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EXECUTIVE SUMMARY 

The U.S. Department of Energy (DOE) Clean Coal Technology (CCT) Program is a joint 
effort between government and industry to develop a new generation of coal utilimtion 
processes. In 1986, the Ohio Power Company, a subsidiary of the American Electric Power 
Service Corporation (AEP), was awarded cofunding through the CCT program for the Tidd 
Pressurized Fluidixed Bed Combustor (PFBC) Demonstration Plant located in Brilliant, Ohio. 
The Tidd PFBC unit began operation in 1990 and was later selected as a test site for an 
advanced particle filtration (APF) system designed for hot gas particulate removal. The APF 
system was sponsored by the DOE Morgantown Energy Technology Center (METC) through 
their Hot Gas Cleanup Research and Development Program. 

A complementary goal of the DOE CCT and METC R&D programs has always been to 
demonstrate the environmental acceptability of these emerging technologies. The Clean Air 
Act Amendments of 1990 (CAAA) have focused that commitment toward evaluating the fate 
of hazardous air pollutants (HAPS) associated with advanced coal-based and hot gas cleanup 
technologies. Radian Corporation was contracted by AEP to perform this assessment of 
HAPS at the Tidd PFBC demonstration plant with funding from the DOE-METC Hot Gas 
Cleanup R&D program. The objective of this study is to assess the major input, process, 
and emission streams at Plant Tidd for the HAPS identified in Title III of the CAAA. 

Site Description 

The boiler at Plant Tidd is a bubbling bed, pressurized fluidized bed combustor (PFBC) rated 
at 70 MWe; 55 MW is produced by a steam turbine generator and 15 MW is produced by 
depressurizing the hot flue gas in a gas turbine generator. Total plant load during the test 
period was steady at 45 to 46 MW, which is representative of stable, long-term operation. A 
slurry of Pittsburgh No. 8 bituminous coal (3.4% sulfur) is fed to the PFBC unit along with 
dolomite sorbent to control SO, emissions. Particulate matter is controlled by primary and 
secondary cyclones in series with an electrostatic precipitator (ESP). Formation of NO, is 
minimized because of relatively low combustion temperatures within the PFBC process. 

An additional feature of the Plant Tidd facility is a demonstration-scale hot gas clean-up 
system. Treated gas from one of the seven cyclones is directed to a ceramic barrier, 
advanced particle filter (APF), and back-up cyclone. The treated gas is then returned to the 
process upstream of the ESP. The APF operated at approximately 1350°F during the test 
period. The ceramic candles were backpulsed approximately every 30 minutes to remove 
particulate matter captured on the outside of the candles. ’ 
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Sampling Locations 

Four flue gas stream locations were tested: ESP inlet, ESP outlet, APF inlet, and APF 
outlet. Other process streams sampled were raw coal, coal paste, sorbent, bed ash, cyclone 
ash, individual ESP hopper ash, APF ash, and service water. 

Sample Collection 

Radii’s approach to meeting the test objectives utilixed established sampling methods (where 
possible) and a sampling strategy consistent with that of the DOE-sponsored program, 
“Comprehensive Assessment of Air Toxics Emissions from Coal-Fired Utility Boilers,” and 
the EPRI-sponsored Field Chemical Emissions Monitoring (FCEM) program. Samples were 
collected with the boiler operating at steady-state conditions and in triplicate over four days 
(April 12-15, 1994). 

Quality Assurance and Quality Control 

During sample collection, quality assurance audits were conducted by Radian’s internal QA 
auditor. Radian’s auditor also conducted a performance evaluation audit by submitting 
“double-blind” (identity and composition unknown) samples to the analytical laboratories. 
Quality control procedures involved the evaluation of results for field and laboratory blank 
samples, duplicate field samples, matrix-spiked and surrogate-spiked samples, and laboratory 
control samples. 

Overall, QA/QC data associated with this program indicate that measurement data are 
acceptable and can be used with confidence. The QA/QC results indicate that the quality 
control mechanisms were effective in ensuring, measurement data reliability within the 
expected limits of sampling and analytical error. 

Plant Operating Conditions 

During sample collection, operating conditions were continuously monitored using a 
computer&d data acquisition system which logged process information as five-minute 
averages. In addition, ESP operating data (voltages and currents for each field) were logged 
hourly by the on-site Radian engineer. Overall, all processes were very stable, and the key 
operating parameters were within the targeted range during the entire test period. Continu- 
ous emission monitors were operated during the test period, providing data for sulfur 
dioxide, nitrogen oxides, opacity, and carbon monoxide at the ESP outlet location. These 
data indicate steady process operation and ESP performance. 

Analytical Results 

Samples were analyzed for trace elements, minor and major elements, anions, volatile 
organic compounds, dioxin/furan compounds, ammonia, cyanide, formaldehyde, and 
semivolatile organic compounds. The particle size distribution in the ESP inlet and outlet 
gas streams and collected ash from individual ESP hoppers was also determined Analytical 
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results have been tabulated in detail as mean values with 95% confidence intervals. In the 
detailed data tabulations, some data have been identified with flags; for example, where 
background analyte levels in the sampling media exceeded 30% of the uncorrected sample 
result. 

Data Analysis: Mass Balances, Removal Efficiencies, and Emission Factors 

Emission factors, removal efficiencies, and other results rely on measurement data that are 
near the limit of detection or below it for many of the substances of interest. For that 
reason, uncertainty analyses and the calculation of confidence intervals were performed as 
part of this program. The method used to determine uncertainties in calculated results is 
based on “Measurement Uncertainty”.1 

The following observations are results of the data analysis: 

l Material balances were calculated for 26 elements. Sixteen of these elements met the 
target closure objectives of 70-130% for balance around the plant. Nineteen elements 
met a closure criteria of 50-150 percent. Closures could not be estimated for four species 
(antimony, cadmium, molybdenum, and silver) because they were not detected in one or 
more of the outlet ash streams. 

l Use of the ICP-MS analytical technique to analyse vapor phase multi-metals train samples 
at the four gas locations provided superior detection limits and allowed quantification of 
vapor phase trace metals at low ng/Nm3 levels-below the detection limits of standard 
ICP-AH!3 and GFAAS techniques. 

l Removal efficiencies for non-volatile metals were generally greater than 95% across the 
ESP. Less than 10% removal was observed for volatile species such as chloride, 
fluoride, and mercury. 

l The particulate removal efficiency of the APF system was measured at 99.99 percent. 
Removal efficiencies for most non-volatile metals was greater than 99.5% across the 
APF. Removals of less than 30% were measured for mercury, selenium, chloride and 
fluoride. Approximately 40% removal of SOa was measured across the APF system as 
well as some removal for ammonia (25%), cyanide (69%), and formaldehyde (94%). 

l High resolution GC/MS analysis of the Modified Method 5 sampling train components 
provided detection limits for selected polycyclic aromatic hydrocarbons at 2 to 5 orders 
of magnitude lower than low resolution GC/MS. Quantification of PAHs at these lower 
levels provides a better estimate of emissions. 

l Hexavalent chromium analyses conducted in an on-site laboratory provided measurable 
results slightly above blank levels. Compared to total chromium results for the FSP 
outlet stream, chromium (VI) was measured at 37% of the total chromium concentration; 
however, additional research and validation of this method for coal-tired power plant flue 
gas is needed. 
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l Emission factors have been calculated for the target trace species detected in the ESP 
outlet gas and are presented in Table ES- 1. 

l Particle size distribution (PSD) results for the ESP inlet and outlet flue gas measurements 
were consistent and repeatable. PSD results for ash collected from the four ESP hoppers 
show a progressive shift downward in the mean particle diameter through the ESP. The 
particle size range collected in the first and second ESP field hoppers is consistent with 
that of the ESP inlet gas particulate. The mean aerodynamic particle diameter at the ESP 
inlet was 3.5 pm with less than approximately 8% of the particles below 1 pm. 

Recommendations and Considerations 

Some technical issues have been identified during this study that may warrant further 
consideration. Among these are the following sampling, analytical and/or process related 
issues: 

Contamination of the APF outlet particulate phase samples with chromium, nickel, and 
molybdenum associated with the Inconel 800 components of the hot gas sampling system 
was observed; 

Improved detection limits are required for some trace elements in gas stream particulate 
and process solid samples to facilitate. complete material characterizations and balance 
closures; 

Analysis of multiple reagent blanks is necessary to provide a more representative statisti- 
cal value for background levels of target analytes in the sampling media when samples 
are analyxed by highly sensitive.analytical techniques; 

Gas sampling methods for semi-volatile organic compounds should be studied to deter- 
mine if benzoic acid, phthalate esters, and other related compounds are sampling artifacts 
associated with the reactivity of flue gas components on XAD-2 resin; and 

The hexavalent chromium sampling method has not been validated for application to flue 
gas from coal-fired combustion systems and should be thoroughly evaluated for sampling 
bias and precision. 

References 

1. American Society of Mechanical Engineers. Measurement Uncertainty: Inwwnents and 
Apparufw. PTC 19.1-1985 (reaffirmed 1990), pp l-65. United Engineering Center, 
New York, NY. Published by the American National Standards Institute. 
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Table ES-1 
Emission Factors 

Anions 

Chloride 
Fluoride 

lb/lOn Btu 1 95% CI 

83,ow 4,=Q 
I 5.600 I 270 

11 Reduced Soties II 
II Ammonia I 140 I 7 II 

cyaoi 

Selected Element.9 
Am&c I 1.2 I 0.06 II 1 _.- 1 _._. 

II Barium Bervllium I 0.26 0.92 I 0.0012 0.04 I 

II Cadmium I 2.2 I 0.11 II 
Chromium 4.6 0.22 

Chromium (Vl) 1.7 0.08 

copper 5.3 0.25 

Led 0.8 0.038 

MSPpCSC a.5 0.41 

11 Macur~ I 18 I 1 II 
MolyMenum ! 0.31 1 0.01s 

II 
Nickel 7.4 0.35 

Selenium 49 2.3 

Silver 0.5 0.024 

Vanadium 1.2 0.06 

Aldehydes 

Formaldehyde 

Volatile Organic Specie3~~b 

BUKCoe 
C&on Disultide 

PAas by HRGC/MS= 

Aceoaphthylene 

2-Clllomnaphthaleae 

5.1 I 0.24 

6.6 0.32 

1.0 0.05 

1.2x10-1 5.8x10-~ 

1.2x10-3 5.7x10-5 
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Table ES-1 (Continued) 

PAFls by Method 8270Cvd 

Ace.topheaoae 

Bauoic Acid 
I 3.90 0.2 

160 I 8 

II Isouhomae I 210 I 1 II 
PIllSlO I 1.20 0.06 

Dioxin/fumn Speck& 
1,2,3,4,6,7.8-HeptPchlorodibeorofuran 6.4 x lo4 3.1 x 104 

Octacblomdihe.amfur I 1.2x WJ 1 5.8 x lO-’ 

Total Heptachlomdibeam-p-dioxin 

Total Heotachlomdibenmtiran 

H Total Hexachlomdibeazotiuaa I 1.4.x 1C5 1 6.7.x IO-’ 11 

Total Peatachlonxlibeamforan 4.3 x IO-6 1 2.1x10-7 

’ only those wmpoaads with M wenge concentration above the detection limit are iacloded. 

b Methyleae chloride, tolueae, sad other hnlogeasted hydmcxboas are not iacluded becaa.w their presence is 
strongly suspscted to be the result of coattuniaatioa t&n commoa field sad Inbxatory mgeats. 

’ Suhstaaces for which the reageat blti hackground levels were greater thsa or equal to 30% of the sample 
rcsalt an not inch&d because their qasatificatioa is coasidmd suspect. 

d Phthslate esters sre not included because their prwzace is suspected to be either the result of resin 
coatsmiaatioa from plasticisers coaunooly found ia the laboratory environment, or a sampling artifsct. 

’ Reported coaceatrrtioa is between the quatitatioa limit and the method detection limit. Results in this raage 
am considered aacexiaia. 

f Resalt is less thsa five times the detection limit. 
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7 
INTRODUCTI’ON 

Background 

The U.S. Department of Energy (DOE) Clean Coal Technology (CCT) Program focuses on 

developing a new generation of coal utilixation processes. One objective of the program is to 
move the most promising of the advanced coal-based technologies into the commercial 

marketplace through a series of demonstrations cofunded by government and industry. The 
DOE-Morgantown Energy Technology Center (METC) Hot Gas Cleanup Research and 

Development Program examines advanced technologies for application to hot gas streams in 
coal combustion and gasification systems. One objective is to aid in designing hot gas 

cleanup technologies for second-generation pressurixed-fluidized bed combustor (PFBC) 

Units. 

In the first round of CCT solicitations in 1986, the Ohio Power Company, a subsidiary of 

American Electric Power Service Corporation (ABP), was awarded funding for the Tidd 

PFBC demonstration plant in Brilliant, Ohio. The Tidd PFBC unit began operation in late 

1990 and was later selected by the DOE-WC R&D program as a test facility for an 

advanced particle filtration (APF) system. 

Because of continuing concern that the use of coal as an energy source could cause 
significant environmental impact, a complementary goal of the DOE CCT and h4BTC R&D 
programs has always been to demonstrate the environmental acceptability of these projects. 

The Clean Air Act Amendments of 1990 (CAAA) added another focus to DOE’s 
environmental protection commitment; evaluating the fate of hazardous air pollutants (HAPS) 
associated with the demonstration of advanced coal-based and hot gas cleanup technologies. 
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introduction 

The study of HAPS at the Tidd PFBC demonstration plant was funded by the DOE Hot Gas 

Cleanup R&D program through AEP to assess the major input, process, and emission 

streams for the HAPS identified in Title III of the CAAA. Included in this assessment were 

the inlet and outlet gas and solid samples from the APF system and the electrostatic 

precipitator (ESP). The resulting data from this study am used to generate emission factors 
for the HAPS so that the environmental acceptability of commercial&d PFBC technologies 

can be assessed. 

Radian Corporation was selected to perform the HAPS assessment at the Tidd PFBC 

demonstration plant with the advanced particle filter in operation. This report presents the 

results of that assessment. 

Objectives 

.The specific objectives of this project are: 

l To collect and analyxe representative solid, liquid, and gas samples of all specified input 
and output streams of the Tidd PFBC Plant, including the advanced particle filtration 
system, for selected hazardous, air pollutants contained in Title III of the CAAA; 

l To determine the removal efficiencies of the APF and ESP subsystems for selected 
polllltants; 

l To calculate material balance closures for selected pollutants in specified subsystems of 
the power plant and for the entire plant; 

l To determine the concentrations of the respective pollutants associated with the particulate 
and vapor-phase fractions of the specified flue gas streams; 

l To determine hexavalent chromium stack emissions; and 

l To provide data (emission factors) for use in comparing emissions and system data from 
Plant Tidd with similar studies on conventional coal-fired power plants. 

Table l-l lists the chemical substances selected for analysis during this project. 
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Table l-l 
Target Analytes 

Antimony Cadmium M+!WSC Silver 
Arsmic chromiom, total MClClll-y Vanadium 
Barium cobalt Molyhdmum 
Beryllium fippcr Nickel 
Bomn Lead Selenium 

Radionudides 
Ikaralmt Clwmilnn 

Chloride (HCl) 
Fluoride @IF) 
Sldfate 
PhosphptC 

ReducedSpecies 

Ammonip 
Cypnide ., 

Dioxins/Fwans 

Volatile Organic9 

Bmmle 
Bmmoform 
Carbon Disulfide 
Cartan Tetrachloride 
ChlOrobenzenC 
chlorofoml 
1,4-Dichlorobeuzene 
cis-1,3-Dicidoropropene 
baas-1,3-Dichloropropene 
Ethyl B-e 
Ethyl Chloride (Chloroethane) 
Ethylene Dichloride (1.2-Dichlomethaue) 
Ethylidme Dichloride (1, I-Dichloroethane) 
Formaldehyde 
Methyl Bromide (Bromomethane) 
Methyl Chloride (Chloromethane) 

Methyl Chlomform (l,l,l-Trichl~e) 
Methyl Ethyl Ketone (2-Butanone) 
Methylme Chloride @ichlorometbane) 
Propylene Dichloride (1,2-Dichlompropane) 
Styrme 
1,1,2,2-T&achloroetbane 
TetmchIonmhme 
Toluene 
1.1,2-TrichlomcUune 
Trichloroethme 
Vinyl Acetate 
Vinyl Chloride 
Vinylidme Chloride (l,l-Dichloroethene) 
m&J-Xylme 
o-Xylme 
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Table l-l (Continued) 

hnivolatile Organ& 
AceDaphtkOe Indeoo(l,2,3sd)pyreoe 
Aculaphtbylme Isophomtle 
Awtopheoooe 2-Metbyblaphthaleoe 
Utnioobipheoyl 2-Methylphenol (o-cresol) 
l4dine U&tbylpheaol (p~resol) 
Anthrrcene N-Nitmsodimethylamine 
Betuidiie N-Nitmmdipheoylamiomine 
B.?TUO(@llthracene N-Nitmsopmpylamioe 
&nzo(p)Pyrenc Naphtbalate 
Benro@)flwranthene 2-Nitmaniliie 
Beozo(g,h,i)peryIeoe 3-Nitmaoiiine 
i3enxo&)fluomtheoe 4-Nitmmiliie 
Buuoic Acid Nitmbcozeoe 
Benay Alcohol Di-n-octylphtbalate 
4-Bmmophayl Pheayl Ether Dibenz(a.h)aothraceoe 
Botylbenzylphthalatc Dibenmfurao 
GChlom-3-Mctbylpheool Dibutylphthalate 
pChIOrnnilillC 1,2-Dichlomteozene 
bis(2-Cblomethoxy)methaoe 1,3-Dichlombeozeoe 
bis(2-Chlorcctbyl)ether 1.4-Dichlomtnxwoe 
bis(2-Chlomisop~yl)ether 3,3-Dichlombeozidioe 
SChlomoaphthakoe 2.4-Dichlomphenol 
2-Chlompheooi Diethylphtbalate 
4-Chlompheoyl Pheoyl Ether p-Dimetbylnminoambeu.eoe 
Chry-e 
bis(z-Ethylbexyl)phthaIate 
Fhtoranthene 
FI-e 
HexachJombe.nzene 
Hexachlombutadieoe 
HexachIomcyclopeatadieoe 
Hexachlomethaoe 

2,4-Dimethylpheool 
Dimethylphthalate 
4,6-Din&m-2-methylphenol 
2.4Dinitmpheool 
2,4-Diaitmtoloeoe 
2,6-Dioitmtoluene 
2-Nitmphenol 
4-Nitmpheool 
Pmtachlomnitmb 
Peotachlompheool 
Pheaaotbreoe 
Pheool 
Pyreoe 
1,2,4-Trichlombeozene 
2.45Ttichlomphenol 
2.4.6~Trichiompheool 

Additional El&ents 

Alumiaum 
Calcium 
Imn 
Magnesium 

Potassium 
Sodium 
Titaoiom 
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Emission factors, removal efficiencies, and other results rely on measurement data that vary 

and which may be near or below the limit of detection for many of the substances of interest. 

