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ABSTRACT .. 

This report summarizes results of a project to character& air toxic emissions of selected 
hazardous air pollutants (HAPS) from the AirPol Gas Suspension Absorption SO2 control 
technology. This project was sponsored by AirPol Inc., the Tennessee Valley Authority (TVA), 
and the U.S. Department of Energy (DOE). The GSA process utilizes a semi-dry lime scrubber 
for SO2 and HCI removal. Most of the solids in the GSA reactor are removed from the flue gas 

and recycled into the reactor. The flue gas from the GSA reactor/cyclone is passed through a dust 
collector for final patticulate control. AirPol demonstrated the ptocess in a 10 MW pilot-scale plant 
utilizing a slipstream from a coal-fired utility boiler. The pilot plant consisted of the GSA 
reactor/cyclone. an ESP. and a small. 1 MW equivalent pulsed jet baghouse. 

- 
The IO MW pilot-plant was tested in September and October, 1993 at the TVA National 

Center for Emissions Research located in West Paducah Kentucky. Tbe test program included 
evaluation of two process configurations: 

&.t&. The baghouse was operated in series with the ESP. i.e., the flue gas from the GSA 
reactor/cyclone passed first through the ESP and then the fabric filter; 

m. The baghouse was operated in parallel with the ESP. meaning that 15-16 percent 
of the flue gas leaving the GSA reactor/cyclone was introduced to the fabric filter; thus, 
both the ESP inlet stream and the fabric baghouse stream contained equivalent 
concentrations of all flue gas constituents; 

Two test conditions were evaluated in each configuration: baseline, with no lime 
introduction to the system; and demonstration, with lime injection into the GSA. 

Three test runs were performed under each condition. Samples for key gaseous, liquid and 
solid streams wen collected and analyzed for each run. The HAPS measured included 13 trace 
metals, HCI, and HF. This teport presents all field data and laboratory analysis results. Mass 
balances, removal efficiencies, and emission factors for HAPs also ate presented. 
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1.0 -suMMARY 

This nport s ummarites results of a project to characterize emissions of selected hazardous 
air pollutants (HAPS) from the Gas Suspension Absorption (GSA) process. This project was 
sponsored by the U.S. Department of Energy (DOE), AirPol Inc. (the technology developer), and 
the Tennessee Valley Authority (TVA), as part of a demonstration of the GSA process under 
DOE’s Clean Coal Technology program. The site of the demonstration was the TVA National 
Center for Emissions Research located in West Paducah, Kentucky. The air toxics characterization 
field tests took place in September and October, 1993. 

1.1 

The demonstration plant treated a flue gas slip stream from a coal-fired boiler (Shawnee 
Unit 9) equivalent to approximately 10 MWe electrical generation. The GSA demonstration plant 
(Figure l-l) employs a semi-dry scrubber followed by an electrostatic precipitator (ESP) and a 
small fabric filter. The temperature of the flue gas leaving the GSA absorber is approximately 
140°F. or approximately 20°F above the adiabatic saturation temperature. Fly ash, spent sorbent, 
and unreacted sorbent are mostly removed from the flue gas in a high-efficiency cyclone and 
recycled back to the absorber. Particulate matter which penetrates the cyclone is removed in an 
ESP and/or fabric filter. The gas flow through the fabric filter, capable of handling approximately 
15 percent of the gas flow through the GSA absorber, could be arranged either in parallel with the 
ESP or in series downstream of the ESP. 

Emissions were chamcterized under four test conditions: 

. Baseline parallel (BP) - e fabric filter configuration w lime slurry 
injection; and 

. Demonstration parallel (DP) - e fabric filter configuration y&h lime slurry 
injection. 

. Baseline series (BS) - & fabric filter configuration m lime slurry injection; 

. Demonstration series (DS) - & fabric filter configuration w lime slurry 
injection; 
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1.2 

The HAPs considemd in this project were: 

. Hydrochloric acid (HCl) and hydrofluoric acid (HP); 

. Trace metals (arsenic, antimony, barium, beryllium, cadmium, chromium, cobalt, 
lead, manganese, mercury, nickel, selenium, and vanadium). Due to an analytical 
laboratory error, flue gas samples were not analymd for beryllium and nickel. 

other measurements made during the tests by ERR and by TVA characterized flue gas particulate, 
sulfur dioxide (SOa). and visible emissions. Process operating parameters such as oxygen (02) 
concentration, temperature, pressures, flow rates, etc. were monitored by TVA. Emissions 
measurements were performed in triplicate under each test condition using EPA reference methods. 
To evaluate the fate of trace elements in the system. samples of liquid and solid streams entering 
and leaving the process wem collected and analyxed in addition to flue gas samples. 

1.3 

Table l-l summarixes average mass balance closure across the GSA pilot plant under each 
test condition. Mass balance closure acmss the whole system is within the project mass balance 
objectives (50 to 150 percent) for most tests and metals except for antimony. Antimony was 
present at levels below the detection limits of the test methods in most cases. The uncertainty for 
antimony removal efficiency was reasonable; therefore, the high mass balance closure is due to 
high detection limits (and high calculated antimony flow rate) attributed to the solids leaving the 
system. Chlorine mass balances for parallel contiguration demonstration tests could not be 
calculated because insufficient data am available. 

Tables 1-2 to 1-4 present average removal efficiencies and emission factors for three 
conceptual process contigurations: 

. GSA absorber/cyclone followed by an ESP (Armngennmt I); 

. GSA absorber/cyclone followed by a fabric filter (Arrangement IT); and 
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TABLE l-l. MASS BALANCE CLOSURE ACROSS GSA PILOT PLANT 

Series configuration Parallel configuration 
Baseline Demonstration Baseline Demonstration 

2.5% 2.5% 2.5% 2.5% 
Mean CC Mean CC Mean CC Mean CC 

H 4540 6451 H 2581 1559 H 1998 2183 H 1750 733 
Arsenic L 42 29 75 88 137 228 H 183 78 
Barium 70 101 114 115 74 37 H 197 126 
Cadmium L 37 42 105 52 64 67 H 203 20 
Chromium L 49 49 76 22 50 51 80 33 
Cobalt 53 27 56 88 74 24 H 236 177 
Lead L 29 50 L 33 11L 37 47L 21 26 
Manganese 84 14 131 57 83 24 100 46 
Mercury L 38 43 L 30 12 73 27 51 37 
Selenium 60 29 L 17 54 107 72 L 4 1 
Vanadium L 42 40 56 74 50 35 83 175 
Chlorine (as chloride) 122 91 L 46 17 88 a- - 
L = low closure (less than 50 percent) 
H = high closure (greater than 50 percent) 
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TABLE 1-3. REMOVAL EFFICIENCY AND EMISSION FACTORS FOR 
CONCEPTUAL PROCESS ARRANGEMENT II (GSA + FF) 

‘est configuration 
Rc 

‘alue 
‘race Metals 
Antimony 
ABMliC 
Barium 
Beryllium (2) 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Nickel (2) 
Selenium 
Vanadium 

‘articulate (1) 
ICI 
IF 
‘race Metals 
Antimony 
Arsenic 
Barium 
Beryllium (2) 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Nickel (2) 
Selenium 
Vanadium 

particulate (1) 
[Cl 

:moval Eff 
-/YEiiiel 

liciency I Emission factors 
1 

I T Efficiency Uncertainty 1 
96 i 46 

3mission factor Uncertainty 
lb/E12Btu ~ 96 

F 
Notes: 

96.68 / 14 
99.83 8 
99.54 ~ 8 
99.38 / -- 
71.40 
99.46 

I 13 
9 

98.69 ; 10 
99.51 i 9 
99.57 ; 9 
31.97 527 
99.38 -- 
99.93 9 
99.01 13 
99.89 4 
-1o.gg 479 
7.12 ~ 488 

98.65 14 
99.98 8 
92.71 I 90 
98.41 : -- 
78.13 20 
99.50 

~ 
9 

98.91 9 
99.61 

~ 
; 10 

99.57 I 9 
49.23 136 
98.47 ! -- 
99.80 
99.00 

/. 10 
13 

99.94 : 4 
99.96 i 12 
96.85 ! 15 

ND 0.07 / 17 
0.71~ 53 

ND 4.W! 14 
0.48: -- 
2.21~ 33 I 

ND 2.37: 15 
ND 1.05: 14 

0.941 
3.221 

53 
61 

1.12’ 254 
3.79 -- 

ND 0.06 15 
0.081 238 

ND 3.39’ 13 
1.19: -- 
1.35! 52 

ND 1.97: 13 
ND ipi 13 

111 

0:74 122 146 
9.371 -- 

ND 0.051 13 
ND 6.561 17 

0.005’ 79 
ND 7.32, 16 
ND 22.48 17 

(1) Emission factor in lb/E6 Btu. 
(2) Estimated bawd ott uncottuolled emission factors calculated from coal analysis and avenge 
mtloval emciellcy of all u&x tnetais except l.nercuty, sdaium. cadmium. and atuimay. 
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TABLE l-4. REMOVAL EFFICIENCY AND EMISSION FACTORS 
FOR CONCEPTUAL PROCESS ARRANGEMENT III (GSA + ESP + FF)- 

‘est configuration 

‘alue 
‘race Metals 

Arsenic 
Barium 
Beryllium (2) 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Nickel (2) 
Selenium 
Vanadium 

‘articulate (1) 
ICl 
IF 
‘race Metals 
Antimony 
Al-S&C 
Barium 
Beryllium (2) 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Nickel (2) 
Selenium 
Vanadium 

hrticulate ( 1) 
ICI 
IF 
Notes: 

oval Efficiency I Emission factors 
Series I 

I 
Efficiency I Uncerttity 

% I a 
kisismdgor i Un”,““/ 

89.67 17 
99.98 8 
99.69 8 
99.52 / 
94.03 I ii 

99.65 98.66 / 180 
99.69 ~ 9 
99.71 9 
99.86 14 
99.52 ~ -- 
99.11 ~ 10 
99.17 14 
99.89 ~ 10 
-18.88 i 371 
-91.24 249 

95.00 19 
99.99 1 8 
99.49 ~ 9 
99.63 ~ 
97.37 I ;; 
99.66 1 10 
99.13 10 
99.88 9 
99.77 9 
90.16 27 
99.63 ~ -- 
99.96 I 10 
99.46 1 14 

ND 0.07’ 30 
0.07 186 

ND 3.86, 28 
0.381 -- 
0.47, 85 

ND 2.24’ 29 
ND 1.001 28 

0.61~ 25 
2.21 112 
0.11 236 
2.96; -- 

4208’ 55 

ND 0.06 18 
ND 0.04; 16 
ND 3.18 16 

0.29; -- 
0.22 
1.85 1 

80 
ND 16 
ND 0.82 16 

0.27 60 
1.36 283 
o.i2j 196 

-- 
ND 

2.291 
0.04 16 

ND 6.16! 20 
0.005 40 

210 413 
ND 22.2 13 

(1) Emission factor in lb/E6 BN. 
(2) ~timatod based ott uncoatroki emissiott facNt’9 cahhted from cod poalysis and avcrag~ 
nmoval efficiency of all uace metals except mercury, selmium. &urn. and antimony. 
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. GSA absorber/cyclone followed by an ESP and fabric filter in series (Arrangement 
III). 

The statistical uncertainty of the results also is shown. Removal efficiencies and emission factors 
for beryhium and nickel are estimated based on coal analysis and temoval efficiency of other metals 
since direct flue gas mezasurements were not made. Arrangement I was evaluated for both series 
and parallel test configurations (IA and IB, respectively), which enables the effect of slightly 
increased ESP specific collection area (for Arrangement IB) to be examined. Emissions results 
downstream of the GSA are generally below detection limits for many substances, which provides 
evidence of good removal efficiency for these substances. Removal efficiency of particulate matter 
and trace metals, except for volatile metals (mercury, selenium). is generally greater than 98 to 99 
percent for all configurations. Mercury removal efficiency ranges from 62 to greater than 99 
percent except in cases where measurement uncertainty is large. Mercury removal is slightly 
greater under demonstration conditions for conceptual arrangement I (GSA + ESP) and slightly 
lower under demonstration conditions for conceptual arrangement III (GSA + ESP + PP). These 
differences are only marginally significant considering the measurement uncertainty. Selenium 
removal is less than 90 percent in most cases for Arrangement I, but was greater than 99 percent 
when the fabric filter was employed (Arrangements II and III). Selenium was not detected at the 
conceptual arrangement outlet and mass balances are low for most demonstration test conditions. 
This suggests reported selenium capture efficiencies may be biased high. Cadmium exhibits 
slightly lower removal efficiency than most other metals, especialIy for conceptual arrangement II 
(GSA + PP). Cadmium removal efficiency is consistently lower for parallel configuration tests 
compared to series configuration tests. QNQC results for cadmium suggest meaSurertrent artifacts 
may account for some or all of this variability. Removal efficiencies for antimony ranged from 85 
to 98.8 percent; however, these results should be used with caution because of the. poor mass 
balances for this element. 
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2.0 INTRODUCTION, PROJECT OBJECTIVE S. AND TEST PROGRAM 

Hazardous air pollutants (HAPS) are substances released to the atmosphere which are 
known or suspected of being toxic to human health or potential human carcinogens. Emissions of 
these substances, in sufficient amounts, may represent a potential health hazard in exposed 
populations. Trace elements associated with the mineral matter in coal and the various substances 
formed during coal combustion have the potential to produce emissions of air toxics from coal- 
fired electric utilities. Technologies designed to control emission of acid rain precursors from 
utility boilers offer the potential to simultaneously reduce (or increase) emissions of HAPS. 

The following sub-section briefly summarixes the background surrounding this project, 
The project objectives, an overview of the test program, and project organixation are presented in 
the-subsequent sub-sections. A guide to this tepor~ is provided at the end of this section. 

2.1 

The emission of HAPS and acid rain precursors has received considerable emphasis in 
recent regulations. Title III of the 1990 federal Clean Air Act Amendments (CAAA) requires the 
U.S. Environmental Protection Agency (EPA) to evaluate the need for regulating 189 individual or 
classes of HAPS in three reports to Congress. The first of these reports will deal specifically with 
the electric utility industry. The existing database on HAPS emissions from utility boilers is only 
partially complete with respect to the range and types of systems which have been characterized. 
Many previous test results are incomplete or suspect due to inconsistent or invalidated test 
methodologies, or due to incomplete or non-existent documentation of data quality. Therefore, 
industty and government have undertaken to develop new data to fill the dnta gaps. For example, 
the U.S. Depamnent of Energy (DOE), in collaboration with the Electric Power Research Institute 
(EPRI), EPA, and the Utility Air Regulatory Group (UARG), is conducting comprehensive tests 
of conventional electric utility plants and as well as advanced control technologies for acid rain 
precursors oxides of nitrogen (NOx) and sulfur dioxide (SO& Gther state and local regulations 
are already in place or under development that would restrict emissions of the 189 HAPS listed in 
Title III of the CAAA plus many additional substances, broadly referred to as “air toxics”. It has 
been suggested by some that the cost of controlling air toxics emissions from electric utility boilers 
may be many times that for acid rain precunors. Thus, the successful commercialization of an 
advanced control technology for acid rain precursor emissions may be strongly influenced by its 
effect on air toxics emissions. 
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AirPol Inc. has developed an advanced SO2 control technology called Gas Suspension 
Absorption (GSA). AirPol, TVA, and DOE are co-funding a demonstration of this technology 
under the DOE’s Clean Coal Technology (CCT) Program (Round 3). GSA is being demonstrated 
on a 10 MWe equivalent pilot-scale plant at TVA’s National Center for Emission Research (NCER) 
in West Paducah, Kentucky. The CAAA requires EPA to evaluate the potential impact of acid rain 
precursor control technologies on HAP emissions. Because HAP and other air toxic emissions are 
likely to be an important factor in commercializing new technologies for acid rain precursor 
control, DOE is establishing a database of HAP emissions from selected technologies being 
developed under the CCT program. Therefore+ the GSA project was selected for limited air toxic 
tests under the environmental monitoring provisions of the CCT program. 

The overall goals of the AirPol GSA demonstration project were. to: 

. Achieve high SO2 removal with high lime utilimtion; 

. Achieve acceptable ESP performamx; 

. Demonstrate the effectiveness of the GSA process for air toxics removal; and 

. Determine fabric filter performance both downstream of the ESP and immediately 
after the GSA absorber/cyclone. 

The specific objectives of the overall GSA demonstration are provided elsewhere. The 
specific objectives of the GSA air toxics chamcmrization tests were to: 

. Determine emissions of hydrogen chloride (HCl), hydrogen fluoride (HP), and 
trace metals (As. Ba Cd, Cr. Co, Hg, Mn, Pb. Sb, Se, V), and total particulate 
lnaam 

. Evaluate the impact of particulate control device configuration (BSP alone, fabric 
filter alone, or ESP plus fabric filter in series) on final emissions of HAPS; 
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. Establish the net removal efficiency of trace metals, HCI. HP, and total panicdate 

matter for the GSA reactor/cyclone with three particulate control device 
configurations (ESP alone, fabtic filter alone, or ESP plus fabric filter in series); 

. Establish the partitioning of trace metals introduced with the coal between flue gas 
emissions and other effluent streams: 

. Compare emissions of HCI, HP. and trace metals with lime slurry injection 
(demonstration tests) to those without (baseline tests); 

. Develop a mass balance analysis for total mass, trace metals, and chlorine around 
the entire process and across each major component of the system; 

. Document process operating conditions during field sampling; and 

. Document data quality and ensure that it is suitable both for developing 
commercialixation strategies and for use by EPA in preparing Reports to Congress 
under the CAAA. 

