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EXECUTIVE SUMMARY

INTRODUCTION

The 1990 Clean Air Act Amendments (CAAA) have two primary goals: 

pollution prevention and a market-based least-cost approach to emission control. 

To address air quality issues as well as permitting and enforcement, the 1990

CAAA contain 11 sections or titles.  The individual amendment titles are as follows:

Title I  –  National Ambient Air Quality Standards
Title II  –  Mobile Sources
Title III  –  Hazardous Air Pollutants
Title IV  –  Acid Deposition Control
Title V  –  Permits
Title VI  –  Stratospheric Ozone Protection Chemicals
Title VII  –  Enforcement
Title VIII –  Miscellaneous Provisions
Title IX  –  Clean Air Research
Title X  –  Disadvantaged Business Concerns
Title XI  –  Clean Air Employment Transition Assistance

Titles I, III, IV, and V will change or have the potential to change how

operators of coal-fired utility boilers control, monitor, and report emissions.  For the

purpose of this discussion, Title III is the primary focus.

Title III, Hazardous Air Pollutants (HAPs), requires the U.S. Environmental

Protection Agency (EPA) to establish stationary source categories and to implement

regulatory standards for 189 air toxics from source categories emitting 25 tons

annually of any combination of pollutants or 10 tons annually of a single pollutant. 

In addition, EPA must issue maximum achievable control technology (MACT)

standards.  The original list of 189 HAPs may be expanded or reduced based on risk

to public health, and once controls are in place, residual risk assessments must be

performed to determine whether further reductions are needed.  Although this

amendment requires the regulation of commercial, industrial, and municipal
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sources, it does not specifically require the regulation of HAPs from utility boilers. 

Rather, Title III requires that EPA study HAP emissions from utility boilers to

determine potential health effects prior to promulgating any new regulations.  In

addition, a study of mercury emissions from utility steam generators, municipal

waste combustion units, and other sources was mandated.

In response to the 1990 CAAA, the U.S. Department of Energy (DOE) is

participating in a collaborative effort with the Utility Air Regulatory Group (UARG),

EPA, and the Electric Power Research Institute (EPRI) to establish information upon

which future regulatory activities can be based.  The field sampling efforts are

being led primarily by DOE and EPRI, with a few utility companies generating data

for their specific systems.  EPRI and DOE have provided most of their collected data

to EPA.

The DOE approach to development of a HAP emission database for fossil fuel-

fired utility systems has been twofold.  The Morgantown Energy Technology Center

(METC) has funded HAP-sampling activities at two advanced power system

demonstration sites.  These sites represent advanced combustion and gasification

technologies and associated gas stream cleanup strategies.  The Pittsburgh Energy

Technology Center (PETC) has focused on establishing a database for current coal-

fired systems, including conventional and advanced emission control technologies. 

PETC issued a request for proposals (RFP No. DE-RP22-92PC91349) entitled

"Comprehensive Assessment of Toxic Emissions from Coal-Fired Power Plants" on

February 10, 1992.  As a result, PETC awarded Phase I contracts to five

organizations for HAP sampling at eight utility sites representing nine process

configurations.  The purpose of the field sampling activities was to document the

types and concentrations of potential HAPs from a select group of utility stations

representing a cross section of U.S. coal-fired utility boilers.  Utility station

information is detailed in Table 3-1.  Sampling activities were initiated in 1993, and

final project reports were prepared in 1994.
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The University of North Dakota Energy & Environmental Research Center

(EERC), at the request of PETC, reviewed the contractor reports documenting the

results from completed sampling activities.  The EERC objective was to provide an

overview of the important findings from the Phase I air toxics assessment.  This

document summarizes key results from the nine contractor reports with an

emphasis on stack-sampling data.

DESCRIPTION OF FIELD TEST PROGRAM

The PETC field test program is focused on generating HAP data for coal-fired

utility systems.  The effort consists of two phases.  Phase I of the HAP assessment

program evaluated HAP emissions from eight coal-fired plants representing nine

process configurations.  Phase II was intended to be an option, based on Phase I

results, to be exercised by PETC in the event that additional or similar plant

configurations were selected for sampling.  At this time, Phase II activities are in

progress.  One plant is an integrated gasification combined-cycle (IGCC) system;

three of the plants represent more conventional power plants utilizing wet

scrubbers with one sampling effort completed (report available 11/96).  The fifth

plant is yet to be identified.  Completion of the Phase II sampling activities is

planned for the second and third quarters of 1997, with the site reports available in

1998.

Key objectives of the HAP assessment program cover a broad range of

technical issues.  Some of these include the following:

? Generating HAP data for a variety of coal types, furnace types, and

emission control systems in order to calculate emission factors for the 189

HAPs identified.

? Determining the effectiveness of commonly used emission control devices

(electrostatic precipitators [ESPs], fabric filters [FF], spray dryer absorbers

[SDAs], and wet scrubbers) to reduce HAP emissions.
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? Determining the effectiveness of advanced emission control devices

(advanced flue gas desulfurization [FGD] for sulfur dioxide [SO2] reduction,

and selective catalytic reduction [SCR] of nitrogen compounds [NOx]).

? Calculating subsystem and overall plant material balances for selected

HAPs.

? Determining mercury speciation and related emission factors.

? Determining solid-phase HAP distribution as a function of particle size. 

? Determining particle-size distribution of stack emissions and ESP/FF hopper

ash.

? Evaluating the performance of a stack-sampling method referred to as

plume-simulating dilution sampling (PSDS).

? Evaluating chromium speciation and sampling methods.

? Evaluating the effect of sootblowing on trace element emissions.

? Determining the concentration of HAPs on particle surfaces.

? Determining the distribution of HAPs between solid, liquid, and vapor

phases.

The eight Phase I sites represent a range of fuel characteristics, including

bituminous, subbituminous, and lignite fuels.  The geographic locations of the

eight plants include the states of Georgia, Ohio (two sites), Illinois, Indiana,

Minnesota, North Dakota, and Arizona.  Furnace types included tangentially (t)-

fired, opposed wall-fired, front wall-fired, and cyclone-fired units ranging in size

from 75 to 615 MWe gross.

Electrostatic precipitators were used to control particulate emissions on six of

the nine system configurations, with reported particulate collection efficiencies of

nominally 97% to 99.8%, which represents marginal to highly efficient ESP control

technology.  Fabric filters were used to control particulate emissions on three

system configurations:  two reverse-gas units and one slipstream pulse-jet

baghouse.  Particulate collection efficiency ranged from nominally 99.8% to

99.98%.
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Sulfur dioxide control technologies were employed on five system

configurations.  The technologies represented included a lime-based spray dryer

system, a conventional limestone wet FGD system, the Chiyoda Thoroughbred-121

FGD process, the Pure Air advanced FGD system, and a slipstream demonstration of

the SNOX SO2-to-SO3/acid condensation process.  Sulfur dioxide control ranged

from 60% for the spray dryer system to >90% for the wet-scrubbing concepts. 

The SNOX process demonstrated the highest level of sulfur dioxide control, 94% to

96%.  Two systems, t-fired units, used overfire air to reduce the emission of

nitrogen species.  However, NOx reduction data were not reported.  The SNOX

slipstream demonstration system reported achieving 85%–93% NOx control using

ammonia injection with an SCR catalyst.

Sample collection for each of the nine system configurations varied somewhat

from site to site because of site-specific characteristics.  However, a thorough

sampling approach was applied at each site to ensure sufficient solid-, liquid-, and

gas-phase samples were collected from multiple locations to complete the HAP

assessment.  Solid samples included coal, ash, and FGD by-product/waste samples

from dry and slurry/sluice streams.  Liquid samples included water and slurry/sluice

streams.  Gas samples were generally limited to flue gas at the inlet and outlet of

the particulate control device and in the stack and were reported on a dry gas basis

and normalized to 3% oxygen.

The list of analytes for which sampling and analysis was specifically

completed included trace elements, radionuclides, anions, inorganic compounds,

and organic compounds.  Several major elements were also included in order to

permit a more thorough evaluation of mass balance results for trace elements.  A

variety of analytical methods were used to quantify the respective analytes.  The

sampling and analytical approach was developed to permit the quantitative

determination of as many as possible of the 189 HAPs listed in the 1990 CAAA.

Quality assurance/quality control (QA/QC) measures were a critical aspect of

the overall program in order to ensure that meaningful data were obtained.  Site-

specific QA/QC plans were developed by each contractor to address sample
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collection, sample handling, sample analyses, data analyses, and specific corrective

action to be taken when preestablished specifications were not met.  In addition to

the procedures established by the individual contractors for QA/QC audits,

independent QA/QC audits funded by EPA were performed by Research Triangle

Institute (RTI).  QA/QC procedures included field blanks, spikes, documentation of

detection limits, and a round-robin analyses of coal samples from each test site

coordinated by CONSOL INC.

RESULTS

Although the results of the DOE Phase I air toxics study do not answer all of

the questions concerning the emission of HAPs from coal-fired boilers, these data

establish a good basis of information and will help to focus Phase II activities on

the most pertinent questions.  The technical areas addressed in this brief summary

of results include coal analyses and emission factors for inorganic, organic,

radionuclide, and acid gas–halogen elements and species.  Coal analysis data are

discussed in terms of individual plant data and round-robin results.  Inorganic,

organic, radionuclide, and acid gas–halogen data are primarily discussed in terms of

stack concentration and emission factors.  A limited discussion is also included

concerning percent penetration data for trace elements and acid gases–halogens.

The basis of this discussion will be emission factors for the individual HAPs. 

Emission factors are emission estimates reported on a pound per trillion Btu

(lb/1012 Btu) of heat input.  The purpose for calculating emission factors was to

provide a simple method for estimating annual HAP emissions on a ton per year

basis.  HAP emission control will be discussed in terms of percent penetration. 

Percent penetration values were calculated from the mean stack concentration

(determined as a result of field measurements) divided by the theoretical stack

concentration based on the assumption that 100% of the element or compound in

the coal exited the stack.  Penetration data were calculated for trace elements and

acid gases–halogens for the purpose of evaluating the relative performance of

emission control technologies.
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Round-Robin Coal Analyses

Seventeen trace elements were included in the round-robin coal study: 

antimony (Sb), arsenic (As), barium (Ba), beryllium (Be), boron (B), cadmium (Cd),

chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), mercury (Hg),

molybdenum (Mo), nickel (Ni), selenium (Se), vanadium (V), and fluorine (F).  Other

measurements determined in the round-robin study included proximate–ultimate

analyses and major ash elements.  The coal samples used in the round-robin study

were supplied by the primary contractors at each of the test sites to CONSOL INC,

which coordinated the study.  Every feed coal used in Phase I was thus represented

in the round-robin study.  The five laboratories participating in the round-robin

study were the same laboratories contracted to perform the field test analyses.

National Institute of Standards and Technology (NIST) Standard Reference

Material (SRM) 1632b, a Pittsburgh seam coal, was used to evaluate laboratory

accuracy.  Data within 10% of the NIST value were considered accurate.  The

accuracy of trace element analyses ranged from 38% to 75%.  The elements

yielding the most problematic trace element data were Sb, As, Cd, Mo, and Se.  No

laboratory was able to report trace element content accurately more than 75% of

the time.  Overall, 57% of the trace element data reported for SRM 1632b were

accurate.

Interlaboratory reproducibility was evaluated using percent relative standard

deviation (PRSD).  The average PRSD for all coals and all contractors was 28%. 

Average PRSD values for individual trace elements ranged from 11% for V to 61%

for Mo.  The range of PRSDs was large:  Ba, Cd, Cu, Hg, Mo, Ni, Pb, and Sb all had

PRSD ranges of over 30%.  For some samples, the range of reported values for Mo,

Ni, and Cd was 52%, 76%, and 110%, respectively.  These results indicate that

outlier values are common in trace element analyses.  Average PRSD correlated with

coal heating value, indicating that as coal rank decreases, the analytical variability

for trace elements increases.
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Intralaboratory repeatability was calculated as the average percent difference

in a single laboratory’s results on eight duplicate samples.  The average percent

difference for trace elements was 15%, ranging from a low of 7.8% for Cr to 33%

for Cd.  Elements with low interlaboratory reproducibility also tended to have low

intralaboratory repeatability.