This report includes uncertainty analysis and confidence intervals to assess the precision of 

the data. 

Auditing 

During the field sampling program conducted at Plant Tidd in April 1994, quality assurance 
(QA) audits were conducted by Radian Corporation’s internal QA auditor. Radian’s audit 

provided an objective, independent assessment of the sampliig procedures, data gathering, 

and measurement activities to ensure the production of reliable and useful results. The audit 
provided a review of calibration documentation, documentation of QC data, completeness of 

data forms and notebooks, data review/validation procedures, sample logging procedures, 
and others. Included in this audit was the preparation and analysis of analytical standards as 

.blind samples for assessing the potential bias associated with the analytical methods. The 

audit results and responses to the auditor’s comments are provided in Section 4. 

Project Organiration 

Figure 1-l shows the organisation of this project. 
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Figure l-l 
Project Organization 
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2 
SITE DESCRIPTION 

This section presents a description of the test site and sampling locations used during the test 

period. Deviations from the sampling locations described in the test plan are also discussed. 

Site Description 

Plant Tidd, located in Brilliant, Ohio, is operated by Ohio Power Company, a subsidiary of 

American Electric Power Service Corporation (AEP). The boiler at the Plant Tidd site is a 

bubbling-bed, pressurized fluidized bed combustor (FFBC) rated at 70 MWe full load. Total 

plant load during the test period was 45 to 46 Mw; 37 MW was produced by a steam turbine 

generator and 8 MW was produced by depressurizing the hot flue gases through .a gas turbine 

generator. The process operating conditions for the unit were selected by AEP and represent 

typical long-term operating conditions for the process. A simple schematic of the unit is 

shown in Figure 2- 1. 

Crushed coal (Pittsburgh No. 8, bituminous) is combined with water from a nearby river to 

produce a coal paste which was approximately 25 weight percent moisture. The paste is fed 

to the combustion chambers along with crushed dolomite. The material is fluid&d by high 

velocity comb&on air in the water-cooled boiler. Mean bed temperatures in the combus- 
tion chambers were controlled at approximately 1500°F during the test period. As the coal 

is cornbusted, the calcium carbonate in the dolomite or limestone is calcined to form quick 
lime which then reacts with the sulfur dioxide and oxygen in the combustion gases to form 

solid calcium sulfate. This reaction removes sulfur dioxide from the combustion gases, thus 
controlliig SO, emissions. Test data from this program show approximately 88% removal 
of sulfur dioxide in the combustor. Formation of nitrogen oxides (NO,) is minimized 
because of the relatively low combustion temperature of the PFBC process. 
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I n 

Figure 2-1 
Plant Tidd Process Flow Diagram 

-- 
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After releasing heat to the in-bed, water-cooled boiler tubes, the particulate-laden combustion 

gases flow into seven parallel, two-stage cyclones. These cyclones remove approximately 

93% of the entrained solids (primarily sulfated lime, unr~cted lime, ash, and unburned 

carbon) from the gases. The combustion gases then flow to the ASEA Stal GT-35P gas 
turbine where they are expanded and then exit through the turbine exhaust gas economixer. 

Final particulate removal from the gases is achieved in an electrostatic precipitator (ESP) 

before the gases are released to the atmosphere. 

Bed ash, which comprises about 45% of the total ash produced, is removed from the bottom 

of the combustor periodically through a lock hopper system. Solids collected by the primary 

cyclone are transported to a storage silo using a pressurized pneumatic transport system. 
Secondary cyclone solids are combined with the material collected in the ESP. All solids are 

transported by truck off site for disposal. 

,Hot Gas Cleanup 

A research feature of the Plant Tidd facility is a demonstration-scale hot gas cleanup 
(HGCU) system, as shown in Figure 2-l. Treated gas from one of the seven cyclone 

systems (approximately one-seventh of the total gas flow from the combustor) is diverted to a 

ceramic barrier, advanced particle filter (APF) and back-up cyclone, and directed back to the 

outlet header of the secondary cyclones. The APF uses Schumacher silicon carbide candles 

in a cluster/ plenum arrangement developed by Westinghouse Corporation to filter the gas. 

Tempering air was added to the system during the test period to control ash bridging within 

the APF system, reducing the APF inlet gas temperature from 1500°F to approximately 
1350°F. 

Each candle element in the APF is a porous ceramic cylinder which is closed on the bottom 
and open at the top. Hot, particulate-laden gas flows through the outer surface of the candles 
and the clean gas exits through the inner cylinder of the candles. The candle clusters are 

back-pulsed sequentially on a continuous cycle by nine pulse injectors to remove particulate 

matter captured on the outside of the candles. The pulse cycle during the teat period was 
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Site Description 

approximately every 30 minutes. Entrained solids removed in the APF system are collected 

and transported by truck off site for disposal. 

Sampling Locations 

Process streams that were sampled during the test are listed in Table 2-1 along with a brief 

description of the planned sampling location and any deviations from the planned location. 

Solid, liquid, and gas stream sampling locations are illustrated in Figure 2-1. Solid and 

liquid stream samples were collected at intervals that accounted for the residence times within 

the system so that solid and liquid samples corresponded to gas sampling periods. The 

procedures for collecting, preserving, and analyxing samples are presented in Appendix A. 
Tables 2-2 and 2-3 present an overview of the types of analyses performed on these process 

streams. 

All streams were sampled from the planned locations, with the exception of the sorbent and 

APF ash streams. A different sample location was used for the sorbent because the gear box 

on the autosampler at the East sorbent injector became jammed on the first day of testing. 
An alternate location at the diversion gate upstream of the East and West silos was used to 

wileet sorbent samples on Day 2 and Day 3. This change did not adversely affect sample 

representativeness. Once on site, the crew identified an improved sampling location for the 

APF ash. Instead of sampling from the disposal trucks, as planned, a sample point was 

identified at the bottom of the APF ash collection system. 
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Site Description 

Table 2-1 
Sampling Locations at Plant Tidd 

PIllcessbeam Sampling Location 

coal’ Solid automatic sampler on feed belt to crusher. 

cd Paste Paddle belt feeder to stonee tank. 

sorbed polomite) Automatic sampler on east sorbent injector @Iarmed). 
Diversion gate upstream of both the East and West sorbent silos 
ww. 

BedAsh Bed mh collector before ash conveYor. 

ESP Ash ESP Hoppers 11 and 12; Hoppen 13 and 14 sampled on last day. 

Primary Cyclone Ash Automatic samplers on a& storage silo. 

APFASb Sampled upon loading into disposal trucks @lamed). 
Bottom of APF &I collector (actual). 

Suvice Water Tao cm low D-re service water header. 

II APF Inlet Gas 1. _’ Smnle 4 mchdiametcr wrt on &‘I: inlet duct. H 

APF Outlet Gas 

ESP Inlet Gas 

ESP Chntlct Gas 

Single &&hdiam&ter port on APF outlet duct. 

Five 4-inchdiameter ports on ESP inlet duct. 

Two 4-iichdiameter DOIU on ESP outlet duct. 

’ Baw cd samples were coIlected as * backup to the coal paste sample. 
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Table 2-2 
Analyses Performed for Solid and Liquid Streams 

MJnis 
I Metals 

PrLnarJl 
Coal sorheat Service Bed ESP Cyclone APF 

CoaP Paste (Dolomite) Water Ash Ash Ash Ash 
/ / J / / J .f ___-_ 

Aaioos / d 4 / / J d 

semivolstile organic3 J / J / 

Particle Size Distribution / 

Ultimat4Pmximat.z J 

Radionuclides J d / J J 

carbon J d / J 

DioxinsfFuram d / J 

Moisture / 

’ Raw cd samples, collected as altemate feedstock samples, were riot a&yzed. 

Table 2-3 
Analjses Performed for Gas Streams 

II Analvsie I 
II Particulate Loadiin I J I J I d I / II 
II MetaI? I J I J I d I J II 

Aldoos? J tf J 4 

Anmooinlcyanide / / 4 4 

FormPldehvde / / / / 

II Volatik 0rPtics I J I / I d I J II 
ol%aaid I / I / I J I d II 

I / I / I I I J II -.- -- I I I I 

Pnrticle Size Distribution 8f I / II 
11 Hexavalent Cbmmium~ 1 

l Particulate and “apar phases aoalyzed separately. 

b Solid- sod vapor-phase fractions were combined prior to analysis for al1 stream except APF outlet. 
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RESULTS 

This section summa&es the results of the stream characterization for the Tidd PFBC 

demonstration plant. Sampling, preparation, and analytical methods are described in 

Appendix A. Detailed analytical data for each individual sample can be found in Appendix 

B. 

Sampling Schedule 

Samples were collected during the week of April 11, 1994. Figures 3-l and 3-2 show the 

gas stream sample times for the ESP and APF systems, respectively. Figure 3-3 shows the 

sample collection periods for solid and liquid process streams. Three valid sample sets for 
each stream were obtained. 

Every attempt was made to collect inlet and outlet gas samples for a given sample type over 

the same time period so that results would provide a meaningful comparison. All ESP inlet 

and outlet gas samples were collected simultaneously as shown in Figure 3-l. Run 1 multi- 

metals and anions train samples at the APF inlet were invalidated because of particulate 

breakthrough across the filter; these samples were recollected later in the test period. The 

higher than expected particulate loadings at the APF inlet caused delays in gas sample 
collection; therefore, the test period was extended one day to allow for collection of all three 

PAH, dioxin&an, and volatile organic trains. 

Data Treatment 

Several conventions have been developed for treating the test data and developing average 
concentrations of substances in the various streams. 
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Figure 3-l 
ESP Inlet and Outlet Sampling Schedule 
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Figure 3-2 
APF Inlet and Outlet Sampling Schedule 
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Figure 3-3 
Sample Times for Solid and Liquid Process Streams 
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To determine the total concentration for gas streams within a run, both the solid- and vapor- 

phase contributions were considered; however, the absence of some detectable concentrations 

in either (or both) phase(s) required that conventions be developed for dealing with these 

data. These conventions are summarized below: 

Case 1: The concentrations in both the solid and vapor phases are above detection limits, 

Case 2: The concentrations in both the solid and vapor phases are below detection limits. 

Case 3: The concentration in one phase is above the detection limit, and the concentration in 

the other phase is below the detection limit. 

For inorganic constituents of interest other than HF, HCl, NHs, HCN, and mercury, the flue 

gas stream data from previous studies of coal-fired power plants have shown that most of the 

.material is present in the solid phase, and that only a small fraction is generally found in the 

vapor phase. The opposite is generally true for organic species. Thus, the following 

conventions were selected for defining the total gas stream concentrations: 

l For Case 1, the total concentration is the sum of the concentrations in the vapor and solid 

phases. 

For example, the total selenium concentration in the ESP inlet gas for Run 1 is 

calculated as follows: 

Selenium in the solid phase = 52 pg/Nm3 

Selenium in the vapor phase = 20 rg/Nm3 

Total selenium in the ESP inlet gas = 72 rg/Nm? 

l For Case 2, the total concentration is considered to be the detection limit in the solid 

phase. 
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Results 

For example, the total silver concentration in the ESP inlet gas for Run 1 is calculated as 

follows: 

Silver in the solid phase = ND(2.1) pg/Nm3 

Silver in the vapor phase = NJD(1.6) pg/Nm3 

Total silver in the ESP inlet gas = ND@ 1) pg/Nm3 

l For Case 3, multiple conventions have been established, depending on the group of 

substances being considered. 

For metals tram results, if the substance is not detected in the solid phase and detected in the 

vapor phase at levels below the detection limit of the solid phase, the total concentration is 

reported as the detection limit of the solid phase and total is flagged to note that the sub- 

stance was detected at low levels in the vapor phase. 

For example, the total antimony concentration in the ESP inlet gas for Run 1 is 
calculated as follows: 

Antimony in the solid phase = ND(3.2) pg/Nm3 

Antimony in the vapor phase = 0.016 pglNm3 

Total antimony in the ESP inlet gas = ND(3.2) pg/Nm3 

For metals train results, if the substance is not detected in the vapor phase and detected in 
the solid phase, the vapor-phase component is considered to be equal to zero. 

For example, the total lead concentration in the ESP inlet gas for Run 1 is calculated as 
follows: 

Lead in the solid phase = 76 pg/Nm3 
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Lead in the vapor phase = ND(O.005) rg/Nm3 

Total lead in the ESP inlet gas = 76 pglNm3 

For semivolatile organic compounds, if the substance is not detected in the solid phase and 

detected in the vapor phase., the reported total is the concentration in the vapor phase. 

For example, the total 2-chloronaphthalene concentration in the APF inlet gas for Run 1 is 

(refer to Table 3-15) calculated as follows: 

2-chloronaphthalene in the solid phase = ND(O.09) ng/Nm3 

2chloronaphthalene in the vapor phase = 5.9 ng/Nm3 

Total 2-chloronaphthalene in the ESP inlet gas = 5.9 ng/Nm3 

Historical test data for conventional power systems has indicated that HCl, HP, and mercury 

are present primarily in the vapor phase (although mercury is sometimes also detected in the 

solid phase). One would also expect that semivolatile organic compounds would be primarily 

associated with the vapor phase.. For Case 2, the total concentration of each of these species 

is considered to be the detection limit in the vapor phase. For Cases 1 and 3, the methodolo- 
gies are unchanged from those described above. 

The following criteria were used when averaging the results of different runs: 

l When all values for a given variable were above the detection limit, the mean concentm- 

tion was calculated as the true arithmetic mean. 

l For results that included values both above and below the detection limit, one-half the 
detection limit was used to calculate the mean. For example: 

An <Calculation ‘Cal Values 
10, 12, ND@) [10+12+(8/2)]/3 8.7 
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Results 

By convention, the calculated mean is not allowed to be smaller than the largest 

detection limit value. In the following example, using one-half the detection limit 

would yield a calculated mean of 2.8. This is less than the highest detection limit 

obtained; therefore, the reported mean is ND(4). 

[5+(4/2)+(3/2)]/3 = 2.8 W4) 

l When all analytical results for a given variable are below the detection limit, the mean is 

reported as ND(x), where the x is the largest detection limit. The bias estimate (used 

where calculating confidence intervals for other parameters) is one-half of the detection 

level, and no confidence interval is reported. 

Calculations were performed with unrounded numbers, and the results were rounded for 
presentation in the tables; therefore, slight differences in calculated means and confidence 

intervals are atttjbuiable to round-off errors. 