2.3 

A detailed site-specific sampling and analysis plan was prepared prior to the tests. The test 
plan included: 

. Specification of target operating conditions for the boiler, GSA, ESP, and fabric 
tilter that were representative of normal performance; 

. Definition of a sampling and measurement matrix which provided for 
chamcterizatioo of target HAP emissions and mass balances for selected elements; 

. Specification of sampling and analytical procedures suitable for characterixation of 
emissions in gaseous, solid and liquid sneams; and 

. Definition of quality assurance/quality control (QA/QC) activities which would 
provide test results consistent with the requirements of an EPA Category II Quality 
Assurance Project Plan. 
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Table 2-l summarixes the field test activities. Emissions were characterized under two 
process configurations. The gas flow through the fabric filter, capable of handling approximately 
15 percent of the gas flow through the GSA absorber, could be atranged either in parallel with the 
ESP, with a slipstream of the GSA outlet gas directed to the baghouse inlet, or in series, with a 
slipstream of the ESP outlet gas introduced to the baghouse inlet. These two fabric filter 
configurations are referred to as “parallel” and “series” test conditions, respectively. For each 
conftguration, measurements were conducted with and without lime slurry injection in the GSA 
absorber. These are referred to as “demonstration tests” and “baseline tests,” respectively. The 
demonstration plant and operating conditions during the test am described further in Section 3. 

The air toxics that were Mtessed ate: 

. 
‘. HAPS listed in CAAA Title III: hydrochloric acid (HCl), hydmfluoric acid (HF), 

and trace metals (arsenic, antimony, beryllium, cadmium, chromium, cobalt, lead, 
manganese, mercury, nickel, and selenium). 

. Other trace metals considered as air toxics in other federal, state, or local 
regulations: barium and vanadium. 

These are the HAPS of greatest interest. Since most of the trace metals in the flue gas are 
associated with solid-phase particulate, total particulate emissions were also measured. Since other 
studies have shown that organic HAPS are of less concern and the GSA was not expected to 
significantly affect these emissions, they were not measured in this project. Other measurements 
made during the tests character&d flue gas SO2 and visible emissions. Standard EPA (or other) 
test methods were applied where such methods existed. Process operating parameters such as 
oxygen (02) concentration. temperatures, pressures, flow rates, etc. were monitored also. To 
evaluate the fate of trace elements in the system, samples of liquid and solid streams entering and 
leaving the process were collected and anaIyxed in addition to flue gas samples. These streams 
included process inputs (coal, lime slurry, trim water, and re-injected fly ash) and outputs (GSA 
cyclone solids, ESP ash. and fabric filter ash). The streams were analyxed for trace metals, 
chlorine, and other parameters necessary to achieve the project objectives. Section 4 describes the 
sampling and analytical procedures in more detail. 
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TABLE 2-l. SUMMARY OF FIELD TESTS 

ems Dcmonsmrno” 
Series Bateline 

GSA Mel 6s 11 
ESP Met (SS 2) 

Trim Water (SS 14) 
Re-lajectcd ath (SS 13) 
GSA sokl.~ (SS 5) 
ESP Ash - Field I (SS 9A) 

arallel Demonstrauon 

ESP Outlet (SS 3) 
FF Dutlet (SS 10) 
FF lnlel (SS 12) 

CoaJ (SS 4) 
Lime Slurry (SS 7) 
Trim Water (SS 14) 
Re-injected ath (SS 13) 
GSA solids (SS 5) 

(3) Invalid N” - High lime i 
rcpfese”tive of normal 

Run 1 (6) Run 2 (6) 
Run 2 (61 

Run 1 Run 2 
RlI”l Run 2 

t 

Run1 Run 2 
RUIl Run 2 

Run 1 (6) Run 2 (61 
Run I (6) Run 2 (61 

Run I Run 2 
Run 1 (6) Run 2 (6: 
Run 1 (6) Run 2 (6: 

E 

1 
I; 

/ 

I 

, 
, 
I 
I 
i! IIll 

Run 3 
Run 3.4 
Run3 
Run3 
Run 3 

Run 3,4 
Run3 

Run3 
Run 

Run3 
Ru”3 

Run 3 (6) 
Run 3 (6) 

Run3 
Run3 
Run 3 
Run3 

Run 2.3 
Run 2.3 

tun 2.3 (6 
Run 2.3 
Run 2.3 

Run 3 (61 
Run 3 (61 
Run 3 (61 

Run3 
Run 3 (IO 

-I 

I 
11 I 

, I 
, 
, 
1) 

, 
I 
) ~ 
) : 
1) 

Run3 
Run3 

Run 3 (6: 
Run 3 (6: 

Run3 

;t ; I;; 

Run 3 (Ia 
n 

Run I (6.8) 
Run I (6.8) 
Run I (8) 
Run I (8) 

Run I (6.8) 

i 

Run 1 (8) 
Run 1 (8) 

Run1 

Run 1 (6) 
Run 1 (6.8) 
Run I (6.8) 
Run I (6.8) 
Run I (8) 

Run 2 
Run 2 
Run 2 
Run 2 
Run 2 

Run 2.3 
lun 2.3 (61 

Run 2.3 
Run 2.3 

Run 2 

“ii,’ f’ 
Run2 
Run 2 
Run 2 

?iEiii? 

(9) 
1;; 
(9) 

(9) 

(9) 
(91 

(91 

(91 
(91 

1’9; 
(91 

I tun 3.4 (5: 
Run 3.4 
Run 3.4 
Run 3.4 
Run 3.4 

Run4 
Run 4 (6) 

Run4 
Run4 

Run3 

Run 4 (6) 
Run4 

Ru”3.4 
Ru”3.4 
Run 3.4 

isiz 

Run 2 (6) 
Run 2 (6) 

Run 2 
Run2 

Run 2.3 (6 

Run 2.3 
Run 2.3 

Run2 

Run 2 (6: 
Run 2 (6: 
Run 2 (6: 
Run 2 (6: 

Run2 

aces samples u~d~ates process line-wt not complete; runs considered not 
eune 0pcrau0”. 

(4) hmals rd”s amned auc to baghouse Iallure. 
(5) Low isolunetics due 1” blakcd pita: flag data. correct results. and accept run 
(6) Samples were not pan of planned test matrix. 
(7) Metals mm cancelled due LO boiler mill oulage. 
(8) Data suspecl due 1” prcce.ss conditions. 
(9) Tests cancelled due to unplsnned baghouse maintenance. 
(10) Sample duuoyed i” shipment. 
(1 I) Chloride data not avulable. 
(12) Acetone rinse desuoycd in shipment: particulate and metals data ulvalid. 
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Emissions measurements were performed in triplicate for each test. Series configuration 
tests began on September 21.1993 and ended on September 29.1993. Parallel configuration tests 
were conducted from October 14 to October 22, 1993. Solid and liquid samples were collected 
concurrently with gas-phase sampling to the extent possible. All particulate/trace metals samples 
and most HWHF samples were obtained simultaneously at each flue gas sampling location. 
Generally, HCl and I-IF sampling was conducted immediately following metals sampling. In some 
cases, test runs were invalidated in the field. Whenever possible, these runs were subsequently 
repeated to provide three valid samples for each test. After the field campaign began. it was 
decided to collect a significant number of samples in addition to those planned. The footnotes in 
Table 2-l describe factors alkting the test results; these factots are discussed further in Section 5. 

2.4 

The principal organixations involved in the air toxics tests were: 

. AirPol Inc.; 

. Tennessee Valley Authority; 

. U.S. Department of Energy; and 

. Energy and Environmental Research Corporation and its subcontractors. 

The project management structure is illustrated in Figure 2-l. The project was co-funded 
by DOE, AirPol, and TVA. AirPol was responsible for technical direction and overall coordination 
of planning, reporting, and site preparation for the air toxics tests. TVA was responsible for 
operating the GSA system. collecting process data, and coal sampling. EER was responsible for 
developing the sampling and analysis plan, sample collection, sample analysis, data reduction, 
reporting, and quaky assurance. Samples (except coal) wem analyxed for trace metals by Applied 
P and Ch Laboratories, Inc. (APCL), and for HCI, HF, and chlorine by Pyramid Laboratories 
(Pyramid). Coals were analyxed for ultimate analysis and heating value by TVA, and for trace 
metals, chlorine, and other parameters by Commercial Testing and Engineering Inc. (CTE). 

2.5 Kcv 

The following persons may be reached for additional information regarding this test project: 
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Frank Hsu 
AirPoI Inc. 
32 Henry Street 
Teterboro. NJ 07608 
(201) 288-7070 

Tom Burnett 
Tennessee Valley Authority 
1101 Market Street 
Chattanoo a, TN 37402 
(615) 7515938 

Sharon Marchant 
U.S. Department of Energy 
Pittsburgh Ener 
P. 0. Box 1094 v 

Technology Center 

Pittsburgh, PA 15236 
(412) 892-6008 

smyr 
I 

Analysis 
WallI Ehsti 

Figure 2-l. Project management structute for air toxics measurement project. 

2.6 

The results of this project are presented in this report as follows: 
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- ecutive &nmxy. Provides a concise summary of the project, key results, 
and conclusions; 

test pfogram; 
Provides background, project objectives, and smnm&es the 

v. Provides a description of the demonstration plant and 
operating conditions during the tests; 

plucedures; 
Summarim the sampling and analytical 

n 5-Resulfs. Presents the test measurement results; 

. 6-Mass [ Resents 
emissions factors, removal efficiencies, trace element partitioning, and mass balance results 
derived from the test measurement results; and 

n 7v Presents the key QA/QC data and discusses impacts on the 
test results. 

Section Discusses statistical uncertainty associate4l with the 
measurements and dependent test results. 

The appendices, bound separately. include a compilation of detailed test data for reference 
purposes. 
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3.0 PROCESS DESCRIPTION 

3.1 

The AirPol Gas Suspension Absorption process is a low-cost retrofit technology 
employing a semidry scrubber to achieve more than 90 percent SO2 removal in coal-fuzd boiler 
applications. It has been used successfully in commercial waste-to-energy plants in Denmark to 
scrub HCl from flue gases. Combustion gases pass through a vertical reactor, where a 
suspension of lime (Ca(OH)t), reaction products, and fly ash in water is injected through a single 

spray nozzle. The lime reacts with SO2 and HCl in the flue gas to form primarily calcium sulfite 
(CaSOs-). calcium sulfate (CaSO4). and calcium chloride (CaClz), which are solids. Most of the 

solids are separated from the gases in a cyclone and recirculated back into the system to increase 
the lime utilixation. The treated flue gases are sent through a dust collector before being released 
into the atmosphere. The process has the potential to achieve a high lime utihzation rate with high 
sulfur coals and concurrent removal of HAPS from the flue gas. The relative simplicity of the 
system and potential for high lime utilization make the economics favorable compared to 
conventional wet or dry scrubbers. 

3.2 Proces s DescnDtlo~ 

A flexible pilot plant was constructed at the NCER to demonstrate the process. Flue gas 
for the pilot plant is drawn from a pulverized coal-fired boiler at the TVA’s Shawnee Power Plant. 
A 9.43 NmVsec (21,463 scfm) slipstream of flue gas from the boiler (approximately 10 MWe 
equivalent) is taken downstream of a mechanical particulate collector. The slipstream passes 
through a cross-flow preheater to allow control over the flue gas temperature at the demonstration 
plant inlet. Fly ash removed in the mechanical collector is reinjected into the demonstration plant to 
simulate various inlet particulate loadings. 

The arrangement of the GSA demonstration plant is shown in Figure 3-1. The main 
components of the GSA pilot plant ate: 

. Slurry preparation system; 

. Reactor; 
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. Cyclone separator 

. Electrostatic precipitator; 

. Pulsed-jet baghouse. 

The lime slurry is prepared from hydrated lime in a batch mixer and pumped to a storage 
tank. The slurry is pumped from the storage tank to the GSA reactor, where it is injected upward 
through a two-fluid atom&r near the bottom of the reactor. The quantity of lime used is based on 
the SO2 content of the flue gas and the amount of SO2 removal required. Trim water is added to 
the slurry to cool the gas to the design temperature of approximately 62 to 68% (145-1WF). 

The S02-laden flue gas from the preheater enters the GSA reactor at the bottom of the 

reactor and flows upward. Most of the water in lime slurry droplets, heated by the flue gas, 
evaporates in the reactor, decreasing the gas temperature and leaving semi-dry solids. At gas 
temperatures close to the adiabatic saturation temperature, the primary reactions in the GSA system 
i3l-C 

CatOH) (aq) + SO2 (g) * CaSOs*l/2 Hz0 (s) + 112 Hz0 

Ca(OH)t (aq) + SO3 (g) + Hz0 -D CaSO4*2HzO (s) 

Ca(OH)2 (aq) + 2HCl (g) + 4H20 * CaCl2*6H20 (s) 

The design gas temperature is approximately lo-16’C (18-28°F) above the adiabatic 
saturation temperature. The resulting solids and umeacted lime are entrained in the flue gas along 
with the fly ash from the boiler. The flue gas passes up through the reactor and exits at the top into 
a cyclone-type mechanical collector. The cyclone removes most of the particles from the flue gas 
(90+ percent) and nearly all of these solids are recycled to the reactor via a screw conveyor, 
increasing lime utilization. The remaining solids are discharged in the form of a dry, by-product 
material. These reactions are thought to take place primarily in the thin layer of fresh lime slurry 
coating the dry recycle solids; thus the surface am added by the recycled fly ash enhances both the 
SO2 removal and the drying process in the reactor. The system is relatively forgiving to atomixer 
problems (e.g., pluggage. erosion) since SO2 removal continues to occur via the recycled solids 
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for short periods of time even when the atomizer is removed for maintenance, and the high 
concentration of solids (approximately 200-800 grains/scf) is thought to simultaneously clean the 
inner surface of the reactor. 

The flue gas from the cyclone flows to an electrostatic precipitator for final particulate 
removal. The ESP has four separately energized fields in series with a IO-in. plate spacing. The 
plates are 23 ft. high and form 8 parallel gas passages. The specific collection area is 
approximately 19.7 mz/dscm/sec (360 ftz/lGUo acfm) under baseline conditions (i.e., without lime 
slurry or trim water injection) and approximately 24.1 mz/dscm/sec (440 ftz/lOOO acfm) with the 
GSA in operation. The solids collected in the ESP are conveyed mechanically to a waste silo. In 
addition, a slipstream (approximately 1 MWe equivalent) of the flue gas from the main GSA/ESP 
plant may be removed from the ESP inlet or outlet, passed through a pulsed-jet baghouse, and 
returned to the main plant ductwork downstream of the ESP. The baghouse has a nominal air-to- 
cloth ratio of 1.21 dscm/min/mz (4.0 acfm/ftz) and the bags are cleaned by a low-pressure, high- 
volume, ambient air stream delivered by a rotating manifold. The solids collected in the baghouse 
are conveyed pneumatically to the waste silo. The treated flue gas is passed to an induced draft 
fan, reheated, and discharged to the atmosphere through a stack. 

3.3 ContrQl 

The primary control points in the GSA system are: (1) the SOz concentration in the flue 

gas, (2) the flue gas wet-bulb temperature at the reactor inlet, (3) the flue gas temperature at the 
reactor/cyclone outlet, and (4) the pressure drop in the reactor. The SO2 concentration in the stack 
can be used to determine whether the lime slurry flow rate is increased, held constant, or 
decreased. If the SO2 concentration in the outlet flue gas is too high, the lime slurry flow rate can 

be increased until the SO2 concentration drops to the desired range. The wet-bulb temperature is 
measured at the reactor inlet. The flue gas temperature at the reactor/cyclone outlet, in combination 
with the wet-bulb tempetature measured at the reactor inlet, determines the approach-to-saturation 
temperature in the reactor/cyclone. The approach-to-saturation temperature in the reactor/cyclone is 
controlled by the amount of trim water added to the lime slurry. The pressure drop across the 
reactor/cyclone is an indirect indication of the bed density, i.e., the higher the pressure drop, the 
denser the bed of solids. The solids recycle rate is controlled by a separate control loop. Thus, the 
operation and control of the GSA system requires the measurement of only temperatures. 
pressures, and the SO2 concentration in the flue gas in the stack. 

3-4 



Test w 

The key target operating conditions during the demonstration were: 

Gas flow rate at inlet venturi: 
Gas temperature at GSA reactor inlet: 

Demonstration tests 
Baseline tests 

Added inlet particulate loadingl: 
Approach to saturation (demonstration only): 
Solid recirculation rate (demonstration only): 
Ca/S molar input ratio (demonstration only): 
SO2 removal (demonstration only): 

566 Ncmhin (20,000 Ncfm) 

160-Z (320°F) 
132’C (270°F) 

3400 mg/acm ( 1.5 gr/acf) 
6.7’C (12”D 
18.9 kg/s (2500 lb/mm) 
1.4 to 1.6 
90 percent 

Two slightly different modes of operation were employed during demonstration tests. 
During the series configuration demonstration tests, the input calcium-to-sulfur ratio (CaLS) was 
held constant at 1.4 and the SO2 removal was allowed to vary. During the parallel configuration 
demonstration tests, WS was varied to maintain overall SO2 removal constant at approximately 90 

percent. The target approach to saturation temperature was 6.7YZ(l2’F) for both demonstration test 
configurations. 