Comparison of the round-robin results with the plant data showed major

differences.  In many cases, the plant results differed from the round-robin results

by 25% or more for major elements, proximate–ultimate values, and trace element

results.  At times, these differences exceeded 100%.  Coal trace element content

was observed to vary within about 1 order of magnitude for each element.  These

results are problematic, suggesting that the feed coal data used in mass balance

and penetration calculations are a major source of uncertainty.

Trace Element Emission Factors

Emission factor data were generated for 25 elements, including nine major

elements and 16 minor or trace elements in the DOE Phase I study.  The major

elements included aluminum (Al), calcium (Ca), iron (Fe), magnesium (Mg),

potassium (K), sodium (Na), silicon (Si), strontium (Sr), and titanium (Ti).  The

primary purpose for including a number of major elements in the study was to

permit a better assessment of material balance results.  Minor or trace elements

included Sb, As, Ba, Be, B, Cd, Cr, Co, Cu, Pb, Mn, Hg, Mo, Ni, Se, and V.

Eleven of the trace elements (Sb, As, Be, Cd, Cr, Co, Pb, Mn, Hg, Ni, and Se)

included in the DOE Phase I study are also found on the list of 189 HAPs identified

in the CAAA of 1990.

A comparison of DOE Phase I stack concentration data with EPA ambient air

data1 collected since 1980 for 11 trace elements and four vapor-phase pollutants is

presented in Figure ES-1.  The data show that for nine (Sb, As, Be, Cd, Co, Cr, Hg,

Mn, and Ni) of the 11 trace elements, the median stack concentrations are 2 to 3



1. Kelly, T.J.; Ramamurthi, M.; Pollack, A.J.; Spicer, C.W.  “Ambient Concentration Summaries for Clean Air Act Title III
Hazardous Air Pollutants,” final report for U.S. Environmental Protection Agency Contract No. 68-D80082; Battelle, July 1993.

2. Bureau of National Affairs.  "100 Guide to the Law," In Air Pollution Control:  BNA Policy and Practice Series; Bureau of
National Affairs:  Washington DC, 1994; pp 100:101–600.
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Figure ES-1. DOE Phase I Stack Concentration Data for 11 Trace Elements and Four
Acid Gases Compared to EPA Ambient Air Data and Quality
Standards.

orders of magnitude greater than the range of ambient air concentrations.1,2  For Se

and Pb, the differential was roughly 4 and 1 order of magnitude, respectively.  The

four vapor-phase species (hydrochloric acid [HCl], hydrogen fluoride [HF], NOx, and

SO2) exhibit differentials ranging from 3 to 4 orders of magnitude.  These data

imply, with the exception of Pb, that coal-fired power plants are possible

contributors to ambient air concentrations for these trace elements.  The level or

degree of contribution can only be determined as a function of extensive dilution

and dispersion modeling, which is beyond the scope of this review effort.

The variability of the DOE Phase I data demonstrates the difficulty involved in

quantifying trace element emissions from coal-fired systems.  The data in Figure ES-

2 show that the emission factor range for a given element was as small as 1 order

of magnitude for Mn (2.6 to 30 lb/1012 Btu) and Hg (1.9 to 22 lb/1012 Btu) to nearly
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Figure ES-2. Emission Factors for 16 Trace Elements at Each of Nine DOE Phase I
Field Process Configurations.

4 orders of magnitude for Se (ND [nondetect] <0.038 to 193 lb/1012 Btu).  The

trace element listed as a HAP having the highest median emission factor was Se

(26.5 lb/1012 Btu), followed closely by Mn (11 lb/1012 Btu).  Sb and Be were

observed to have the lowest median emission factors, ND <0.36 and ND

<0.13 lb/1012 Btu, respectively.

Based on the Phase I Se data, it is not possible to clearly delineate the

potential to control Se emissions from coal-fired utility boilers using existing

emission control technologies.  Also, the relative value of the Se data for

developing conclusions for a large population of coal-fired boilers is limited because

of the small size of the data set, the large number of variables represented (fuel

types, boiler types, emission control systems, etc.), and the variability of some of

the data.  In the DOE Phase I field sampling effort, >90% Se control was observed

only for sites employing either a fabric filter or a combination of particulate and

acid gas control technology.  For the SNOX process, >99% of the Se was in the

sulfuric acid (usable by-product).
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Emission factors for total Hg ranged from 1.9 to 22 lb/1012 Btu, based on

mean stack concentrations of 2.6 to 30 µg/Nm3 (Nm3 is based on 0?C and 1

atmosphere).  Stack concentrations were reported on a dry basis normalized to 3%

oxygen.  Emission factor and stack concentration data correlated somewhat with

the Hg concentration in the coal (mean values of 0.04 to 0.28 µg/g).  Typical mean

Hg values of about 0.1 µg/g were reported for six of the eight fuels.  Calculated

percent penetration values for total Hg ranged from about 25% to nearly 120%. 

From the DOE Phase I data, the potential to control Hg emissions from coal-fired

utility boilers using existing emission control technologies is unclear.  It is also

important to remember that the control of volatile or vapor-phase HAPs is not likely

to exceed control levels observed for vapor-phase priority pollutants such as SO2. 

Therefore, if Hg regulations are promulgated for coal-fired utility systems, existing

control technologies will require augmentation, and alternative control technology

options will require development.  Also, evaluating emission control technology

performance based on total Hg concentration alone is not appropriate, since Hg

speciation may affect the degree of control observed.  This effect currently cannot

be quantified adequately, since methods to speciate Hg are still unproven.  Based

on the DOE Phase I Hg data, future Hg-sampling efforts must emphasize accurate

Hg speciation in order to evaluate the performance of emission control technologies

properly.

The data for the nonvolatile trace element (Sb, As, Ba, Be, Cd, Cr, Co, Cu, Pb,

Mn, Mo, Ni, and V) emission factors indicate that emission control for these trace

elements is directly related to overall particulate control for the individual field

sites.  Emission control for the 13 nonvolatile trace elements was >90% for all nine

process configurations.  Particulate control alone (ESP or FF) limited penetration to

<5% (>95% control) for ten (Sb, Ba, Be, Cr, Co, Cu, Pb, Mn, Ni, and V) of the 13

trace elements.  A combination of particulate control and dry or wet FGD

demonstrated >99% control for eight (Sb, As, Ba, Co, Cu, Pb, Mn, and V) of the

13 trace elements.  The exceptions noted appear to be the result of high reported

nondetect concentrations, failed blanks and/or spike recoveries, and significant data

variability.  Therefore, the DOE Phase I data indicate that the emission of the 13

nonvolatile trace elements was effectively controlled (>98%) by highly efficient
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particulate control technology or technology combinations (ESP?FGD or SDA–FF)

currently being used by the U.S. utility industry.  However, the control of trace

element emissions will never exceed the level of overall particulate control

observed.

Organic Emission Factors

Four types of organic compound classes on the EPA list of 189 HAPs were

sampled at nine utility field process configurations.  The four organic compound

classes are 1) aldehydes and ketones, 2) volatile organic compounds (VOCs), 3)

semivolatile organic compounds (SVOCs) and polycyclic aromatic hydrocarbons

(PAHs), and 4) chlorinated dioxins and furans.

Although organic emission factors from data obtained from the nine utility

field process configurations are reported, the quality of organic results varied from

contractor to contractor, and the overall results were quite variable.  Major

problems associated with the organic results included 1) low concentrations of the

organic analytes found in the stacks of these sites, requiring a majority of the

analyses to be performed at or very near their detection limits; 2) inadequate

methods for aldehydes and ketones; 3) high blank values and poor spike and

surrogate recoveries; and 4) nonuniform administration of external spiking audits

(e.g., poor recoveries of spiked audit samples as reported by a few contractors,

without any apparent corrective actions taken).

The organic emission factors summarized in this report by the EERC take into

consideration the results from blank samples, spiked, and audit samples and

detection limits for individual organic compounds.  Since there were significant

problems in organic analyses, the organic emission factors provided in this summary

report should be considered only as a representative upper limit range of potential

organic emissions from coal-fired power plants and should not be used for any

quantitative projection of emissions.  While some QA/QC problems were evident,

the organic results indicated that the overall concentrations of organic pollutants

released from coal-fired utility power plants are low (comparable to ambient



3. Shah, J.J.; Heyerdahl, E.K. “National Ambient Volatile Organic Compounds (VOCs) Database Update,” Project Report
EPA/600/3-88/010(a); U.S. Environmental Protection Agency Contract No. 68-02-4190, Feb. 1988.
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concentrations for some species), as evidenced by the generally low organic

emission factors presented in this summary report.

Results from only three of the nine field process configurations were included

in the emission factor table for aldehydes and ketones.  Data from these three sites

indicated that stack emissions of aldehydes are quite low, ranging between <2 and

41 lb/1012 Btu for acrolein and between 67 and 390 lb/1012 Btu for acetaldehyde.

VOC species detected in the stack emissions were quite low in concentration. 

In general, quantitative VOC results were suspect, mainly because concentrations

reported were often very near detection limits.  Only benzene and chloromethane

stack concentrations were found to exceed the EPA median ambient air

concentrations.3 Emission factors for benzene and chloromethane ranged between

1 and 120 lb/1012 Btu and between 5 and 218 lb/1012 Btu, respectively.

The SVOC and PAH species were also found in quite low concentrations,

often near the detection limit.  The concentration of the SVOC and PAH compound

classes found ranged from 0.4 to 9 lb/1012 Btu for phenol and from 0.0021 to

0.005 lb/1012 Btu for benz[a]anthracene.  Species included in EPA’s National

Ambient VOC database that were reported for some of the power stations included

phenol, methylphenols, naphthalene, and methylnaphthalene.  These species were

present in the stacks at concentrations similar to ambient concentrations.

Chlorinated dioxins and furans were found at much lower concentrations than

other compound classes (e.g., SVOC and PAH), typically 6 orders of magnitude

lower.  Emission factors were typically <3 × 10?6 to <6 × 10?6 lb/1012 Btu.  The

very low levels of chlorinated dioxins and furans found in the stack indicated that

chlorinated dioxin and furan emissions are not significant from the coal-fired utility

sites included in the DOE Phase I study.
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Radionuclide Emission Factors

Radionuclides are listed generically as a CAAA HAP.  All of the contractors

provided radionuclide data, but the selection of radionuclides for which results

were reported varied greatly among contractors.  Results for Pb-210 (lead), Ra-226

(radium), and U-235 (uranium) were reported for all field sites.  Results for Ra-228,

Th-230 (thorium), and U-234 were reported for all sites except one.  Results for the

remaining radionuclides (Pb-211, Pb-212, Po-210 [polonium], Th-228, Th-229, Th-

232, Th-234, and U-238) were reported for three to five sites each.  Some

contractors reported radionuclide results for feed coal only but most contractors

listed results for additional solid samples.  Radionuclide data for feed coal and stack

gas samples as well as emission factors and control device efficiencies are

presented in Section 4.4 of this summary report.

Most of the contractors reported a variety of radionuclides found in the plant

feed coals; only Pb-211 and Th-229 were not detected in these samples.  The range

of detectable radionuclide values in the feed coal samples was 0.02 to 7.3 pCi/g. 

Radionuclides were reported with much less frequency in the stack gas samples. 

Pb-211, Pb-212, Ra-228, Th-228, Th-229, Th-232, and Th-234 were not reported in

stack gas samples at any of the sites.  Pb-210, Po-210, Ra-226, Th-230, U-234, and

U-235 were reported at one site each.  U-238 was reported at two sites.