Coal and Dolomite 

Tables 3-l and 3-2 show the analytical results for the coal paste and sorbent samples, 

respectively. Appendix A describes the analytical methods used for each combination of 

substance and stream. Measurements of the concentrations reported here were made using 

what Radian considered to be the best method for each matrix. Typically, the method with 
the lowest detection limit was chosen, except when QA/QC audit results indicated significant 

problems with precision or bias for a particular technique. Additional information regarding 
selection of data is provided in Section 4. For each substance, a mean was calculated, along 
with the 95% confidence interval about the mean. The confidence interval is the range about 

the mean wherein the probability is 95% that he true mean lies. For example, according to 
the three results shown in Table 3-1, it can be said, with 95% certainty, that the true mean 
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Resulrs 

Table 3-l 
Coal Paste Composition bglg, dry unless noted) 

II SUbStanCe 
Analytical 

Method RUll1 Run2 Run3 Mean 
Date I I d/17,0.4 I d,13,9‘$ 4114194 

Gross Load @W-l DAS 46 46 45 

Cd P&e Rate (lb&r, dry) DAS 33,750 33,570 33,020 33,sOa 
Coal Paste Solids Gnvimetric 75.0 74.6 75.1 74.9 

41 95% CI 

Target Species 
Antimony I INAA 0.44 1 0.47 0.52 1 0.48 1 0.10 

Ameaic IN.4‘4 I 38 I 50 I 48 4s 17 

Ilium ICF-AES 49 51 61 54 16 

BeXylliUUl ICP-AES 1.7 1.5 1.6 1.6 0.3 

Boron ICP-AES 79 83 ND (3.0) 55 114 

chdmium GFAAS 0.080 0.060 0.19 0.11 0.17 

cblwine SIE 990 1,300 1,200 1,200 390 

1 TNAA i I Nn,n~Sl\ I I II 
1 CVAAS ( 0.16 0.16 0.13 1 0.15 I 0.04 11 

CI = Confideam interval. 
ND = Not detected at the concentration in parentheses. 
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Table 3-2 
Sorbent Composition @g/g, as fmd unless noted) 

Magnesium ICP-AES 106,cQo 106,OcO 0 

Potassium ICP-AES 240 218 -25s 238 46 

Sodium ICP-AES 194 198 202 198 IO 

Titanium ICP-AES 7.49 10.9 9.65 9.3s 4.29 

Slllhtc IC 6.420 6.370 6.460 6.420 110 

Target Species 

AOtiJIlOO~ ICP-AES ND (4.9) ND (5.5) ND (5.5) ND (5.5) - 

Al-s&c GFAAS 2.2 2.1 1.2 1.9 1.3 

Barium ICP-AES 3.5 3.5 3.4 3.5 0.09 

Bemllium ICP-AES 0.049 ND IO.0311 ND (0.031) ND (0.0311 - 

Lead GFMS 7.3 6.2 7.2 6.9 2 

Manganese ICP-AES 72 73 72 72 1 

M-v CVMS ND (0.012) ND (0.012) ND (0.012) ND (0.012) - 

MOlj+d~~ ICP-AES 1.4 1.3 1.6 1.5 0.4 

Nickel ICP-AES 20 17 1 12 26 

PhOSphOluf ICP-AES ND(6.1) ND(6.8) ND(6.8) ND(6.8) - 

Selenium GFAAS 0.90 0.48 0.98 0.79 0.68 

SilVW ICP-AES ND (0.37) ND (0.41) ND (0.41) ND (0.41) - 

Vanadium ICP-AES 4.8 4.9 5.2 4.9 0.5 

Cl = C4mfldence interval. 
ND = Not detected at the concentration in parentheses. 
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arsenic concentration in the coal paste was between 14 and 40 pglg. Calculation of this 

confidence interval is discussed in Section 5. 

For those substance which could not be quantified, the notation “ND(x)” is used. This 

means “not detected at a concentration of x.” The detection limit can vary according to 

sample size, sample preparation, and analytical method. All of the target species were 

detected in the coal paste. Levels of the target species were generally much lower in the 
sorbent, with the exception of fluoride, manganese and molybdenum. 

Ash Streams 

Tables 3-3 and 3-4 show the mean compositions of inorganic and organic species in the bed 

ash, cyclone ash, APF ash, and ESP ash. The ESP ash sample represents ash collected from 

the fast two hoppers of the ESP. Composite samples were prepared by combining ESP ash 

collected from Hopper 1 with ash from Hopper 2 in a ratio of g&IO, respectively. 

The compositions of the ash streams illustrate the differences and ,similarities between solid 
byproducts produced by conventional pulverized coal (PC) and PFBC combustion. The bed 

ash from the PFBC system is a dense, coarse material consisting primarily of sulfated lime, 

unreacted lime, magnesite, and char, making it very different from PC byproducts. Trace 

metals, which can either volatilize in the combustion process or volatilizekcondense on the 
fine particulate matter, are present at relatively low levels in the bed material compared to 

the other ash streams. The cyclone ash is comparable to fly ash from a PC unit, with the 

exception that it contains a significant amount of spent sorbent material. The ESP and APF 
ashes are very similar to the ash produced in a conventional PC boiler (i.e., higher levels of 

aluminum, potassium, sodium, and titanium). These ashes contain smaller amounts of spent 

dolomite and a greater percentage of the fine coal ash particulate; therefore, concentrations 
of trace metals are highest in these two streams due to the volatilkationkondensation 
mechanism associated with the fine particulate. This is particularly evident for beryllium and 

lead where the concentrations in the FSP ash are 12 to 17 times higher than the concentration 

in the bed ash. Concentrations of major coal elements such as aluminum and titanium are 
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generally five to seven times higher in the ESP ash than in the bed ash. It is also interesting 

to note. the difference in the carbon content of the various ash streams. The bed ash and 

cyclone ash contain roughly 4% to 5% carbon, whereas the APF ash and ESP ash contain 

about 0.1% to 0.2% carbon. 

None of the target semivolatile organic compounds were present in the ash stream at levels 

above the detection limits, with the exception of bis(2-ethylhexyl)phthalate in the ESP ash. 

Levels of this compound in the three ESP ash samples ranged from 0.06 pglg to 0.75 pglg. 

Phthalate esters are typical plasticizers commonly attributed to plastic bottles, bags, etc., 

used in the field laboratory environment. Although all samples for organic compound 

analyses were collected in glass jars, the presence of this phthalate compound is most likely 

due to contamination. 

Results for dioxin and furan compounds indicate that none of the target compounds were 

detected in the cyclone ash samples. 2,3,4,6,7,8-hexachlorodibenxofuran and total 

hexachlorodibenxofuran were detected in all three APF ash samples at a mean concentration 

of 0.3 pglg @icograms/gtam). 1,2,3,4,6,7,8-heptachlorodibenxo-p-dioxin, total 
heptachlorodibenzo-p-dioxin, total hexachlorodibenxo-p-dioxin, total pentachlorodibenao-p- 

dioxin, and total trichlorodibenxo-p-dioxin were detected in all three E.SP ash samples at 

concentrations in the range of 1.4 to 5.8 pg/g. 

Service Water 

Characterixation data for the plant service water are shown in Table 3-5. Levels of target 
inorganic species indicate that the service water does not contribute significant amounts of 

these species to the process. 
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Results 

Table 3-J 
Service Water Composition bg/mL unless noted) 

substance 1 Method 1 Ron1 I Run2 Run3 Mm ) 95% CI 

Dnts I I 4112194 4/13/94 I 4114194 I I 

PlowRa&(lb/br) 1 DAS 1 11.250 11,430 I 10,980 1 11,220 I 570 

FlowRate(L/hr) 1 DAS 1 5,100 I 5,200 %W I S,lW 1 250 

M&r species 

Alomioum 1 ICP-AEa I 1.3 I 2.2 1.9 1.8 1.2 

Calcium I ICP-AES I 24 26 I 22 I 24 I 5 

ho ICP-AES 3.0 4.7 4.5 4.1 2.3 

Magnesium ICP-AES 6.3 6.7 5.8 6.2 1.2 

Potassium ICP-AES 1.6 1.8 1.8 1.7 0.3 

Sodium ICP-AES 10 11 10 10 1 

sate. IC 59 58 47 55 17 

Phosphorus ICP-AES ND(O.06) ND(O.06) ND(O.06) ND(O.06) - 

Total phosphate calorimetry ND(O.02) ND(O.02) 0.03 ND(O.02) - 
(as PI 
Tarnet .%&es 

AUtitUOO~ ICP-AES ND(0.076) ND(O.076) ND(O.076) ND(O.076) - 

.kseaic GFAAS ND(O.oow) 0.0011 0.0017 0.0011 0.0017 

Barium ICP-AES 0.049 0.069 0.066 0.061 0.027 

1 ICP-AJZS 1 0.0016 I o.m54 I 0.0046 1 o.w22 1 0.0052 

I ICP-AES I 0.043 0.041 0.042 I 0.042 I 0.002 
cadmium GFAAS ND(O.oooz7) ND(O.00027) ND(0.00027) ND(O.00027) - 

Chloride IC 12 12 12 12 1 

Chmmiom ICP-AES ND10.0052) ND10.0052) 0.00788 ND(O.0052) - 

cobalt ICP-AES 0.0071 0.0046 ND(O.0041) 0.0046 0.0063 

ICP-AFs 0.013 0.017 0.021 0.017 0.010 

Lead GFAAS 0.0063 0.012 0.013 0.010 0.009 

Maogaosc ICP-AES 0.29 0.44 0.43 0.39 0.21 

MOljhiWUl 

Nickel 

seltium 

Silver 

CVAAS ND(O.OcaO3) ND(0.00003) ND(O.oooO3) ND(O.00003) - 

ICP-AR.5 ND(O.0074) ND(O.0074) 0.00739 ND(0.0074) - 

ICP-AES ND(O.014) ND(O.014) 0.0145 ND(O.014) - 

GFAAS ND(O.0018) ND(O.0018) ND(0.0018) ND(O.0018) - 

ICP-AL!? NDCO.0052) ND(0.0052) ND(0.0052) ND(O.CO52J - . ., , 
Titanium ) ICP-A!?? ( 0.014 0.023 0.025 0.021 1 0.015 

Vanadium 
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Results 

ESP Inlet and Outlet Gas 

Inorganic Species 

Tables 3-6 and 3-7 show the concentrations of the target inorganic analytes in the ESP inlet 

and outlet gas streams, respectively. The data are presented as solid and vapor-phase. 

compositions, along with the mean concentrations and confidence intervals of the combined 

phases. Although the data are presented as solid- and vapor-phase concentrations, it is 

important to note that the Method 29 multi-metals train has not been validated by EPA for 

determination of phase splits. For ease of interpretation, researchers typically assume that 

the material collected on the filter represents the solid-phase composition, while the material 

collected in the impiner solutions represent vapor-phase composition. It is possible for 

extremely fine particulate matter to penetrate the pores of the filter and be collected in the 

nitric acid/hydrogen peroxide impinger solution. The gas flow rate data represent the 

average of the flow rate measurements obtained from all the trains which were traversed in 

the duct for a given run. 

The solid-phase multi-metals train data from the ESP outlet have been corrected for the 

background levels associated with the quartz filters. At the ESP inlet, filtered gas particulate 
matter was analyzed separately from the filter media, so background corrections were not 

necessary. Vapor-phase data have been corrected for the background levels present in the 
nitric acid/hydrogen peroxide impinger reagent due to the lower detection limits provided by 

ICP-MS and the significance of the background levels compared to the samples. 

Reported solid-phase concentrations for antimony, barium, beryllium, chromium, cobalt, 

copper, manganese, molybdenum, nickel, silver, vanadium, and all major species were 

determined by ICP-AES. Arsenic, cadmium, lead, and selenium were determined by 
GFAAS. Mercury was determined by CVAAS. Chloride and sulfate were determined by 
IC, while fluoride was determined by SIE. 
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Resuits 

QAIQC audit sample results for the following target species did not meet the 75 %-I25 % 

recovery objective for the filtered particulate matter audit sample: cadmium (919%), 

cobalt (51 W), manganese (69%), molybdenum (129%), and selenium (175%). However, 

matrix spike results for these elements in the samples indicate good analytical precision and 

accuracy. These results indicate a potential bias in the reported particulate-phase ESP outlet 

results for these substances. Refer to Section 4 for a detailed discussion of QA/QC results. 

Reported vapor-phase concentrations for the target species were determined by ICP-MS, with 
the exception of boron (ICP-ARS), mercury (CVAAS), and silver (ICP-AES). Other 

techniques such as GFAAS and ICP-AES were also used for many of the species; however, 

the ICP-MS data were selected based on their superior detection limits and performance. In 

most cases, the levels of target species in the vapor phase at the ESP outlet were below 

detection limits for GFAAS and ICP-AES methods; therefore, the use of the ICP-MS 

technique provided a means to accurately quantify the very low levels found in the gas 

streams. All major metal species were determined by ICP-AES. 

Boron, chloride, fluoride, mercury and selenium were quantified in the vapor phase at both 

the ESP inlet and outlet locations because of their high volatility at the temperatures within 

the ESP (approximately 350°F). Levels of vapor-phase mercury in the nitric acid/hydrogen 

peroxide and potassium permanganate impinger solutions were similar at both locations. 

Approximately 10-E% of the total vapor-phase mercury was found in the permanganate 

impinger solutions, which is believed to capture the elemental species of mercury @IgO). 

Conversely, the nitric acid/hydrogen peroxide impinger solution contained 85-90% of the 

vapor-phase mercury and is believed to capture ionic mercury species. Essentially 100% of 
the mercury entering the system exits in the ESP outlet gas. For chloride, fluoride, and 

selenium, these percentages are somewhat smaller: 80%, 3096, and 24%) respectively. 

Ammonia and cyanide were quantified in both the ESP inlet and outlet gas at levels well 
above detection limits. 

QAlQC results for ICP-MS analysis of the nitric acid impinger solutions indicate that vapor- 
phase results for antimony, selenium, and nickel may be biased slightly low based on 
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recovery data for the audit samples (recoveries in the 60-70% range were reported). Matrix- 

spiked sample results indicate acceptable analytical accuracy for all species except selenium. 

Major species such as aluminum, calcium, iron, magnesium, sodium, and titanium were 

detected in the vapor-phase fractions at similar levels at both locations after background 

corrections were applied. QA/QC audit sample results for calcium, potassium, and sodium 

indicate a high bias in the ICP-AES method used to measure these species in this matrix near 

the detection limit. Recovery results for the nitric acid/hydrogen peroxide impinger audit 

sample indicate recoveries of 151% (calcium), 1420% (potassium), and 321% (sodium). 

Thus, sample results for these elements may be biased high. 

Organic Species 

Tables 3-8 and 3-9 show the concentrations of the target organic species in the ESP inlet gas. 

Tables 3-10 and 3-11 show results for organic species in the ESP outlet gas. Since the 

number of volatile and semivolatile organic compounds analysed was quite large and very 
few compounds were detected, only those species which were present at levels above the 

detection limit inone or more samples are reported. Complete results for substances which 

were not detected are provided in Appendix B. 

The following volatile organic compounds were detected in VOST samples collected at the 

ESP inlet: 1,2-dichloroethane, benzene, carbon disulfide, chloromethane, methylene 

chloride, and toluene. ,None of these substances were detected in the reagent blanks which 

are used to assess background levels in the sampling media; however; chloromethane, 

methylene chloride, and toluene were detected in the field blank samples, indicating potential 
field contamination for these three substances. The presence of toluene and methylene 
chloride are not unexpected, since these solvents are routinely used to rinse probes after 

sample collection and were present at all four gas sampling locations. 1,Zdichloroethane 
and carbon disulfide were present at levels which were less than tive times the detection limit 
(0.5 )cg/Nm’); therefore, the presence of these species in the ESP inlet gas is uncertain. 
Benzene was not present in the reagent blank and was the only species consistently detected 
in the samples at levels greater than five times the detection limit; therefore, it is considered 
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a process-generated compound. Mean benzene concentrations were 8 pg/Nm3 at the ESP 

inlet and 5.4 pglNm3 at the ESP outlet. 

A similar set of volatile organic compounds were detected at the ESP outlet in one or more 
samples: bromodichloromethance, bromoethane, chloroethane, 1 , 1 , 1-trichloroethane, 1,2- 

dichloroethane, benzene, carbon disulfide, chloromethane, methylene chloride, and toluene. 

Bromodichloromethane, bromoethane, and chloroethane were detected at levels less than five 

times the detection limit in only one of the three samples and are not considered to be 

present in the ESP outlet gas. The presence of chloromethane, methylene chloride, and 
toluene is due to field contamination. l,l,l-tichloroethane levels were less than five times 

the detection limit in two of the three samples; therefore, its presence in the ESP outlet gas is 

uncertain. The presence of the halogenated hydrocarbon species in the ESP inlet and outlet 
gas is attributed to an unknown source of solvents or refrigerants in the field environment 

and they are not considered to be process-generated compounds. 

Melhod 23 results for dioxin tid furan compounds and congeners indicate some species were 
detected in both the ESP inIet and outlet gas at pg/Nrr? levels (near the detection limit). For 

many of the compounds detected, background levels associated with the reagent blank were 

similar to the levels found in the samples (refer to Section 4 for a detailed discussion of the 

blank results for organic compounds); these results are flagged with the “B” symbol. 

Compounds or congeners detected in one or more ESP outlet samples, but not detected in the 

reagent blank include: 1,2,3,4,6,7,8-heptachlorodibenzofuran, octachlorodibenzofuran, total 

heptachlorodidenzo-p’dioxin, total heptachlorodibenzofuran, total hexachlorodibenzofuran, 

and total pentachlorodibenzofuran. 

Data for semivolatile organic compounds at the ESP inlet and outlet are summarized in 

Tables 3-9 and 3-l 1, respectively. Samples were analyzed by standard GC/MS as specified 
in Method 8270 and by high resolution HRGCYMS as specified in CARB Method 29 for a 
selected subset of the species listed in Method 8270. The high resolution GC/MS technique 
provided detection limits which were three to four orders of magnitude lower than those 

obtained with the conventional GC/MS technique. 
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All of the 18 compounds analyzed by HRGUMS were detected in the samples collected at 

the ESP inlet and outlet, with the exception of dibenz(a,h)anthracene at the HSP outlet. 