Process operating data, was acquired by NCER staff during testing to document the 
operating conditions and to verify steady-state operation of the facility, ensuring the comparability 
of emissions data taken on different operating days. Tables 3-l and 3-2 summarize the average 
process operating parameters during valid flue gas sampling periods on each test day for series and 
parallel configuration tests, respectively. Target operating conditions were achieved for each series 
of tests. The confidence intervals are very small relative to the mean value for all operating 
parameters throughout each condition, indicating consistent process operation from day-to day 
during each series of runs. Therefore, the emissions results can be compared without concern over 
differences in process operating conditions. 

IEquivalent concentration of reinjected fly ash in inlet flue gas. 
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The major characteristics of the coal fued during the test program are shown in Table 3-3. 
The coal was Andalex medium sulfur coal. The sulfur content ranged from 2.3 to 2.8 percent, 
corresponding to an equivalent SO2 emission rate of 856 to 1130 mgIMJ (1.99 to 2.45 IblMMBtu). 
Moisture content during the parallel configuration tests was slightly lower compared to series 
configuration tests; the difference is not significant (within 10 percent). Ash content also was 
fairly constant, after accounting for variations in moisture content. The volume of dry flue gas 
generated per million Btu at 100 percent theoretical air (0 percent excess 02). otherwise known as 

the dry “F factor” Fd, is also shown for reference. Fd was used later for calculating emission 
factors discussed in Section 6. 

Testing of each process configuration began with demonstration tests, then the lime slurry 
was turned off and baseline tests were performed. A period of three days was planned to allow 
conditioning of the ESP and to purge the lime from the system. During series configuration tests, 
demonstration tests were completed on a Friday. Maintenance on the process was required on the 
following day, so process operation under baseline conditions did not begin until late on Saturday. 
After testing was completed on the following Tuesday as planned, it was discovered that GSA and 
ESP solids showed evidence of high lime content (very light color) which was later confumed by 
analysis. Therefore, these tests had to be repeated the following day. During parallel 
configuration tests, the changeover allowed nearly three full days of operation under baseline 
operation and this appeared to be sufficient to purge all of the lime from the system. A two-week 
period was inserted between the series and parallel configuration tests to allow time for the 
equipment change-over and tuning of the process prior to toxics testing. 

The process monitors wem calibrated daily prior to the start of testing. Once testing 
started, the process was closely monitored to ensute the process was operating at target conditions. 
At the first sign of process upsets, NCER staff notified EER so that sampling could be interrupted 
until the process problem was rectified. Testing would then continue after the problem was 
resolved. As indicated by the process data shown in Tables 3-l and 3-2, operation of the process 
was generally smooth. There were two significant operating problems which occurred during the 
test program. During parallel configuration tests on October 13, a boiler mill outage occurred. 
This outage was unrelated to the operation of the GSA pilot plant but affected the inlet flue gas 
conditions. Therefore, tests were aborted on this day. The second problem occurred during tests 
on October 19-20, 1993. A large rag which was being used to seal the sampling port opening 
during sampling at the baghouse inlet was sucked into the flue gas stream due to the very low static 
pressure and became entangled in the baghouse hopper discharge screw. This prevented the 
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hopper from emptying, which was noticed early on October 20. Therefore, the process was shut 

down to remobe the rag and inspect the bags for possible damage. No significant damage to the 
bags was found and testing resumed on October 2 1. 
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4.0 SAMPLING AND ANALYTICAL PROCEDURES 

In this section, sampling and analytical procedures used during this project will be 
discussed. Detailed information on the specific sampling locations and procedures were provided 
in the Sampling and Analysis Plan. These are summan ‘zed in this section. 

4.1 

Samples were collected from each of the locations listed in Table 4-l. These are also shown 
relative to the process anangement in Figure 4- 1. Integrated coal samples were collected by the 
Shawnee plant staff from the automatic plant coal sampler feeding the coal bunkers (location 4). 
The flue gas slipstream from the Shawnee plant was sampled from the 1.02 m (40 in.) diameter 
round duct upstream of the flow venturi (GSA inlet - location 1). This location is also upstream of 
the flue gas heater which raises the flue gas temperature entering the GSA absorber. The flue gas 
leaving the GSA cyclone was sampled in the 1.02 m (40 in.) diameter downward-inclined round 
duct between the cyclone outlet and the ESP inlet (location 2). An “egg-crate” flow straightener 
was located in this duct upstream of the sampling location to remove swirling flow impatted by the 
GSA cyclone. Location 2 is upstream of the the fabric filter slipstream take-off used for parallel 
configuration tests. The flue gas leaving the ESP was sampled in the vertical 0.91 m (36 in.) 
square duct downstream of the fabric filter slipstream take-off used for series configuration tests 
but upstream of the point where the fabric filter slipstream rejoins the ESP outlet stream. The flue 
gas entering the fabric filter was sampled in the horizontal 0.81 m (32 in.) square duct just near the 
fabric filter. The flue gas leaving the fabric filter was also sampled in a horizontal square duct of 
similar dimensions. 

4.2 Ialec& 

Five process gas stream locations were sampled: the GSA inlet, ESP inlet, ESP outlet, 
baghouse inlet, and baghouse outlet. Measurements at each location were made using the methods 
shown in Table 4-2. With these measurements, flue gas temperature, moisture content, and 
velocity also were determined at each location. 
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TABLE 4-l. SAMPLING LOCATIONS 

Fabric filter outlc~ flue gas 
Fabric filtu solids 

Square harizonml duct 
klow fabric filler hopper 

TABLE 4-2. FLUE GAS SAMPLING AND ANALYTICAL METHODS 

*Using existing plant CEM system. 

4.2.1 Trace Metals and Particulate Emissions 

Trace metals and patticulate matter were determined accordiig to EPA Method 29 (EMTIC 
CTM-012, June 30,1992), modified for the determination of particulate as allowed in the method. 
The sample was obtained isokinetically from ail flue gas sampling locations, filtered at 121°C 
(250°F). and the target analytes were absorbed in a series of impingers containing nitric 
acid/hydrogen peroxide followed by acidified potassium permanganate. The optional empty 
knockout impinger in the first position, allowed in the method, was used due to the high moisture 
content and large sample volumes. Sampling periods ranged from 72 minutes to 300 minutes 
depending on the sampling location. Particulate matter collected on the Nter and inside the probe 
liner was determined gravimettically according to EPA Method 5. The tilters and impinger filtrate 
were then digested in acid and analyzed for; barium, chromium manganese and vanadium by 
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direct aspiration atomic absorption spectroscopy (DA-AAS); cadmium, lead, selenium and 
antimony by graphite furnace atomic absorption spectroscopy (GF-AAS) and mercury by cold 
vapor atomic absorption spectroscopy (CV-AAS). 

There were four modifications made to EPA Method 29. Sampling modifications included the 
use of HPLC-grade reagents for field sample tram preparation to lower background interferences, 
Because of the large gas sample volumes and high SOz content of the flue gas, the volume of nitric 
acid/hydrogen peroxide solution was modified as shown in Table 4-3 to prevent the hydrogen 
peroxide from being consumed by the SOz. The strength of the solutions was not modified. This 

necessitated the use of two-liter (jumbo) impingers at some locations. The analysis procedure was 
also modified. The final digest volumes of the nitric acid and potassium petmanganate solutions 
were reduced from 300 ml and 150 ml, respectively, to 100 ml to obtain lower overall method 
detection limits. Also, the acidified potassium permanganate was filtered prior to analysis for 
mercury; the filtered solids were analyzed separately and added to the total., as described in 
proposed revisions to EPA Method 1OlA @@TIC CTM-013, June 30,1992). 

TABLE 4-3. MODIFICATIONS TO MULTIPLE METALS TRAIN fMPINGER SET-UP 

1 l/2 stem Empty 
2 GS Jumbo 5%HN0~10%H202 5oiml 50&J 2&ml* 
3 Mod Jumbo 5%HN03/lO%H202 5ooml 5ooml 200 ml* 
4 Mod 
5 GS 4%KMn$?%H#O4 lc&l lO&ll 10&l 
6 Mod 4%KMnOJlO%H;S04 1oOml lOOtl.ll 1OOml 
7 Mod silica gel 200-300 

8 
g 200-300 g 200-300 g 

= Greenburg-Smtth 
4od = modified stem 
Note normal size (500 ml) impingers may be used. 

4.2.2 HCl and HF Emissions 

Emissions of HCI and HF WM determined using EPA Method 26A at all flue gas sampling 
locations. This method employs isokinetic sampling and full-size impingers. Sampling was 
performed at a single point in the ducts. The sampling periods were genetally 60 minutes long. In 
this mehod the sample is filtered at 121°C (25O’F) to remove patticulate includmg halide salts, and 
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passed through a series of impingers placed in an ice bath. The impingers contained first dilute 
sulfuric acid followed by sodium hydroxide. The sulfuric acid collected the gaseous hydrogen 
halides, as the hydrogen halides become solubilixed by the acidic solution. This solution is then 
analyzed for fluoride and chloride by ion chromatography (10. The sodium hydroxide solution 
serves as an Sa scrubber and was not analyzed. 

Modifications to the published method wen limited to sampling. Due the high moisture 
content of the flue gas, the optional knockout impinger allowed in the method was included, but 
was placed after the two sulfutic acid impingers in the third position. Because of the high SO2 

content of the flue gases and long sampling periods desited, the strength of the sodium hydroxide 
solution was incteased to a normality of 0.1 to 0.5 and the volume was increased from 100 ml to 
200 ml. This modification was made at the GSA inlet during all tests and at the remaining 
locations only during baseline tests. In addition, all of the sodium hydroxide solution was placed 
in the fourth impinger instead of divided between the fourth and fifth, and 100 ml of 10 percent 
hydrogen peroxide solution was added to the fifth impinger instead to prevent degradation of the 
sampling train pumps and control consoles due to acid corrosion. 

4.2.3 02 and SO2 Concentration 

Measurements of major gas species 02 and SO2 concentrations were made concurrently 

with the toxics measurements using the existing plant continuous emissions monitoring system 
(CEMS). The sampling and instrumentation generally followed the EPA reference methods, 
utiiizing heated sample lines and moisture removal (down to the ambient temperature dew point) 
prior to introduction to the analyzers; thus. all measurements were made on a dry basis. A 
paramagnetic analyser was used to determine 02 concentration, and SO2 concentration was 
analyzed using a non-dispersive ultraviolet (NDW) tutalyxer. The CEMS was calibrated daily 
prior to each test run. 

4.3 

Grab samples of crushed coal, teinjected fly ash. GSA solids, ESP solids, fabric filter 
solids, trim water samples, and lime slurry samples were collected concurrently with flue gas 
sampling. Grab sampling was performed following general guidance given in “Methods of 
Evahntting Solid Waste,” EPA SW-846. Table 4-4 outlines the collection methods used at each 
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location. Crushed coal samples wete collected from the integrated coal sampler by TVA personnel 
and delivered *daily to EER personnel. The sample consisted of a single 24hour integrated sample. 
The ESP solids, the fabric filter solids and the reinjected fly ash samples were aB collected as a hot 
dry ash. The ESP solids and reinjected fly ash were sampled hourly and composited at the end of 
each test. whereas the filter solids were only sampled once at the end of each test. The individual 
grab samples, gathered hourly in small containers, were combined at the end of each test and 
divided into a single composite sample of appropriate sixe by the “cone and quarter” technique. 
The lime slurry and trim water were collected as non-solids, that is the lime slurry was in paste 
fotm and the trim water was a liquid. The samples were collected hourIy in a small containers and 
at the end of each test were comb&d in a plastic pail lined with Tedlar bags and decanted into a 
single composite sample. These samples were placed in tightly sealed containers with zero 
headspace to prevent leakage during shipment and storage and reduce any loss of volatile 

TABLE 44. SOLID AND LIQvrr, SAMPLE COLLECTION PROCEDURES 

Stream (location #) 
C hed al 
GYA so& (!!) 
Lime slurry (7) 

ESP solids-field 1 (9A) 
ESP solids-field 2,3,4 (9B) 

Fabric filter solids (11) 
Remjected fly ash (13) 

Trim water (14) 

Samole Frequency 
Smgle 24-hr tntegrated sample 

Cornpositing freouency 
Each& 

Once per hour Each test kn 
Once per hour Each test run 
Once per hour Each test run 
Once per hour Each test run 

Once at end of test not required 
Once per hour Each test run 
Once ner hour Eachtestrun 

The laboratory analysis methods for solids samples, except coal, are shown in Tables 4-5 and 
4-6. Trim water samples were analyzed for chlorine by directly injecting into the ion 
chromatogmph (IC). The lime slurry (location 7). GSA solids (location S), ESP solids (locations 
9A and 9B). and baghouse solids (location 11) samples were prepared for chlorine analysis by 
extraction in water, followed by injection of the tikate into the IC. To verify that the extraction 
procedure removed all the chlorine from the samples, a selected number of samples were also 
analysed by a modification of ASTM Method D4208, which is generally applicable to coal. In the 
ASTM method, the sample is ashed completely in an oxygen bomb with a dilute base, which 
adsorbs the ch.lotine vapors. The bomb is rinsed with water and the chloride is determined by ion 
selective electrode. Table 4-7 compares results obtained with the two methods for aB the output 
solids sampling locations and the coal. A set of samples was analyzed for baseline and 
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demonstration conditions to verify that high calcium concentrations (due to lime slurry injection 
during demonstration tests) would not interfere with the method. Results from the two different 
method generally compare weU for all samples except coal. Further, the water extraction method 
yielded significantly lower detection limits. Thus, coal chlorine results are repotted based on 
ASTM Method D4208 resuks. The chloride results for other samples are based on the extraction 
method. 

TABLE 4-5. ANALYTICAL METHODS FOR LIME SLURRY, TRIM WATER, REINJECI-ED 
FLY ASH, AND GSA SOLIDS 

reissued July 1992 and November 1992) 

Arsenic, antimony, cadmium, lead, selenium, and mercury were determined in solids 
samples using atomic absorption spectroscopy (AAS) techniques. For ESP solids and fabric filter 
solids, barium, chromium, cobalt, manganese, and vanadium were determined analyxed using 
AAS techniques; in the other samples, inductively-coupled argon plasma emission spectroscopy 
(ICAP) was used. Lower detection limits for these metals were achieved with ICAP. 

Table 4-8 presents the methods used for analysis of coal samples. Coal samples for 
mercury analysis were prepared using two different methods and analyxed using CV-AAS. In 
ASTM method D3684. the sample is combusted in an oxygen bomb and the vapors ate adsotbed in 
nitric acid and potassium permanganate. In the double-gold amalgamation method, the sample is 
heated and mercury vapon are absorbed on a gold foil. The gold foil is then heated to desorb the 
mercury into the analyxer. Table 4-9 shows that both methods yielded similar results, increasing 
the confidence in the coal mercury resuhs. 
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TABLE 4-6. ANALYTICAL METHODS FOR ESP ASH AND FABRIC FILTER ASH 

reissued July 1992 and November 1992) 

TABLE 4-7. COMPARISON OF METHODS FOR CHLORINE DEIERMIN ATION IN SOLID 
SAMPLES 

9A/ESP solids 1 
9BlESP solids 2-4 

1 l/Fabric filter solids 
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TABLE 4-8. ANALYTICAL h4JZTHODS FOR COAL 

race me 
cOnlen of craco *hi 
cd ash Ni: Pb: Sb. 

V 

I-- 
Mercury in Hg 
CODI 

F erculy 1” B 
COOI 

Arvruc and I As. Se 
selenium in 
coal 

Melhod Reference I Prmaple and Modifications 
snfLm73 M’ 

tie Andys.lr s,p~:o%~ 
Dry at 104 to 1 100c in oven; graw~cmc analysis. 

Coke” cod and as-received coal basis. 
ASTM D3683 ‘TM 
Elements in Coal or Coke Ash 

Air-dry cod: cambut coal to sh PI 5WC: acid digestion in 

by Atomic Abscqion” 
nitric. hydrochloric. hydroflou% and boric &ids; analysis of 

(modified)3 
Ba Be. Cd. Cr. Co. MIX. Ni. Pb. and V by inductively coupled 
plasma emissiw (ICP) instead of atomic 

IS both as co” 
in coal on dry coal and aweceived coal basis. 

2Add method ASTM D3302 for detenninotion of free moisture prior to determinaion of IotaI moisNre: sum reauI1s of both 
anllyses for total coal moimm &wuxived. 
3 Modifxations include wbstirutioa of anllysU by ICP for Ba. Be. Cd, Cr. Co. Ma. Ni. Pb. and V. and GF-MS for Sb. 
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TABLE 4-9. COMPARISON OF MERCURJRo;iAL RESULTS WITH TWO DIFFERENT 

DGA = double gold amalgamadonKX-AAS 
RPD = relative percent difference, relative to ASTM method. 
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5.0 RESULTS 

This section of the report presents the primary results of the air toxics tests. Over 4130 
samples were collected in the field and teduced to approximately 170 samples that were analyzed. 
Over 2,ooO analytical determinations were performed. The measured concentration of each target 
HAP in each of the sample streams is presented for each run, along with the mean and the 2.5% 
confidence coefficient (95% confidence interval) as an indicator of result precision. As described 
earlier, it was planned to obtain one set of runs for selected samples on each test date, for a total of 
three samples of each selected stream; however, if a run was invalidated in the field for any mason, 
it was repeated at the earliest opportunity when possible and this resulted in some test runs which 
were not concurrent with the balance of the data for that run. Since the process operation was 
generally very repeatable from day to day (see Section 3.4). this is not expected to affect the test 
re&s.’ 