Average emission factors on a mass basis for the reported radionuclides

ranged from 3.9 × 10?10 lb/1012 Btu for Po-210 to 312 lb/1012 Btu for U-238.  Most

of the other radionuclides had average emission factors on a mass basis in the

range of 10?7 to 10?4 lb/1012 Btu.  Average emission factors on an activity basis for

the reported radionuclides ranged from 1.4 × 108 pCi/1012 Btu for Ra-226 to

7.2 × 1010 pCi/1012 Btu for Pb-210.  Most of the average emission factors on an

activity basis were in the range of 108 to 109 pCi/1012 Btu.
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Acid Gas–Halogen Emission Factors

Total chlorine (HCl + Cl2) emission factors were, in general, 1 to 2 orders of

magnitude larger for ESP systems than for scrubber and FF systems.  Total chlorine

emissions ranged from ND <176 to 132,000 lb/1012 Btu.  Estimated annual

emission rates were 1.6 to 1645 tons/yr.  Total fluorine (HF + F2) emissions ranged

from ND <92 to 12,770 lb/1012 Btu.  Emission factors for hydrogen cyanide (HCN)

ranged from ND <2.2 to 180 lb/1012 Btu.

Total fluorine emission factors followed the same trends as total chlorine,

except the Boswell Energy Center (FF) showed emission factors similar to ESP-only

systems.  Niles, Baldwin, and Cardinal Stations (all ESPs) had emission factors of

8921, 9900, and 12,770 lb/1012 Btu, respectively.  Niles/SNOX Station (FF with

acid condenser), Boswell Energy Center (FF), and Coal Creek Station (ESP–wet FGD

with 40% bypass) had emission factors of 6630, 3310, and 3980 lb/1012 Btu,

respectively.  Emissions from scrubber systems were very low or in the nondetect

range.  Where QA/QC was performed for anion data, it was satisfactory; however,

the averaged data show large standard deviations.

While HCl, Cl2, and HF are on the list of 189 HAPs, F2 is not.  For the three

stations which speciated acid gases, F2 represented 0%, 25%, and 85% of total

fluorine.  Chlorine gas (Cl2) represented 5.5%, 45%, and 6.3% of total chlorine,

respectively.  Given the wide variability of this limited data set, it is not possible to

predict the ratio of F2/HF or Cl2/HCl for a given system.  Bromine gas (Br2) and

hydrogen bromide (HBr) were not detected at the two sites where analyses were

performed.

As expected, removal of HCl, HF, and HCN did not occur across ESPs.  The FF

at Boswell Energy Center did show acid gas–halogen removals, possibly because of

reactions or adsorption in the filter dust cake, of 35%–65% HCl, (negative) HF,

60%–97% Cl2, 53%–72% F2, and 35% HCN.  However, no overall acid gas removal

was shown for the FF at the Niles/SNOX Station.
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Also, as expected, removal of HCl, HF, and HCN were significant across wet

FGD systems, >99% HCl, >96% HF, and HCN to a lesser extent.  The jet bubbling

reactor (JBR) at Plant Yates efficiently removed (>99%) of high inlet anion

concentrations.  Total acid gas removal for the Coal Creek Station wet FGD system

was diminished by half because of the 40% bypass, and sampling leaks at

Springerville precluded any conclusions for the SDA.

Particulate-phase chloride (Cl?), fluoride (F?), and cyanide (CN?) were measured

below detection limits for most of the sites and contributed <5% of the total

concentration for the remaining sites.  Fabric filter and ESP removal for Cl? was

>90% to 99% for all sites, whereas F? showed greater variability, with 55%–99%

removal.  Cyanide, where measured above the detection limit, showed removal

efficiency around 35%.

Estimates of Total HAP Emissions

Table ES-1 summarizes DOE Phase I emission factor data on a lb/1012 Btu

basis for HAP trace elements, organic compounds, radionuclides, Cl2, HCl, HF, and

HCN.  Trace element emission factors include a number of values indicated as

nondetect values.  These nondetect values were included in the emission factor

totals assuming a worst-case scenario.  As a result, total HAP trace element

emission factors ranged from 17 to 284 lb/1012 Btu.  Based on fuel feed rates, fuel

analyses reported for the nine process configurations, and an overall average

capacity factor of 0.7, the total annual emission rates at each plant for individual

trace element (Sb, As, Be, Cd, Cr, Co, Pb, Mn, Hg, Ni, and Se) HAPs were all

estimated to be <3 tons/yr, and most were substantially, <0.5 tons/yr.  The

estimated combined trace element HAP annual emission rates for each of the nine

process configurations ranged from 0.06 to 5.65 tons/yr.
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Table ES-1.   A Summary of DOE Phase I Hazardous Air Pollutant Emission Factor

Data
Plant Name: Bailly Baldwin Boswell Cardinal Coal Creek Niles SNOX Springerville Yates
Trace Elements, lb/1012 Btu
   Sb 0.28 1.5 0.68a 2.4 0.18 0.36a 0.5a 0.04 0.06
   As 1.1 13 0.32a 3.5 1.2 42 0.5a 0.14 1.2
   Be 0.07a 1.4 0.13a 0.07 1.7a 0.19 0.17 0.04a 0.1
   Cd 0.42 3 0.65a 0.85 3.2a 0.07 0.09a 0.03 0.6
   Cr 2.7 51 2 7.5 10 3 3.9 0.13a 5.3
   Co 0.07a 6.8 0.7 0.63 1.5a 0.12a 0.22a 0.3a 0.7
   Pb 1.6 29 2.4 3.8 0.69 1.6 0.53 0.67 0.6
   Mn 3.1 22 18 20 30 3.4 2.6 11 7.2
   Hg 2.1 3.8 1.9 8.5 9.5 14 22 4 3
   Ni 2.2 22 2 4.8 5.1 0.55 2.2 0.3a 40.1
   Se 193 130 3.3 93 8.3 62 0.67 0.02a 26.5
Total Trace Elements 206.64 283.5 32.08 145.05 71.37 127.29 33.38 16.67 85.36

Organics, lb/1012 Btu
  Aldehydes NAb NAb NAb NAb 79 159 468 NAb NAb

  VOCs NAb 147 250 117 219 44 262 2 5
  SVOCs NAb 35 4.3 NAb 1.6 2.3 0.6 NAb 141
Total Organics NAb 182 254.3 117 299.6 205.3 730.6 2 146

Radionuclides,c

   lb/1012 Btu
NAb 4 1a 628d 14a 41a 47 NAb NAb

Chlorine, lb/1012 Btu NAe 4500 640 1550 NAe NAe NAe NAe NAe

HCl,f lb/1012 Btu 1020 78000 790 22900 1340 132000 82400 176a 531

HF,g lb/1012 Btu 420a 9900 2500 1870 3980 8921 6630 92a 122
Cyanide, lb/1012 Btu 11.5 2.2a 3.7 0.6 51 180 157 11a 28

Total HAPs, lb/1012 Btu 1658.14 92871.7 4221.08 27210.6 5755.97 141474.6 89997.98 297.67 912.36
Coal Feed Rate, ton/yr 2010516 2687373 322253 1865784 4922233 407997 407997 1833986 393470
Heating Value, Btu/lb 11100 10600 8800 12200 6230 12175 12175 9450 11200
Cap. Factor 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Trace Element, ton/yr 3.23 5.65 0.06 2.31 1.53 0.44 0.12 0.20 0.26
Organics, ton/yr 0.00 3.63 0.50 1.86 6.43 0.71 2.54 0.02 0.45
HCI+CI2 ton/yr 15.93 1645.08 2.84 389.58 28.76 458.98 286.52 2.14 1.64
HF, ton/yr 6.56 197.41 4.96 29.80 85.43 31.02 23.05 1.12 0.38
Other, ton/yr 0.18 0.12 0.01 10.02 1.40 0.77 0.71 0.13 0.09
HAPs, ton/yr 25.90 1851.89 8.38 433.57 123.56 491.93 312.94 3.61 2.81
a  Based on data reported less than detection limits.
b  Data were highly questionable based on QA/QC criteria.
c  Radionuclide data in this table are presented on a mass basis in order to establish HAP emissions on a mass basis.  Radionuclide data       
are presented on a mass and activity basis in Section 4.4 of this report.
d  Value appears to be anomalous, but no discussion was found in the contractors’ report.
e  Chlorine data not available because of combined Cl2/HCl measurement.
f   HCl measurement represents combined Cl2/HCl except where chlorine data are available.

 g  HF data represent combined F2/HF except for Baldwin, Boswell, and Cardinal, where specific measurements were made to speciate F2        
and HF.

Organic HAP data in Table ES-1 also indicate a very low emission rate for coal-

fired systems.  For some plants, very little organic data are reported.  This occurred

as a result of the low concentrations encountered and questionable data quality. 

The approach for the reporting of organic data in this report was different than the

approach taken for trace elements because, based on fuel analysis, the trace

elements are known to be present.  Fairly complete organic data are reported here

for five of the nine Phase I process configurations.  Total organic emission factors

for these sites ranged from 182 to 731 lb/1012 Btu.  The estimated organic HAP

annual emission rates for these same five sites ranged from 0.5 to 6.4 tons/yr.
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Radionuclide and cyanide emissions were also quite low, ranging from ND <1

to 47 lb/1012 Btu and ND <2.2 to 180 lb/1012 Btu, respectively.  The one high

radionuclide value reported, 628 lb/1012 Btu, is believed to be anomalous. 

However, the contractor report does not specifically discuss this possibility. 

Estimated annual emission rates for this combination of HAPs were 0.01 to 1.4

tons/yr.

The data in Table ES-1 show that Cl2, HCl, and HF were found in significant

quantities at six of the nine DOE Phase I process configurations.  Chlorine gas

emissions were measured at only three sites, with emission factors ranging from

640 to 4500 lb/1012 Btu.  For the other six sites, total chlorine emissions ranged

from ND <176 to 132,000 lb/1012 Btu.  These emission factors result in estimated

annual emission rates of 1.6 to 1645 tons/yr.  Hydrogen fluoride emission factors

ranged from ND <92 to 9900 lb/1012 Btu.  These data show that the emissions of

Cl2, HCl, and HF depend on the Cl and F content of the fuel and that these

emissions can be effectively controlled using conventional dry and wet scrubbing

technologies.

Figure ES-3 summarizes estimated total annual HAP emissions for the nine

DOE Phase I process configurations in a series of pie charts.  This figure graphically

depicts the small contribution made by the trace elements, organics, and other

(radionuclide and cyanide) compounds to the total annual estimated emissions for

each site.  Therefore, it would appear that the emission of HAPs from coal-fired

systems is not significant as long as the emission of Cl2, HCl, and HF are effectively

controlled.

The annual HAP emission values presented in Table ES-1 and Figure ES-3 are

general estimates that can change significantly as a result of changing fuels, fuel

characteristics, and fuel feed rates for an individual plant.  Also, this discussion was

based on an overall average capacity factor of 0.7.  The actual capacity factor for a

given plant may be significantly different, depending on whether a plant is load-

following or typically base-loaded.  Also, unplanned maintenance outages in any

given year can greatly affect the capacity factor.  Increasing the capacity factor
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from 0.7 to 0.85 would increase the estimated HAP emissions in Table ES-1 by

about 20%.  Also, reducing the capacity factor from 0.7 to 0.5 would reduce the

estimated HAP emissions by nearly 30%.

The CAAA of 1990 will reduce and ultimately cap SO2 emissions from coal-

fired electrical generating facilities by the year 2000.  As a result, the installation of

additional FGD capacity to meet Title IV, Acid Deposition Control, requirements will

also significantly reduce HAP emissions of trace elements, Cl2, HCl, HF, and HCN.
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Figure ES-3. Summary of Estimated Annual HAP Emissions for the Nine DOE Phase
I Process Configurations Including Stack Particulate Mass Loading
(mg/Nm3) and Particulate Removal Efficiency (RE).
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1.0 INTRODUCTION

The University of North Dakota Energy & Environmental Research Center (EERC),

at the request of the U.S. Department of Energy Pittsburgh Energy Technology Center

(DOE PETC), reviewed reports documenting the results from sampling activities

completed at eight utility field sites.  The purpose of the field sampling activities was

to document the types and concentrations of potentially hazardous air pollutants

(HAPs) from a select group of utility stations representing a cross section of U.S. coal-

fired utility boilers.  The overall review effort was conducted under DOE–EERC

Cooperative Agreement No. DE-FC21-93MC30097 as Subtask 2.3 – Review and

Assessment of Results from the Comprehensive Characterization of Toxic Emissions

from Coal-Fired Power Plants.