However, because of the extremely low detection limits for the HRGClMS method, most 

substances were also detected in the reagent and field blanks at levels similar to those found 
in the samples. The “B” flag is used in Tables 3-9 and 3-11 to denote cases where the 

background levels in the blanks were greater than or equal to 30% of the levels found in the 

samples. Acenaphthylene and 2-chloronaphthalene were the only substances detected in the 
ESP inlet and outlet gas samples and not present in the blanks at significant levels. For 

those substances flagged with a “B” symbol, accurate quantification by HRGC/MS is not 

possible; however, the reported results do provide an indication of the maximum possible 

concentration of these substances present in the gas streams and, as such, should provide 

useful information for use in health risk assessments. 

Six semivolatile organic compounds routinely detected in ESP inlet and outlet samples 

analyzed by conventional GC/MS include: acetophenone, benzoic acid, di-n-butylphthalate, 

diethylphthalate, bis(2-ethylhexyl)phtalate, hexachlorobenzene, isophorone, naphthalene, and 

phenol. The phthalate esters detected in these samples are. typical plasticizers commonly 

attributed to plastic bottles, bags, etc. used in the field laboratory environment. Sample and 

blank concentrations are comparable; since phthalates are ubiquitous in the laboratory 

environment, their presence is most likely due to contamination. Although, acetophenone, 

isophorone, hexachlorobenzene, phenols, and benzene (discussed previously) are potential 

products of coal devolatiliration, their presence is more likely attributed to oxidation of the 

XAD resin. Concentrations of these substances (on the order of l-6 pg/Nm3) were also 

between the quantification limit and detection limits of the method, thus increasing the 

uncertainty in these results, Levels of naphthalene in the blanks were greater than 30% of 
the samples values. 

Benzoic acid was measured in the ESP inlet and outlet gas samples at mean concentrations of 
150 pglNm3 and 130 pg/Nm3, respectively. 
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Benzoic acid is not on the CAAA of 1990 list of 189 toxic substances, but it is noteworthy 

that all of the detected organic compounds are aromatic and share a common toluene, 

benzene, or substituted-benzene structure. Benzoic acid may be a degradation product of 

XAD resin in the acidic environment that exists while sampling flue gas streams with high 

moisture, SOa, and NO, levels. However, Radian knows of no scientific studies that have 

been conducted to determine if this compound, and possibly other compounds, are generated 

as a sampling artifact. 

APF Inlet and Outlet Gas 

The elevated temperature (135O’F) and pressure (135 psig) at the APF inlet and outlet 

locations made it necessary to design a unique sampling system to extract gas samples at 

these locations. The capacity of the system was also designed to allow quantification of the 
extremely low particulate loadings in the APF outlet gas. Particulate matter was filtered 

outside the duct and fIIter temperatures were maintained at approximately 500~600°F. A 

detailed discussion of the APF sampling system is provided in Appendix A. Unlike the 

moveable, glass-limed probes used at the ESP inlet and outlet, the APF sampling system used 

a fixed probe made of Inconel800 (a chromium/nickel alloy material). The fix+ probe 

design did not allow the APF inlet or outlet ducts to be traversed; therefore, the particulate- 
phase data-+ subject to this limitation. The use of the chromium/nickel alloy introduced 
the potent&I 9 chromium and nickel contamination in the sampling system; however, both 

the fixed probe and Inconel800 material were necessary to meet the safety requirements for 

the plant and ensure safe operation of the system. 

Laboratory tests were conducted at Radian before the on-site testing to evaluate the potential 
for chromium and nickel contamination from the APF sampling system. These tests 

consisted of heating a section of the Inconel 800 tubing to 1600°F in a muffle furnace and 
passing 100 dscf of ambient air through the tubing over .a period of approximately two hours. 
The air was bubbled through a series of impingers containing the nitric acid/hydrogen 
peroxide reagent used in the metals train. The impinger solutions were subsequently 

analyzed for chromium, nickel, and iron by ICP-AES. Following these tests, the Inconel 
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800 tubing was examined and exfoliation on the surface of the tubing was noted. In addition, 

small flecks of this exfoliated material were also found in the impinger solutions. Chromi- 

um, nickel, and iron were detected in the impinger solutions when analyzed by ICP-AEi and 

the presence of these species is attributed to the presence of the exfoliated material. Results 

of these laboratory tests indicated that chromium and nickel contamination may occur during 

field sampling at the APF locations and the contamination was expected to be significant at 

the APF outlet location because of the extremely low particulate loading. 

Inorganic Species 

Tables 3-12 and 3-13 show the concentrations of the target inorganic analytes in the APF 

inlet and outlet gas streams, respectively. The analytical methods chosen for each substance 

were identical to those chosen for the ESP inlet and outlet gas streams. 

The solid-phase multi-metals train data from the APF outlet have been corrected for the 

background levels associated with the quartz filters. Vapor-phase data have been corrected 

for the background levels present in the nitric impinger reagent. No corrections were 

necessary at the APF inlet since the particulate matter was analyxed separately from the 
ceramic Nter media. The potential biases discussed above for the ESP inlet and outlet gas 

streams also apply to the APF gas stream results. 

The measured particulate loadings at the APF inlet are approximately three times larger than 

those measured at the ESP inlet. This is the expected result, since unlike the ESP inlet gas, 

the gas fed to the APF system is not treated in a secondary cyclone. The levels of particu- 
late-phase metals measured at the APF inlet are consistent with the higher particulate loading 

relative to the ESP inlet. 

Concentrations of target species in the vapor phase at the APF inlet were generally higher 
than levels measured at the ESP inlet, presumably because of the increased volatility at the 
elevated temperatures of the APF gas stream (1350°F versus 350°F at the ESP locations). It 

is interesting to note that the distribution of mercury between the nitric acid/hydrogen 
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peroxide and permanganate impinger solutions at the APF outlet is distinctly different than 

the distribution observed at the ESP locations and the APF inlet location. Approximately 

l-296 of the totaI vapor-phase mercury was captured in the permanganate impinger solution 

at the APF outlet compared to 10-Z% at the other three gas sampling locations. This 
indicates that the form of mercury may change as the gas passes through the APF system. 

Organic Species 

Tables 3-14 and 3-15 show the concentrations of the target organic compounds in the APF 

inlet gas. Tables 3-16 and 3-17 show the results for organic compounds in the APF outlet 

gas. For volatile and semivolatile organic compounds, only those species which were present 

at levels above the detection limit in one or more samples are reported. 

Levels of volatile organic compounds at the APF inlet and outlet were similar to the levels 

observed at the ESP locations. Methylene chloride and toluene are likely present due to field 

contamination. With the exception of carbon disulfide at the APF outlet (mean concentra- 
tion = 25 &Nn?), most of these species were detected at levels less than five times the 

detection limit; therefore, their presence in the APF gas samples is uncertain. Benzene was 

quantified in two of the three APF inlet samples at levels greater than five times the detection 

limit. At the APF outlet, benzene was found at levels greater than five times the detection 

limit in only one of the three samples. Mean concentrations of benzene were 3.0 and 3.1 

&Nm3 at the APF inlet and outlet, respectively. 

Dioxin and furan results for the APF inlet indicate all of the species were present in the gas 
at levels which are 2 to 3 orders of magnitude greater than detection limits. Concentrations 
of the various dioxinlfuran compounds or congeners ranged from 8.1 pg/Nm3 for 2,3,7,8- 

tetrachlorodibenzo-p-dioxin to 2300 pg/Nm3 for total pentachlorodibenzo-p-dioxin. Levels in 
the reagent blank were insignificant compared to the sample results at the APF inlet. 

At the APF outlet, the front (filter) and back (resin) half of the Method 23 train were 

analyzed separately. None of the dioxin and furan species were detected in the front half 
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sample. The results presented in Table 3-15 are the back half results only; the front half 

concentrations were assumed to be zero for the purpose of calculating a total concentration. 

Detection limits for the front-half samples can be found in Appendix B. Levels of 

dioxinlfuran compounds and congeners at the APF outlet were much lower than those 
observed at the APF inlet. Mean concentrations for those species which were detected in the 

samples but not detected at significant levels in the reagent blanks (i.e., less than 30% of the 

sample value) ranged from 3.5 x 10” pg/Nm3 for 1,2,3,6,7,8-hexachlorodibenzofuran to 

4.7 x 10” pg/Nm3 octachlorodibenzofuran. The apparent reduction of dioxin/furan 

concentrations across the APF system may be due to condensation of these species on the 

particulate matter in the APF gas. Data for the APF and ESP ash (Table 3-4) indicate the 

presence of some dioxin/furan compounds at pglg levels. 

Results for semivolatile organic compounds measured in the APF inlet and outlet gas are 

presented in Tables 3-15 and 3-17, respectively. Results are very similar to those discussed 

above for the ESP inlet and outlet gas steams. The same compounds were detected at similar 
concentrations at both the ESP and APF locations. The discussion presented previously also 

applies to the results for the APF gas streams. 

ESP System Control Efficiency 

Table 3-18 presents the removal efficiencies for the ESP system, listed by species. The 

average particulate removal efficiency was calculated to be 97.2% based on the data collected 

during the three Method, 29 train tests. Little or no removal is indicated for chloride (6%), 

mercury (4%) and SO* (2%). Modest removal was measured for cadmium (44%), copper 
(62%), fluoride (54%), selenium (37%), ammonia (16%), cyanide (21%), and formaldehyde 
(24%). Removal of other target species is much higher, ranging from 90% (nickel) to 

99.8% (arsenic). 
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Table 3-18 
ESP and APF Control Effkiencies 

I AI3 
SUbstanC4? MeanRemoval 1 95% CI 1 MeanRemoval 1 95% CI 

pprtic,.,.tr I 0-I 7 I *~a I 90 00 I n 07 _.-- 1 _. .- I ..- I __.__ 1 “._. 

htiEO0y NC >65 - II 
Alxcaic 99.8 0.1 99.6 0.2 
Barium 99.7 3.1 99.9% 0.014 

11 Betyllium 99.8 4.0 >99.9 
lrrlll NC NC 
.A-:..y 44 150 >99.9 

w 
cAuu.Y 
Chloride (total) ) 
“PI. I 

I - 
6.0 I 7.7 I 18 39 
.4 I II 

MOl)%dEZlUlll 
Nickel 
seleoium 
silver 
Vanadium 

NC 
90 
37 
NC 
99.2 

43 63 82 
15 77 38 
29 27 26 

NC 
0.2 99.5 0.2 

99.8 0.2 I 99.98 0.01 

I 99.5 I 0.2 99.9 0.04 I 
hm 98.8 2.5 99.8 0.9 
Magnesium 99.8 0.1 99.99 0.005 
Potassium 99.8 0.1 >99.995 
Sodium 88.9 3.5 96.2 1.8 
Tihnium 99.7 0.4 99.98 0.01 

Ammonia 16 42 25 31 
Cyanide 21 92 69 15 
Formaldehyde 24 66 94 20 
Sulfur (total) 92 89 4 

* Assumes that the vapor-phase concentration of the. anion is present as HCI or HF. 
NC = Not calculated. Substance was not detected in the inlet gas stream. 
1 indicates the reported removal efficieocy is a lower limit. The substaace was not detected in the 
outlet gas. Detection limit was used to estimate a lower limit for the removal efficiency. 
CI = Confidence interval. 

device 
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APF System Control Efficiency 

Estimates of the APF system control efficiency are also shown in Table 3-18. Over 1300 
dscf of gas was collected during each test run at the APF outlet to quantify the particulate 

loading. The mean measured particulate removal efficiency was 99.993 percent. Low 

removals are indicated for chloride (18%), fluoride (-lS%), and mercury (9%). Modest 

removals were observed for molybdenum (63%), nickel (77%), selenium (27%), ammonia 

(25%), and cyanide (69%). Removals for major elements (Al, Ca, Ti, etc.) were compara- 

ble to the removal observed for particulate matter. 

The relatively low removal efficiencies for chromium, molybdenum, and nickel, relative to 

the total particulate removal, suggests either 1) a significant fraction of these elements exists 

in the vapor phase and is not removed; or 2) that contamination from the Inconel 800 
sampling probe or elsewhere in the process equipment may have occurred within the APF 

.outlet particulate matter. Examination of the data in Tables 3-12 and 3-13 shows high levels 
of these substances in the vapor phase at both the APF inlet and outlet compared to the ESP 

gas locations. A comparison of the mean particulate-phase composition on a aglg basis at all 

four gas locations and collected ash from these systems is shown below: 

APF Out& ESP Inlet ESP Ash ESP Outlet APF Inlet APF Ash 
chromium Wg) a2 94 35 110 74 66,500 

Molybdenum @g/g) c 2 c3.8 6 7 c3.3 27,700 

Nickel (pg/g) 32 29 270 130 50 2,600 

The abnormally high concentrations of chromium, nickel, and molybdenum in the APF outlet 

particulate matter shown above strongly suggest that residue from the Inconel 800 compo- 

nents of the sampling system is present in the particulate matter collected at the APF outlet; 
however, the impact on the overall calculated removal across the APF system is insignificant 
because of the high levels of these substances found in the vapor phase. The particulate- 
phase concentrations of these species reported for the APF outlet should be considered biased 
high, but the reported overall removal efficiencies are considered representative of the APF 
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high, but the reported overall removal efficiencies are considered representative of the APF 

performance. If the ESP outlet particulate composition is used to estimate the particulate- 

phase removal of these species across the APF, values of 99.997% (chromium), 99.993% 

(molybdenum), and 99.98% (nickel) are obtained. These values are more consistent with the 

overaU particulate removal measured across the APF system. 

Data from the anions train indicate approximately 40% removal of SO, across the, APF 

system, presumably because of reaction of the SO2 with the sorbent material on the surface 

of the ceramic candles. The SO2 measurements made during the three tests were consistent 

with the levels of SO, measured by the plant’s CEM system at both the APF inlet and outlet; 

both data sets suggest SOz removal occurs across the APF unit. 

Emission Factors 

Table 3-19 provides calculated ESP outlet emissions factors for all of the target species. 

Emissions factors are presented on a lbllOLz Btu heat input basis. Emissions factors for 
inorganic substances detected ‘in the ESP outlet gas range from 83,000 lb/trillion Btu 

(chloride) to 0.31 lb/trillion Btu (molybdenum). The range of emission factors for organic 

species is 4.3 x 10” lb/trillion Btu (pentachlorodibenzofuran) to 6.6 lb/trillion Btu (benzene). 

Particle Size Distribution Data 

Particle size distributions (PSDs) were determined for the ash material collected at the ESP 

inlet, ESP outlet, and the each of the four ESP hoppers. PSDs for the gas stream particulate 
matter were determined using an “in-stack” cascade impactor which separated the entrained 
particulate matter into 11 fractions according to aerodynamic particle size. ESP hopper ash 
samples were analyzed by laser diffraction to determine the physical diameter of the 

particles. Results from the laser diffraction analyses of the ESP hopper ash were converted 

from physical particle diameters to aerodynamic particle diameters so that they could be 
compared to the cascade impactor results from the ESP inlet location. Physical and aerody- 
namic particle sizes are related by the following equation: 

3-52 



Results 

fable 3-19 
-ion Factors for ESP Outlet Gas (lb/lo” Btu, unless noted) 
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Results 

Table 3-19 (Continued) 

III SObStanCe Emission Factor 95% CI 

Acetone 

Bmmodichlommethane 

Bmmoform 

Bmmomethane 

Carbon Tetmchloride 

Chlomk-enzene 

Chl0roethane 

chlomfoml 

cis-1.3-Dichlomorooene 

2-Butanone ND(3.3) 

2-Hexanone ND(3.3) 

4-MeWI-2-Pentanone ND(3.3) 

ND(3.3) 

ND(0.7) 

NwJ.7) 
ND(O.7) 

ND(0.7) 

ND(0.7) 

ND(0.7) 

ND(0.7) 

NDCO. 71 

II Toluene 

Carbon Dieuliide 

ChlOromuhanc 

Methylens Chloride 

1.0 0.05 

4.4’ 0.21 

3.65 0.17 
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Results 

Table 3-19 (Continued) 

’ Metbylene chloride, tolueoe, and other halogensted hydrocarbons are suspected to be present es P result of 
cottteminetion. 

b Substance wps detected in the reagent blattk et greater tbao or qul to 30% of the sample result. Resulo em 
considered to be bins high. Quotification is aspect. 

c Substaoee wes qeeotified at less thao five times the detection limit. 
CI = Confidence interval. 
HpCDD = Heptachlorodibenxo-p-dioxin. 
HpCDF = Heptachlomdibenzofuma. 
HxCDD = Hexactdomdibeaxo-p-dioxin. 
HxCDF = Hexacblorndibettzofur. 
PeCDD = Peotecblorodibenxo-p-dioxin. 
PeCDF = Peotacblorodibeztxofumn. 
TCDD = Tetmchlorodibenxo-p-dioxin. 
TCDF = Tetmctdorodibenzoforan. 
OCDD = Octechlorodibenxo-pdioxio. 
OCDF = Octachlorodibeozofur. 
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D, = Dp l(p)‘.’ 

where 

D, = aerodynamic particle size @m) 

D, = physical particle size &m) 

P = particle density (assumed to be 2.0 g/cm3) 

In this case, the specific gravity of the material collected at the ESP outlet was assumed to be 

equal to that of typical fly ash (2.0 g/cm3). 

Results for each of the three runs at the gas stream locations were combined to obtain the 

average PSD plots shown in Figures 3-4 and 3-5 for the ESP inlet and outlet, respectively. 

