

nj = gm moles of element j in fuel per gm of fuel
0, = volumetric 0, concentration in percent
F = gn moles of dry effluent/gm of fuel under

stoichiometric combustion

The average values of F for natural gas and various liquid fuels are
given in Table B-1. The value of F for coal must be computed on an individual
basis because of the variation in the elemental composition of different coals.

For emission species measured on a volumetric concentration basis {ppmv),

the emission factor expressed as ng/J can be computed using the following
equation:

{Vqumetric. } (ppmv) x F x M,

Concentration}g 1000
{Frssiont (n9/9) ™ Trgen X 14,762 (0,/100)
Factor ue -4. 2/1
{Heating Value} (kd/kg fuel)
where ‘ s = subject emission species
MS = molecular weight of species s
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TABLE B-1. FELEMENTAL COMPOSITION AND HIGHER HEATING VALUE OF FUELS*

No. 2
Natural distillate Residual
Fuel gas 0il Kerosene 0il

Ne 0.06221 0.06994 0.06994 0.07160
ng 0 0.00006 0 0.00031
ny 0.23116 0.13889 0.15873 0.10913
N, 0.00040 0.001125 0 0.00125
F 0.51215 0.45983 0.48234 0.44037
Heating

Value 53,310 kd/kg 45,080 kJ/kg 47,710 kd/kg 43,760 kd/kg

*The composition and heating value data are obtained from Reference B-2.
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For emission species measured on a mass concentration basis (mg/m® or
ng/m?®) at 20°C, the emission factor expressed as ng/J, can be computed using
the following equation:

-

{zgzientration} {ng/m*) x F x 24.04 ,
Emission} ( _ S
ng/Jd) = .
Factor {Fue] , } (k/kg fuel) 1-4.762 (0,/100)
Heating Value

The higher heating values of natural gas and various liquid fuels are
also given in Table B-1.

Note that the data reduction procedure described here significantly
minimizes errors introduced in data reduction by eliminating terms that
are subject to large measurement errors, such as stack velocity and tempera-
ture measurements. The only stack parameter needed in data reduction is the
volumetric 0, concentration, which can usually be determined by gas chromato-
graphy with great accuracy.

Example Calculation--

The NOy, emission from a gas fueled gas turbine is reported to be 200 ppmv
at an 0, ef¥1uent concentration of 15 percent. Calculate the emission factor
for NOx (as NO;) in ng/J.

Emission factor for NOy {as NO.)

200 x 0.51215 x 46.0 1000
= 53310 X 128,762 x 0.15 "9/¢
= 309 ng/J
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Annual Meeting of the Air Pollution Control Association, Denver,
Colorado, June 9~13, 1974.

Steam/Its Generation and Use. Revised 38th Edition. The Babcock and
Wilcox Company, New York, New York. 1975.

178




APPENDIX C
SUMMARY OF EXISTING EMISSIONS DATA
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