This document represents the final report for Subtask 2.3.3 of the overall review

effort.  The objective was to provide a concise overview of the important findings from

the Phase I air toxics assessment.  Information is presented concerning the eight field

sites at which sampling was completed assessing nine system configurations. 

Technical information is presented concerning the round-robin coal analyses and

individual site data; the emission factors for inorganic, organic, radionuclide, and acid

gas–halogen species; the effects of coal characteristics and process configurations on

emission factors; and several special topics, including plume-simulating dilution

sampling (PSDS), the distribution of HAPs as a function of particle size, chromium

sampling and speciation, and the effect of sootblowing on trace element emissions.
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2.0 BACKGROUND

The 1990 Clean Air Act Amendments (CAAA) had two primary goals:  pollution

prevention and a market-based least-cost approach to emission control.  To address air

quality issues as well as permitting and enforcement, the 1990 CAAA contain 11

sections, or titles (1, 2).  The individual amendments included the following:

Title I – National Ambient Air Quality Standards

Title II – Mobile Sources

Title III – Hazardous Air Pollutants

Title IV – Acid Deposition Control

Title V – Permits

Title VI – Stratospheric Ozone Protection Chemicals

Title VII – Enforcement

Title VIII – Miscellaneous Provisions

Title IX – Clean Air Research

Title X – Disadvantaged Business Concerns

Title XI – Clean Air Employment Transition Assistance

Titles I, III, IV, and V will change or have the potential to change how operators

of coal-fired utility boilers control, monitor, and report emissions.  Although the focus

of Title I is ambient air quality, it has the potential to impose new regulations on coal-

fired utility boilers.  Specifically, regions of the country designated as nonattainment

for ozone (O3), carbon monoxide (CO), respirable particulate, lead (Pb), nitrogen dioxide

(NO2), or sulfur dioxide (SO2) will be under increasing pressure to develop and

implement emission reduction plans to achieve ambient air quality standards.  Failure

to comply can result in sanctions ranging from the cutoff of federal highway funds to

severe emission reduction offsets for new sources.  As a result, coal-fired utility

systems may be targeted for further reductions in 1) the emission of nitrogen species

to reduce ambient O3 concentrations and 2) fine particulate emissions to reduce

ambient respirable particulate concentrations.
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Title III, Hazardous Air Pollutants, requires the U.S. Environmental Protection

Agency (EPA) to establish stationary source categories and to implement regulatory

standards for 189 air toxics from source categories emitting 25 tons annually of any

combination of pollutants or 10 tons annually of a single pollutant.  In addition, EPA

must issue maximum achievable control technology (MACT) standards.  The original

list of 189 HAPs may be expanded or reduced based on risk to public health, and once

controls are in place, residual risk assessments must be performed to determine

whether a need exists for further reductions.  Although this amendment requires the

regulation of commercial, industrial, and municipal sources, it does not specifically

require the regulation of HAPs from utility boilers.  Rather, Title III requires that EPA

study HAP emissions from utility boilers to determine potential health effects prior to

promulgating any new regulations.  In addition, a study of mercury (Hg) emissions

from utility steam generators, municipal waste combustion units, and other sources

was mandated.

Title IV, Acid Deposition Control, and Title V, Permits, have had and will continue

to have the most significant effect on coal-fired utility boilers for the remainder of this

decade.  In the case of Title IV, SO2 emissions must be cut by 10 million tons annually

by January 1, 2000, based on 1980 emission estimates, and cannot exceed

8.9 million tons annually in future years.  The approach to achieving this requirement

consists of two phases.  In Phase I, 111 coal-fired plants identified as emitting the

most SO2 in the United States were required to reduce their emissions to 2.5 lb of

SO2/MMBtu by January 1, 1995, for which EPA issued emission allowances.  A

flexible, market-based decision process involves the issuance of SO2 emission

allowances by EPA.  These allowances can be bought and sold between companies,

transferred within a company, or banked for future use.  In Phase II, coal-fired utility

boilers will be required to reduce SO2 emissions to 1.2 lb of SO2/MMBtu by January 1,

2000.  Again, EPA will issue emission allowances based on the 1.2 lb of SO2/MMBtu

limit and cap emission allowances at 8.9 million tons annually.  To meet emission

reporting and compliance requirements, SO2 emission sources are required to install

continuous emission monitoring systems.  The penalty for emitting SO2 in excess of

the emission allowances held is a fee of $2000/ton.  In addition, future SO2 emissions

must be offset by an amount equal to the excess emission.  Title IV also requires a
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two-million-ton reduction in the emission of nitrogen species by January 1, 2000. 

Although the approach is expected to be similar to that applied to SO2, specific

emission standards have not been established, and the exact implementation schedule

is uncertain at this time.

Title V, Permits, will significantly increase the number of regulated sources

requiring permits by definition and strengthen state environmental laws.  This title

defines a major source as one that emits or has the potential to emit 100 tons/year of

any criteria pollutants (hydrocarbons, CO, Pb, NO2, SO2, and particulates), 10

tons/year of a HAP, or 25 tons/year of a combination of HAPs.  The permit program

will be implemented at the state level, with EPA having review authority and the option

to intervene if the state program is determined to be inadequate to protect air quality.

In response to the 1990 CAAA requiring the study of HAP emissions from utility

boilers, DOE is participating in a collaborative effort with the Utility Air Regulatory

Group (UARG), EPA, and the Electric Power Research Institute (EPRI) to establish an

appropriate database upon which future regulatory activities can be based.  The field

sampling efforts are being led primarily by DOE and EPRI, with a few utility companies

generating data for their specific systems.  EPRI and DOE have provided most of their

collected data to EPA.

The EPRI Power Plant Integrated Systems:  Chemical Emissions Study (PISCES)

research program began in 1988 with the compilation and review of fuel trace element

data and HAP emission data in the literature (3).  The literature review effort concluded

that the available information was inadequate because of insufficient data, the highly

variable nature of the existing data, and the fact that the available data had been

obtained using inconsistent sampling and analytical procedures.  The next step in the

PISCES program was to begin the collection of field data to determine the

concentration of potential HAPs at various process locations.  At this time, sampling

activities have been completed at over 24 field sites representing coal- (bituminous,

subbituminous, and lignite), oil-, and gas-fired systems involving a variety of furnace

types and pre- and postcombustion emission control strategies (4–6).  General
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conclusions developed as a result of the field sampling activities include 1) that

nonvolatile trace elements are 

effectively controlled by conventional particulate control devices such as electrostatic

precipitators (ESP) and fabric filters (FF); 2) that nonvolatile trace element emissions

can be estimated mathematically based on measured fuel concentrations and

particulate control device performance data; 3) that conventional flue gas

desulfurization (FGD) technology (spray dryers and wet scrubbers) will further reduce

the emission of nonvolatile trace elements, effectively control hydrochloric acid (HCl)

and, in most cases, effectively control the emission of volatile trace metals such as

selenium (Se); 4) that Hg control has been observed to be highly variable from system

to system, with conventional particulate control technology found to be generally

ineffective and spray dryers and wet scrubbers observed to be effective occasionally;

and 5) that flue gas emissions from coal- and oil-fired systems contain low-level

concentrations of several organic compounds (µg/Nm3 concentrations of volatile

organic compounds [VOCs] and aldehydes and ng/Nm3 concentrations of polycyclic

aromatic hydrocarbons [PAHs]).  Individual field site reports resulting from the PISCES

program have been forwarded to EPA for review as the reports have been completed. 

A report summarizing the results of the PISCES program has been published by EPRI

(7).

The DOE approach to development of a HAP emission database for fossil fuel-

fired utility systems has been twofold.  The DOE Morgantown Energy Technology

Center (METC) has funded HAP-sampling activities at two advanced power system

demonstration sites (8, 9).  These sites represent advanced combustion and

gasification technologies and associated gas stream cleanup strategies.  One of the

sites was the pressurized fluid-bed combustor (PFBC) at the Ohio Power Company Tidd

Plant, with results summarized in a report prepared by Radian Corporation (10).  In

addition to documenting the emissions from the PFBC, this site offered the opportunity

to evaluate the ability of a hot-gas advanced particle filter to control HAPs and

compare its performance to that of a conventional particulate control device, an ESP. 

Results showed that the hot-gas advanced particle filter controlled nonvolatile trace

element emissions to a greater degree than the ESP, >99.5% versus >95%.  This

result is directly related to the total average particulate collection efficiencies of the
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hot-gas advanced particle filter and the ESP, 99.99% versus 97.2%.  Although neither

device effectively controlled the emission of most volatile species (HCl, Cl2, HF, Hg,

and Se), again the hot-gas advanced particle filter performed more efficiently, <30%

versus <10%.  Inlet and outlet data for the hot-gas advanced particle filter also

demonstrated variable levels of emission reduction for some specific vapor-phase

species:  SO2 (40%), ammonia (25%), formaldehyde (94%), and cyanide (69%).

The second DOE METC site is an integrated gasification combined-cycle (IGCC)

system operated by Destec Energy Systems located in Plaquemine, Louisiana.  This

system represents an entrained-flow slagging gasifier processing 2200 tons/day of a

western subbituminous coal.  This system also permits an evaluation of new emission

control concepts and their ability to control HAP emissions.  On-site sampling activities

and analysis activities have been completed.  A report entitled “A Study of Toxic

Emissions from a Coal-Fired Gasification Plant” is available from the National Technical

Information Service (NTIS).

DOE PETC has focused its efforts on establishing a database for a wide variety of

conventional coal-fired systems.  Also represented are various conventional and

advanced emission control technologies.  DOE PETC issued a request for proposals

(RFP No. DE-RP22-92PC91349) entitled "Comprehensive Assessment of Toxic

Emissions from Coal-Fired Power Plants" on February 10, 1992.  As a result of the

proposals submitted and the subsequent review process, DOE PETC awarded Phase I

contracts to five organizations for HAP sampling at eight utility sites representing nine

process configurations.  Sampling activities were initiated in 1993, and final project

reports were prepared in 1994.  A final project report was prepared for each of the

nine process configurations by the respective contractors and are available through the

NTIS (11–19).  This document summarizes key results from the nine process

configuration reports with an emphasis on stack-sampling data.
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3.0 DESCRIPTION OF FIELD TEST PROGRAM

A primary purpose of the DOE Fossil Energy Program is to foster the continued

use of the abundant coal resources in the United States as an efficient and

environmentally sound energy source.  The DOE accomplishes this objective by

supporting the development of technologies that maximize energy efficiency and

effectively control the emission of pollutants that are generated as a result of coal

utilization.  The PETC Flue Gas Cleanup Program was established to develop emission

control technologies to promote the continued widespread use of coal in an

environmentally acceptable manner.  As previously stated, one component of this

program involves a collaborative effort between DOE, UARG, EPRI, and EPA to assess

the potential for HAP emissions from utility boilers.  The PETC role in this collaborative

effort is focused on generating HAP data for coal-fired utility systems.  The effort

consists of two phases.  Phase I of the HAP assessment program was to evaluate HAP

emissions from eight coal-fired plants and was divided into five tasks:  1) power plant

sampling, 2) sample and data analysis, 3) quality assurance/quality control (QA/QC),

4) program coordination, and 5) technology transfer.  Phase II was intended to be an

option, based on Phase I results, to be exercised by PETC in the event that additional

or similar plant configurations would be selected for sampling.  At this time, plans are

in place to proceed with the Phase II sampling effort involving five additional plants. 

One plant is an IGCC system; three of the plants represent more conventional power

plants utilizing wet scrubbers with one sampling effort being completed (report

available 11/96).  The fifth plant is yet to be identified.  Completion of the Phase II

sampling activities is planned for the second and third quarters of 1997, with the site

reports available in 1998.

3.1 OBJECTIVES

The objective of the PETC HAP assessment program, entitled “Comprehensive

Assessment of Toxic Emissions from Coal-Fired Power Plants,” is to quantify emissions

of HAPs associated with coal-fired electric utility systems.  Specifically, the

assessment addresses the 189 HAPs identified in the 1990 CAAA.  Data generated in

the study were provided to EPA to assist in meeting the requirements of Title III,
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Hazardous Air Pollutants, to determine what, if any, HAP regulations will be

promulgated relative to coal-fired electric utility systems.