Due to the small population of samples (generally between 1 and 3) available for any 
particular measurement, it is not considered statistically valid to discard any of the data points using 
traditional outiier analysis. Therefore, all run data were included in the average results unless a 
specific QA/QC problem occurred to invalidate the run result. This leads to relatively large 
confidence intervals for most of the trace metals measurements relative to the absolute 
concentration. Since the data may reflect real variations in the process rather than measurement 
uncertainty alone, the reader should use caution in applying traditional statistical data analysis 
techniques to screen the data. The reader is referred to Section 7 for a discussion of QA/QC issues 
and other deviations from me Sampling and Analysis Plan. More detailed test results are presented 
in Appendix B. 

5.1 

The field portion of the test program was conducted between September 21, 1993 and 
October 22,1993, following mobilixation and set-up at the NCER. Series configuration tests were 
conducted first. The tests were interrupted for two weeks after completion of series configuration 
tests for changeover of the fabric filter to the parallel configuration and process testing. Table 5- 1 
summati.zes the chronology of testing for air toxics. The table shows the test date and time of day 
for each of the flue gas sampling runs. Process samples (solids and liquids) were collected 
concurrently on each day of testing. 
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TABLE 5- 1. TEST CHRONOLOGY 

:ONFlGUIU-flON TEST CON-DI-IION DATE nME SAMPLE RUN NO. 
SERIES DEMONSTRATION 21 SEP 93 09:00-II:15 hl26A HCI 1 

13:00-18:15 M29 Metals 1 
22 SEP 93 08:30-1O:OO M26A HCI 2 

12:30-17:30 M29 Metals 2 
23 SEP 93 09:45-II:15 M26A HCl 3 

12:45-18:15 M29 Metals 3 
M29 Metals 4 

18:45-2030 M26A HCI 4 
SERIES BASELINE 28 SEP 93 08:45-lo:30 M26A HCl 2 

ll:OO-16:30 M29 MCI& 2 
16:30-18:OO M26A HCI 3 

29 SEP 93 09:00-1400 M29 Metals 3 
14:30-15:45 M26A HCl 4 
16:45-21:00 M29 Metals 4 

PARALLEL DEMONSTRATlON 13 OCT 93 08:45-IO:15 M26A HCI 1 
14 OCT 93 08:45-17:15 M29 Metals 1 

17:45-18:45 M26A HCI 2 
15m93 08:30-15:15 M29 Metals 2 

16:00-17:15 M26A HCI 3 
19:00-23:30 M29 Metals 3 

PARALLEL BASELINE 21 OCT 93 08:15-12:45 M29 Metals 2 
13:15-14:30 M26A HCl 2 
15:45-17:OO M26 HCl 3 

22 OCT 93 08:30-12:45 M29 Metals 3 
13:15-14:30 M26A HCI 4 
15:30-19:45 M29 Metals 4 

A significant number of additional samples were collected in addition to those planned. During on- 
site set-up prior to testing, two significant process streams were identified that were not known at 
the time the Sampling and Analysis Plan was prepared: reinjected fly ash and trim water. It was 
decided to add these streams to the sampling matrix. Several key assumptions were made in 
designing the original sampling matrix: 

. During baseline tests, HCI ternoval across the GSA and ESP would be negligible; 
therefore, HCl at the ESP inlet and outlet locations could be estimated based on 
measurements at the GSA inlet and fabric Iiher inlet. Hence, HCl measurements at 
the ESP inlet and outlet locations during baseline tests were not planned. 
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. In the series conftguration, HCI concentration at the ESP outlet and fabric filter inlet 
would be similar; therefore, HCI at the ESP outlet could be estimated based on 
fabric filter inlet measurements. Hence, HCI measurements at the ESP outlet 
during demonstration tests were not planned. 

. Since inlet flue gas flow and conditions would be constant for all test conditions, 
HCI, particulate, and trace metals removal across the GSA absorber/cyclone would 
be similar for both parallel and series configurations. Hence, Method 29 and 
Method M26A measurements at the GSA inlet and ESP inlet during parallel 
configuration baseline tests were not planned, and HCl measurements at the GSA 
inlet and ESP inlet were not planned for patallel configuration demonstration tests. 

i Since SCA only increases by about 15 percent in the parallel configuration, HCI. 
particulate, and trace metals removal efficiency across the ESP would be similar for 
series and paraRe1 configurations. Further, series configuration tests would provide 
the worst-case conditions for ESP performance (lowest SCA). Hence, 
measurements at the ESP outlet were not planned during parallel configuration 
tests. 

Just prior to starting the test program, it was decided to add Method 26A and Method 29 
samples at several additional locations to validate these assumptions and provide a more complete 
data set. A brief discussion of the significant factors which occurted during the testing is provided 
below. 

5.1.1 Series Configuration 

Series configuration testing commenced on 9/21/93 under demonstration test conditions. 
Flue gas sampling for particulate and trace metals was performed at ail five sampling locations. 
HCI sampling was performed at all locations except the ESP outlet. During Method 26A sampling 
on 9121193 (Run 1). both the GSA Inlet (location 1) and fabric filter outlet (location 10) ttains were 
invalidated because the impinger solutions back-washed when the sample flow was inadvertently 
shut off at the end of the run before removing the probe from the duct. This was caused by the 
very low static pressure (-18 to -30 in. WC gage) in the duct. The Method 29 run on 9/21/93 at the 
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ESP inlet (location 2) also was considered invalid because the dry gas meter failed the field 
calibration audit. Sampling continued without event on 9122-23193. Make-up runs also were 
performed for the invalidated samples on 9123194. In addition to the planned samples, a single 
Method 26A sample also was collected at the ESP outlet on 9/21/93 to validate the assumption that 
HCI concentration is similar to that at the fabric filter inlet, and samples of trim water (location 14) 
and teinjected fly ash (location 13) were cokcted for each test day. 

Baseline series testing commenced on September 27, 1993, after allowing three days for 
system conditioning without lime slutty and trim water injection. Rue gas particulate and metals 
sampling was performed at all five locations, and HCl sampling was performed at all locations 
except the ESP outlet. AU samples collected on 9127193 (Run 1) were later considered invalid 
because process samples indicated the presence of lime in significant amounts. This suggested that 
the system had not nached true baseline conditions. The following day, inspection of process 
samples indicated normal baseline conditions had been reached. Sampling continued as planned on 
9/28-29/93. Process solid and liquid samples were collected on each test day. Make-up sampling 
was performed for HCl on 9/28/93 (Runs 2 and 3) and for particulate and metals on 9/29/93 (Runs 
3 and 4). Additional process output samples also were collected on 9/29/93 except for GSA 
solids. 

5.1.2 Pamllel Configuration 

Demonstration parallel testing commenced on 10/13/93. Flue gas HCI samples were 
collected at the GSA inlet, fabric filter inlet, and fabric ftlter outlet on 10/13/93; however, flue gas 
particulate and trace metals tests were abotted because of an unplanned boiler mill outage on Unit 
9. Testing resumed on 10/M/98, with patticulate, trace metals. and HCl sampling at aU locations 
except the ESP outlet. On 10/15/93, flue gas samples were collected at aU five locations for all 
target substances Make-up mns for the aborted particulate and metals runs also were performed 
on 10/15/93. AU other process solid and Liquid samples wem collected on each test day. 
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Baseline tests in the parallel configuration commenced on 10/19/93, after allowing three 
days for system conditioning without lime slurry and trim water injection. This time, process 
samples were judged sufficiently free of lime. During tests on 10/19/93, a foreign object became 
entangled in the screws of the fabric filter which resulted in the suspension of testing until the 
screws could be cleared. Testing resumed on 10/21/93. Flue gas particulate and trace metals 
samples were collected at all locations except the GSA inlet and HCl samples wete collected at the 
GSA inlet. fabric filter inlet, and fabric filter outlet. Make-up runs for HCI samples also were 
performed on 10/21/93 and for particulate and trace metals on 10/22/93. Make up process output 
samples except for GSA solids also wem coUected on lW2Z93. 

5.2 

The guidelines for handling non-detected data and field quality control sample results for 
this program are consistent with guidelines adopted for other recent US. DOE projects1 The 
guidelines relevant to this project are summan ‘zed below. 

5.2.1 Treatment of Results Below Detection Limits 

The following procedures apply to calculation of mean results for replicate measurements 
and to summation of sample fractions (e.g., in s umming the front half and back half of the multiple 
metals train for flue gas sampling): 

. All valuesdetected. The arithmetic mean or sum is taken. as appropriate. No special 
techniques am requit4 and the data are not flagged. 

. Allvalues The data are flagged as “ND” (not detected) and the 
full detection limits ate used in all calculations. For example, in cases where all three runs 
are below the detection limit. the mean is flagged as “ND” and the mean of the detection 
limits for the three runs is reported. For the multiple metals trams where test&s are ND in 

tEngland, G. C. et. al., “Assessment of Toxic Emissions From a Coal Fiid Power Plant 
Utilizing an ESP,” Draft Final Repon, Revision 1, U.S. Department of Energy Contract DE- 
AC22-93PC93252 (December 23, 1993). 
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ah fractions of the train, the sum of the detection limits for each fraction is reported and the 
sum is flagged as “ND”. 

. 1. As an approximation of the true 
value, half of the detection limits for non-detected vahres and the actual values for detected 
values are used to calculate teported values. For example, the mean for three test runs with 
results of 10,8. and ND 6 would be: 

(10+8+612)/3=7 

As an example of s umming individual sample fractions to calculate the total sample result, 
summing the different mercury fractions in the multiple metals sampling tram where the 
‘values in tbe KMnO4, front half, and back half fractions were 50 pg. ND 1 pg. and ND 2 
pg, respectively, would yield: 

(50 + l/2 + 2/2) = 51.5 pg 

In reporting the sums or averages of mixed (detected and non-detected) data the results are 
IL(I~ flagged. The only exception to this rule occurs when the mean is less than the highest 
detection limit of the ND values. In this case, the mean is reported as “NDM” and the 
maximum detection limit is provided. For example, the mean of three results that were 5, 
ND 4, and ND 3 would be: 

(5 + 4l2 + 3l2)/3 = 2.8 

The mean is less than the highest ND result, and therefore would be reported instead as 
NDM 4. 

5.2.2 Treatment of Method 29 (Multiple Metals Tram) Field Blanka 

Field reagenr blank samples and field train blank samples were collected to evaluate 
contamination potential. Field reagent blanks are samples of the individual reagents and filters that 
were used in the field to charge and recover the trains. They provide an indication of 
contamination introduced in the reagents themselves or laboratory procedures. Field tram blanks 
are samples from complete trains that are charged, leak-checked at the sampling location, 
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recovered, and analyzed in the same manner as the test samples. They provide an indication of 
cumulative contamination introduced at all steps of the test procedure. Method 29 (multiple metals 
train) discusses and allows correction of test sample results for field reagent blank results, The 
field reagent blank results for this project were below detection limits (not detected or ND) for all 
metals and for particulate. The method does not provide specific guidance for treatment of 
undetected values in blanks. DOE guidance for this project specified that any blank correction 
should not produce results below either the detection limits or zero. Therefore, the field reagent 
blank values were treated as zeros (i.e., no correction was made). The method is silent on the 
subject of field train blanks. Since the method specifically discusses handling of field reugenr 
blank results but does not discuss field rruin blank results, test results were not corrected for field 
nain blanks. However, field train blank results were significant and are discussed in Section 7. 

EPA Method 5 allows particulate sample results to be corrected for acetone field reagent 
blank concentration. This was allowed in the method because of the poor quality of acetone that is 
sometimes used for routine compliance testing. Because EEB utilized HPLC-grade acetone during 
these tests, no acetone blank correction was made. 

5.2.3 Treatment of Method 26A (HClkIF Train) Field Blanks 

Field train and field reagent blanks also were collected for the Method 26A samples used to 
determine HCl and HF emissions. Although the methods allow correction of analytical results for 
laboratory blanks, they am silent on the subject of field blanks. Therefore, corrections for field 
train blanks were considered if measured levels were found. In this program, field train blanks 
and field reagent blanks did not contain detectible levels of chloride or fluoride. The method is 
silent on the treatment of non-detected blank results. Therefore, the non-detected blank results 
were treated as zeros; i.e., no coercction was made to any field samples. 

5.3 

This section presents results of series configuration tests, in which a slipstream of flue gas 
from the ESP outlet was introduced to the fabric filter inlet. 
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5.3.1 Flue Gas Sampling Conditions - Series Configuration 

Tables 5-2 and 5-3 summari ze average conditions at each of the flue gas sampling locations 
during series configuration tests. GSA inlet conditions are very consistent for all series 
configuration tests, with no significant differences in flow rate, oxygen, or moisture content, 
Conditions at the other flue gas sampling locations are also very consistent from run to run. It 
should be noted that the GSA inlet sampling location was upstream of the flue gas heater; 
therefore, these temperatures are slightly lower than at the actual entrance to the GSA reactor. 
Isokinetic sampling tate is slightly low for two baseline GSA inlet runs. The values are within the 
range allowing for correction of the particulate data2, therefore the results of these runs were 
accepted and corrected. The cone&on was extended to the ttace me& data also, since most of the 
target metals are expected to be in the solid phase (except mercury and selenium). Gas flow rate at 
the fabric filter inlet is slightly lower than at the outlet. The difference is believed to be due to a 
combination of measurement uncertainty and air infiltration in the fabric filter. 

Table 5-4 summari xes the duration of flue gas sampling for the Method 26A and Method 29 
sample trains, and the actual sample gas volumes obtained. For a given analytical detection limit in 
the laboratory, increasing the sample volume decreases the overall method detection limit. The 
planned minimum sample volumes were 3.40 dscm (120 dscf) for Method 29 samples and 1.70 
dscm (60 dscf) for Method 26A samples. Actual sample volumes for Method 26A samples are 
approximately two-thirds of the planned volume. This was done in order to accommodate last- 
minute changes in the sampling matrix using the same size sampling team by reducing the time 
required to collect the samples by approximately one-half and sampling at a higher rate. The 
increase in HCI detection limits due to decreased sample volume was offset by a decrease in the 
laboratory analytical chloride detection limits by about a factor of two. Thus, this change did not 
adversely impact the actual HCl detection limits relative to the target. 

Method 29 sample gas volumes are within -20 percent to +70 percent of the planned 
volume except at the ESP inlet. Due to frequent filter plugging at the ESP inlet location during 
demonstration tests caused by the extremely high particulate loading, it was decided to reduce the 
sample volume at this location. Sample volumes at the ESP inlet are approximately one-third of the 
planned value under demonstration conditions and one-half the planned volume under baseline 

ZShigehara, R. T., “A Guideline for Evaluating Compliance Test Results (Isokinetic 
Sampling Rate Criterion).” in J 
spaders. EPA-450/2-7%042a (October, 1978). 
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TABLE 5-2. FLUE GAS PARAMETERS - SERIES CONFIGURATION. BASELINE 

Velocity 

Flow rate 

Temperatlu 

Moisture 

02 (dry) 

lsokinetic 
lXti0 

*AU result 

TESTS 

tken from multiple metals trains data. 
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TABLE 5-3. FLUE GAS PARAMETERS - SERIES CONFIGURATION. 
DEMONSTRATION TESTS 

relocity 

‘emperatur e 

doisture 

)2 (dry) 

sokinetic 
ItiO 

All results ta 

2.5% cc 0.54 0.49 
A 96 95.8 103.0 
B 99.8 99.2 
C 100.4 99.6 

Mm 98.7 100.6 
2.5% CC 6.2 5.2 
ken from multiple metals trains data. 

0.40 0.40 0.41 
97.5 98.3 96.1 
98.9 102.9 99.4 
loo.3 101.5 loo.5 
98.9 loo.9 98.7 
3.5 5.9 5.1 
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conditions. This results in an increase in detection limits for most metals by a factor of three and 
two. respectively, at the ESP inlet; in most cases this did not significantly affect the test results 
because of the very high loading. Sample volumes wete incmased by 50 to 70 percent at the fabric 
filter outlet and BSP outlet because of the very light particulate loading observed at these locations. 
This resulted in a decrease in overall method detection limits by a factor of 1.5 to 1.7. 

5.3.2 Flue Gas Particulate Results - Series Configuration 

Table 5-5 presents the results of panic&ate measurements in the flue gas obtained from the 
Method 29 sample train for both baseline and demonstration conditions. Due to air in-leakage into 
the system, dilution at each sampling location is slightly different. To facilitate comparisons of 
measumntents made at different locations, all concentrations are corrected to 3 percent oxygen 
according to the following formula: 

C3%02 = c, ,,,eaw,mi x (20.9-3.W(20.9-02, as meawed) 

where: C31502 = pollutant concentration corrected to 3% 02 

C s mutd = pollutant concentration at measured 02 concentration 
02. ma& = 02 conamrahon masured at %mphng bation. 