Similarly, the results for the samples collected from each of the four ESP hoppers were 

combined to obtain the average PSD plots shown in Figures 3-6 and 3-7. PSD plots for 

individual samples and hoppers are provided at the end of Appendix C along with the 

detailed PSD results. Weight gains from the initial precutter fraction of the impactor were 

not included in the PSD analysis, since these weight gains caused the total particulate 

loadings to become abnormally high. The large weight gains associated with right angle 

precutter fractions are believed to be caused by collection of large rust/ash particles from the 

walls of the sample ports as the impactors were inserted into the duct. Rust flakes and a 

reddish-brown discoloration were noted in the precutter fractions. 

As expected, data for the ESP hoppers show a downward shift in the particle size distribution 

from the first to the last hopper (i.e., Hopper #l to Hopper #4) since the largest particles are 

easily collected in the first field of the ESP. One would also expect that the PSD data for 
the ESP inlet and the first ESP hopper to be similar, since these samples represent the same 

material. Comparison of the data shown in Figures 3-4 and 3-6 show that this is generally 
true. ESP inlet PSDs indicate particle diameters range from approximately 0.3 pm to 10 pm 
with a median diameter of about 3.5 pm. Data for ESP Hopper #1 indicate particle sizes in 

approximately the 0.2 pm to 30 pm range with a median diameter of about 3 pm. The lack 
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Figure 3-4 
ESP Inlet PSD 
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Figure 3-5 
ESP Outlet PSD 
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Differential Mass Particle Size Distribution for 
1st Hopper 
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Figure 3-6 
ESP Hoppers 1 and 2 PSD 

3-59 



140 

lx) 

100 
c 
0 
$ T 80 

s 
m so $ 

+i 
et 

40 

20 

Differential Mass Parlicle Size distribution for 
3rd Hopper 

/,I., 
1 10 1 

D Pat-Me Diameter (aerodynamic urn) 

Differential Mass Particle Size Distribution for 
4th Hopper 

Figure 3-7 
ESP Hoppers 3 and 4 PSD 

3-60 



Results 

of particles in the 10 pm to 30 km range at the ESP inlet reflects the exclusion of the 

cyclone precutter fraction from the PSD analysis. 

Radionuclide Data 

Results of the radionuclide analyses performed on the coal and ash streams, expressed in 

activity units of picocuries per gram of sample, are summarixed in Tables 3-20 and 3-21, 

respectively. The highest levels of radionuclides were found in the APF and ESP ash 
samples, both of which show very similar results. All of the ash results are consistent with 
the relative amount found in the coal (i.e., species with the largest levels in the coal also 

show the largest levels in the ash streams). 

Chromium (VI) Measurements 

Results for the chromium (VQ samples collected at the ESP outletare shown in Table 3-22. 

Background levels in the reagent blank accounted for greater than 65% of the chromium (VI) 

detected in the samples; therefore, the data presented in Table 3-22 have been corrected for 
background contributions. The samples were analysed on site by IC to determine chromium 

(VI) concentrations and, subsequently, analyxed by ICP-AES to determine the total chromium 

concentrations. Total chromium results for the nitric acid rinses indicated all of the 

chromium was accounted for in the impinger solutions. The mean chromium (VI) concentra- 

tions represent about 27% of the total chromium concentrations measured in the ESP outlet 

g= 

Experience has shown that measurement of hexavalent chromium can be very difficult in 
electric utility flue gas. A brief discussion of the technical implications of determination of 

chromium (CI) in stack gas and, in particular, in combustion sources and utility sources is 

included here. Additional details regarding chromium (VI) sampling are included in 
Appendix A. 
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Table 3-20 
Coal Radionuclide (pCi/g) 

11 Actinium-228 a338 KeV 1 ND(O.01) 1 0.15 I 0.21 1 0.12 I p0.26mpm II 

Actinium-228 @911 KeV 0.15 0.15 0.07 0.12 0.11 

Actinium-228 @968 KeV 0.16 ND(O.02) 0.22 0.13 0.27 

Bismuth-212 a727 KeV 0.48 ND(O.31) 0.11 ND(0.31) - 

Bismuth-214 a1120.4 KeV 0.02 0.09 0.39 0.17 0.50 

Bismuth-214 a1764.7 KeV 0.28 0.05 0.01 0.11 0.17 

II Bismuth-214 m.4 K~V I O.ZZ 1 0.27 1 0.28 1 0.26 1 0.24 1 

11 K-40 a1460 KeV I 1.3 1 1.6 1 2.0 1 1.6 1 1.6 11 

ii Lead-210 @I6 KeV I 0.88 I 0.09 I 0.49 I 0.49 I 0.54 II 
Lead-212 a238 KeV ! 0.08 0.12 0.3 0.17 0.33 

II 
bad-214 63295.2 KeV 1 0.17 I 0.23 I 0.14 I 0.18 1 0.18 II 

Lead-214 a352.0 KeV 1 0.34 I 0.32 I 0.1.5 I 0.27 1 0.23 11 

(m186.0 KeV I 0.19 1 0.62 1 NDIO.11 1 0.27 I 0.75 II 

TIxdlium-208 @583 KeV 0.04 0.05 0.04 0.04 0.04 

ThaUium-208 @860 KeV ND(O.14) 0.1 0.05 0.09 0.15 

‘Ihorium-234 @63.3 KeV 0.02 ND(O.1) 0.61 0.23 0.83 

Thorium-234 @92.6 KeV ND(O.1) 0.22 ND(O.08) 0.10 0.25 

Utium-235 a143.8 KeV 0.01 0.04 ND(O.01) 0.02 0.05 

Cl = Confidence interval. 

ND = Not detected at the concentration in parentheses. 
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Table 3-21 
Ash Stream Radionuclide (pCi/g, unkss noted) 

substanca 
BedAsh Cyclone Ash AF’F Ash ESPASII 

MC%l 95% CI Mean 95% Mean 95% CI Mean 95% 
CI rr I I I 1 -- I I I -- 

Actinium-228 a338 KeV 0.23 1 0.20 1 0.68 1 0.27 1.1 1 0.80 1.2 0.14 

ActiniumZ28@911KeV I 0.06 I 0.10 I 0.56 I 0.10 I 1.1 I 0.90 I 0.99 I 0.26 

II Actinium-228 @968 KeV I 0.05 I 0.09 I 0.60 I 0.53 I 0.62 I 0.52 I 1.1 I 0.56 II 
Bismuth-212 a727 KeV 0.21 0.08 0.71 1.5 1.2 1.9 1.3 0.74 

Bismuth-214 al120.4 KeV 0.47 0.65 1.1 0.25 2.1 2.4 1.8 0.52 

Biunuth-214 a1764.7 KeV 0.42 0.29 0.97 0.38 2.1 2.8 1.6 0.14 

Bismuth-214 aO9.4 KeV 0.59 0.32 0.99 0.06 1.9 1.2 1.8 0.25 

K-l0 fZbl460 KeV 1.0 0.26 6.6 1.9 14 12 11 1.4 

11 Lad-210 G&t6 KeV 1 0.28 1 0.63 1 1.3 1 1.4 1 4.0 1 3.0 1 4.8 1 8.9 11 

Lead-212 @238 KeV 0.19 0.29 0.63 0.09 1.8 1.8 0.97 0.07 

Lead-214 a295.2 KeV 0.51 0.20 1.0 0.15 1.7 1.4 1.8 0.38 

Lead-214 a352.0 KeV 0.59 0.17 1.1 0.25 2.2 1.8 1.9 0.29 

Radium-226 @l&5.0 KeV 1.0 1.3 2.0 1.3 3.3 4.0 2.6 1.1 

Thallium-208 a583 KeV 0.06 0.07 0.22 0.07 0.42 0.33 0.36 0.14 

II ThPUium-208 @860 KeV I ~~(0.28) I - I ND(O.44) I - I 0.25 I 0.78 I 0.28 1 0.29 II 
Thorium-234 @63.3 KeV 0.99 1.6 1.0 1.8 3.5 3.9 1.6 1.7 

Thorium-234 @92.6 KeV 0.14 0.27 0.48 1.0 0.50 1.5 0.70 0.88 

Umnium-235 rB143.8 KeV 0.07 0.08 0.12 0.07 0.21 0.24 0.16 0.07 
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Results 

Table 3-22 
Chromium (VlI and Total Chromium Results for the ESP Outlet (pg/N~$) 

’ Background axxentsations in the reagent blank were 265% of the sample values. Results have been 
cornted for background levels. 

CI = Cmfidence interval. 

ND = Not detected at the concentration in parentheses. 
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Results 

The chromium (VI) method depends on the solubility and stability of chromium (VI) in basic 

aqueous solution. The method calls for the use of a strong base in a solution contained in 

the impingers and recycled to the probe tip for early gas contact and flushing to the probe 

walls. The method is theoretically sound but has some limitations when applied to combus- 

tion sources in general and utility flue gases speoifically. 

As mentioned above, chromium (VI) is stable in a strong. Wine solution @H > -9), but 

all combustion gas streams contain large amounts of Cq (lO-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. 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, so the 
impinger solution designed to absorb chromium (VI) also absorbs CO, and SO,. The result 

of this is a lowered pH and a solution which contains an oxidant [chromium (VI)] and a 

reductant (S02/HS03-). As the pH falls, the redox couple becomes more favorable, and any 

chromium (VI) present may be reduced by SC+/HSOs- and not detected as chromium (VI). 
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DATA EVALUATION 

Three methods were used to evaluate the quality of data obtained from the tests at Plant 

Tidd. First, the process data were emmined to determine if the unit was operating at 

normal, steady-state conditions during the test periods. Second, the QA/QC protocol for 
sampling and analytical procedures (i.e., equipment calibration and leak checks, duplicate 

analyses, blanks, spikes, standards, etc.) was evaluated. In addition, QC sample results 

(presented in Appendix D) were compared with project objectives. Third, mate&l balances 

were calculated for various systems within the plant. Material balances involve the summa- 

tion and comparison of mass flow mtes in several streams, often sampled and analyxed by 

different methods. Closure within an acceptable range can be used as an indicator of 

accurate results for streams that contribute significantly to the overall inlet or outlet mass 

rates. 

Process Operation During Testing 

Process operating data were examined to ensure that operation was stable during the 

sampliig periods. Measurements were available in five-minute intervals from the plant 
computer&d data acquisition system. Table 4-l shows the mean value and coefficient of 

variation (CV, standard deviation divided by the mean) for key process parameters associated 
with the combustor, FSP, and APF systems. In addition, process data trend plots are 

included in Appendix E. 

The CVs were calculated to evaluate process stability. Steady combustor operation was 
maintained during each of the test runs, as indicated by the low CVs for the total load, the 
coal paste feed rate, the mean bed temperature, and the bed outlet oxygen levels (see Table 
4-l). The sorbent feed rate (CVs of 18 to 24%) showed greater variability than the other 

combustor parameters. However, this amount of variability is typical of normal operation 
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Data Evaluation 

since the sorbent feed system cycles between the east and west feeder systems approximately 
every 2 112 hours. The total load was controlled at approximately 46 hIW throughout the 

test period which is representative of stable, long-term operation. 

Stable ESP operations were also indicated by the low CVs for ESP outlet opacity. ESP 

outlet CO (CVs of 15 to 30%) and Sq levels (CVs of 10 to 13%) were typically more 

variable than other parameters. ESP outlet Sq levels increased for a short period each time 

the sorbent feed system switched from the east feeder to the west feeder. These fluctuations 

are typical of normal operation. 

Data for APF system parameters indicate stable operation of this system during all test 
periods. APF differential pressure measurements indicate that the APF pulse-cleaning cycle 

was approximately 30 minutes during all tests. APF inlet gas temperahues were approxi- 

mately 200°F cooler than design (1350°F versus 1550°F) because tempering air was added 

to the system during the test period. The cooler gas temperature and reduced load during the 

tests made it necessary to adjust the gas sampling rate through the gas cooling apparatus at 

both the APF inlet and outlet. Since the gas cooling system was designed for an inlet gas 
temperature of 1550°F and a unit load of 85 hIW; a reduction in the gas sampling rate was 

necessary to ensure that an isokinetic sampling rate was maintained at these locations. 

Sample Collection 

Appendix A describes the sampling procedures used at Plant Tidd. Several factors indicate 

representative sample collection. Fist, the key components of the sampling equipment-pitot 

tubes, thermocouples, orifice meters, dry gas meters, and sampling nozzles-had been 
calibrated before use in the field; the calibrations are on tile at Radian Corporation. Second, 

the sampling runs were well documented. Third, all flue gas samples (except one) were 
collected at rates between 90 and 110% of the isokinetic rates. Fourth, sufficient data were 

collected using standard sampling and analytical methods to ensure acceptable data complete- 
ness and the comparability of the measurements. 
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Data Evaluation 

Following are some significant observations about sample collection: 

l The multi-metals and anions samples collected at the APF inlet during Run 1 (4/12/94) 
were voided because of breakthrough of particulate matter across the thimble filter into 
the impinger solutions. The higher than expected particulate loading exceeded the 
capacity of the filter, resulting in filter gasket failure and particle penetration. During 
subsequent runs, additional filters were added in series to prevent breakthrough. The 
completeness objective of three valid runs was met despite this problem. 

l The sampling systems at the APF inlet and outlet were designed to allow gas samples to 
cool only after the gas entered the recoverable quartz tubing portion of the sampling 
train. However, the quartz tubing broke repeatedly during the initial test runs because 
the quartz tube ball joint could not withstand the thermal stresses at 600°F. To solve this 
problem, the heat tracing tape was removed from the sample line downstream of the 
orifice meter to allow the gas to cool slightly. Skin temperatures at the header sample 
valves were typically 250-350°F after this modification. Because most of the quartz 
tubes were broken during the initial test, subsequent tests at the APF locations were 
conducted by connecting the Teflone tubing directly to the sample valves. This moditica- 
tion should have no measurable affect on the results. 

Analytical Quality Control Results 

Quality con&o1 (QC) information obtained for the Tidd PFBC HAPS project is related to 
measurement precision, accuracy (which. includes precision and bias), and blank effects, 

determined using various types of replicate, spiked, and blank samples. The specific 

characteristics evaluated depend on the type of QC checks performed. For example, blanks 

may be prepared at different stages in the sampling and analysis process to isolate the source 

of a blank effect. Table 4-2 summarizes the QC measures used as part of the data evaluation 
protocol and the characteristic information obtained. The absence of any of these types of 

quality QC checks does not necessarily reflect poorly on the quality of the data but does limit 

the ability to estimate the magnitude of the measurement error and, hence, prevents placing 
an estimate of confidence in the results. 

Different QC checks provide different types of information, particularly pertaining to the 
sources of inaccuracy, imprecision, and blank effects, as shown in Table 4-2. As part of the 
Tidd PFBC HAPS project, measurement precision and accuracy are typically estimated from 
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Table 4-2 
Types of Quality Control Samples 

OC Activitv I Chara~tic Measured 

Recision 

Repkate sampIes colkcted over time under Total variability, including process or temponl, wnpling, 
the same conditions and but oot bias. 

Duplicate field samples collected 
simoltanmulv I 

Sampling plus aoalytical variability at the actoal sample 
coocemration.9. 

Dopticate amdyses of P single sample 

Matrix- or media-spiked duplicates 

Analytical variabiiity at the actual sample woceotntioos. 

Sampling plus analytical vuiabiiity at so established 
cooccnctation. 

Labomoty cootrol ample duplicatea 

SorIogate-spiked sample s&3 

Analytical variability in the abseace of sample matrix effects. 

Adyticd variability io the sample matrix but at ao 
established woca~batia~. 

Accuracy (includiog bii and precision) 
Matrix-spiked samples Atdyte recovery io the sample matrix, iodicatiog possible 

matrix intcrfelmces and other effects. In P single sample, 
includes both taodom error (imprecision) sod systematic error 
(bias). 

Media-spiked samples similsr to lllarix-spiked PampIes. used where * tnulix- 
spiked ample is not feasible. stub as certain stack sampling 

SutTogntsapiked samples ~~ytersDvayintberpmple~,totheLxtsatthotthe 
swmgate compounds are chemically similar to the 
cmqm0nds of iotexest. Primwily osed as indicator of 
analytical efficacy. 

rAboratory CaIrnA smples (Lcs) hslytc recowly io the absmce of actual sample matrix 
effects. Used as an indicator of aoalvtical control. 

staodard refermu material 1 AndyI.+ lec0”ely in P mstrix siolilar to tbe actual samples. 

Blank Effeck 

Field bhk 1 Total amphog plus aoalytical blank effect, iociudiig 
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Data Evaluation 

QC indicators that cover as much of the total sampling and analytical process as feasible. 

Precision and accuracy measurements are based primarily on the actual sample matrix. The 

precision and accuracy estimates obtained experimentally during the test programs are 

compared with data quality objectives (DQOs) established for this project. 

The DQOs are not intended to be used as validation criteria but as empirical estimates of the 

precision and accuracy that would be expected from existing reference measurement methods 

that are considered acceptable. Although analytical precision and accuracy are relatively 
easy to quantify and control, sampling precision and accuracy are unique to each site and 

each sample matrix. Data that do not meet these objectives are not necessarily unacceptable. 

Rather, the intent is to document the precision and accuracy actually obtained, and the 
objectives serve as benchmarks for comparison. The effects of not meeting the objectives 

should be considered in light of the intended use of the data. 