Key objectives of the HAP assessment program cover a broad range of technical

issues.  Some of these are as follows:

• Generating HAP data for a variety of coal types, furnace types, and emission

control systems in order to calculate emission factors for the 189 HAPs

identified.

• Determining the effectiveness of commonly used emission control devices

(ESPs, FFs, spray dryers, and wet scrubbers) to reduce HAP emissions.

• Determining the effectiveness of advanced emission control devices (advanced

wet FGD for SO2 reduction and selective catalytic reduction [SCR] of nitrogen

compounds).

• Calculating subsystem and overall plant material balances for selected HAPs.

• Determining mercury speciation and related emission factors.

• Determining solid-phase HAP distribution as a function of particle size.

• Determining particle-size distribution of stack emissions and ESP/FF hopper

ash.

• Evaluating the performance of a stack-sampling method referred to as “plume-

simulating dilution sampling (PSDS).”

• Evaluating chromium (Cr) speciation and sampling methods.

• Evaluating the effect of sootblowing on trace element emissions.

• Determining the concentration of HAPs on particle surfaces.

• Determining the distribution of HAPs between solid, liquid, and vapor phases.

The role of the EERC in the overall activity to date has been to provide an

independent review of Phase I contractor reports resulting from the assessment

activity, make recommendations relative to Phase II activities, and prepare this report

summarizing Phase I results and conclusions in a concise format.
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3.2 DESCRIPTION OF PLANTS SAMPLED

Phase I sampling activities were completed on nine different system

configurations at eight different power plant sites (11–19).  Table 3-1 presents brief

descriptive information for each of the nine system configurations, identifying the

utility station, unit, station owner, and site contractor.  The eight sites represent a

range of fuel characteristics, including bituminous, subbituminous, and lignite fuels. 

Fuel characteristics included 8%–20% ash, 0.6%–3.2% sulfur, 6%–38.3% moisture,

and heating values of 6230–12,260 Btu/lb.  The geographic locations of the eight

plants include the states of Georgia, Ohio (two sites), Illinois, Indiana, Minnesota,

North Dakota, and Arizona.  Furnace types included tangentially (t)-fired, opposed wall-

fired, front wall-fired, and cyclone-fired units ranging in size from 75 to 615 MWe

gross.  Sampling activities were completed while the individual boilers were operated

at ±5% to 10% of full load.  Therefore, the samples collected are representative of

normal full-load boiler operating conditions.

Electrostatic precipitators were used to control particulate emissions on six of the

nine system configurations.  Specific collection area (SCA) for these units ranged from

180 to 750 ft2/1000 actual cubic feet per minute (acfm) resulting in particulate

collection efficiencies of nominally 97% to 99.8%, which represents marginal to highly

efficient ESP control technology.  Fabric filters were used to control particulate

emissions on three of the nine system configurations:  two reverse-gas units and one

slipstream pulse-jet baghouse.  Particulate collection efficiency ranged from nominally

99.8% to 99.98% for filter face velocities of nominally 4.5 and 2 ft/min, respectively.

Sulfur dioxide control technologies were used on five of the nine process

configurations.  These included a lime-based spray dryer system, a conventional

limestone wet FGD system, the Chiyoda Thoroughbred-121 FGD process, the Pure Air

advanced FGD system, and a slipstream demonstration of the SNOX SO2-to-SO3/acid

condensation process.  Sulfur dioxide control ranged from 60% for the spray dryer

system to >90% for the wet-scrubbing concepts.  The SNOX process demonstrated

the highest level of SO2 control, 94% to 96%.
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No control systems for nitrogen species were represented on six of the nine

process configurations.  Two systems were t-fired units using overfire air to reduce the 

3.3 DESCRIPTION OF SAMPLING, ANALYTICAL, AND QA/QC METHODS

Sample collection for each of the nine system configurations varied somewhat

from site to site because of site-specific characteristics.  However, a thorough

sampling approach was applied at each site to ensure that sufficient solid-, liquid-, and

gas-phase samples were collected to complete the HAP assessment.  Table 3-2

presents a generic list of sample types and locations indicative of the effort completed

at each field site.  Considering that efforts were made to sample several locations

simultaneously and collection of triplicate samples was desired, the variety of sample

types identified in the table illustrates the extensive nature of the overall sampling

effort.  Solid samples included various coal, ash, and FGD by-product/waste samples

from dry and slurry/sluice streams.  Liquid samples included various water and

slurry/sluice streams.  Gas samples were generally limited to flue gas at the inlet and

outlet of the particulate control device and in the stack.

Table 3-2. Sample Types and Locations Generic to the HAP Assessment Effort

Solid Samples
Raw Coal Coal Feed to Boiler
Rejects from Crusher/Pulverizer Bottom Ash/Slag from Boiler
Economizer Ash Fly Ash at ESP/FF Inlet
Hopper Ash from Each ESP Field FF Hopper Ash
Fly Ash at ESP/FF Outlet Ash to Settling Pond
Raw Limestone/Sorbent FGD Limestone/Sorbent Feed Slurry
FGD By-Product/Waste Solids Fly Ash in Stack Flue Gas

Liquid Samples
Plant Makeup Water (possibly multiple
sources)

Coal Pile Runoff 
Boiler Sluice Water

Cooling Tower Blowdown ESP/FF Sluice Water
Economizer Sluice Water Settling Pond Recycle Water
Inlet/Outlet Condenser Water FGD Makeup Water
Coal Prep. Inlet/Outlet Water FGD Slurry Inlet
FGD Slurry Blowdown FGD Recycle Water
FGD By-Product/Waste Slurry

 Gas Samples
ESP/FF Flue Gas Inlet/Outlet Wet FGD Inlet/Outlet
Spray Dryer Inlet/Outlet Stack Flue Gas
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emission of nitrogen species.  However, NOx reduction data were not reported.  The

SNOX slipstream demonstration system reported achieving 85%–93% NOx control

using ammonia injection with an SCR catalyst.

Sampling methods for solids varied somewhat from location to location because

of the type of sample to be collected, access limitations, and quantity of sample

required.  However, all solid samples were collected in order to obtain time-averaged

composites for specifically defined sampling periods.  Actual solid-sampling methods

included periodic grab samples from bulk solid streams such as coal and various ash

and waste sources, as well as isokinetic flue gas sampling with multicyclones and

filters for entrained fly ash.  Grab samples of bulk liquids were also collected to form

composites to provide time-averaged samples for specifically defined sampling periods. 

Gas samples for vapor species and entrained solids were typically collected using

isokinetic sampling methods such as EPA Methods 5, 17, 26A, 29, 0010/23, and

0013.  Nonisokinetic sampling methods included EPA Methods 3A, 6C, 7E, 10, 18,

25A, and 26 and the volatile organic sampling train (VOST).  Process stream

volumetric and/or mass flow rates were determined for each sample location in order

to permit the calculation of mass balances.  The contractors discussed in detail the

sampling, measurement, and analytical methodologies used in their respective site

reports or referenced the appropriate EPA methods in their reports.

Table 3-3 lists the critical target analytes for which sampling and analysis were

specifically requested in the PETC RFP.  The original list includes trace elements,

radionuclides, anions, inorganic compounds, and organic compounds considered critical

to meeting program objectives.  Several major elements were added to the list in order

to permit a more thorough evaluation of mass balance results for trace elements. 

Table 3-4 identifies the variety of analytical methods used to quantify critical target

analytes.  In addition, the PETC RFP requested that, within reason, the sampling and

analytical approach should be developed to permit the quantitative determination of

any of the 189 HAPs listed in the 1990 CAAA that may be detected as a result of the

assessment effort.  Table 3–5 lists the sampling and analytical contractors and

subcontractors.  Table 3–6 presents the 189 HAPs listed in the CAAA, plus hydrogen

sulfide, which was included in the PETC list.
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Quality assurance/quality control measures were a critical aspect of the overall

program in order to ensure that meaningful data were obtained.  Site-specific QA/QC

plans were developed by each contractor to address sample collection, sample

handling, sample analyses, data analyses, and specific corrective action to be taken

when preestablished specifications were not met.  In addition to the procedures

established by the individual contractors for QA/QC audits, independent QA/QC audits

funded by EPA were performed by Research Triangle Institute (RTI).  Examples of the

various QA/QC procedures employed included field blanks, trip blanks, spikes,

documentation of detection limits, and round-robin analyses of the various coals

encountered by the contractors during the Phase I study.  Extensive performance and

technical audits were performed at all of the sites by RTI.

Table 3-3. Critical Target Analytes for Which Sampling and Analysis Were
Specifically Requested

Major Elements
Aluminum (Al) Calcium (Ca) Iron (Fe) Magnesium

(Mg)
Potassium (K) Sodium (Na) Silicon (Si) Strontium (Sr)
Titanium (Ti)

Trace Elements
Antimony (Sb) Arsenic (As) Barium (Ba) Beryllium (Be)
Boron (B) Cadmium (Cd) Chromium (Cr) Cobalt (Co)
Copper (Cu) Lead (Pb) Manganese (Mn) Mercury (Hg)
Molybdenum (Mo) Nickel (Ni) Selenium (Se) Vanadium (V)

Anions
Phosphates Hydrochloric Acid

(HCl)

Hydrogen Fluoride

(HF)

Sulfates

Reduced Species
Ammonia Cyanide

Organics
Benzene Dioxins Formaldehyde Furans
Polycyclic Organic Matter Toluene

Radionuclides
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Table 3-4. Analytical Techniques Used to Detect and Quantify Critical Target
Analytes

Major/Trace Elements
  Inductively Coupled Plasma–Atomic Emission Spectroscopy (ICP–AES)
  Graphite Furnace–Atomic Absorption Spectroscopy (GF–AAS)
  Cold-Vapor–Atomic Absorption Spectroscopy (CV–AAS)
  Inductively Coupled Plasma–Mass Spectroscopy (ICP–MS)
  Instrumental Neutron Activation Analysis (INAA)
  Gold Amalgam–Cold-Vapor Atomic Absorption (GA–CVAA)
  Double Gold-Amalgam–Cold-Vapor Atomic Absorption (DGA–CVAA)
  Cold-Vapor–Atomic Fluorescence (CV–AF)
  X-Ray Fluorescence (XRF)
  ASTM D3683 (beryllium, lead, phosphorus) 
  ASTM D3684 (arsenic, cadmium, selenium)
  ASTM D3761 (fluoride)
  ASTM D4208 (chloride)
  ASTM D3173 (moisture)
  ASTM D3174 (ash)
  ASTM D3176/D5373 (carbon, hydrogen, nitrogen, oxygen)
  ASTM D4239 (sulfur)
  ASTM D3175 (volatile matter)
  ASTM D2015/D1989 (heating value)

Radionuclides
  Gamma Emission Spectroscopy
  Alpha-Ray Counting
  Beta-Ray Counting

Anions
  Ion Chromatography (IC)
  Specific Ion Electrode (SIE)
  Colorimetry

Reduced Species
  EPA 350.2 (ammonia) 
  EPA 9012 (cyanide)
  Colorimetry (ammonia, cyanide)

Organics
  High-Performance Liquid Chromatography (HPLC)
  Gas Chromatography–Mass Spectroscopy (GC–MS)
  Selective Ion Monitoring Spectroscopy (SIMS)
  Method 23
  EPA 8270
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Table 3-5. Sampling and Analytical Contractors and Subcontractors

Battelle – Columbus Operations
Chester Environmental
Zande Environmental Services
Commercial Testing and Engineering Company
International Technology Corporation
Element Analysis Corporation
RTI 

Southern Research Institute (SRI)
Guardian Systems, Inc.
Commercial Testing and Evaluation, Inc.
Core Laboratories, Inc.
Brooks Rand, Ltd.
RTI

Roy F. Weston, Inc.
CARNOT, Inc.
CONSOL INC
Triangle Laboratories, Inc.
TMA Eberline
Frontier Geosciences
RTI

Radian
ADA Technologies
Commercial Testing and Engineering Company
North Carolina State University
Harvard University
Triangle Laboratories, Inc.
University of Utah
Charles Evans and Associates
RTI