Based on the results of sample train blanks, particulate measurements are free from 
significant contamination. Mean patticulate loading at the inlet to the GSA is slightly higher during 
baseline tests than demonstration tests, although the confidence interval for the baseline data is 
fairly large (f57 percent) compared to the demonstration data (f19 percent) so this difference 
probably is not significant. Note that the two highest particulate loadings at the GSA inlet are 
measured for the two runs that had low isokinetic sampling rates. This could imply that most of 
the particulate matter at this location is greater than about 5 pm, which represent those particles 
most likely to bias the results. 

The mean particulate loadiig at the ESP inlet (i.e., GSA outlet) is approximately equal to 
that at the GSA inlet under baseline conditions; this reflects the fact that the teinjected fly ash 
stxeam accounts for a significant fraction of the total fly ash input to the GSA reactor. Thus, the 
mechanical cyclone collector would appear to be removing an amount approximately equal to the 
reinjected fly ash input. However, this conclusion should be tempered considering the large 
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TABLE 5-5. PARTICULATE RESULTS - SERIES CONFIGURATION 

Location 
Flue gas (note 1): 
Run No. 

,g 1 GSA inlet 
Z 2ESPinlet 
$ 3 ESP outlet 

12 Fabric filter inlet 
10 Fabric filter outlet 
Flue gas (note 1): 
Run No. (note 3) 

,g 1 GSA inlet 
5 2ESPinlet 
s‘ 3 ESP outlet 
5 12 Fabric filter inlet 
d 10 Fabric filter outlet 

7 Lime slurry (note 2) 

Notes: 

Run Results 2.5% 
Units A B I C Mean CC 

I 
- 2 3 4 

mg/dscm 2,863 (4) 4,669 (4) 4,852 4,128 2,731 
mg/dscm 4.711 2,202 4.48 1 3,800 3,451 
mgldscm 46.66 47.07 43.32 45.68 5.10 
mg/dscm 59.45 31.32 60.45 50.41 41.08 
mg/dscm 7.167 14.88 14.11 12.05 10.55 

- 1 2 3 
mg/dscm 2,941 3,112 3,419 3,157 602 
mg/dscm 10,001 11,995 12.876 11,624 3,659 
mgkiscm 19.89 18.17 10.74 16.27 12.08 
mg/dscm 28.45 17.18 11.69 19.11 21.23 
mg/dscm 7.937 6.354 6.333 6.875 2.286 

Wt.% 30.1 28.1 28.8 29.0 2.5 

(1) Dry, corrected to 3% 02. 
(2) Percent solids, reported as lOO-(% moisture) 
(3) For ESP inlet, runs 2.3.4 used. 
(4) Results corrected for low isokinetic ratio. 

5-13 



confidence interval for the ESP inlet (f91 percent) and GSA inlet results. Mean concentration of 
particulate ithe GSA inlet is slightly lower for demonstration tests compared to baseline, but the 
difference is within confidence interval of the measurements. Under demonstration conditions, the 
particulate loading at the ESP inlet is nearly four times that at the GSA inlet. This reflects the 
additional solids introduced with the lime slurry and solids production due to reaction of lime and 
SOJ in addition to the teinjected fly ash. 

Particulate loading at the ESP outlet and fabric tilter inlet is very similar, as expected since 
the fabric filter slipstream is taken from the ESP outlet in this configuration. Particulate loading at 
the ESP outlet is approximately two orders of magnitude lower than at the ESP inlet for baseline 
conditions, indicating reasonably good ESP removal efficiency (see Section 6 for additional 
discussion of removal efficiencies), and even lower for demonstration test conditions. Particulate 
loadings at the fabric filter outlet are the lowest. Despite the much higher particulate loading at the 
ESP inlet under demonstration conditions compared to baseline, the ESP outlet concentrations are 
lower. This indicates that ESP removal efficiency was significantly enhanced during 
demonstration tests. Concentrations of total particulate at the outlet of both the ESP and the fabric 
filter are well below the federal New Source Performance Standard (NSPS) of approximately 164 
mg/dscm (0.072 gr/dscf) for utility boilers built after August 1971 for both baseline and 
demonstration conditions. Particulate concentration at the ESP outlet for baseline tests is slightly 
below the NSPS of 49 mg/dscm (0.021 gr/dscf) for utility boilers built after September 1978, and 
is considerably below this level during demonstration tests. 

Finally, Table 5-5 also shows the solids concentration in the lime slurry, for reference 
purposes. Solids concentration in the lime slurry averages 29 percent. 

5.3.3 Trace. Metals Results - Series Configuration 

Trace metals results are presented in a series of tables, one for each metal. For example, in 
Table 5-6. antimony concentration in each of the sample streams is shown for each run during 
baseline and demonstration tests.. The mean and 2.5 percent confidence coefficient also are shown 
to provide an indication of average emissions and data variability, tespectively. The 2.5 percent 
confidence coefficient. based on the single-tailed normal probability function, is calculated as 
follows: 
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TABLE 5-6. ANTIMONY RESULTS - SERIES CONFIGURATION 

9a ESP ash field 1 
9b ESP ash field 2-4 

I - - mgkg I ND 10 
mgkg ND 10 

IllFabricfilterash 1 mgkg IND 10 
Flue gas (note I): I I 

ND 10 
ND 10 

L 
1.157 

ND 0.410 
ND 0.083 
ND 0.157 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) For ESP inlet, runs 2.3 and 4 used. 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results corrected for low isokinetic ratio. 
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CC2.s = t x u/no.s 

where: CC2.s = 2.5 percent confidence coefficient 

t = Student ‘Y’ factor 

u = standard deviation 

n = number of measurements 

The Student “t” factor is a statistical parameter which increases as the number of measurements 
decreases. The 95 percent confidence interval is equal to f the 2.5 percent confidence coeficient. 
Thtee complete sets of data were generally obtained except for coal, lime slurry, and trim water. A 
single composite (of three runs) coal sample for each condition was analysed. Lime slurry and 
drn water samples for each test run were initially analyzed using less sensitive analytical 
techniques. Nearly all trae metals results were below the detection limits. Therefore, a single 
archive sample of lime slurry and trim water was analyxed using more sensitive analytical 
techniques. Since ah of the limt slurry used duting the test ptogtam came from the same batch and 
since all the trim water came from the same supply throughout the test, these archive sample results 
are believed to be representative of the entire test program; hence, they are teported in the tables. 
In many cases, the 2.5 percent confidence coefficient is equal to or greater than the mean result. 
This is typical of results based on 3 or fewer individual samples and should not necessarily be the 
only criteria used to judge the mliability of test results. 

It should be noted that most trace metals results are corrected for bias caused by slightly 
low isokinetic sampling ta@ at the GSA inlet for two test runs during series configutation baseline 
tests. The correction factor is applied to all trace metals except mercury and selenium. This is 
because UK major fractions of the latter two metals are expected to be in the vapor phase and hence 
would not be biased significantly by anisokinetic sampling. The procedure for correcting the 
results is discussed in Section 7. 

Quality control samples analyxed for metals included reagent blanks and field sample train 
blanks. All trace metals were below detection limits in the reagent blanks, hence no blank 
comctions to the data were made. Field sample train blanks were collected and analyzed for all 
five sample locations. Several of these results indicated the possibility of sample contamination. 

This was caused by repeated pitot tube piuggage due to the high particulate loading. 
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Accuracy and precision of laboratory analytical results was generally good for trace metals. Refer 
to Section 7 for discussion of these QAIQC results. 

Speciftc results for each metal are discussed in the following paragraphs. 

Antimony tesults am dominated by undetected results. Detection limits for antimony were 
the highest of all the target trace metals and results for the same stream were typically very variable 
from run to run. Antimony concentration is below detection limits in the coal. In the other 
streams, antimony is above detection limits in only 4 of 31 samples for baseline conditions, and in 
4 of 33 samples during demonstration conditions. Antimony was detected only in some of the flue 
gas samples, mostly in the GSA inlet and ESP inlet streams. The confidence interval of detected 
results is approximately 1.5 to 3 times the mean detected value. Given the small number of 
samples with detected results and the low precision of the detected levels, the antimony results 
should be used with caution. 

Table 5-7 shows arsenic results for series configuration tests. Detection limits for arsenic 
were among the lowest of ail the target metals; consequently, it was detected in most streams. 
During baseline tests, arsenic was detected in 29 of 31 samples and in 26 of 33 samples during 
demonstration tests. The precision of the flue gas results at the GSA inlet and ESP inlet is 
relatively good. Arsenic concentration at the GSA inlet is similar for baseline and demonstration 
test conditions. Arsenic is below the detection limits in the flue gas at the fabric filter outlet in all 
but one sample, while measurable concentrations were found at the ESP outlet. Arsenic 
concentrations at the ESP outlet are considerably lower for demonstration tests compared to 
baseline, although the difference is within the fairly large confidence interval of the baseline 
measurements. Arsenic is below detection limits in all but one of the sample train blanks, 
indicating no significant contamination issues; however, accuracy of low concentration 
measurements in the flue gas may be less than high concentration samples since low level audit 
sample results did not fall within normal limits. See Section 7 for additional discussion of QAQC 
results. Confidence interval for the solid and liquid samples is more significant, typically greater 
than f50 percent of the mean value. Recision of the results in the solid samples is mixed. 
Significant concentrations of arsenic were found in the reinjected fly ash, at more than twice the 
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TABLE 5-7. ARSENIC RESULTS - SERIES CONFIGURATION 

10 Fabric filter outlet 

S Cyclone solids m&3 16.5 - 16.2 16.4 1.9 
9a ESP ash field 1 wk3 27 16 2s 22.7 14.6 

-9b ESP ash field 2-4 
11 Fabric filter ash 

m&3 9 14 21 14.7 15.0 
mglltg 34 8 21.0 165.2 

Flue gas (note 1): 
Run No. (note 2) - 1 2 3 
1 GSA inlet pg/dscm 177.0 177.2 220.5 191.6 62.2 
2 ESP inlet pg/dscm 93.3 131.4 215.5 146.8 155.3 
3 ESP outlet ug/dscm 0.249 0.162 0.238 0.216 0.118 

,E 12 Fabric filter inlet ug/dscm 0.267 ND 0.111 ND 0.108 0.126 0.226 
E 10 Fabric filter outlet ug/dscm ND 0.058 ND 0.054 ND 0.056 ND 0.056 0.005 
2 4 Coal mgkg 4 4 
g 13 Reinjected fly ash 

NA 
wk3 51.8 112 25.2 63.0 110.5 

# 7 Lime slurry (note 3) mgntg 0.96 - 0.96 NA 
14 Trim water (note 3) mglkg - ND 0.001 ND 0.001 NA 
5 Cyclone solids mg/kg 22.3 14.9 19.3 18.8 9.2 
9a ESP ash field 1 mwktx 17 14 15 15.3 3.8 
9b ESP ash field 2-4 mglkg 12 5 16 11.0 13.8 
I1 Fabric filter ash mtykg IS 54 24 31.0 so.7 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) For ESP inlet, runs 2.3 and 4 used. 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results corrected for low isokinetic ratio. 

5-18 



concentration found in the ESP and fabric filter solids samples. Arsenic was detected at levels near 
the detection hmit in the lime slurry. 

Table 5-8 presents batium concentrations in all streams. Barium was detected in 28 of 31 
samples during baseline testing, but in only 23 of 33 samples during demonstration testing. 
Barium was below detection limits in all the sample train blanks, indicating the samples were free 
from significant contamination. The precision in streams where barium was detected is generally 
low (large confidence interval). In particular, barium concentration at the GSA inlet appears to be 
much higher for baseline tests compared to demonstration; however, the baseline confidence 
interval is k157 percent of the mean and the demonstration confidence interval is f176 percent of 
the mean. Barium concentration in the coal also is 5 times higher for demonstration conditions 
compared to baseline (the opposite of what one would expect based on the flue gas results). The 
high barium concentration reported for the series demonstration coal sample appears to be an 
outlier when compared to the other thtee results obtained during the tests. Although there was no 
deviation from sampling or analytical procedures that could be identified and no unusual problems 
in analyxing these samples was reported by the laboratory, the apparent inconsistency in the results 
gives some concern for the reliabiity of the GSA inlet and wal results for the series demonstration 
tests. 

Comparing tk ESP inlet and outlet results, then was significant barium removal across the 
ESP. While the ESP inlet nsults are similar, barium concentrations at the ESP outlet and fabric 
filter inlet, which show good precision, are significantly lower for demonstration conditions 
compared to baseline. Baseline results indicate significant barium removal across the fabric filter; 
however, results at both the fabric filter inlet and outlet are below detection limits during 
demonstration tests, preventing any significant conclusion regarding removal efficiency. Barium 
concentration at the fabric filter outlet is below detection limits for both baseline and demonstration 
conditions. Barium was detected in the reinjected fly ash at concentrations well above the output 
solids, and was detected in the lime slurry at low levels. 

Table 5-9 presents results of betylliurn measurements made during series tests. Due to an 
analytical laboratoty error, berylhum results for all flue gas samples and several solids samples 

5-19 



TABLE S-8. BARIUM RESULTS - SERIES CONFIGURATION 

Run Resultt 
Location UtllU A B 

Flue gas (note 1): 
Run No. - 2 3 
1 GSA inlet Wd= 229.8 (4) 881.8 
2 ESP inlet w- 1724 1216 
3 ESP outlet be/- 25.38 28.67 
12 Fabric filter inlet CIB/dscm 44.03 34.85 
10 Fabric filter outlet ugkiscm ND 4.919 1 ND 4.889 
4coal mgkg 11s 
13 Reinjected fly ash q gkg 183.2 1 82.4 
5 Cyclone solids mgke 86.4 - 
9a ESP ash field 1 mg/Lg 105 71 
9b ESP ash field 24 mg!kg so 84 

7 

i 

11Fabticfilteraah 1 m&kg 1 67 1 
Flue gas (note 1): I I I 
Run No. (note 2) - 1 2 
1 GSA inlet clv- 114.3 96.6 
2 ESP inlet wdsfm 1250 1838 
3 ESP outlet lB/dscm ND 4.823 ND 4.555 
12 Fabric filter inlet ~gldscm ND 8.880 ND 8.590 

(4) 1134 748.6 
1166 1368 
25.42 26.49 
38.30 39.06 

lOFabric filteroutlet iqktscm ND 4.474 1 ND 4.221 1 ND 4.347 ND 4.347 
4coal mgkg 612 612 
13 Reinjected fly ash 118.3 
7 Lime slurry (note 3) 

mg/kg 1 175.9 
m&kg 

1 138.7 144.3 
1.43 1.43 

14 Trim water (note 3) mgkg 0.039 0.039 
5Cyclonesolids m%kg 75.3 57 59.3 63.9 
9a ESP ash field 1 m%Lg 53 63 ND 3.1 39 
9b ESP ash Beld 2-4 mg/kg 69 39 39 49 
11 Fabricfiherash mg/kg 36 63 37 45 

2.5% 
cc 

1159 
767 
4.69 
11.52 
1.370 
NA 

135.4 
47.0 
62 
59 
222 

314.8 
860 

0.350 
0.680 
0.314 
NA 
72.6 
NA 
NA 
24.8 
80 
43 
38 

Notes: 
(1)Dty,comcredto3%02. 
(2)ForESPinIet,runs2.3and4used. 
(3) Results of original sample analysis below detecnon limits. Analysis of single archive sample 

using more sensitive teat method shown. 
(4) Results carected for low isokinetic ratio. 

5-20 



TABLE 5-9. BERYLLIUM RESULTS - SERIES CONFIGURATION 

Notes: 
( 1) Dry, comcted to 3% 02. 
(2) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
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were not obtained. Results were obtained for coal, re-injected fly ash, cyclone solids, lime 
slurry, and trim water samples. Beryllium is present at low levels in the coat, cyclone solids, and 
reinjected fly ash. Beryllium was not detected in the lime shtrty or trim water samples. 

Cadmium results are shown in Table 5-10. Cadmium also was measured to very low 
detection limits. Hence, cadmium was detected in 27 of 3 1 samples during baseline tests and in 27 
of 33 samples during demonstration tests. Significant concentrations of cadmium were detected in 
3 of 5 flue gas sample ttain blanks, indicating the possibility of contamination either in the field or 
in the laboratory (see Section 7 for additional discussion of QA/QC nsults). Precision of the 
results at the GSA inlet and ESP inlet is good, but is not as good at locations after the ESP where 
the absolute concentrations are much lower. The low precision at these locations may be due to 
both proximity to the detection limits and background contamination. Precision of cadmium 
concentrations in the solids samples also is low. 

Cadmium concentration in the GSA inlet flue gas is similar for baseline and demonstration 
conditions. Cadmium concenrrations at the ESP outlet are lower for demonstration conditions 
compared to baseline, but the difference is within the confidence intervals of the measurements. 
Cadmium was detected at trace levels in the lime slurry but was below detection limits in the trim 
water. Elevated cadmium concentrations were found in the fabric filter ash for both baseline and 
demonstration test conditions. This suggests cadmium may be strongly concentrated in the finest 
particles, although the degree of concenttation suggested by the results is unlikely. 