A summary of the types of QC data evaluated for this project is presented in Table 4-3. The 

individual results for blank samples, matrix spike, and surrogate spike recoveries can be 

found in Appendix D. Table D-l presents a summary of blank sample results. Table D-2 
presents a summary of the precision and accuracy estimates. Table D-3 presents surrogate 

spike data reported for the project. Most of the QC results met the project objectives. 

A performance audit was conducted as an independent check to evaluate the data produced. 

The performance audit addressed the chemical analysis of the samples collected and the 

physical measurements supporting the field sampling effort. The laboratories conducting the 
analyses were given performance audit samples prepared by spiking representative sample 

matrices with target analytes at representative concentration levels. Results for the audit 
samples for the field and laboratory activities were compiled and discussed in an audit report 
submitted to the project team on July 15, 1994. Table 4-4 presents a summary of analytical 
results for the audit samples. A list of concerns was presented as a part of that report. The 

concerns, as stated in the report, are listed below followed by the response from the project 
team (in italics). 

46 



Data Evaluation 



Data Evaluation 

s 
2 
1 L 
8 
Y 

3 
z! 
52 h 

4-8 

:, a48 P 5 ,.*g 
3 ma 



Data .f valuation 

Table 4-4 
Analytical Results for Audit Samples 

&San 

EP-QD02MMPD 
EP-QtN2MMAe 

EP-QDO2MMAP 

EP-QDO2MMNR 

EP-QDOZMMPD 

SP-QDOlMMHl 

lter &mm 0.0601 0.1198 50 NS tine PNR I P$ciclue 1 1 1 1 1 1 

c&one PNR IAluminum I “e/s I 97.715 I 140.000 I 70 0 I 75-12s II 

NO, PNR 

lter 

Allth0lly P& ND 7 NA 75-125 

Amaic id 180 145 124 75-m 

Barium r%s 854 1.500 57 Q E-125 

BenIlium I&! 9.9 12 I 82 75-125 

NO, lmpingwr 

Cadmium P& 9.19 1 919 Q 75-125 

Calcium rek 14,147 11.100 127 Q 75-12s 

ChmmiUOl r%e 149 196 16 75-123 

COM de 23.4 46 51 0 75-12s 

lcomvr I &&g/g 1 123 1 118 104 75-12s 

lrrn. 1 rg/e 1 4695 1 94ooo 50 Q 75-m __.. 1 
Lad I r%fc I 69.2 1 72.4 
Magnuium 5.033 4.550 

131 190 69 0 I X-125 II 

Memuy re/o 0.192 0.16 120 75-12s 

Mdybdrnum Ph? 31.3 29 129 Q 1547.5 

Nick.4 rg/P 111 127 a7 75-125 

Fllosdlonu uds ND NA NA ‘Is-125 L 

Vdium Psk 229 1 300 1 76 ) 75-125 

Beryllium m%L ) 0.210 1 0.20 1 10s 1 75-125 

IcoLmer I me/L I 0.437 I 0.50 I 87 I 75-12s n 

km m@L ND NA NA 75-125 
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Table 4-4 (Continued) 

hb 

Idii 

arvud 
:P/Ms 

adim 

nionr 9-n 

Jdh 

Sample ID 

EP-QWlMMHT 

EP-QDOZMMH’I 

EP-DWIMMHI 

Lab Reference Percent AUda 
hfaph Andyte units R~UII Value Recoreq Objective 

NO3 lmpingesr Lead mgn 1.91’ 2.00 95 75-12s 

Munaium mg/L 0.186 0.20 93 75-125 

ND3 Impingen 

I m@L I 0.221 I 0.20 I 110 I 75-125 II 

I me/L I 4.36 I 5.~) I 87 I 75-125 II 

Vanrdium m& 1 0.443 1 0.5 a9 75-125 

htillWny rgn 3.48 5.0 70 Q 75-125 

Antic Pfl a.97 10.0 90 75-125 

Barium utzn 10.66 10.0 107 75-125 .- , 
Beryllium Fsn 1 11.45 1 10.0 1 114 1 75-125 

EP-QWlANlT Na.$03/NrHC03 Chloride mglL 284 297 
Impingers Fluoride m%L 9.22 9.8 

Sulfale m& a.680 lO.Ooo 

a6 ao-120 

94 a&l20 

86 a&l20 
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Table 4-4 (Continued) 

Sampk ID 
Lb Ref- P-t AUdi 

Units Result Vdue Rsovery Objcdire 

Enke wat 

ndisn EP-QDOlSWMM 

lEP-QD&?SWMh 

LEP-QDOISWAN 

:rvice WuCr Abminum wn 0.126 1 NA 1 NA 75-125 

AIltilIl0ny w5 1 1.06 1 0.99 1 107 1 75-12s 

Arsenic I mdL I. o.a7v I 1.w I a7 I 75-125 II 

- 
mice WUU 

- 

Chloride Chloride m& m& 31.0 31.0 

Pluo* Pluo* WJ- WJ- 1.91 1.91 

Sulfue Sulfue mgk mgk 44.4 44.4 

PhOSph8k PhOSph8k mg5 ND mg5 ND 

1 1 

33.0 33.0 94 94 as120 as120 

1.7 1.7 112 112 acuzo acuzo 

50.0 50.0 a9 a9 as120 as120 

NA NA NA NA as120 as120 
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Table d-4 (Continued) 

Lab 

obmite SC 
Idkn 

Sample ID 
Lab Reference Percent AU&t 

Units Rauli Value Recovery Objective 

EP-QDOOSOAN AhJminllm 
Antim0ny 

ksmlb 

Buium 

rdg 60.4 

4s ND 

r& 3.4aa 

P%B 1.89 

1,193 5 Q 75-125 

NA NA 75-125 

NA NA 75-125 

NA NA 75-12s 

Beryllium 
Bomn 

Cddmium 

i&g o.oloa NA 

i&g ND NA 

udn 0.587 NA 

NA 75-125 

NA 75-12s 

NA 75-125 

C&urn 

Chromium 
r!“kdl 

, .--, 

P& 191,ooO 215,ooO a9 75.125 

Mk 1.51 NA NA 75-125 

#lOlO Nn NA !.I* ,T.,,5 ---- ( r_D ( ..- , . . . . . . . . ,- .- 

%P- 1 p%g 1 0.900 1 NA ) NA 1 75-125 

Iron udn 1.4oo I 1.960 I 71 0 I 75-125 

bd I de I o.zW I NA I NA I 75-125 II 

, ,--, 
siia w’g ND 1 NA 1 NA ( 75-125 

II 

, I--, 

Beryllium Ir%g 1 1.2 I 1.33 90 75-125 

Bomn rglg 71 1 72.3 1 98 ( 75-125 

Cadmium Icdg o.io/o.oa 0.11 r g1 

Calcium 861 
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Table 4-4 (Continued) 

hb S8mpk ID 

T&B EP-QDOGGCCM 

CStUC EP-QDWGCCM 

Lab Reference Pucmt Adit 
MKtrbl AJ=M Uldtl RaIlIt Wue R-very Obje&re 

zod Lead Id? 7 1 6.W i 117 i 75-125 u 

I m/n I 470 I 4220 I ~112~lT 

ISelenium I YIP I 0.8 I 1.83 I 44 0 I 75-m II 

Tiium l&e 660 690 96 75-125 

ChbTi& rdg 1.230 a60 143 75-125 

fluoride UKIK 70 58 121 75-125 

brbotl I k I 72.33 I 72.08 I loo I 75-12s II 
Hydrogen k 4.76 4.96 96 75-125 

NitKlgcn % 1.43 1.39 103 75-125 

SldfW % 3.28 3.26 101 75-125 

&h 

IHHV 

1 k 1 11.94 ) 11.56 1 103 1 75-125 1 

I Btwlb I 12.921 I 12.888 I IM I 75x5 II 
!Ml Abminum rele 14,734 13.075 113 75-125 

Ai=lrLnony fig/g 0.543 0.64 a5 75-125 

Arsenic elk? la.97 10.33 la40 75-125 I 

IBarium 1 udn 1 57.9 1 32.76 1 177 0 1 75-125 11 

ICODDW I U/C I 12.2 I a.47 I 144 0 I 75-125 II 
lh” rek 1 22.314 1 20.031 1 111 1 75-125 1 

Magnesium rdg 1 631 1 420 150 Q 1 75-125 

MmgancK re/g 1 20.9 1 la.35 1 114 1 75-125 

IMercurv I U~P I 0.058 I 0.14 I 41 0 I 75-125 II 

M0lybdClUiIIl Pb-k 0.628 2.19 29 Q 75-125 

Nickel PB/B 16.2 14.07 115 75-125 

Poutsium rsls La59 1.762 105 75-125 

.%.hium uKln 1.96 1.83 107 75-125 

ISilW I UP/P I 0.303 I NA 1 NA 1 75-125 It 

ISodium 1 u/e 1 344 1 367 1 94 1 75-125 11 
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Table 4-4 (Continued) 

hb Sampk ID 

SP Ash, APF hb, 

fmrk 
Lab Reference Percent AUdit 

U&t RWAt YEdUe Recovu-y Objectire 

al Ash. C: 

adim 

me &b 

EP-QDOOFAMM 

IEP-QDOOFAAN 

sh Akminum #g/g 
AkltbXly re/g 
hnmio P&3 

-l/z 

Buium P& 
Beryuium I& 
Cadmium rglg 

Calcium rg/e 

107,000 1 140,WO 1 76 1 75-125 

ND I 7 1 NA 1 75-125 

174* 145 1 120 1 75-125 

20.7 1 29 1 71Q 1 75-125 

0.147 1 NA 1 NA 1 75-125 

’ hdykal result horn GFAAS method. 

b silver precipitated in the solution during audit sample preparation; this result should be used for qualitative aascsrment 
only. 

NA = Not applicable or not able to be calculated. 

ND = Not detected. 

NS = None specitid. 

Q = Outside of audit objective for rccovcry. 
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l Particulate matter collection efficiency in the QC audit sample at the JZSP inlet was 50 
percent. 

Incomplete rinsing or recovery of solids deposited in the probe and/orfilter losses during 
disassemb@ of the filter holder are likely contributors to low sample recovery. In this 
sample, the unrecovered mass was approximately 0.05 gram. At the ESP inlet where the 
recovered pam’culate mass for actual samples was approximately 5 grams, this amount of 
sample loss is not significant. However, at the BSP outlet where the recovered parricu- 
late mass was much lower, sample losses or incomplete pam’ctdate recovery may be more 
significant. Since a pam’culate audit sample was not collected by the sampling team at 
the BSP outlet, their recovery technique cannot be assessed. 

l Ammonia QC audit sample rewvery was 485% at 0.27 mg/L, outside the accuracy 
objective of 80-120 percent. Cyanide QC audit sample recovery was 26% at 0.10 mg/L, 
also outside the accuracy objective of SO-120 percent. 

The ammonia audit sample was prepared in f?esh impinger solwion and required a@e- 
foId dilution to reduce acidity prior to a?stillation and analysis. Since the audit sample 
concentration was prepared near the method derection lbnit, sample dilution lowered the 
concentration to a level where there is a greater degree of uncertainty in the analytical 
result. Actual field samples did not require dilution and the QC results for matrix spikes 
and matrix spike duplicates indicate excellent analytical precision and recovery. 

lhe cyani& audit sample was prepared using an EPA water quality sta&ard as the 
source material. An investigadon of possible causes for low recovery revealed that a 
complex four of cyamde (iron femuzyanide) was used in the EPA stamiard which is 
susceptible to photodegradation. In the event the source material was exposed to sunlight 
prior to audit sample preparation, photodegradation may explain the low recovery, 
although there is no evidence to confrm this. In the laboratory. fiehd samples were 
spiked with a cyani& salt solution flee cymide) which more closely simulates the 
dissociation of HCN in solution. The recovery results for these matrix spike samples 
indicate excellent anaiytical precision and accuracy. However, firm conclusions regard- 
ing the accuracy of the cyanide analysis cannot be made based on the audit sample 
results. 

l Eleven target metals (Al, Ba, Ca, Cd, Co, Fe, h411, MO, K, Se, and Ti) did not meet the 
recovery objective for the particulate matter audit sample. 

Quam filter blanks are ,analy.zed along with the samples to &term& the background 
metal concentrations contributed by the filter media. Blank results equilibrated to the 
tare weight of the sample filters are subtracted from the samples to &tennbae the filtered 
particulate metal concentrauons. In some cases, the result is the dtflerence between two 
relatively high, or similarly low concentrations thereby increasing the uncertainty of the 
background-corrected result. 
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l Four target metals (Ca, Cd, K, and Na) did not meet the recovery objective for the 
vapor-phase metals impinger audit sample analyzed by ICP-AES and GFAAS. 

Audit sample concentrations were near the ICP-AD detection limit for sodium and 
potassium. The reasons for high recovery of calcium and cadmium are unknown; 
however, the matrix spike recoveries for these elements were within the recovery objective 
range. The metal concentrations in the audit sample prepared for ICP-AES and GFAAS 
analysis were between 200 and 5ooO parts per billion @pb). These concentrations were 
signtj’icantly higher than the actual sample concentradons, but were made that way to 
provide detectable concentradons for these techniques. CIuimium results by ICP/MS were 
selected for reporting since at&t results for cadmium by ICP/MS met the akta quality 
objectives. 

l Three target metals (Sb, Ni, and Se) did not meet the recovery objective for the vapor- 
phase metals impinger audit sample submitted to Harvard for ICP/MS analysis. 

The metal concentrations prepared in the audit sample for ICP/MS analysis were 5 and 
IO ppb, much closer to the actual sample concentradons and therefore more representa- 
tive of the technique’s pelformance on the gas impinger samples. Andmony and nickel 
were recovered at 70%, slightly lower than the 80% recovery objective; however, matrix 
spike recoveries for these elements were wiihin the &sired range and demonstrate 
acceptable accuracy in the sample matrix. 

77te quantitation of selenium is subject to intetferences fkom the argon plasma in ICP/MS. 
Low recovery (62 %) is caused by incbmplete resolution of the selenium mats peak at 79 

atomic mass units (amu) from the much larger Ar-Ar mats peak at 80 amu. Selenium 
recovery in the matrix spike was also low at 71 percent. These results indicate that 
vapor-phase selenium results may be biased low. 

l Six target metals (Al, Fe, Mn, K, Na, and Ti) did not meet the recovery objective for the 
dolomite sorbent audit sample. 

Dolomite samples were digested with nitric acid and hydrogen peroxiak by EPA Method 
SW-3050. This procedure is generally adequate for the digestion of calcium and 
magnesium, which accounts for 99% of the sample matrix. The amounts of major coal 
ash mineraLt (silica, alumina, titania, etc.) are relan’vely small and do not affect the 
material balances for these elements. The digestion procedure applied here does not use 
hydrojluoric acid (HF) which is required to dissolve the oxides of aluminum, silicon, 
titanitun. and others that may be bound in the inert matrix. A mixed acid digestion which 
includes HF should be considered for future laboratory analyses if the level of inert 
substances is thought to be a signijkant contributor to the mass jlow rates of these 
materials. 

l Two target metals (Hg and Se) did not meet the recovery objective for the coal audit 
sample submitted to CT&E. 
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The coal audit sample selected for this project was taken f?om coal collected at the Ohio 
Power Cardinal Station as pan of a recent round robin coal study sponsored by the 
Depamnent of Energy.’ This coal audit sample is not a standard reference material; 
however, it has been well character&d for all of the target analytes, and it is representa- 
tive of the Pittsburgh #8 binoninour coal feedstock at Plant iTaX 

The variability inherent in coal mercury measurements was aknonstrated in the DOE 
round robin study and bar been the subject of studies sponsored by the Electric Power 
Research Institute (EPRI) and otherx2 Although the recovery of mercury by the double 
gold amalgamation technique was 143% of the mean value reported, it is within two 
stanakd d.evktior~.~ of the mean for all results reported in the round robin study. lke 
results reflect the variability and uncertainty rypically encountered with coal mercury 
&termiMtions. 

Selenium values by GFMS were not selected for repom’ng ar a result of the audit sample 
recovery. The INAA results for selenium were selected since the audit sample recovery by 
INAA was within the recovery objective at 107percent. 

l Ten target metals (As, Ba, Ca, Cd, Cr, Cu, Mg, Hg, MO and Ti) did not meet the 
recovery objective for the coal audit sample submitted to NC State. 

All elemerus not meeting the audit sample recovery objectives for INAA were analyzed by 
altemadve analytical procedures. The results reported from the altemadve procedures 
were within the recovery objectives and were reported in lieu of the INAA results with 
the exception of arsenic. 