Energy and Environmental Research Corporation (EER)
DEECO
International Technology Corporation:  Oak Ridge National Laboratories
North Carolina State University
Commercial Testing and Engineering Company
Twin Cities Testing
Air Toxics Limited
ETS International, Inc.
RTI
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Table 3-6. HAPs Listed in the 1990 CAAA
Acetaldehyde Dimethyl formamide Pentachloronitrobenzene
Acetamide 1,1-Dimethyl hydrazine    (Quintobenzene)
Acetonitrile Dimethyl phthalate Pentachlorophenol
Acetophenone Dimethyl sulfate Phenol
2-Acetylaminofluorene 4,6-Dinitro-o-cresol and salts p-Phenylenediamine
Acrolein 2,4-Dinitrophenol Phosgene
Acrylamide 2,4-Dinitrotoluene Phosphine
Acrylic acid 1,4-Dioxane (1,4-Diethyleneoxide) Phosphorus
Acrylonitrile 1 ,2-Diphenylhydrazine Phthalic anhydride
Allyl chloride Epichlorohydrin Polychlorinated biphenyls (Aroclors)
4-Aminobiphenyl    (1-Chloro-2,3-epoxypropane) 1,3-Propane sultone
Aniline 1,2-Epoxybutane �eta-Propiolactone
o-Anisidine Ethyl acrylate Propionaldehyde
Asbestos Ethyl benzene Propoxur (Baygon)
Benzene Ethyl carbamate (Urethane) Propylene dichloride
   (including benzene from gasoline) Ethyl chloride (Chloroethane)    (1,2-Dichloropropane)
Benzidine Ethylene dibromide (Dibromoethane) Propylene oxide
Benzotrichloride Ethylene dichlorlde 1,2-Propyleneimine (2-Methyl aziridine)
Benzyl chloride    (1,2-Dichloroethane) Quinoline
Biphenyl Ethylene glycol Quinone
Bis(2-ethylhexyl)phthalate (DEHP) Ethylene imine (Aziridine) Styrene
Bis(chloromethyl)ether Ethylene oxide Styrene oxide
Bromoform Ethylene thiourea 2,3,7,8-Tetrachlorodibenzo-p-dioxin
1,3-Butadiene Ethylidene dichloride 1,1,2,2-Tetrachloroethane
Calcium cyanamide    (1,1-Dichloroethane) Tetrachloroethylene
Caprolactam Formaldehyde    (Perchloroethylene)
Captan Heptachlor Titanium tetrachloride
Carbaryl Hexachlorobenzene Toluene
Carbon disulfide Hexachlorobutadiene 2,4-Toluene diamine
Carbon tetrachloride Hexachlorocyclopentadiene 2,4-Toluene diisocyanate
Carbonyl sulfide Hexachloroethane o-Toluidine
Catechol Hexamethylene-1,6-diisocyanate Toxaphene (chlorinated camphene)
Chloramben Hexamethylphosphoramide 1,2,4-Trichlorobenzene
Chlordane Hexane 1,1,2-Trichloroethane
Chlorine Hydrazine Trichloroethylene
Chloroacetic acid Hydrochloric acid 2,4,5-Trichlorophenol
2-Chloroacetophenone Hydrogen fluoride (Hydrofluoric acid) 2,4,6-Trichlorophenol
Chlorobenzene Hydrogen sulfide Triethylamine
Chlorobenzilate Hydroquinone Trifluralin
Chloroform Isophorone 2,2,4-Trimethylpentane
Chloromethyl methyl ether Lindane (all isomers) Vinyl acetate
Chloroprene Maleic anhydride Vinyl bromide
Cresols/Cresylic acid Methanol Vinyl chloride
   (isomers and mixture) Methoxychlor Vinylidene chloride 
o-Cresol Methyl bromide (Bromomethane)    (1,1-Dichloroethylene)
m-Cresol Methyl chloride (Chloromethane) Xylenes (isomers and mixture)
p-Cresol Methyl chloroform o-Xylenes
Cumene    (1,1,1-Trichloroethane) m-Xylenes
2,4-D, salts and esters Methyl ethyl ketone (2-Butanone) p-Xylenes
DDE Methyl hydrazine Antimony compounds
Diazomethane Methyl iodide (Iodomethane) Arsenic compounds
Dibenzofurans Methyl isobutyl ketone (Hexone)    (inorganic including arsine)
1,2-Dibromo-3-chloropropane Methyl isocyanate Beryllium compounds
Dibutylphthalate Methyl methacrylate Cadmium compounds
1,4-Dichlorobenzene(p) Methyl tert butyl ether Chromium compounds
3,3-Dichlorobenzidene 4,4-Methylene bis(2-chloroaniline) Cobalt compounds
Dichloroethyl ether Methylene chloride (Dichloromethane) Coke oven emissions
   (Bis[2-chloroethyl]ether) Methylene diphenyl diisocyanate (MDI) Cyanide compounds
1,3-Dichloropropene 4,4'-Methylenedianiline Glycol ethers
Dichlorvos Naphthalene Lead compounds
Diethanolamine Nitrobenzene Manganese compounds
N,N-Diethyl aniline 4-Nitrobiphenyl Mercury compounds
   (N,N-Dimethylaniline) 4-Nitrophenol Fine mineral fibers
Diethyl sulfate 2-Nitropropane Nickel compounds
3,3-Dimethoxybenzidine N-Nitroso-N-methylurea Polycylic organic matter
Dimethyl aminoazobenzene N-Nitrosodimethylamine Radionuclides (including radon)
3,3'-Dimethyl benzidine N-Nitrosomorpholine Selenium compounds
Dimethyl carbamoyl chloride Parathion
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Figure 4-24. Emission Factor and Penetration Data for Total Fluorine (HF + F2). 

technique, the chlorine captured in the dilute H2SO4 impingers existed as HCl,

while the chlorine captured in the dilute NaOH impingers existed as Cl2 and/or

other volatile chlorine containing compounds.  To further investigate the halogen

speciation results found in Phase I, tests were conducted at CONSOL INC (16). 

Data from these tests showed approximately 3% of the total chlorine in the dilute

NaOH impinger of which <1% could be attributable to HCl carryover from the dilute

H2SO4 impingers.

As expected, removal of HCl, HF, and HCN did not occur across ESPs except for

Cardinal Station, which showed approximately 25% removal for HCl.  Rather, nearly all

data indicated equal or higher concentrations of acid gases at the ESP outlets than at

the ESP inlets.  Overall negative removals were usually calculated from two negative

and one positive removal test days.  The FF at Niles Station (part of the SNOX

process) showed an overall negative removal of acid gases.  Worthy of note, the FF at

Boswell Energy Center showed removals of HCl (35%–65%), 
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Cl2 (60%–97%), F2 (53%–72%), HCN (35%), and HF (negative).  Acid gas removal

across a FF is possible if reactions or adsorption occur in the filter dust cake, but

conclusions cannot be drawn from the data at one plant.  Data from the FF at

Springerville Station were invalidated during sampling.  

Also as expected, removal of HCl, HF, and HCN were significant across FGD

systems and highly effective across advanced FGD systems.  The AFGD system at

Bailly Station removed 99% and 96% of HCl and HF, respectively, and HCN to a lesser

extent.  The JBR at Plant Yates (which had the highest coal chlorine concentration)

removed >99% of the acid gases.  Sampling and analytical problems preclude

conclusions for the SDA at Springerville Station.  The Coal Creek Station wet FGD

(with 40% FGD bypass) removed 51% of HCl, 44% of HCN, but only 2.3% of HF.  The

SNOX process (an acid condensation method) removed 32%–52% of HCl,

approximately 52% HCN, and 1%–12% of HF.  Higher operating temperatures (200EF)

and the absence of alkali for reaction render the SNOX process less effective than

other AFGD systems for acid gas–halogen removal.

Particulate phase Cl–, F–, and CN– were measured below DL for most of the sites

and contributed to <5% of the total halogen concentration for the remaining sites. 

Fabric filter and ESP removal for Cl– was >90% to 99% for all sites, whereas F– showed

greater variability, 55%–99% removal.  The ESP at Coal Creek Station appeared to

increase F– concentration levels, but given the high degree of data variability, the data

are largely inconclusive.  Particulate cyanide, where measured above the DL, showed

a range of removal between negative and 35%.  The relative removal efficiencies for

Cl–, F–, and CN– compounds are very dependent upon the ESP removal efficiency for

the given compound particle size where Cl > F > CN.

Using the round-robin coal data, the highest chlorine coal concentrations were at

Plant Yates and Niles/SNOX Station, 1200 and 1400 µg/g respectively, and the lowest

were at Bailly, Springerville, and Coal Creek Stations (300 to 400 µg/g).  The remaining

sites ranged from 640 to 850 µg/g.  Coal fluorine round-robin data indicated that

Boswell Energy Center and Cardinal and Coal Creek Stations had the
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lowest concentrations (44 to 58 µg/g).  The remaining sites ranged from 80 to 110 µg/g

coal fluorine concentrations, with Bailly Station at the high end.

Percent chlorine penetration was less than 2% for sites with advanced FGD

systems (Bailly Station, Springerville Station, and Plant Yates).  Both plant and round-

robin coal data are in excellent agreement.  Cardinal Station plant and round-robin data

were also in good agreement (34% and 38% penetration).  Large differences were

observed between plant and round-robin percent chlorine penetration for Baldwin

Station and Boswell Energy Center.  Baldwin Station plant data showed over 130%

penetration, although chlorine mass balances were reasonable (105% to 133%),

whereas the round-robin data showed 160% penetration.  Boswell Energy Center plant

data yielded 44% chlorine penetration, while the round-robin data yielded 5%.  Yet, the

mass balances based on plant data for chlorine at Boswell Energy Center were low,

between 20% and 50%.  Round-robin data for Niles Station showed chlorine

penetration around 120%, and the SNOX process showed 77% penetration.  Plant data

from Coal Creek and Niles/SNOX Stations were not available.  

Based on control technology, the combined particulate and advanced FGD

systems showed very little chlorine penetration including Coal Creek Station with 40%

scrubber bypass. Two ESP sites (Baldwin and Niles Station) showed over 100%

chlorine penetration, while Cardinal Station (ESP also) showed less than 50% chlorine

penetration. Of two FF sites with acid gas–halogen data, one showed high penetration

(77%), while the averaged percent penetration (from the plant and round-robin coal

data) for the other FF was less than the best performing ESP. The SNOX process

generally showed less penetration than the ESPs and more than the FFs.

Percent fluorine penetration across advanced FGD systems (Bailly Station,

Springerville Station, and Plant Yates) was similar to chlorine. Both plant and round-

robin data showed less than 5% fluorine penetration. Though the remaining sites show

good agreement between round-robin and plant data, fluorine penetration is greater

than 100%, ranging from 102% to 300%, with the exception of Coal Creek Station.  A

likely source of error is the difficulty in obtaining accurate coal fluorine concentrations. 

Current analytical methods show a low bias for total fluorine.
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The trend for percent fluorine penetration based on control technologies is similar

to chlorine.  Sites with particulate control only and the SNOX process had very high

fluorine penetration while combined particulate–wet FGD systems had <5% fluorine

penetration.  Coal Creek Station (with 40% bypass) showed 70% fluorine penetration,

although it showed <5% chlorine penetration.

Total chlorine emissions alone represent a significantly large amount, 23% to

93%, of total HAP emissions from the Phase I sites.  Since F2 is not a HAP and

speciation into F2 and HF was not characterized at all sites, it is more difficult to

measure the contribution of HF to total HAPs.  Phase I data demonstrate that combined

particulate–advanced FGD systems are very effective for controlling both particulate-

and vapor-phase halogens and acid gases.  Particulate control systems effectively

remove particulate-phase halogens but are completely ineffective for vapor phase

halogens.