Chromium 

Results of chromium meesurements during series configuration tests are presented in Table 
5-l 1. Chromium was detected in 28 of 31 baseline samples and in 23 of 33 demonstration 
samples. Chromium was not detected in any of the field train blank samples, indicating the 
samples were free from significant contamination. However, the low level flue gas audit sample 
result is outside of normal acceptance limits, indicating the accuracy of chromium measumments at 
the ESP outlet and fabric filter outlet may be below program objectives. See Section 7 for 
additional discussion of QA/QC results. The precision of the chromium measurements in the flue 
gas stmartts is fair to good at most locations. Mean concentration of chromium at the GSA inlet is 
slightly lower for demonstration tests compared to baseline, but the difference is within confidence 
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TABLE 5-10. CADMIUM RESULTS - SERIES CONRGURATIGN 

9a ESP ash field 1 
9b ESP ash field 2-4 

9b ESP ash field 2-4 

I 
I 
I 
I 
1 

I 

I 

Units 

- 
Wd.- 
Pm= 
kW=m 
@scm 

!fz m 
mvk3 
mg/Lg 

-%2- 
mkVk3 

$g 

Run Results 

0.04 
0.296 0.327 0.292 

ND 0.004 - ND 0.004 
0.9 0.6 0.8 

ND 0.3 1.5 0.6 
16 17 

1 2 3 
6.837 6.374 8.703 
6.332 11.573 8.343 
0.234 ND 0.003 0.150 
0.240 0.233 0.40s 
0.434 ND 0.228 0.351 

0.10 

Mean 
2.5% 
cc 

7.393 3.243 
8.908 1.385 
0.249 0.2so 
0.405 0.214 
0.634 0.535 
0.04 NA 
0.305 0.05 

ID 0.004 0.00 
0.77 0.38 
0.75 1.55 
16.5 6.4 

7.305 
8.149 
0.129 
0.293 
0.300 
0.10 

0.295 
0.011 

9-D 0.m; 
0.111 
0.83 
0.45 
23.1 

3.063 
6.569 
0.290 
0.242 
0.257 
NA 

0.162 
NA 
NA 

0.468 
0.52 
0.50 

Notes: 

(2) For ESP inlet. ntns 2.3 and 4 used. 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results cmected for low isokinetic ratto. 
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TABLE 5- 11, CHROMIUM RESULTS - SERIES CONFIGURATION 

12 Fabric filter inlet 

9n ESP ash field 1 
9b ESP ash field 2-4 

W- 
W&m 
W&cm 
Wd.=m 

EzE 
+- 
mglL8 
mg/Lg 

)llFabricfilteash 1 mgikg 
IFlue gas (note 1): I 
Run No. (note 2) - 
1 GSA inlet bW=m 
2 ESP inlet Ir%dscm 
3 ESP outlet P%d=m 
12 Fabric filter inlet 

9a ESP ash field 1 

Run Results 

17 

25.7 
26.8 
36 
44 
28 

3 
378.5 
582.2 

ND 2.679 
ND 4.838 
ND 2.524 

356.4 61.2 
567.0 261.6 

ND 2.708 0.202 
ND 4.994 0.395 

Notes: 
(1)Dry,corectedt03%02. 
(2) For ESP inlet, runs 2,3 and 4 used. 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results comcted for low isokinetic ratio. 
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interval of the measurements. Chromium was below detection limits at the ESP outlet and fabric 
filter inlet under demonstration conditions, compared to significantly higher levels measured there 
under baseline operation. Chromium concentrations at the fabric filter outlet are below detection 
limits for all test runs. Recision of results in the process solids is more varied. Except for a single 
high measurement, concentrations in the reinjected fly ash are similar to concentrations in the ESP 
solids and baseline fabric filter ash. Concentration in the demonstration fabric filter solids is 
generally higher than in the other streams, which could be an indication of contamination from 
construction materials. Chromium was measured in the lime slurry at relatively lower 
concentrations. 

Table 5-12 presents cobalt concentrations measured during series configuration tests. 
Cobalt was detected in 28 of 31 baseline samples, but in only 18 of 33 demonstration samples. 
Cobalt was below detection limits in all of the field train blanks, indicating the samples were free 
from significant contamination. Precision of cobalt measurements in the flue gas streams is fair to 
good except for measurements close to the detection limits. Mean concentration of cobalt at the 
GSA inlet is slightly lower for demonstration tests compared to baseline, but the difference is 
within confidence interval of the measurements. The cobalt concentrations are significantly lower 
at the ESP outlet compared to the inlet. indicating good removal efficiency in the ESP. Cobalt 
concentration at the ESP outlet is slightly lower for demonstration tests compared to baseline, but 
the difference is not significant since the measured values were close to the detection limits. Cobalt 
was below detection limits at the ESP outlet, fabric filter inlet, and fabric filter outlet for 
demonstration tests. Precision of measurements in the solids streams is low for output solids but 
good for the coal and ninjected fly ash. Concentrations of cobalt in the reinjected fly ash and the 
output solids streams is similar for baseline tests. Cobalt was not detected in the lime slurry and 
hence lower concentratious in the output solids during demonstration conditions are probably due 
‘to dilution by spent and un-reacted sorbent. 

The results of lead concentration measurements for series conliguration tests are presented 
in Table S- 13. Lead was detected in all of the baseline test samples and in 28 of 33 demonstration 
test samples. Lead also was detected in 2 of 5 field sample tram blanks, at levels that were 
significant relative to the fabric filter inlet measurements. Thus, measurement results for this 
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TABLE 5-12. COBALT RESULTS - SERIES CONFIGURATION 

Location 
Flue gss (note 1): 
Run No. 

Units 

- 

Run Results 

1 GSA inlet LW=m 41.36 (4) 62.62 (4) 77.31 
2 ESP inlet Wdscm 119.3 120.7 118.6 
3 ESP outlet w- 1.582 1.673 1.462 

ii 12 Fabric filter inlet p@lscm 3.302 4.619 3.098 
” 3 1OFabtic filteroutlet j.t% dscm ND 1.270 ND 1.262 ND 1.512 
* 4coaJ mgkg 4 

13 Reinjected fly ash mgkg 5.21 
5 Cyclone solids me/La 4.37 

‘_“’ 
6 4 4 
2 4 4 
c 4 

1 
49.83 
64.63 

ND 1.245 
ND 2.292 
ND 1.154 

4.22 
ND 0.35 

14 Trim water (note 3) 1 
5 cyclone solids I mwlu I 1.96 - - 
9a ESP ash field 1 mgkg ND 0.65 
9b ESP ash field 24 mgkg ND 0.65 
11 Fabric filter ash mgkg 5 

4 

Notes: 
(1)Dry,coKectedto 3% 02. 
(2) For ESP inlet. runs 2.3 and 4 used. 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results corrected for low isokinettc ratto. 
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TABLE 5-13. LEAD RESULTS - SERIES CONFIGURATION 

Location Units A I B I C Mean 
IFlue pas (note 1): I I I 
Run No. - 2 3 
1 GSA inlet Irg/- 72.04 (4) 150.5 
2 ESP inlet cl%- 265.5 211.1 
3 ESP outlet WJ.- 2.104 2.249 
12 Fabric filter inlet Wd- 3.276 2.562 
10 Fabric filter outlet ugMscm 0.820 1 0.894 
4 coal mgkg 
13 Reinjected fly ash mgikg 30.6 9:3 
5 Cyclone solids m&3 1.81 

I 9a 9b ESP ESP ash ash field field 2-4 1 13 7 
8 
10 

2 
76.04 
190.5 

ND 0.046 
2.171 
0.283 

5 

2.5% 
cc 

147.5455505 
69.8 

4.887 
1.688 
0.171 
NA 

29.35 
0.95 
6.25 
6.25 
19.06 

73.2 
39.8 
1.029 
0.529 
0.229 
NA 

18.03 
NA 
NA 
1.95 
4.97 
7.08 
5.17 

Notes: 
(1) Dry, com%ted to 3% 02. 
(2) For ESP inlet, runs 2,3 and 4 used. 
(3) Results of original sample analysis below detection limtts.. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results corrected for low isokinettc ratio. 
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location may be clouded by potential sample contamination (see Section 7). Precision of the flue 
gas measurements is fair. Mean concentration of lead at the GSA inlet is slightly lower for 
demonstration tests compared to baseline, but the difference is within confidence interval of the 
measurements. Concentrations at the ESP outlet are significantly lower than at the inlet indicating 
good removal in the ESP. ESP outlet and fabric filter inlet concentrations compare well for 
baseline tests, but appear somewhat higher at the fabric filter inlet for demonstration tests due to 
two ESP outlet samples that are below the detection limit. ‘& differences are barely outside the 
confidence intervals of the respective measurements. Precision of the solids measurements is fair 
to low. Lead concentration is surprisingly low in the baseline GSA ash, suggesting all of the lead 
may be associated with fine particles not well controlled by the mechanical collector. Lead also is 
moderately enriched in the fabric filter ash samples compared to the other output solids, but this is 
probably not statisticaUy significant. Lead was detected in the coal but not in the lime slurry. 

Manganese test results for the series configuration are presented in Table 5-14. Manganese 
was detected in ah of the baseline test samples and in all but one of the demonstration test samples. 
Manganese was detected in 1 of 5 sample tram blanks; however. the level was insignificant except 
for fabric filter outlet measurements. Precision of the flue gas measurements is only fair. 
Concentrations at the GSA inlet are lower for demonstration tests compared to baseline, but the 
difference is within the confidence interval of the measurements. Significantly lower 
concentrations were measured at the ESP outlet compared to the ESP inlet indicating good removal 
of manganese in the ESP. ESP outlet concentrations are similar for baseline and demonstration 
tests, except for a single high tesuh during demonstration tests. Precision of the process solid 
results also is fair to low even though levels were well above the detection limits. Manganese was 
not detected in the trim water and was detected at a relatively low level in the lime slurry. The 
variability of the results, particularly for demonstration tests, suggests they should be used 
cautiously. 

Table 5-15 shows series configutation mercury results. Mercury was detected in about half 
of the baseline samples (16 of 31) and demonstration samples (18 of 33). indicating only trace 
levels of mercury in the system. Nearly ah of the detected results occurred in the flue gas streams 
at generally low levels. Mercury was not detected in any of the sample train blanks, indicating the 
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TABLE 5-14. MANGANESE RESULTS - SERIES CONFIGLiRATlON 

9a ESP ash field 1 wk3 85 
9b ESP ash field 2-4 I I mgkg 25 

112 
137.4 
35 
58 
68 

2 
331.1 
957.2 
3.795 
3.694 

)llFabricfilterasb 1 mgkg 1 104 
IFlue gas (note 1): I I 
Run No. (note 2) - 1 
1 GSA inlet wgldacm 358.0 
2 ESP inlet Ir%d=m 603.8 
3 ESP outlet Fgldscm 8.297 

5 I12 Fabric filter inlet Ipg/dscm ( 1.957 
g 10 Fabric filter outlet Bg/dscm 1.780 
8 4coal 
2 

mgke 
13 Rcinjectcdfly ash mgkg 57 

i( 7Limesl~~(notc 3) mgkg 4.67 
76.7 ) 

3) m&3 ND 0.001 
wb 62.8 90.5 83.4 

29 24 24 
19bESPaahfteld2-4 

m%kg 
m&t 18 16 26 

3 
500.9 
1025 
277.9 
1.792 
2.103 

116.1 

32 
53 

11 Fabric falter ash 1 mg/Lg 1 97 1 93 I 136 

h 

748.: 
834.6 
11.38 
15.37 
2.987 

17 
100.6 
141.4 
50.67 
45.33 
86.00 

396.6 
861.9 
96.66 
2.481 
1.854 
32 

83.21 
4.670 

ID 0.001 
78.90 
25.67 
2o.oc 
108.7 

7 

I 

2.59~ 
cc 

569.: 
266.8 
2.903 
8.060 
3.324 
NA 

71.51 
50.82 
73.96 
44.19 
228.67 

226.7 
561.7 
390.0 
2.618 
0.550 
NA 

74.16 
NA 
NA 

35.74 
7.17 
13.15 
59.02 

Notes: 
(1) Dry. corrected to 3% 02. 
(2) For ESP inlet. runs 2.3 and 4 used. 
(3) Results of original sample analysis below detection limita. Analysis of single archive sample 

using more sensitive teat method shown. 
(4) Results wrrwed for low isokinetic ratio. 

5-29 



TABLE 5-15. MERCURY RESULTS - SERIES CONFIGURATION 

Unrrs 

9b ESP ash field 2-4 

- 1 
ug/dscm 0.526 
pg/dscm 0.371 
bW=m 

I I 
0.192 

12 Fabric filter inlet pg&cm 0.210 

lun 
B 

3 
2.886 
1.756 
0.324 
0.223 
0.321 
0.075 

ND 0.1 

ND 0.03 
ND 0.03 

2 
1.170 
2.194 
0.083 
0.342 

c Mean 

4 
2.088 
1.648 
0.510 

ND 0.060 
0.076 

UD 0.1 
UD 0.1 
m 0.03 
UD 0.03 
YD 0.03 

3 
2.166 
1.724 
0.258 
0.197 
0.290 

Notes: 
( 1) Dry, corrected to 3% 02. 
(2) For ESP inlet, runs 2.3 and 4 used. 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 

h 
h 
h 

r 
P 

! r 
P 
r 
r 

2.5% 
cc 

2.018 2.248 
2.032 1.428 
0.441 0.252 
0.095 0.233 
0.153 0.361 
0.075 NA 

ID 0.10 0.00 
ID 0.10 0.00 
ID 0.03 0.00 

0.12 0.42 
0.61 7.43 

1.287 
1.430 
0.178 
0.25a 
0.161 
0.065 

m 0.10 
TD 0.1 
al o.ooo: 
m 0.10 
JD 0.03 
JD 0.03 

1.00 

2.053 
2.351 
0.220 
0.199 
0.328 
NA 
0.00 
NA 
NA 
0.00 
0.00 
0.00 
0.99 
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samples were free from any significant contamination. Precision of the flue gas measurements is 
fair for most baseline samples and low for most demonstration samples. Mean concentration of 
mercury at the GSA inlet is slightly lower for demonstration tests compared to baseline, but the 
difference is within confidence interval of the measurements. Mercury concentration in process 
solid samples is below detection limits for nearly all samples. Levels slightly above the detection 
limits were detected in the fabric filter ash samples. The low precision of the mercury results can 
generally be attributed to measured levels that are close to the method detection limits, 

Results of nickel measurements during series configuration tests are shown in Table 5-16. 
due to an analytical laboratory error, nickel results are not available for any of the flue gas samples 
and several of the solid samples. Nickel concentration in the reinjected fly ash is similar for 
baseline and demonstration tests. Nickel was present in the lime slurry at very low levels and was 
not detected in the trim water; consequently. concentration in the GSA solids is much lower during 
demonstration tests compared to baseline. The precision of the results that am available is good. 
Nickel was not measured in the sample train blanks; however, ah other quality control results for 
nickel are within acceptance limits. 

Selenium 

Selenium results for series configuration tests (Table 5-17) show detectible concentrations 
in 28 of 31 baseline test samples but in only 17 of 33 demonstration test samples. Selenium was 
not detected in any of the sample train blanks, indicating no significant background levels in the 
samples. Precision of most results is fair to low. GSA inlet results are well above detection limits 
and are similar within confidence limits for both baseline and demonstration tests Selenium 
concentration at the GSA inlet is slightly lower during demonstration tests compared to baseline. 
but within the confidence interval of tbe me-asurements. Selenium is significantly lower at the ESP 
outlet compared to the JZSP inlet, indicating some removal in the ESP took place. Mean ESP outlet 
concentrations are slightly lower for demonstration tests compared to baseline tests, but the 
difference is within the confidence interval of the measurements. Interestingly, selenium at the 
fabric filter outlet is considerably lower (non-detected) for demonstration tests compared to 
baseline tests (detected in ah runs). but this observation is also subject to the statistical uncertainty. 
Selenium was detected in the coal and lime slurry at levels comparable to the reinjected fly ash and 
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TABLE 5-16. NICKEL RESULTS - SERIES CONFIGURATION 

Location 
Flue gas (note 1): 
Run No. 

t 

1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

g 12 Fabric filter inlet 

I I 9a I&P ash field 1 
9b ESP ash field 2-4 

Run No. 
1 GSA inlet 
2 ESP inlet 
3 ESP outlet 
12 Fabric filter inlet 

Run Results 2.5% 
Units A I B I C Mean cc 

pg/dscm 
mgkg 
msniB 
Wk3 
mgkg 
w&t 
m&3 
mg/kg 

- I 

15.1 
0.75 

7.53 

- 

I 
7 7 NA 

18.1 14.3 15.83 4.98 
- 0.75 NA 

ND &Cl01 ND 0.001 NA 
4.89 5.54 5.99 3.42 

mgkg I I I 
Notes: 

(2) Results of original sample analysis below detection limits. Analysis of single archive sample 
using more sensitive test method shown. 
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TABLE 5-17. SELENIUM RESULTS - SERIES CONFIGURATION 

9a ESP ash field 1 
9b ESP ash field 2-4 

Run 60. (note 2) 
1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

6 12 Fabric filter inlet 

9a ESP ash field 1 

Notes: 
(1) Dry, correcud to 3% 02. 

I 
I 
I 
I 
J 

I 

1. 