INAA results for arsenic were selected for repom’ng over those aktermined by GFMS in 
spite of the apparent failure of INM to’meet the desired recovery objectives. Based on 
the audit sample recovery data, GFAAS results were initial& selected for calculating 
material balance closures. However, the use of GFMS arse& values resulted in a 
closure of 213 56. while a closure of 129% WPT obtained wing INM arsenic values. 
Since audit sample recovery results were wed to select the most accurate data for 
repordng. the individual results used to aktennine the mean arsenic value of the coal 
audit sample were reviewed for conrirtency Md accuracy. 7kwuy-two results for arsenic 
were averaged to obtain a mean concentration of IO.3 pg/g (CV = 0.33). The analytical 
methods used to measure arsenic in the rowui robin study included GFMS, ICP/MS. 
INM, and cold vapor atomic jluorescence (CVAF). Bawd on arsenic results obtained for 
an SRM coal sample analyzed with the round robin samples, ICP/MS results were the 
most accurate and consistent, followed by INAA results. The average arsenic result of 
the a&t sample as determined by ICP/MS in the round robin study was X3.28 ug/g. The 
arsenic result by INM in the audit sample war 18.97 pg/g or 143 % of the ICP/MS 
average. Although this result still suggests a high analytical bias, supporting information 
indicates that the INM result for arsenic is more accurate than the GFMS resuk It is 
aLro reasonable to expect that the direct analysis of coal by INM would provide more 
complete quantitarion of arsenic. This is based on the voladle nature of this element and 
the potential for losses during sample digestion for GFMS analysis. 
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l Three target metals (Ca, Mn, and MO) did not meet the recovery objective for the fly ash 
audit sample. 

The recovery percentages for Ca, Mn, and MO are 73 %, 73 %, and 71%, respectively, 
These are very close to the recovery objective of 75 % and indicate a possible analytical 
bias. Sample digestion is assumed complete based on the 91% recovery of titanium. 
Meawrement results for Ca, Mn, Md MO may be biased sligkly low in ash streams. 

Detailed QC Results 

Precision is a measure of the reproducibility of measurements under a given set of condi- 

tions. It reflects the distribution or scatter of the data and is expressed as the standard 

deviation or coefficient of variation (CV, standard deviation divided by the mean>. For 
duplicates, precision is expressed as the relative percent difference (RPD). 

Accuracy is a measure of agreement between a value generated by a specific procedure and 

the assumed or accepted known value and includes both bias and precision. Bias is the 

persistent positive or negative deviation of the method average value from the assumed or 

acCepted known value. 

The efficiency of the analytical procedure for a given sample matrix is quantified by the 

analysis of spiked samples containing target or indicator analytes or other quality assurance 

measures, as necessary. However, all spikes, unless made to the flowing stream ahead of 
sampling, produce only estimates of the recovery of the analyte through all of the measure- 

ment steps occurring after the addition of the spike. A good spike recovery tells little about 
the concentration of the analyte in the sample before spiking, but it does provide an indica- 

tion of a method’s ability to accurately measure an analyte in a given sample matrix. 

Representativeness expresses the degree to which the sampling data accurately and precisely 
represent a characteristic of a population, parameter variations at a sampling point, or an 

environmental condition. Representativeness is improved by making certain that sampling 
locations are properly selected and that a sufficient number of samples are collected. 
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Comparability is a qualitative parameter expressing the confidence with which one data set 
can be compared with another. Sampling data should be comparable to other measurement 

data for similar samples collected under similar conditions. This goal is achieved using 

standard techniques (wherever possible) to collect and analyxe representative samples and by 

reporting analytical results in appropriate units. Data sets can be compared with confidence 

when the precision and accuracy are known. 

Completeness is an expression of the number of valid measurements obtained compared with 

the number planned for a given study. The goal to generate three valid sample results for 
each measurement parameter was met. 

A discussion of the overall measurement precision, accuracy, and blank effects is presented 

below for each set of analytes. The individual QC sample results used to assess these 

analytical measurements are presented in Appendix D. This assessment of data quality is 

limited to the analytical techniques used to determine the results selected for reporting. 

Metals 

Precision. The analysis of matrix spike/matrix spike duplicate (MS/MSD) samples, or 

analytical duplicate samples provided the basis for assessing analytical precision. The 

precision objective for metals in all samples was 20% RPD. 

In general, good analytical precision is indicated for almost all of the target metals in all 

sample matrices. Noteworthy exceptions include cadmium in coal by GFAAS (22% RPD), 
calcium in dolomite (45 96 RPD), silver in ash (70% RPD), and selenium in both gas 

particulate- and vapor-phase samples by GFAAS. Poor analytical precision for these metals 

in these streams increases the uncertainty associated with the measured value. 

other metals failing to meet the precision objective include aluminum (71% RPD), calcium 

(34% RPD), and magnesium (63% RPD) in an acetone probe/nozzle rinse (BTR) sample, 
and phosphorus (43% RPD) in a filter sample. The impact of imprecise analytical measure- 
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ments for these samples is less because they each represent only a fraction of the total gas 

particulate samples specific to the ESP. 

Accuracy. Recovery data for matrix spikes, analytical spikes, and standard reference 

materials (SRMs) provided the basis for assessing analytical accuracy. For most of the 

analytical techniques, the accuracy objective was 75-125% spike, or standard recovery. 

Performance audit samples submitted to the laboratory as blind samples also served as 

indicators of analytical accuracy in the coal, dolomite sorbent, and ash matrices. Audit 
sample results not meeting program objectives were discussed earlier in this section. 

Matrix spiked samples and performance audit samples were used to estimate the accuracy of 

the flue gas vapor-phase metals analyses. Six of the metals analyzed recorded audit sample 

recoveries’outside the specified objective: antimony, cahcium, nickel, potassium, selenium, 

and sodium. Only selenium failed to meet recovery objectives in both the audit and matrix 

spike samples. 

Poor selenium recovery was experienced in the vapor-phase samples analyzed by GFAAS 

(4-61%) and ICP/MS (62-71%). In response to the poor recovery by direct GFAAS 

analysis, the method of standard additions (MSA) was used to reanalyze the impinger 

samples for selenium. The GFAAS-MSA result for selenium in the audit standard was 87% 

and the mmaining sample results were in close agreement with the ICP/MS results. Rased 

on this recovery data, ICP/MS results were selected for reporting, although they may be 

biased low. 

Gas particulate-phase samples were characterized in two different batches depending on the 

particulate loadiig of the sample. Matrix spikes and a standard reference fly ash material 
(NEST 1633a) were used to estimate the accuracy of the particulate-phase metals analyses for 
the APF and ESP inlet samples. Six of the metals analyzed recorded spike recoveries 
outside the specified objective: aluminum, calcium, lead, magnesium, selenium, and silver. 

Matrix spike recoveries for all of these elements were in the range of 58-72% except silver 
(15-H%) and may indicate a low bias in the results. 
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‘Ihe analytical accuracy of gas particulate samples analyzed in conjunction with filters (APF 

and ESP outlet) was estimated using analytical spikes and a standard reference fly ash 

material aspirated onto a Nter as an audit sample. The audit sample results were discussed 
earlies in this section. Analytical spike recoveries below the desired recovery range were 

experienced for aluminum, calcium, magnesium, selenium, silver, and titanium in an acetone 
PNR sample from the ESP inlet. Matrix spike recoveries for all target metals associated 

with filter samples met the recovery objective except for one phosphorus spike (153%). 

Mati spikes and SRMs were used to estimate the accuracy of the fly ash, bed ash, and 

dolomite sorbent metals analyses. In the ash matrices, matrix spike recoveries for aluminum 

(70%), calcium (73%), magnesium (64%), and silver (27%) did not meet the program 
objective. Fly ash SRM recovery results for calcium (73%). manganese (73%), and 

molybdenum (71%) were also reported slightly below the objective range. Matrix spike 

recoveries outside the program objectives were experienced in the dolomite sorbent for 

calcium (286%), cobalt (74%), and iron (74%). 

All matrix spike and audit sample results for metals in service water were between 93 and 

10896, well within the specified recovery range. 

Blank Effects. The field blank impinger samples analyred by ICP-AES, GFAAS, CVAAS, 

and ICPlMS showed no significant levels of field contamination when compared to the 

reagent blank analyses. Relative to the actual gas impinger samples, the background levels 

detected in the reagent blank are significant (greater than 30% of the sample result), 
especially at the trace levels detected by ICPIMS. Significant concentrations of calcium, 
iron, magnesium, manganese, and sodium were also detected by ICP-AES in the blanks. All 

sample results for vapor-phase metals have therefore been corrected to account for the 
background concentrations found in the reagents. 

Filter medii blanks were also analyxed to determine the levels of target metals present in the 
quarts filters. Significant levels of aluminum, barium, calcium, chromium, magnesium, 
molybdenum, and sodium were reported. Arsenic, cadmium, lead, mercury, and selenium 
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were also detected in the lilter medii at levels more than five times the detection limit. 

Background corrections were also performed for gas-particulate samples analyzed in the 

presence of filter media (APF and JZSP outlet). 

Anions 

Precision. The precision of anion analyses in coal and ash samples was estimated using 

duplicate analyses. The precision estimates for chloride and sulfur in the ash and dolomite 

samples met the objective of 20% RPD, as did the precision estimates for chloride, fluoride, 

and sulfur in the coal. Analytical results for chloride, fluoride, and sulfate in the flue gas 
particulate- and vapor-phase samples, as well as the service water samples, all met the 

precision objectives. Precision estimates for fluoride in ash and dolomite were between 25 

and 33% RPD, slightly outside the objective. 

Accuracy. Matrix spikes were used to estimate the accuracy of anion analyses in ash and 

flue gas samples. All anions met the recovery objective for flue gas analysis accuracy. All 

anions in ash met the accuracy objective with the exception of fluoride. The recovery of 
fluoride in the ash was below the project objective (32% compared to 75-125%). A 

performance audit sample and a standard reference material were analyred to provide 

accuracy estimates for coal. Chloride recovery was 143% and fluoride recovery was 121% 

in the performance audit sample (objective of W-12096). For the standard reference 

materials, chloride recovery was 101% for Nl3S SRM 1632-b and 87% for a coal standard 

from a recent laboratory round-robin study. Fluoride recovery in the standard reference 
material was 110 percent. 

No reference values were available for the dolomite sorbent audit sample; therefore, no 
estimate of accuracy was obtained. However, anions in the sorbent material are minor 
constituents that are not expected to play a major role in material balance calculations. For 
service water, a single matrix spike recovery of 62% for fluoride was the only result outside 
the expected range of recovery. 
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LOW fluoride spike recoveries were experienced in many of the sample matrices analyzed. 

Fluoride results, particularly in ash samples, are likely biased low. An investigation into the 

possible causes has identified aluminum and iron as potential interferents with the specific ion 
electrode analysis method. This is particularly significant in the analysis of fluoride in ash 
samples which are prepared by fusion with sodium hydroxide. Separation of fluoride by 

distillation from the ash fusion matrix is suggested as a means to provide an interference-free 

analytical matrix. 

Blank Effects. Field blank impinger solutions and probe/nozzle rinses were analyzed for 

chloride, fluoride, and sulfate. The concentrations of these anions were above reporting 

limits in many of the blanks but well below the levels observed in the samples. The levels of 
chloride, fluoride, and sulfate found in the field blank for the flue gas solid phase were 4%, 

346, and 2% of the concentrations in the samples, respectively; therefore, these data should 

not be affected by the blank levels. The field blank associated with the vapor-phase samples 

contained all of the anions at levels much lower than those found in the vapor-phase samples. 
The method blanks associated with the stack gas samples showed fluoride at levels less than 

five times the detection limit; much higher levels of fluoride were observed in the associated 

samples. Sulfur was also observed in the method blank associated with the sorbent samples 

at a level near the detection limit, but at a higher concentration than those observed in the 

samples. Therefore, the results for sulfur in the sorbent samples may be overestimated. 

Chromium (Vi) and Total Chromium 

Precisiqn. The precision of the chromium (VI) and total chromium analyses was assessed 
by matrix spike duplicate analyses. All results met the RRD objective of 20 percent. 

Accuracy. The accuracy of the analyses was estimated using performance audit spike 
recoveries. Recovery of chromium (VI) was within the 75-125% objective, and recovery of 

total chromium was slightly outside the objective at 138 percent. Total chromium sample 
data may be slightly overestimated. 
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Blank Effects. Low concentrations of total chromium were reported in the field and reagent 

blanks, but none of the values were more than five times the expected detection limit. 

Chromium (VI) concentrations in the field and reagent blanks were significant when 

compared to the gas impinger samples. Background concentrations in the reagent blank 

accounted for over 65% of the chromium (VI) concentration measured in the samples, 

Chromium (VI) results were background corrected for reporting and emission factor 

calculations. 

Volatile Organic Compounds 

Precision. The precision of the volatile organic compounds measured for this project was 

not assessed. 

Accuracy. The accuracy of the analyses was estimated using surrogate spike recoveries. 

.Recovery of all surrogates (1,2-dichloroethaned4, toluened8, and 4-bromofluorobenzene) 

was within the compound specific objective. 

Blank Effects. The trip and method blanks show no results above the detection limit for the 

target compounds. Concentrations of chloromethane, methylene chloride, and toluene were 

reported in the field blank, but only methylene chloride is present at more than five times the 

expected detection limit. Methylene chloride and toluene are common contaminants from 

field laboratory operations. The range of results (48 to 230 ng) for methylene chloride 

suggests that no specific, consistent source of the contamination was present. 

Semivotatite Organic Compounds 

Precision. The precision of the semivolatile organic compounds measured for this project 
was not assessed. 

Accuracy. The accuracy of the analyses was estimated using surrogate spike recoveries. 
AU vapor-phase sample surrogate spikes were recovered within the accuracy expectations. 
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Recovery of several surrogates in the cyclone ash and gas particulate-phase samples were 

outside the compound specific objectives. 

Blank Effects. The trip and method blanks show no results above the expected detection 

limit for the target compounds, except for a single naphthalene result of 4.77 pg. Concentra- 

tions of bis(2-ethylhexyl)phthalate and naphthalene were reported in the field blank, but only 
naphthalene is present at more than five times the expected detection limit. Reported results 

for naphthalene have the potential to be overestimated at low levels. 

Potycyctic Aromatic Hydrocarbons (PAHst by HRGWMS 

Precision. The precision of the PAH analytical results was not evaluated. 

Accuracy. The accuracy of the PAH analytical results was evaluated using surrogate spike 

recoveries. All recoveries were within the project objective of 50-150 percent. 

Blank Effects. Many low-level measurements were reported for the trip, field, and method 

blanks. Concentrations ranged from 0.13-309 ng for the compounds in the method blank and 

0.19-129 ng for the compounds in the trip blank. Field blank results ranged from 0.06 

1050 ng. For compounds found in the samples, the results have been flagged if trip blank 

results for PAHs exceed 30% of the sample value. 

Formaldehyde 

Precision. The precision of formaldehyde measurements was assessed from duplicate 

analyses. Results for formaldehyde at two different concentration levels was excellent, with 

both RPDs within 5 percent. 

Accuracy, The accuracy of the analyses was estimated using matrix spike recoveries. Roth 

spikes were recovered within the accuracy objective of 50-150 percent. 
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Blank Effects. The reagent and method blanks show no results above the expected 

detection limit for formaldehyde. Significant concentrations of formaldehyde were reported 

in the field blank, at more than ten times the expected detection limit. Reported results for 

formaldehyde in the APF outlet and ESP inlet and outlet gas streams have the potential to be 

overestimatd at low levels. 

Ammonia 

Precision. The precision of ammonia measurements was assessed from matrix spike 

duplicate analyses. Results for ammonia met the 20% RPD objective. 

Accuracy. The accuracy of the analyses was estimated using matrix spike recoveries and a 

performance audit sample. The audit sample recovery was 485% at a theoretical concentra- 

tion of 0.27 mg/L. A laboratory flag was attached to the audit sample result stating that the 

acidity of the sample was so high that an unusually small sample abquot was taken for 

analysis. Since it appears that the audit sample was not distilled and analyxed in exactly the 
same manner as routine field samples, no Crm conclusions about the accuracy of ammonia 

analysis can be made based on the performance audit. Roth matrix spikes were recovered 

within the accuracy objective of 80-120 percent. 

Blank Effects. The field, reagent, and method blanks all show results above the expected 

detection limit for ammonia. None of these blank results is greater than five times the 

expected detection limit. 

Precision. The precision of cyanide measurements was assessed from matrix spike duplicate 

analyses. Results for cyanide met the 20% RPD objective. 

Accuracy. The accuracy of the analyses was estimated using matrix spike recoveries and a 

performance audit sample. Roth matrix spikes were recovered within the accuracy objective 
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of 75-125 percent. The audit sample recovery was 26% of a prepared concentration of 

0.1 mg/L. For the audit sample, an EPA water quality standard was used which may have 

degraded as discussed previously in this section. The EPA standard material was not 

analyzed, so no data are available to confirm the standard’s theoretical value. 

Blank Effects. The field, reagent, and method blanks all show results below the expected 

detection limit for cyanide. 

Dioxins and Furans (PCDD/PCDFI 

Precision. The precision of the PCDD/PCDF analyses was not assessed. 

Accuracy. The accuracy of the analyses was estimated using surrogate spike recoveries. 

Nearly all spike recoveries were within the project objective. The four recoveries outside the 
objective were. within 10% of the lower limit of the objective. 

Blank Effects. Low concentrations of eight compounds in the method, trip, and field blanks 

associated with these sample-s were observed. All concentrations reported for the blank 

results were near the analytical detection limits. Sample concentrations, which were also 

near the detection limits of many compounds, may be slightly overestimated for these 
compounds. 

Ultimate/Proximate 

Precision. The precision of ultimate/proximate analyses was not assessed. 

Accuracy. The accuracy of the ultimate/proximate analyses for coal was estimated using 
performance audit sample recoveries. All recoveries were within the accuracy objective of 

75-125% recovery. 
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Blank Effects. Uhimatelproximate test parameters are generally not subject to blank or 

background assessments. 