4.6 DISCUSSION OF SPECIAL TOPICS

4.6.1 Plume-Simulating Dilution Sampling

Sampling with dilution was conducted at the stack of four of the sites to simulate

the cooling and dilution of the flue gas that occurs in the plume shortly after it exits the

stack.  Potential changes anticipated as a result of the cooling and dilution include

condensation of vapor to the particulate phase for some species, adsorption of vapor-

phase species onto particle surfaces, and changes in the chemical species of some

elements.  At two of the sites, the dilution was approximately 10 parts dry filtered air to

1 part flue gas.  At the other two sites, the dilution was approximately 20 parts dilution

gas (consisting of an 80% nitrogen and 20% oxygen mixture of pure gases) to 1 part

flue gas.  Comparative sampling was done with and without dilution at the stack-

sampling location at all four sites.  EPA Method 29 sampling was conducted to

determine the effect of cooling and dilution 

on the particulate–vapor split of the trace elements.  At two of the sites, impactor

sampling was done to determine the effect of cooling and dilution on the particle-size

distribution.  Sampling for organic species was conducted to determine whether
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cooling and dilution would change the species detected and their relative

concentrations.

Stack concentrations of most of the trace substances are very low, and achieving

good precision among repeat measurements is already challenging.  The difficulty is

greatly amplified when the flue gas samples are diluted by a factor of 10 to 20.  For

credible quantitative results, the PSDS method must be verified with rigorous QA/QC,

including blank analyses to ensure that blank corrections are not a significant portion of

the measured values.  Measured concentrations of the trace elements in the stack flue

gas for the diluted and undiluted samples must be in good agreement, and the

variability of the repeat measurements must be smaller than any observed effect of the

cooling and dilution.  The measurements at all four sites, however, had poor precision

and poor agreement between the diluted and undiluted samples.  In some cases, the

measured vapor-phase fraction of some elements was greater for the diluted sample

compared to the undiluted sample, which is opposite from theoretical expectations and

indicative of the poor data quality.  Because of the data quality problems, no firm

conclusions can be drawn from the plume dilution sampling results other than the

demonstrated need for much more development of this sampling approach. 

Nevertheless, several of the main observations from the plume dilution sampling

results should help focus future development efforts:

• For the Bailly Station, a significant shift from vapor to particulate phase as a

result of dilution sampling was noted for B, Hg, and Se.  Whether

homogeneous nucleation or heterogeneous nucleation occurred, whether the

effect was adsorption on existing particulate matter, and whether the observed

effect may also have been associated with a change in chemical species are

not known.

• For the Coal Creek and Niles Stations, an increase in concentration for

SVOC/PAH was noted as a result of dilution sampling.  Even though the data

are variable, the consistency of the trend from day to day for several species

and the observation at both stations suggest that the effect is a result of the

process rather than random variability.  These data indicate that the

compounds are being formed in the dilution and cooling process.



4–53

• For the Coal Creek Station, a small shift in particle size from a mass median

diameter (MMD) of 2.6 µm with hot undiluted sampling to 2.0 µm with dilution

sampling was noted. The shift may have been caused by a combination of

sampling losses for the larger particles and some generation of fine-particle

mass because of a shift of some vapor-phase material to fine particles. For the

Niles Station, the change was much more pronounced, the particle size

shifting from a MMD of 2.9 µm with hot, undiluted sampling to 0.1 µm with

dilution sampling. The shift was the result of a substantial weight gain on the

impactor backup filter with dilution sampling. A significant shift like this would

not be expected unless there was substantial condensation of a substance

such as SO3 present in fairly high concen-trations. However, the backup filters

were apparently not analyzed, so the cause of this significant shift in MMD as

a result of dilution sampling is not known.  Battelle personnel (who conducted

the sampling) believe the filter weight gain was real, but suspect that it was

caused by some unknown sampling artifact.

4.6.2 Trace Element Enrichment as a Function of Particle Size

Sampling with cyclones and a backup filter was conducted at the inlet of the

particulate control device at each plant to provide three particulate size fractions that

were analyzed for trace element concentration.  A comparison of the largest and

smallest size fractions provides an indication of the potential for enrichment of trace

element concentration with decreasing particle size.  The cut point of the largest

cyclone ranged from 8 to 10 µm, and the cut point of the smallest cyclone for seven of

the nine process configurations ranged from 4 to 6 µm, but the cut point of the smallest

cyclone was 1 µm at two of the sites.  Therefore, for seven of the sites, the comparison

was between the fractions larger than about 10 µm and smaller than about 5 µm, but

for two of the sites the comparison was between the fractions larger than 10 µm and

smaller than 1 µm.  These data are presented in Figure 4-25 as an enrichment factor

for 16 elements.  For most elements, all nine data points were available, but for some

elements, such as Hg, fewer data points were available.  The greatest enrichment

factor was observed for Sb, As, Mo, and Se, which all had 
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Figure 4-25. Trace Element Enrichment Factor, Comparison of Largest and Smallest
Particle-Size Fractions.
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a median enrichment factor of approximately 5.  For three of these elements (Sb, Mo,

and Se), enrichment factor values greater than 10 were observed at two or more sites. 

Since these trace elements are among the most volatile that occur in the solid phase at

the particulate control device inlet temperature, enrichment factors of greater than 10

are not surprising.  If analyses of smaller size fractions were completed, the enrichment

factors would be expected to be even higher.  Because of data variability, firm

conclusions on the enrichment potential for each element at each site cannot be drawn,

but the data cumulatively suggest that significant enrichment with decreasing particle

size is most likely to occur for Sb, As, Mo, and Se.  Because of this enrichment, trace

element removal efficiency is likely to be lower than total particulate removal efficiency

when a control device such as an ESP is used because collection efficiency

deteriorates for smaller particles.

4.6.3 Particle-Size Distributions of Stack Emissions and FF/ESP Hopper Ash

Since certain health risks associated with trace element emissions depend on

particle size, there is interest in determining the size distribution of particulate

emissions.  The particle-size distribution was measured at each of the sites at the inlet

to the control device and at the stack.  Under the high inlet dust-loading conditions, the

most common measurement method was staged cyclones.  For most of the inlet

measurements, the dust was divided into only three fractions, so a well-defined

distribution was not available.  For some of the sites, reliable cyclone data were not

available, but separate size analyses were conducted on ash samples from either the

ESP or FF hoppers.  At the stack, impactor data were available for most of the sites,

with sufficient information to at least obtain the MMD, defined as the 50% point of the

cumulative size distribution; in other words, 50% of the particulate mass is larger, and

50% of the particulate mass is smaller.  Mass median diameter values at both the inlet

and stack locations for each site are presented in Table 4-14.  All particle diameter

values are presented as aerodynamic diameter, defined as the equivalent diameter of a

unit density sphere that has the same settling velocity as the actual particle at low

Reynolds number.  Since staged cyclones and impactors separate particles on the

basis of their aerodynamic behavior for a variety of particle shapes and densities, it is

the aerodynamic diameter that is actually determined.
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Table 4-14. Mass Median Aerodynamic Diameter at Control Device Inlet and Stack

Coal
Creek Bailly Cardinal Baldwin Boswell Niles SNOX Springerville Yates

Inlet                     
Measurement
  Method

Coulter
 counter

Cyclones Malvern Cyclones/
Malvern

Coulter
counter

Cyclones Cyclones/
impactor

Inlet MMD 22 20 NAa 16b 14 NA 23 13 20b

Stack
  Measurement     
 Method

Impactor Impactor Impactor Cyclones Impactor Impactor Impactor Impactor

Stack MMD 2.5 0.55c 4.0 8.0 NA 2.9c 3.5 9.0 6.4

a Results were not available or were of questionable data quality.
b Sample taken from Field 1 and 2 ESP hopper ash.
c Likely outlet PSD influenced by acid condensation.

Aerodynamic diameter can be converted to geometric diameter assuming spherical

particles and a known particle density.

The inlet MMDs ranged from 13 to 23 µm which is typical of previous

measurements of fly ash particle size for coal-fired boilers (37).  Some size

fractionation between the inlet and stack is expected because most control devices 

collect larger particles at a higher efficiency than smaller particles.  However, the size-

fractionating mechanisms for ESPs, FFs, and scrubbers are quite complex when

cleaning-cycle effects are considered.  Stack MMD values of 0.55 to 9.0 µm represent

a much broader range than the inlet MMDs, demonstrating complex and varying size-

fractionating mechanisms.  Two of the outlet MMD values may have been influenced

by submicron acid condensation, which may significantly skew the stack particle-size

distribution toward finer sizes.  In all of these cases, the stack MMD was smaller than

the inlet MMD, but the ratio of inlet to stack MMD ranged from 1.4 to 36, which

demonstrates that the particle size of the stack emission is likely to be highly system-

specific.
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4.6.4 Chromium Speciation and Sampling

 A key issue impacting the risk assessments for utility boilers is chromium

speciation.  Chromium may exist as the highly toxic hexavalent form and/or the less

toxic trivalent form.  In the recently promulgated EPA rules regulating the burning of

hazardous waste in boilers and industrial furnaces, all chromium emissions to the

atmosphere are considered to be hexavalent unless the facility in question performs

stack tests specifically for hexavalent chromium.  Studies to measure the amount of

hexavalent chromium in stack gas emissions were carried out at two sites:  Plant Yates

(Radian) and Cardinal Station (EER).

The determination of hexavalent chromium in coal combustion flue gas is not a

standardized technique.  Both testing sites utilized EPA Method 0013 (Draft), the

recirculating caustic solution method (38).  It was noted in both sampling reports that

although this test method is commonly used in incineration systems, it has not been

tested for the high-SO2 content found in coal combustion gases.  A discussion of the

potential problems with the sampling technique is provided by Radian (14):

. . . Cr(VI) is stable in a strong alkaline solution (pH>9).  But all

combustion gas streams contain large amounts of CO2 (10%–20%),

which is an acid gas, and serves to lower the pH of the impinger

solution.  As a result, the pH may dip lower than desirable during

sampling, or the solution must be more alkaline than specified in the

method or continually monitored.  As a further complication, utility

flue gas contains significant levels of SO2 (100 ppm or more).  SO2 is

also an acid gas but is a reductant as well.  The impinger solution

designed to absorb Cr(VI) also absorbs CO2 and SO2.  The result of

this is a lowered pH and a solution that contains an oxidant [Cr(VI)]

and a reductant (SO2/HSO3
!).  As the pH falls, the redox couple

becomes more favorable, and any Cr(VI) present may be reduced by

SO2/HSO3
! and not detected as Cr(VI).
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The test method used by EER included a modification for the high SO2 content of

the gas stream as recommended by Steinsberger et al. (39).  In addition to the

comments in the sampling reports, research at the EERC has demonstrated that care

must be exercised in the alkaline preservation of chromium-containing solutions (40). 

The pH during preservation must remain well below 11.5 to prevent the possible

formation of insoluble chromium-substituted calcium aluminate sulfate hydroxide

hydrate (ettringite) phases.  This can occur in the presence of calcium and aluminum

and can be formed if fine particulates are present or in filtrates from ash and related

materials.

The samples from EER were analyzed at RTI with ion chromatography in an

ultratrace mode with a postcolumn reactor utilizing diphenylcarbazide.  Samples were

analyzed similarly by Radian without utilization of the ultratrace mode.  The results from

the sampling are shown in Table 4-15.  It is noted that none of the values produced are

usable in an emission factor calculation because of the large field blanks.  Overall, the

level of hexavalent chromium that could potentially be emitted from a system is small. 

The ratio of hexavalent chromium to total chromium (using blank corrected values)

produces ratios of approximately 33% and 0.32% for Plant Yates and Cardinal Station,

respectively.  Thermochemical equilibrium predictions (41) have shown that only trace

amounts of hexavalent chromium will form under stoichiometric conditions and that

under very oxygen-rich conditions (O/C>3), approximately 10% of the chromium can

exist in the hexavalent form.  Because of the consistency between the two different

sampling sites where the field blanks are higher than the measured amounts, it is

probable that interactions between the flue gas and solutions result in the reduction of

any hexavalent chromium.