(2) For ESP inlet, runs 2.3 aud 4 used. 
(3) Results of origiual sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
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output solids. It should be noted that detection limits for ESP solids and fabric falter solids are 
higher than for other solid samples because different analytical techniques were used. 

Table 5-18 presents vanadium results for series configuration tests. Vanadium was 
detected in 20 of 31 baseline test samples and in 18 of 33 demonstration test samples. Vanadium 
was not detected in any of the sample train blanks, indicating no significant contamination. 
Precision of the flue gas results is fair for detected values at the GSA inlet and ESP inlet. AB other 
flue gas results are near or below the detection limits. Vanadium concentration at the GSA inlet is 
slightly lower during demonstration tests compared to baseline, but within the confidence interval 
of the measurements. Measurements across the ESP indicated significant vanadium removal. 
Vanadium was detected in the reinjected fly ash and in the lime sbmy. Concentrations in some of 
the ESP and fabric filter ash are near or below the detection limit, contributing to the low precision 
of these results. 

5.3.4 HCI and HP Results - Series Configuration 

Table 5-19 presents HCI and chloride results for series configuration tests. Chloride was 
detected in all but one baseline test sample and in 23 of 35 demonstration samples. Inlet HCI 
concentrations are very similar for baseline and demonstration tests with good precision. HCI was 
measured in all flue gas streams except at the ESP outlet, since HCl concentrations at the fabric 
filter inlet were expecmd to be similar and little or no HCl removal across the GSA reactor/cyclone 
was expected to occur during baseline tests. Comparison of baseline HCI concentration at the 
GSA inlet to that at the fabric filter inlet contirms this expectation. Concentrations at the ESP inlet, 
fabric filter inlet, and fabric filter outlet indicate no significant removal of HCI across the GSA, 
ESP, or fabric Iilter during baseline tests. However, all results downstream of the GSA are below 
detection limits during demonstration tests, showing good HCI removal efficiency for these 
conditions. The precision of solids measurements generally is fair. As expected, concentration of 
chlorides in the solid output samples is considerably elevated in demonstration test samples 
compared to baseline, reflecting capture of HCl in the flue gas. 

HP results for series configuration tests are presented in Table 5-20. Fluoride was 
measured in the flue gas samples only. HP was above detection limits in all of the baseline test 
samples but was detected only at the GSA inlet in demonstration test samples. Baseline 
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TABLE 5-18. VANADIUM RESULTS - SERIES CONFIGURATION 

I I Run Results 
Units A B C 

- 2 3 4 
pg/dscm 613 (4) 966 (4) 1140 
pg/dscm 1247 940 993 
Wdscm 21.18 ND 9.41 ND 9.57 

i 12 Fabric filter inlet &dscm ND 18.29 ND 18.27 ND 17.99 
i yztic filteroutlet p$.iscm WNI ND 9.521 ND 9.462 26 

1 
ND 11.341 

13 Reinjected fly ash mgkg 30 
5 Cvclone solids mti 36.6 

9b ESP ash field 2-1 

742.0 900.8 
954.8 775.9 

ND 8.815 ND 8.929 
ND 16.63 (ND 16.13 

Mean 
2.5% 
cc 

906 667 
1060 408 
10.22 16.77 

ND 18.18 0.43 
ND 10.108 2.654 

26 NA 
36.90 17.93 
37.55 12.07 
45.95 104.21 
21.23 86.49 
96.00 495.46 

821.3 197.3 
809.4 327.5 

ND 9.026 0.678 
ND 16.65 1.32 
ND 8.414 0.607 

29 NA 
27.10 12.52 
2.25 NA 

ND 0.01 NA 
19.57 2.86 
37.62 77.92 

ND 1.70 0.00 
43.62 92.01 

Notes: 
(1) Dry. comxted to 3% 02. 
(2) For ESP inlet, runs 2.3 and 4 used 
(3) Results of original sample analysis below detection limits. Analysis of single archive sample 

using more sensitive test method shown. 
(4) Results corrected for low isokinetic ratio. 
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TABLE 5-19. HCl AND CHLORIDE RESULTS - SERIES CONFIGURATION 

Location 
Fluegas(1): 
Run No. 

t 

1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

i 12 Fabric filter inlet e ” 6 : 
a 

I 9a ESP ash field 1 
9b ESP ash field 2-4 

ash ;ll;abic$ter 

Run No. 
1 GSA inlet (2) 
2 ESP inlet 
3 ESP outlet 

5 12 Fabric filter inlet (2 
i 10 Fabric falter outlet 
i 4coal 
i 13 Reinjected fly ash 
< 7 Limeslurry 

I 
I 
I 
I 
I 

I 
I 

!) I mgkkcm ND 0.0118 ND 0.0132 ND 0.0133 ND 0.0128 0.0021 
mgklscm ND 0.0116 ND 0.0118 ND 0.0122 0.006 0.001 

wt% 0.02 0.02 NA 
wk3 m 0.02 ND 0.02 4 1.34 5.71 
WJ- 26 26 26 26.0 0.0 
mg/L 81 63 67 70.3 23.5 
mg/kg 91 98 120 103.0 37.6 
w&3 820 1100 1100 1007 402 
w&3 780 780 890 816.7 157.8 
mglkg 430 520 130 360.0 507.3 

Notes: 
(1) Reported as HCl. dry, corrected to 3% 02. 
(2) Runs 2,3 and 4 used. 



TABLE S-20. HF RESULTS - SERIES CONFIGURATION 

Run Results 2.5% 
Location Units A B C Mean CC 

Flue gas (1): 
Run No. - 2 3 4 

g 1 GSA inlet mg/dscm 2.041 3.918 3.865 3.275 2.655 
z 2 ESP inlet $ 3 ESP outlet mg/dscm 2.869 3.804 6.064 4.246 4.081 

mg/dscm 
12 Fabric filter inlet mg/dscm 2.659 6.329 2.587 3.858 5.316 
10 Fabric filter outlet mg/dscm 5.704 4.448 6.915 5.689 3.065 

g 
Fluegas(1): 
RunNo. - 1 2 3 

2 1 GSA inlet (2) mg/dscm 2.89 2.97 2.69 2.85 0.36 
2 2 ESP inlet mg/dscm ND 0.0298 ND 0.0298 ND 0.0298 ND 0.0298 0 
g 3 ESP outlet mg/dscm ND 0.0289 ND 0.0289 NA 
3 12 Fabric filter inlet (2) mg/dscm ND 0.0302 ND 0.0374 ND 0.034 ND 0.0339 0.009 

10 Fabric filter outlet mg/dscm ND 0.0296 ND 0.0301 ND 0.0313 ND 0.0303 0.002 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Runs 2.3, and 4 used. 
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concentrations were similar at all locations within the confidence interval of the measurements, 
suggesting little or no HF removal. During demonstration tests, HF was not detected in any of the 
flue gas streams downstream of the GSA reactor at detection limits two orders of magnitude lower 
than the GSA inlet level. This indicated most of the HF was removed in the GSA reactor. 

Chloride and fluoride were not detected in any of the quality control blanks, indicating 
samples were free from any significant contamination. Accuracy and precision of laboratory 
results was very good, and both high level and low level audit sample results were acceptable. 

5.4 

This section presents results of parallel configuration tests in which a slipstream of flue gas 
from the GSA reactor/cyclone outlet was introduced to the filter inlet. 

5.4.1 Flue Gas Sampling Conditions - Parallel Configuration 

Tables S-21 and 5-22 summarize the average conditions at each of the flue gas sampling 
locations during parallel configuration tests. As with series configuration tests, the flow rate, 
temperature, moisture, and 02 content of the flue gas at each location was very consistent from run 
to run. GSA inlet conditions compare well for baseline and demonstration tests. 02 content 

increased and temperature and moisture content decreased from the inlet to the outlet of the system, 
indicating slight air in-leakage on the same order of magnitude as during series testing. Isokinetic 
sampling rate was within the 90- 110 percent acceptance limits for all runs. 

The duration of flue gas sampling and the actual sample volumes obtained for the Method 
26 and Method 29 sample trams am presented in Table S-23. Sample gas volumes were similar to 
series configuration tests except at the fabric filter inlet. Because pamiculate loading at the fabric 
filter inlet in the parallel configuration was similar to that at the ESP inlet and subject to the same 
filter plugging difficulties, the sample volumes for the Method 29 sample trams were reduced. 
Accordingly, the overall method detection limits were increased to levels similar to that at the ESP 
inlet. 
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TABLE 5-2 1. FLUE GAS PARAMETERS - PARALLEL CONFIGURATION, 
BASELINE TESTS 

Value* 
Run Units GSA ESP ESP Baghouse Baghouse 

inlet inlet outlet inlet outlet 
Velocity A mkec 19.0 21.7 20.4 13.3 11.3 

B 18.8 21.5 19.8 14.0 11.6 
C 18.4 20.5 19.8 13.8 11.0 

Mean 18.7 21.2 20.0 14.0 11.3 
2.5% CC 0.7 1.6 0.8 0.9 0.8 

Flow rate A dscm/min 575 633 435 80.8 98.9 
B 568 634 431 81.9 101.2 
C 563 602 431 82.5 95.9 

Mean 569 623 432 81.7 98.7 
2.5% CC 16 46 6 2.1 6.6 

Temperature A T 147 133 123 115 112 
B 146 133 123 116 114 
C 142 134 123 119 113 

Mean 145 134 123 117 113 
2.5% CC 6 1 0 6 3 

Moisture A % Vol. 7.0 7.6 8.0 7.2 6.5 
B 7.4 7.3 7.3 10.5 6.7 
C 7.6 7.6 7.3 8.0 6.7 

Mean 7.3 7.5 7.5 8.6 6.6 
2.5% CC 0.7 0.4 1.1 4.2 0.3 

02 (dry) A % Vol. 6.77 7.22 7.89 7.89 8.33 
B 6.43 6.64 7.68 7.68 8.00 
C 6.11 6.81 7.50 7.50 7.85 

Mean 6.44 6.89 7.69 7.69 8.06 
2.5% CC 0.82 0.74 0.48 0.48 0.61 

Isokinetic A % 98.8 99.2 97.9 96.7 97.5 
ratio B 99.5 99.3 96.4 100.2 97.3 

C 99.7 100.1 96.4 98.2 96.9 
Mean 99.3 99.5 96.9 98.4 97.2 

2.5% CC 1.2 1.2 2.2 4.4 0.8 
*All results taken from multiple metals trains data except GSA inlet, where HCl train data 
were used. 
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TABLE S-22. FLUE GAS PARAMETERS - PARALLEL CONLlGURATION, 
DEMONSTRATION TESTS 

Value* 
Run Units GSA ESP ESP Baghouse Baghouse 

inlet inlet outlet inlet outlet 
Velocity A mkec 19.2 19.0 - 14.5 11.0 

B 20.1 19.1 18.1 14.1 11.5 
C 19.6 19.5 18.2 14.9 11.2 

Mean 19.6 19.2 18.1 14.0 11.2 
2.5% cc 1.1 0.7 0.8 1.0 0.6 

Flow fate A dscmhnin 585 603 - 96.5 103.6 
B 597 632 431 92.6 107.1 
C 576 631 434 97.5 104.5 

Mean 586 622 433 95.5 105.1 
2.5% CC 27 41 20 6.4 4.5 

Temperature A T 140 60 - 58 62 
B 147 63 63 58 62 
C 144 64 58 62 

Mean 144 63 z 58 62 
2.5% CC 8 6 4 1 1 

Moisture A 76 Vol. 7.6 17.6 - 12.8 12.5 
B 8.0 13.0 13.1 13.5 12.9 
C 9.3 14.7 13.1 13.9 13.1 

Mean '8.3 15.1 13.1 13.4 12.8 
2.5% CC 2.2 5.8 0.1 1.4 0.8 

02 (dly) A % Vol. 6.15 6.71 - 7.21 6.95 
B 6.11 6.65 7.16 7.16 7.12 
C 5.81 6.34 6.94 6.94 6.71 

Mean 6.02 6.57 7.05 7.10 6.93 
2.5% CC 0.46 0.49 1.40 0.36 0.51 

Isokinetic A % 99.9 105.8 - 98.9 100.7 
ratio B 99.5 102.1 99.9 100.1 98.3 

C 100.5 93.7 101.1 99.5 101.2 
Mean 100.0 loo.5 loo.5 99.5 100.1 

2.5% CC 1.3 15.4 7.6 1.5 3.9 
*All results taken from multiple metals trains data. 
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5.4.2 Rue Gas Particulate Results - Parallel Configuration 

Table 5-24 presents the results of particulate measurements made during parallel 
configuration tests. Particulate was not measured at the GSA inlet during baseline tests because 
inlet conditions were otherwise similar to other tests. Also, only two valid test runs were 
completed a the ESP outlet during demonstration test conditions. The precision of the results at the 
ESP inlet was low (large confidence interval) for baseline tests compared to measurements at the 
other locations. Run 1 demonstration test results at the ESP inlet were invalidated because the 
acetone rinse sample container was broken during shipment to the laboratory and most of the 
sample was lost; hence, this result was not included in the average. Precision of the ESP inlet and 
outlet demonstration results was low. One of the runs during demonstration tests at the ESP outlet 
appears to be much higher than the all others and thus would appear to be suspect, especially since 
th&e w’as no significant difference in opacity observed for that test; however, no definitive reason 
could be identified to invalidate the result. 

Particulate concentration at the ESP inlet and fabric filter inlet was not similar in most 
cases., but the differences are generally within the contidence intervals of the measurements. BSP 
outlet results were significantly lower than at the inlet for both baseline and demonstration tests, 
indicating significant removal in the ESP. ESP inlet concentrations were much greater for 
demonstration tests compared to baseline, by an average factor of 5; however, concentrations at the 
fabric filter inlet were only a factor of two greater during demonstration tests compared to baseline. 
Particulate concentration at the fabric fitter outlet was substantiaUy lower than at the inlet, indicating 
good particulate removal in the ESP. Concentrations of total particulate at the outlet of both the 
ESP and the fabric filter were well below the federal NSPS of approximately 164 mg/dscm (0.072 
gr/dscf) for coal-fued utility boilers built after August 1971 for baseline conditions. However, 
average ESP outlet results were approximately twice the limit under demonstration conditions. 
This appears to be driven by the anomalous test run discussed above. Baseline results at the ESP 
outlet were slightly below the NSPS of approximately 49 mg/dscm (0.021 gr/dscf) for coal-fired 
utility boilers built after September 1978. Particulate concentrations were considerably below this 
level at the fabric filter outlet for both baseline and demonstration tests. 

Solids concentration the lime slurry, shown for reference in Table 5-24, averaged 31 
percent. 

5-42 



TABLE S-24. PARTICULATE RESULTS - PARALLEL CONFIGURATION 

Location Units A 
Flue gas (note 1): 
Run No. - 2 

,g 1 GSA inlet mg/dscm - 
1 2 ESP inlet mg/dscm 2,614 
2 3 ESP outlet mg/dscm 44 

12 Fabric filter inlet mg/dscm 4,244 

2.5% 
cc 

3 

2,849 
10 

1,698 
1.52 

1,237 
52 

5,014 
10 Fabric filter outlet 1 mg/dscm 1 12.22 11.29 
Flue ea.5 (note 1): 
Runio. 

I I 
- 1 2 

1 GSA inlet mg/dscm 3,487 3,320 
2 ESP inlet mg/dscm (3) 1,734 12,068 
3 ESP outlet mgldscm - 676 
12 Fabric filter inlet mgidscm 6,443 11,642 
10 Fabric filter outlet 1 mg/dscm 1 6.16 4.35 
7 Lime slurry (note 2) 1 wt. % 1 29.2 29.1 
tes: 
(1) Dry, corrected to 3% 02. 
(2) Percent solids, reported as lOO-(% moisture) 
(3) Excluded from average; acetone rinse sample destroyed during shipment to laboratory. 

208 
26,075 
4,224 
6,641 
5.01 
8.54 
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5.4.3 Trace Metals Results - Parallel Configuration 

Trace metals results for the parallel configuration tests are presented in this section. Trace 
metals were not measured at the GSA inlet during baseline tests, and only two valid metals runs 
were achieved at the ESP outlet during demonstration tests. It should be noted that, as with the 
particulate results, trace metals results at the ESP inlet for Run 1 of the demonstration tests were 
not included in the averages because the acetone rinse sample was destroyed during shipment from 
the field to the lab. Results from a single lime slurry sample from Run 1 of the demonstration tests 
are reported. As discussed earlier for series configuration tests, this sample was analysed using 
the most sensitive analytical methods and results are considered representative of other samples. 
Trim water samples for each demonstration test run were analyzed using less sensitive techniques; 
however, all results were below detection limits. A single trim water sample, believed to be 
representative of all demonstration test runs, was analyzed during series configuration tests using 
more sensitive methods. The results of trim water analysis were presented earlier in the preceding 
discussion of series configuration results. 

A second series of field sample train blanks was analyzed for tbe parallel configuration 
tests. The results showed significant concentrations of metals in several of the samples, indicating 
:he possibility of background contamination for several metals. The impact of these results is 
discussed below and in Section 7. 