Material Balances 

Evaluating data consistency can be another overall data quality evaluation tool. Material 
balances for major elements can be used to verify the internal consistency of stream flow 

rates. Material balance closures for trace. species can be used to indicate whether the 

samples collected were representative with respect to the trace element concentrations and 

can help identify analytical biases in one or more types of samples. 

Table 4-5 shows the results of the material balances around the entire plant, the ESP system 
and the APF system. Closure is detined as the ratio of outlet to inlet mass rates for a 

particular substance. A 100% closure indicates perfect agreement. When trace substances 

are airalyzed, a closure of between 70% and 130% has been set as a goal for the Tidd PFBC 

HAPS project. This range reflects the typical level of uncertainty in the measurements and, 

therefore, allows one to interpret the inlet and outlet mass flow rates as being equivalent. 

The 95% confidence intervals about the closures have been calculated using error propaga- 
tion analysis, which is discussed in Appendix G. Inlet streams and their associated flow 

rates for each material balance system are provided in Table 4-6. Flow rates are presented 

in units consistent with the reported stream concentrations to facilitate mass flow rate 

determinations. A brief description of the methods for determining flow rates is also 

provided in Table 4-6. 

Entire P/ant 

As shown in Table 4-5, IO of the 19 target elements have closures around the entire plant 
that meet the project goal. The target elements that do not meet the closure goal are copper 
(C37%), fluorine (58%), mercury (155%), nickel (<45%), and selenium (148%). Closures 
could not be determined for antimony, cadmium, molybdenum, and silver because these 
elements were not detected in the major outlet ash streams. Closures for the other major 
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Table 4-5 
Material Balance Results 

II~ I EntireFlant 1 ESP svstem I APF &stem ~~~71 
Il~~r,hdame I Closure (%I I 95% CI I Closure ea I 95% CI I Closure I%) I 9S% CI 71 

Antimony NC NC NC 
Arsenic 129 36 134 21 101 59 
Fhrium 111 27 134 63 97 29 

II Bervllium I 101 I 22 I 137 I 59 I 101 1 27 11 

II Borcm I 91 I 140 I 126 I 95 1 NC I - tI 

cadmium NC 140 124 95 43 

chlorine 105 24 94 8 83 29 

chromium 122 21 107 51 70 36 

Cobalt 119 49 137 44 97 55 

IIc0Di.z I <37 I - 1 129 I 184 I Cl2 I - II 
II Fluorine. 58 22 47 13 120 16 

Lad 95 3 167 97 120 44 

Mang- 102 2 119 14 92 25 

M---Y 155 33 96 9 91 13 

MOlVb~ NC NC C92 

IINickd I<451 - 1 138 1 95 I 77 1 80 11 
Selenium 148 87 74 27 Cl9 

Silver NC NC NC 
Vanadium 97 4 136 38 95 29 

other speclfa 

Aluminum I 89 I 17 I 131 I 40 I 95 I 25 I 
II Calcium I 78 I 0.1 I 128 I 35 I 94 1 42 11 

Iron 96 27 128 27 93 30 

M~gWSiWl 99 0.1 127 33 95 42 

Potassium 61 20 138 60 98 33 

Sodium 99 25 128 42 93 30 

I 06 I 77 I ,711 I 77 I 01 I 3-l II 
1 ‘49 i a.1 I 127 I 33 I 95 I 42 II 

I 61 I 20 I 138 1 60 1 98 1 33 11 

II Titanium 109 I 19 I 136 I 53 I 98 1 28 11 

Closure goal for the Tidd PFBC HAPS project is lo-130 percent. 

Cl = Confidence interval. 
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Table 4-6 
Material Balance Stream Flow Rates 

Mean Flow units of 
Rate 95% CI MeaStIR How C&dated 

II 
sorbmt (iid) 8,620 

I 
1,020 

Bed Ash (outlet) 4,220 970 

Cyclone Ash 4,690 1,490 
(outlet) 

APF Ash (outlet) 142 28 

II ESP Ash (outlet) 
I l35 

352 

II ESP Gutld Gas 
I 

238,700 8,500 N&h 
I 
Direct mksunment at the ESP outlet 

(OUtId) location. 

kgh. dry Five-minute averages from the plants data 
acquisition system sod coal paste moisture 
determinations. 

cghr, as fired Five-minute averages from the plants data 
acuuisitioa swtem. 

kgk dry Data from AEP bed ash generation test on 
419194. 
Test conditions: Coal paste = 45 KPPH (as 
tired), MW = 46, sorbent = 19.8 KPPH. 

kgk dly Avenge of the cyclone ash rate determined 
thm material balances for magnesium, 
titanium. and sodium. 

kw’b dry 
I 
Measured particulate loading data collected at 
the AF’F inlet and outlet. 

kgk dry I 
Meaxed particulate hdiig data collected at 
the ESP inlet and outlet. 

II APF Inlet GPS 
hIleO I 

34,100 1 1,200 1 Nm3/hr Iti. Assumed equal to 1K’tb of the ESP outlet gas 

II 
APF Outlet Gas 

I 
34.100 1 1,200 1 Nm3/ltr 1,. Assumed equal ta 117th of the ESP outlet gas 

(outlet) 

II APF Ash (outlet) I 142 I 28 I kgh’dly Ithe APFinletandoutk 
Measured particulate 1Oadi8 data Mkcted at 

II ESP SYStem 

II ESP Inlet Gas I 264,900 ( 44.400 ( Nm’hr ( Direct measurement at the ESP inlet location. 
hk.t) ESP outlet rate used in the material balance. 

II ESP Outlet Gas 
(outlet) I 238,700 1 8.500 ) Nm3hr (~tcytrement at the ESP outlet 

Measured particulate loading data collected at 
the ESP inlet and outlet. 

CI = Confidence interval. 
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species met the project goal, with the exception of potassium (61%). For mercury and 

selenium, the closures are slightly above the desired range and the wide 95% confidence 

intervals indicate that imprecision may be partially responsible for the high closures. For 

copper, fluorine, and nickel, the results may indicate an analytical bias in one or more of the 

process streams. 

ESP System 

Closures for the JZSP system were typically in the 125-135% range, which is slightly outside 

the project goal. This indicates that the ESP ash rate, calculated from the measured 

particulate loadings at the ESP inlet and outlet, may be biased slightly high. Concentrations 

of antimony, molybdenum, and silver were below detection limits in one or more of the inlet 
or outlet streams; therefore, closures could not be calculated around the ESP. 

APF System 

All closures around the APF system met the project goal except copper (< 12%). Closures 
could not be determined for antimony, boron, and silver because substances were not 

detected in the inlet and outlet streams. Again, the low closure. for copper indicates an 

analytical bias in one or more of the process streams. The relatively wide 95% confidence 

intervals for most of the target and other major elements in the ESP and APF material 
balances reflect the inherent variability in the gas stream measurements. 

Recommendations and Considerations 

Some technical issues have been identified during this study that may warrant further 

consideration. Some significant sampling, analytical and/or process related issues are 
discussed below. 
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APF Outlet Particulate 
Comparison of the composition the ESP outlet, ESP um, nickel, and molybdenum. may be present in the becomes significant tude lower than those 



Data Evaluation 

statistical average for estimating background concentrations in the sampling media and 

performing reliable background corrections. 

Gas Sampling Methods for Semivolatile Organic Compounds 

The gas sampling method for semivolatile organic compounds should be studied to contirm 

the suspicion that benzoic acid and phthalate esters detected in the flue gas samples are 

sampling artifacts. The presence of benzoic acid, and other intermediate oxidation products 

of naphthalene could possibly arise from the reaction of flue gas components with the XAD-2 

resin matrix. Sulfur and nitrogen oxides in the flue gas combine with condensed moisture in 

the resin traps to form acids. These acids may be contributing to the breakdown of the resin 

into the by-products detected most frequently in the vapor-phase. sample fraction. 

Hexavalent Chromium Sampling and Analysis 

The hexavalent chromium sampling method has not been validated for application to flue gas 

from coal-fired combustion systems and should be thoroughly evaluated for sampling bias 

and precision. The analytical method is relatively sound, but the fate of Cr(VI) during 

sampling in a recirculating caustic impinger solution with constant exposure. to Cq and SOa 

is not well defined. Multiple sampling trams should be used in pamllel to obtain duplicate 

spiked and duplicate unspiked samples simultaneously from the same location in the process 

duct. Multiple samples providing spike recovery and duplicate sample results will provide an 

indication of method accuracy and precision. 
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5 
EXAMPLE CALCULATIONS 

This section describes the methodology and sample calculations used to develop the results 

discussed in Section 3. Specifically, the calculation of stream flow rates, emission factors, 

mean values, and confidence intervals are presented. 

Stream Flow Rates 

Table 4-6 in Section 4 contains information about the stream flow rates used in the material 

balance calculations. Coal paste and sorbent feed rates were determined from five-minute 

averages from the plant’s data acquisition system. The bed ash rate’was determined from 

data supplied by the Plant Tidd personnel. This data was from a bed ash generation test 

conducted on April 9, 1994, during operating conditions very similar to those used during 

the air toxics test period (ash generation test conditions: 46 MW, coal paste rate = 

45,000 lbblhr, sorbent rate = 19,800 lb/hr). Therefore, the bed ash rate is considered 

representative of plant operation during the air toxics tests. The APF and ESP ash rates 

were. calculated using measured particulate- loading data and gas flow rate data for each run 

as follows: 

Ash rate = (inlet loading x inlet gas rate) - (outlet loading x outlet gas rate) 

For the ESP ash rate, the ESP inlet and outlet gas rates were assumed equal to the measured 

FSP outlet gas rate. The ESP outlet gas rate was selected because that sampling point is 

configured to minimize flow disturbances upstream and downstream of the sample ports, thus 

providing more reliable flow rate measurements. For the APF ash rate, the inlet and outlet 

gas rates were assumed equal to 117th of the measured ESP outlet gas flow rate. The 
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cyclone ash rate was determined by calculating overall plant material balances for magne- 

sium, titanium and sodium as follows: 

Cyclone ash rate = [(coal rate x concentration of element) + (sorbent rate x concentration 
of element) - (ESP ash rate x concentration of element) - (APF ash rate 
x concentration of element) - (bed ash rate x concentration of element) 
- (ESP outlet gas rate x concentration of element)] + concentration of 
element in cyclone ash 

These elements were selected on the basis of the superior quality of the analytical data for 

the coal, sorbent, and major ash streams, as indicated by QA/QC data. The final cyclone 

ash rate used in the material balance calculations was the average of the cyclone ash rates 

determined for each element. 

The flow rates in the ESP inlet and outlet were measured directly during sampling. The flow 

rate of ‘tie APF inlet and outlet were assumed to be equal to 117th of the measured ESP 

outlet gas flow rates. This assumption was based on plant design information supplied by 

Plant Tidd personnel. 

Means and Confidence Intervals for Stream Concentrations 

The mean concentration and 95% confidence interval (CI) about the mean were calculated for 

each target substance in the coal, sorbent, ash streams, and gas streams. The means were 

calculated according t0 the conventions listed in Section 3. Equations used to calculate 95% 

confidence intervals are presented in Appendix G. Example calculations are presented here 

for arsenic in the ESP inlet gas; these results were shown in Table 3-6. 

The concentration data (in pg/Nm3) given for arsenic are: 

Run Run Run 3 
Solid Phase 450 380 420 
Vapor Phase 0.34 0.26 0.36 
Total 450.3 380.3 420.4 
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The mean is calculated from the individual run totals: 

Mean = (450 + 380.3 + 420.4)/3 

= 417 

The sample standard deviation of the individual run totals is calculated: 

S, = \1[(450.3-417)’ + (380.3-417)’ + (420.4-417)‘y2 

= 35.1 

The standard deviation of the mean is calculated according to Equation 6 in Appendix G for 

N = 3: 

= 20.3 

The bias error is found by root-sum-squaring the product of the bias error and the sensitivity 

from each run (see Equation 2 in Appendix G). According to the conventions listed in 

Section 3, no bias error is assigned to values above detection limits, whereas a bias error of 

one-half the detection limit is assigned to values below detection limits. The sensitivity of 

the mean to each run in this case is one-third. 

p, = &l/3 x oy + (l/3 x oy + (l/3 x oy 

= 0 

The total uncertainty in the result is found from Equation 1 in Appendix G: 
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= Jd + (4.3 x 20.3)2 

=87 

Thus, the result is reported as 420 + 87 pg/Nn?. 

Unit Energy Emission Factors 

In addition to the gas-phase concentrations, unit-energy-based emission factors have been 

developed for each target substance. These values were determined by calculating the mass 

flow of a substance in the ESP outlet gas (mean concentration times mean flow rate) and 

dividing by the mean heat input to the boiler during testing. The mean heat input is the 

product of the mean coal flow rate and the mean higher heating value (HHV) of the coal. 

As an example, the calculation of the emission factor for arsenic is presented. The mean 

coal paste flow rate is 33,450 lb/hr on a dry basis. The mean HHV of the coal is 12,700 

Btu/lb on a dry basis. Multiplying the coal flow rate by the HHV gives a mean heat input of 

425 million Btulhr. The mean arsenic mass flow through the stack (the product of the mean 

concentration, 1.0 &Nm3, and the mean gas flow rate, 239,000 Nm3/hr) is 0.239 g/hr or 

O.OQO526 lb/hr. When the mean mass flow rate is divided by the mean heat input, an 

emission factor of 1.2 Ib/lOt* Btu is obtained, as shown in Table 3-19. 

The 95% confidence intervals for emission factors were calculated according to the equations 

presented in Appendix G. For each parameter (ESP outlet gas flow rate, concentration, coal 

flow rate, and HHV) the mean, standard deviation, number of points, and bias estimates 

were used to calculate the combined uncertainty in the mean emission factors. 
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6 
GLOSSARY 

AAS 

acfm 

AEP 

APF 

AS 

ASTM 

Bttl 

CARB 

CEM 

‘CEMS 

CI 

CP 
CT&E 

CVAAS 

DAS 

AP 

DGA 

DL 

DNPH 

DQO 
dscfm 

EPA 

ESP 

FPAs 

Atomic absorption spectrophotometry 

Actual cubic foot (feet) per minute 

American Electric Power Service Corporation 

Advanced particle filter 

Analytical standard 

American Society for Testing and Materials 

British thermal unit 

California Au Resources Board 

Continuous emission monitor 

Continuous emission monitoring system 

Confidence interval 

Pitot tube coefficient 

Commercial Testing & Engineering 

Cold vapor atomic absorption spectrophotometry 

Data acquisition system 

“Delta P”; pressure drop; pressure difference (measured in inches of 
water column) 

Double gold amalgamation 

Detection limit 

Dmitrophenylhydrazine . 

Data quality objective 

Dry standard (1 atm. 68’F) cubic foot (feet) per minute 

U.S. Environmental Protection Agency 

Electrostatic Precipitator 

Analytical services laboratory of Radian Corporation 
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GC/MS 

GFAAS 

HAP 

HGCU 

I-XI-IV 

HR GCMS 

ICP-AES 

ICP-MS 

INAA 

IS 

MSlMSD 

NA 

NC 

ND 

Nm3 

NO, 
orsat 

PAH 

PCDD 

PCDF 

PPBC 

PNR 

POM 

QA 
QC 
RPD 

PSD 

RS 

RSF 
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Gas chromatography/mass spectrometry (low resolution) 

Graphite furnace atomic absorption spectrophotometry 

Hazardous Air Pollutant 

Hot Gas Clean Up (System) 

Higher heating value 

High-resolution gas chromatography/mass spectrometry 

Inductively coupled plasma-atomic emission spectroscopy 

Inductively coupled plasma-mass spectrometry 

Instrumental neutron activation analysis 

Internal standard 

Matrix spike/matrix spike duplicate 

Not applicable 

Not calculated 

Not detected (below detection limit) 

Normal cubic meter(s): 1 m 3 @ 0°C and 1.0 atm (equivalent to 
37.44 ft 3 @ 68,“F and 1.0 atm) 

Nitrogen oxides 

Method of fixed-gas (4, CO,, CO) analysis 

Polycyclic aromatic hydrocarbon 

Polychlorinated dibenzodioxirt 

Polychlorinated dibenzofuran 

Pressurized fluidiied bed combustion 

Probe and nozzle rinse 

Polycyclic organic matter 

Quality assurance 

Quality control 

Relative percent difference 

Particle size distribution 

Recovery standard 

Relative sensitivity factor (used in mass spectrometry) 



Glossary 

scf 

scfm 

SIE 

svoc 

SW-846 

ss 

TCLP 

Tenax 

UV-Vis 

VOC 

VOST 

XAD 

Standard cubic foot (feet): 1 ti? @ 68°F and 1.0 atm (equivalent to 
0.02671 m3 @ 0°C and 1.0 atm) 

Standard cubic foot (feet) per minute 

Specific ion electrode 

Semivolatile organic compound; semivolatile organic chemical 

Publication number of “Test Methods for Evaluating Solid Waste” 

Surrogate spike 

Toxicity characteristic leaching procedure 

An organic resin used for sample collection 

Ultraviolet-visible 

Volatile organic compound; volatile organic chemical 

Volatile organic sampling train 

An organic resin used for sample collection 
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