The data indicate that only minimal amounts of hexavalent chromium may be

emitted from coal combustion systems.  The EERC recommends that a thorough set

of validation tests be performed on sampling and analytical protocols for chromium

speciation.  Once validated, sampling and analytical protocols can be applied to full-

scale systems to document chromium speciation and to avoid the current EPA

practice where all chromium emissions are considered to be hexavalent chromium.
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Table 4-15. Average Stack Concentrations, Field Blanks, and Emission Factors of
Hexavalent Chromium

Sampling
Sites 

Field
Blank,

µg/Nm3 a

Stack Gas
Concentration

Measured,
µg/Nm3

Ratio:  Field
Blank/Stack

Gas
Concentration

Corrected
Stack Gas

Concentrationb

Emission
Factor,

lb/1012 Btu
Yates
Cardinal

NRc, d

0.192
NR

0.0988f
>1a

1.94
ND < 0.19

0.0263
NCe

NC
a Field blank concentration calculated assuming an average flow rate.
b Values of field blank and stack gas concentration are not given, but it was stated in the contractor report that the field

blank exceeded the value of the stack gas concentration.
c In all cases, the field blank exceeds the measured stack concentration, and thus the detection limit is listed for the

corrected concentration.
d Not reported.
e Not calculated; in all cases, field blanks exceed measured concentrations.
f Value calculated from at least one nondetect value.

4.6.5 Dioxins–Furans Across ESPs

Only one out of nine process configurations involved in an assessment of toxic

emissions from coal-fired power plants reported relevant ESP inlet and outlet data for

the determination of dioxin–furan concentrations across ESPs (19).

EER reported dioxin and furan data based on samples from the inlet of an ESP 

and at the stack (ESP outlet) for Cardinal Station Unit No. 1.  Spurious detection of

dioxin and furan congeners was reported based on these samples.  However,

according to the final report produced by EER, these results were considered

questionable, since most compounds detected had high blank levels; all surrogate

compound recoveries at the ESP inlet were outside the EER QA/QC limits; and the

majority of the results reported had substantial portions of data attributable to

nondetect data.  Despite the data quality problems that affected most of the EER dioxin

and furan emission data, ESP removal efficiency and penetration at the Cardinal

Station were reported.

Essentially, the chlorinated dioxins and furans detected at the ESP inlet were at

significantly lower concentrations than the other species (e.g., typically 6 orders of

magnitude lower than SVOC and PAHs).  All but two compounds (1-4,6-8-HpCDD

[heptachloro dibenzo-p-dioxins] and OCDD [octachloro dibenzo-p-dioxins]) were
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above the detection limits at the ESP inlet, and their reported concentrations were

1.22 × 10!6 and 1.41 × 10!5 lb/1012 Btu, respectively.  However, the data quality of these

reported values may be suspect because the high blank values and surrogate sample

recoveries were outside the QC limits (maximum blank ratios ranged from 99.3% of

OCDD emissions to 360% of 1-4,6-8-HpCDD emissions).  Note that maximum blank

ratios are defined as the ratio of the highest blank value to the uncorrected sample

value.  If the maximum blank ratio is 100%, all of the run data are attributed to the

blanks.  If the maximum blank ratio is zero, no blank had detected values.  Generally,

data with maximum blank ratios of less than 20% are considered to be of higher

quality.  In addition, since determinations of external audit samples for polychlorinated

dibenzo-p-dioxins–polychlorinated dibenzofurans (PCDD–PCDF) were not performed,

further evaluation of the data quality based on the PCDD–PCDF recoveries was not

possible.  EER reported that confidence in emission levels of these detected

compounds is fairly low because the maximum levels in the blanks are 100% or greater

than the levels in the samples (19).

PCDD–PCDF data obtained at the stack indicate that PCDD–PCDF emissions

were very low, ranging from 6.58 x 10!7 to 1.07 x 10!5 lb/1012 Btu, with most congeners

not detected or near the background (blank) levels.  PCDD–PCDF congeners with

blank-corrected values above the detection limit reported by EER include 2378-TCDF

(tetrachloro dibenzofurans), total PeCDF, total HpCDF, 1234678-HpCDD, 1234678-

HpCDF, OCDF, and OCDD.  Fifty percent of 2378-TCDF average values in the report

were attributed to undetected data, and other detected compounds had high blank

levels.  Therefore, despite surrogate spike recoveries that met EER QA objectives for

all compounds, the PCDD–PCDF results at the stack are considered by EER to be

questionable (19).

4.6.6 Effect of Sootblowing on Trace Element Emissions

The effect of sootblowing on trace element concentrations in stack particulate and

corresponding emission factors was evaluated at two of the nine process

configurations.  During sootblowing, one station (cyclone furnace/ESP) showed a slight

enrichment of trace elements, greater total particulate, and higher emission
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factors while the other station (dry-bottom, opposed wall-fired furnace/ESP) showed a

slight depletion of trace elements, less total particulate, and lower emission factors. 

However, the differences between sootblowing and nonsootblowing trace elements

concentrations for both sites were not statistically significant.

Four ash streams:  bottom ash, economizer ash, and two fields from the ESP

hopper ash were sampled at Baldwin Station.  While some trace element concentration

differences were noted between sootblowing and nonsootblowing periods, none were

statistically significant at the 95% CI.  Although emission factors increased during

sootblowing as a result of the increased particulate flow rates, all emission factors

remained within the same order of magnitude as those during nonsootblowing periods. 

During sootblowing, bottom ash samples showed slightly lower concentrations in Sb

and Be, while economizer ash showed slightly higher concentrations in Sb, As, B, Cd,

Cr, Cu, and Pb.  Total particulate increased during the sootblowing by 17% in the

economizer ash and by 3% to 4% in the ESP hopper ash.  Because of the increased

particulate, emission factors for most trace elements were greater during sootblowing

periods for all elements except As and Ba. 

During sootblowing at the Cardinal Station, ash samples showed slightly lower

concentrations in Sb, As, Be, B, Cd, Cr, Co, Cu, Pb, Mo, Ni, Se, and V.  Ba, Mn, and

Ag were slightly higher.  Total particulate levels were greater during nonsootblowing

than during sootblowing, which in turn were greater than levels measured during

organic sampling.  Data collected during sootblowing operation had less variability than

data collected during nonsootblowing operation.  All emission factors for

nonsootblowing periods, except Hg and Mn, were higher than those for sootblowing

periods.  This is consistent with the fact that higher particulate levels were measured

during nonsootblowing operation than during sootblowing periods.

From the limited data collected at both sites, no statistically significant trends

were observed with respect to the effect of sootblowing on particulate trace element

concentrations and emission factors or total quantity of particulate.  However, because

the sootblowing tests at Baldwin Station utilized duct traverses during sampling rather

than single-point measurements utilized at the Cardinal Station, the
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Baldwin Station data are believed to be more representative of actual sootblowing

effects.

4.6.7 HAPs on Particle Surfaces

The CAAA of 1990 mandate that emissions of HAPs from coal-fired power plants

be evaluated for potential health risks.  The condensed metal species found

predominantly on the surface of fly ash particles are readily accessible to biological and

ecological systems and thus pose a potentially greater health risk than do those

species trapped in the aluminosilicate fly ash matrix.  Surface enrichment of HAPs is

thought to occur when metal species in the gas phase condense onto the surfaces of

the fine particles, which are more difficult to remove by control devices.

In order to address this public health issue, DOE funded a separate test program,

conducted by Radian, to compare bulk and surface composition of particulate samples

(14).  Flue gas particulate samples were collected at Plant Yates, including gas from

the outlet of the JBR and the ESP inlet and outlet.

Extractable metal concentrations were determined for bulk particulate samples. 

The elements studied include Sb, As, Ba, Be, Cd, Cr, Cu, Co, Pb, Mn, Mo, Ni, Se, and

V.  Hg was initially included in the test program, but the results were invalidated by

poor matrix spike and blank spike recoveries.  The premise of this study is that

extractable concentrations of these elements indicate their leachability and thus their

potential availability to biological and ecological systems.  Acid leaching and digestions

of the particulate samples were followed by ICP–MS analysis.  Leachability is

influenced by a number of factors, including solubility, particle surface area, surface

concentration, and other matrix effects.

Three separate sample preparation techniques were used, as illustrated in

Figure 4-26.  A nitric acid digestion was used to represent the highest degree of

surface availability for elements not bound in the aluminosilicate fly ash matrix.  A

hydrochloric acid digestion was used to simulate human ingestion.  Finally, an acetic

acid digestion was used to simulate groundwater leaching mechanisms.  In addition,
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Figure 4-26. Flue Gas Particulate Sample Preparation and Analysis Plan for
Extractable Metals (13).

the total composition of each sample was obtained from the trace element analysis of

the particulate at the ESP inlet and outlet and from analysis of the stack gas EPA

Method 29 filter samples.

In general, increasing extractability was observed along the flue gas path, as

shown in Figures 4-27 through 4-40.  It is reasonable to expect higher extractable

concentrations at the ESP outlet compared to the inlet, based solely on the reduction in

mean particle diameter across the ESP.  The increased surface area associated with

an equivalent sample mass exposes more material to the leaching solutions.

Table 4-16 shows the metals arranged in order of leachability, based on results for the

ESP inlet and outlet samples.

Elements exhibiting the highest degree of extractability, such as Mo, Cd, and Sb,

are likely to be surface-oriented, unbound in the particle matrix, or in a form readily

dissolved by the leaching agent.  The spike recovery results shown in Table 4-16

indicate that the data for As, Se, Mn, and V cannot be considered reliable. 
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Figure 4-27. Sb Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-28. As Content of Flue Gas Particulate as Sampled at Plant Yates.
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Figure 4-29. Ba Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-30. Be Content of Flue Gas Particulate as Sampled at Plant Yates.
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Figure 4-31. Cd Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-32. Cr Content of Flue Gas Particulate as Sampled at Plant Yates.
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Figure 4-33. Co Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-34. Cu Content of Flue Gas Particulate as Sampled at Plant Yates.
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Figure 4-35. Pb Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-36. Mn Content of Flue Gas Particulate as Sampled at Plant Yates.



4–69

Figure 4-37. Mo Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-38. Ni Content of Flue Gas Particulate as Sampled at Plant Yates.
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Figure 4-39. Se Content of Flue Gas Particulate as Sampled at Plant Yates.

Figure 4-40. V Content of Flue Gas Particulate as Sampled at Plant Yates.
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Table 4-16.  Average Extractability of Elements in Fly Ash

Average % Extractable Spike Recovery, %
Element ESP Inlet ESP Outlet Stack Gas Average Range
Sb 44 25 9.7 NAa NA
As 33 33       68b 81 0–123b

Ba 22 30       91b 90 85–94
Be 17 22     197b 93 79–108
Cd 55 91b       69b 96 88–107
Cr 11 19       17 98 92–100
Co 7.6      21       35 98 92–100
Cu 16 33     143b 99 92–105
Pb 21 36     165b 88 83–97
Mn 33 17       78 89 71–108c

Mo 86b 67b       35 NA NA
Ni 16 27        8.3 95 81–103
Se 48b 11 9.1 117 84–138c

V 12 30     105b 71 0–109c

a Spike recovery data not available.
b Average uses one or more values >100%.
c Spike recovery range is outside of the data quality objective range of 75%–125%.

In addition, the leaching results contain some data that exceed 100% of the bulk

compositions for a certain element, particularly for the nitric acid extractions of the

stack gas samples, indicating a possible sample preparation problem.

Several elements (As, Ba, Be, Co, Cu, Pb, and V) are found in the stack gas

samples at concentrations lower than in the ESP outlet (FGD inlet) samples.  This

reduction in elemental concentrations across the JBR, despite the reduction in mean

particle diameter, suggests that these elements may be leached from fly ash by the

FGD slurry.  Other results obtained during the Plant Yates study indicated that the JBR

slurry is enriched in aqueous Cd, Pb, Mn, Cu, Se, Co, As, Ni, V, Be, and Cr relative to

the concentration of soluble silica in the recycled slurry after six cycles.  Molybdenum

and As are also enriched in the JBR slurry’s solid phase.  This concentration

mechanism is not well understood but appears to impact particle surface

characterization for particulate matter downstream of wet-scrubbing systems.  The

extractability data presented for Plant Yates cannot be interpreted without a better

understanding of the enrichment of trace elements in the slurry and carryover of fine

particles to the stack.
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