Table 5-25 presents antimony results for parallel configuration tests. Antimony was 
measured at concentrations above the detection limits in only a few samples. Antimony was 
detected in 6 of 28 baseline test samples and in 12 of 31 demonstration test samples. Antimony 
was detected only in the GSA inlet, ESP inlet, and fabric filter inlet samples where total particulate 
loading was relatively high. Concentrations at the GSA inlet were slightly lower during 
demonstration tests compared to baseline, but the difference is within the confidence interval of the 
measurements. Lower concentrations - below the detection limits in all cases - in the ESP outlet 
samples and most of the fabric filter outlet indicate good removal in the ESP and fabric filter. The 
low precision of most detected &ta suggests considerable uncertainty in the results. Antimony 
was not detected in any sample tram blanks and other quality control results were within normal 
acceptance limits. Antimony was below detection limits in all of the process solids samples, lime 
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TABLE 5-25. ANTBvlONY RESULTS - PARALLEL CONFIGURATION 

Run Results 
Location Units A B C Mean 

Flue gas (note 1): 
Run No. - 2 3 4 
1 GSA inlet pgldscm - 
2 ESP inlet Wd=m 6.90 8.09 10.84 8.61 
3 ESP outlet ug/dscm ND 0.09 M) 0.09 ND 0.09 ND 0.09 
12 Fabric filter inlet Wd.=m 15.12 19.18 34.76 23.02 
lOFabric filter outlet ng/dscm ND 0.10 ND 0.10 ND 0.10 ND 0.10 
4 coal mg/kg ND 0.5 ND 0.5 
13 Reinjectedflyash mg/kg ND 0.08 1 ND 0.08 ND 0.08 ND 0.08 
‘5 Cyclone solids mg/kg ND 0.08 ( ND 0.08 ND 0.08 ND 0.08 
9a ESP ash field 1 mg/kg m 10 ND 10 
9b ESP ash field 2-4 w@ m 10 ND 10 
11 Fabric filter ash me/kg ND 10 ND 10 
Flue gas (note 1): 
Run No. - 1 2 
1 GSA inlet Wd=m 5.19 6.17 
2 ESP inlet pg/dscm (3) 5.34 15.89 
3 ESP outlet pg/dscm - ND 0.09 

ND 10 ND 10 
ND I 10 ND 10 

--P-- 
3 

7.22 6.20 
24.36 20.13 

ND 0.08 ND 0.09 
12.73 13.72 

5.02 
0.00 
25.76 
0.01 

NA 
0.00 
0.00 

0 
0 
0 

2.52 
53.80 
0.06 
6.45 
0.01 
NA 
0.00 
NA 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment, Excluded from average. 
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slurry, and coal. Given tbe small number of samples in which antimony was detected and the low 
precision of the detected results, the antimony results should be used with caution. 

Arsenic results are presented in Table 5-26. Arsenic was detected in all of the baseline 
samples and in 28 of 30 demonstration test samples. The precision of the flue gas measurements 
ranges from good to fair. Arsenic was detected at low levels in 1 of 5 sample train blanks, 
indicating samples were relatively free from contamination. Low concentration audit sample 
results for arsenic indicate reduced accuracy for low level measurements. Arsenic concentrations at 
the ESP inlet and outlet am higher for demonstration tests compared to baseline, but the confidence 
interval for these results also is relatively large. Mean baseline concentrations at the fabric filter 
inlet are somewhat greater than at the BSP inlet for baseline tests but are slightly lower for 
demonstration tests. These differences are not significant in light of the relatively large confidence 
intervals. Significantly lower concentrations at the outlets of tbe ESP and fabric filter compared to 
the inlets indicates significant removal efficiency. Precision of the solids results was low for 
baseline test samples but good for demonstration test samples. Arsenic was detected at very low 
levels in the lime slurry. Arsenic concentration in the reinjected fly ash was similar for baseline 
and demonstration tests. ;\rsenic concentrations in process output solid samples collected during 
demonstration tests were generally lower than those for baseline tests. 

Barium was detected in 16 of 28 baseline test samples and 27 of 30 demonstration test 
samples (Table 5-27). Barium was not detected in any sample tram blanks and other quality 
control results were within normal acceptance limits. The confidence interval associated with 
detected results in the flue gas is large, indicating significant scatter in the results. Compared to 
series configuration results presented earlier, barium concentration in the GSA inlet flue gas is 
somewhat lower; however, concentrations in the teinjected fly ash and lime slurry are similar. The 
difference in GSA inlet concentrations thus may not be significant given the large confidence 
intervals associated with the earlier measurements, particularly given that the other key process 
inputs show similar concentrations. Barium concentration is below the detection limits at the ESP 
outlet for baseline tests, but is above detection limits for demonstration tests. Barium results are 
below detection limits at the fabric filter outlet for all tests. The large confidence intervals 
associated with most of the results suggests caution should be exercised in applying these results. 
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TABLE 5-26. ARSENIC RESULTS - PARALLEL CONFIGURATION 

Location 
Flue gas (note 1): 
Run No. 

t 

1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

i 12 Fabric filter inlet 

9a ESP ash field 1 
9b BSP ash tield 2-4 

Run Results 
Units A B C 

- 2 3 4 
ug/dscm - 
Wdscm 252.4 142.1 314.9 
ug/dscm 7.65 7.87 9.18 
ug/dscm 392.2 535.1 695.7 
ug/dscm 1.06 0.75 1.12 

1 P 

5 
55.22 
21.2 
255 
32.2 
400 

2 
313.4 
347.9 
38.03 
309.3 

4~ 0.06 
5 

41.9 
23.2 
145 
116 
141 

3 
257.8 
427.8 
0.43 
264.8 
0.29 

mg@ 33.8 30.6 54.4 
mglke 0.54 - 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 

2.5% 
Mean CC 

f 

236.5 217.4 
8.23 2.05 

541.0 377.2 
0.98 0.49 

5 NA 
50.04 17.73 
22.6 2.9 
157.3 228.9 
131.1 266.3 
287.3 329.8 

283.9 69.4 
387.8 508.0 
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TABLE 5-27. BARIUM RESULTS - PARALLEL CONFIGURATION 

5 Cyclone solids 
9a ESP ash field 1 
9b ESP ash field 2-4 
11 Fabric filter ash 
Flue gas (note 1): 

t 

Run No. 
1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

g 12 Fabric filter inlet 

- 1 
ng/dscm 88.66 
ug/dscm (3) 219.3 
@dscm - 
ug/dscm 581 

: 

Run Results I 
B I 

3 

425.9 
ND 5.11 

706.2 
ND 5.43 

TX 

lZ.9 
86.5 

ND 3.1 
ND 3.1 
NJJ 3.1 

” 

L 
49.31 
1041 
124 
460 

3 
52.30 63.44 
2947 1994 
7.79 65.98 
1025 690.6 

pg/dscm ND 4.74 1 ND 4.76 I ND 4.66 ND 4.70 
mg/kg 64 64 
wk3 113.5 124.2 146.1 127.9 
mg/kg 1.38 1.38 
mg/kg 
w/kg 55.3 51.6 41.6 49.5 
wh 91 84 57 77.3 

188.2 379.7 
ND 5.04 ND 5.07 

2718 1546 
ND 5.69 ND 5.60 

58 
122.3 121.8 
101.0 92.3 

NJJ 3.1 13.7 
44 33.9 

ND 3.1 NTJ 3.1 

mt& 94 67 72 17.1 
mg/kg 83 63 13.0 

2.5% 
cc 

430.0 
0.09 
2599 
0.38 
NA 

13.46 
19.1 
50.1 
68.9 
0.0 

54.37 
12108 
739.2 
736.3 
0.22 
NA 

41.28 
NA 

17.61 
44.6 
35.7 
127.0 

Notes: 
( 1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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Nevertheless, the results indicate significant barium removal in the ESP and fabric filter for both 
baseline and demonstration test conditions. 

Beryllium results for parallel configuration tests are shown in Table 5-28. Due to an 
analytical laboratory ermr, beryllium was not analyzed in all of the flue gas samples and several of 
the process solid samples. Similar beryllium concentrations in the coal and teinjected fly ash for all 
series and parallel configuration tests suggest input levels were relatively constant. Beryllium was 
below detection limits in the lime slurry and tsim water. Beryllium concentration in the GSA solids 
is lower for demonstration tests compared to baseline, suggesting dilution by other solids. 

Table 5-29 presents cadmium results for parallel configuration tests. Cadmium was 
detected in 26 of 28 baseline test samples and in 28 of 30 demonstration test samples. Significant 
amounts of cadmium also were detected in 4 of 5 sample tram blanks, suggesting the possibility of 
significant background contamination. Other quality control tesuits for cadmium are. within normal 
acceptance limits. The precision of flue gas results is low for most sampling locations. Caddmium 
concentrations in the GSA inlet flue gas, coal, and reinjected fly ash are similar to those measured 
during series configuration tests. Mean ESP inlet concentration is slightly higher for 
demonstration tests, but the difference is well within the confidence interval of the measurements. 
Cadmium concentration in the ESP outlet and fabric filter outlet flue gas is lower for demonstration 
tests compared to baseline, with generally good precision. All flue. gas results are above the 
detection limits. Cadmium concentrations in the process output solids ate similar for baseline and 
demonstration test conditions. The cadmium enrichment of fabric filter ash that was observed in 
the series configuration results was not observed in the parallel configuration results. 

Parallel configuration results for chromium are presented in Table 5-30. Chromium was 
detected in 25 of 28 baseline test samples and in 26 of 30 demonstration test samples. Chromium 
was detected in all of tbe flue gas samples except at the fabric ftlter outlet and in one demonstration 
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TABLE 5-28. BERYLLIUM RESULTS - PARALLEL CONFIGURATION 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
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TABLE 5-29. CADMIUM RESULTS - PARALLEL CONFIGURATION 

Location 
Flue gas (note 1): 
Run No. 
1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

,g 12 Fabric filter inlet 
- 10 Fabric filter outlet 
8. cp 4coal 

13 Reinjected fly ash 
5 Cyclone solids 
9a ESP ash field 1 
r9b ESP ash field 2-4 

Run No. 
1 GSA inlet 
2 ESP inlet 
3 ESP outlet 

.s 12 Fabric filter inlet 

w&3 
w@ 

4 
m 

- 

ug/dscm 
ug/dscm 
ug/dscm 
rg/dscm 

1.300 
1.600 
2.100 

3 
7.04 
11.25 
0.20 
4.14 

1.30 
1.07 
2.77 

6.61 
9.91 
0.59 
2.98 

0.25 
1.25 
1.74 

0.94 
17.09 
4.89 
4.15 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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TABLE 5-30. CHROMIUM RESULTS - PARALLEL CONFIGURATION 

I I I Run Results 
Location units A 

Flue gas (note 1): 
Run No. - 2 
1 GSA inlet pg/dscm - 
2 ESP inlet vg/dscm 305.8 
3 ESP outlet pg/dscm 8.91 

g 12 Fabric falter inlet &dscm 447.3 

3 4 

319.9 512.4 
10.08 12.12 
896.1 998.2 

ND 3.15 ) ND 3.30 
16 

9a ESP ash field 1 

Mean 

379.4 286.8 
10.37 4.04 
780.5 728.1 

ND 3.25 0.22 
16 xi 

26.20 5.07 
19.91 12.58 
34.00 33.42 
43.67 55.35 
54.00 15.11 

350.4 130.3 
519.1 1386 
27.29 321.3 
221.5 168.6 

NLI 2.73 0.12 
17 NA 

28.1 13.43 
3.70 NA 

15.77 1.65 
20.67 6.25 
28.00 9.94 
23.50 19.06 

Notes: 
(1) Dry, corrected to 3% 02, 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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test sample at the ESP outlet. Recision of tbe flue gas results is genetally fair to good. Chromium 
was detected in 2 of 5 sample train blanks, indicating the slight possibility of background 
contamination; however, the levels found are significant only to measurements at the outlets of the 
ESP and fabric filter. Also, the low level chromium audit sample results indicated reduced 
accuracy of low concentration measurements. Chromium concentrations in the GSA inlet flue gas, 
reinjected fly ash, coal, and lime shmy are similar to those measured during series configuration 
tests. Mean chromium concentrations at the ESP inlet and outlet are slightly elevated for 
demonstration tests compared to baseline. The differences are not statistically significant, 
however, especially considering that there are only two valid measurements at each of these 
locations for demonstration test conditions and one of those is below detection limits. Chromium 
concentrations in the process output solids are lower for demonstration tests compared to baseline. 

Table 5-3 1 presents cobalt results for parallel configuration tests. Cobalt was detected in 
25 of 28 baseline test samples and in 25 of 30 demonstration test samples. The precision of flue 
gas cobalt measurements is generally fair to good. Cobalt was detected in 1 of 5 sample train 
blanks at a level close to the detection limits, indicating the flue gas samples were free from 
significant contamination. Other quality control results for cobalt are within norm& acceptance 
limits. Cobalt was detected in all of the flue gas samples except for those at the fabric filter outlet 
and one ESP outlet demonstration test measurement. Cobalt concentrations in the GSA inlet flue 
gas, reinjected fly ash, and coal are slightly higher than measurements during series configuration 
tests. Cobalt was not detected in the lime slurry. Cobalt concentrations in the process output 
solids are generally higher during demonstration tests compared to baseline, except for the GSA 
solids which ate lower. Measurements across the ESP and fabric filter indicate significant removal 
across the control devices. 

Lead test results for parallel configuration tests are shown in Table 5-32. Lead was 
detected in all but one of 28 baseline test samples and in 24 of 30 demonstration test samples. 
Lead also was detected in 3 of 5 flue gas sample train blanks, indicating the possibility of 
significant contamination or background bias; however, the average blank level is significant only 
for the fabric filter outlet samples. Other quality control results for lead’were within normal 
acceptance limits. Lead was detected in all flue gas samples. The precision of the flue gas results is 
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TABLE 5-3 1. COBALT RESULTS - PARALLEL CONFIGURATION 

I 9a l&P ash field 1 
9b ESP ash field 2-4 

1 GSA inlet 
2 ESP inlet 
3 ESP outlet 
12 Fabric filter inlet 

8.00 
12.00 
11.00 

1 
65.34 

(5) 8.83 

4 
7.64 
6.80 
8.00 
3.00 
8.00 

2 
70.41 
93.47 
11.79 
43.79 

m 1.23 
5 

5.98 
5.29 
6.00 
8.00 
9.00 

3 
66.36 
111.6 

ND 1.18 
66.68 

ND 1.19 

Mean 
2.5% 
cc 

69.50 
1.84 
137.9 

Jo 1.45 
4 

6.617 
6.507 
7.33 
7.67 
9.33 

45.43 
0.33 
9464 
0.10 
NA 

2.22 
2.73 
2.87 
11.20 
3.79 

67.37 6.67 
102.5 115.0 
6.19 67.39 
47.46 43.92 

a3 1.21 0.05 
5 NA 

6.547 2.27 
4D 0.35 NA 

2.633 1.14 
16.00 7.45 
15.67 3.79 
15.00 0.00 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment, Excluded from average. 
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TABLE S-32. LEAD RESULTS - PARALLEL CONFIGURATION 

Run Results 
Location units A B C 

Flue gas (note 1): 
Run No. - 2 3 4 
1 GSA inlet ug/dscm - 
2 ESP inlet ug/dscm 193.3 166.1 188.5 
3 ESP outlet ug/dscm 5.74 6.59 6.23 
12 Fabric f&r inlet ug/dscm 306.4 412.5 606.9 
10 Fabric filt+r outlet ug/dscm 1.59 1 1.09 I 1.18 
4 coal mg/kg T 
13 Reinjecmd fly ash mg& 21.10 
5 Cyclone solids muk2 3.45 

19aESPashfield 1 1 mg/kg 1 19.00 
9b ESP ash field 2-4 mu%- 25.00 
11 Fabric filter ash mgkg 18.00 
Flue ms (note 1): 

< 
17.90 
2.60 
14.00 

ND 4.00 
15.53 

15.70 
7.69 
16.00 
23.00 
20.00 

Run No. - 1 
1 GSA inlet M&m 112.0 
2 ESP inlet ug/dscm (3) 2.61 
3 ESP outlet ug/dscm - 

,g 12 Fabric filter inlet ug/dscm 24.05 

9a ESP ash field 1 

2 
153.0 
215.1 
34.97 
86.92 
0.947 

5 

3 
124.3 
300.1 
0.48 
147.6 
0.407 

Mean 
2.5% 
cc 

182.6 
6.19 
441.9 
1.29 

5 
18.23 
4.58 
16.33 
16.67 
17.67 

36.10 
1.07 

378.7 
0.66 
NA 
6.75 
6.77 
6.25 
28.79 
6.25 

129.8 
257.6 
17.73 
86.19 
0.82 

5 
13.15 

m 0.035 

52.27 
539.8 
219.1 
153.5 
0.90 
NA 

11.98 
NA 

0.257 0.62 
4.38 5.31 
4.38 5.31 

m 2.30 0.00 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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fairly good in most cases. Lead concentrations in the GSA inlet flue gas, reinjected fly ash, and 
coal ate similar to those measured during series configuration tests. Measurements across the ESP 
and fabric filter indicate significant lead removal in the control devices. Lead concentrations at the 
fabric filter inlet and outlet ate considerably lower during demonstration tests compared to baseline 
conditions, although the confidence interval for these measurements is relatively large. Lead 
concentration in the GSA cyclone solids is lower than that in the ESP and fabric filter solids, and 
concentrations in all process output solids are lower for demonstration tests compared to baseline. 

The results of manganese measurements for parallel configuration tests are shown in Table 
5-33. Manganese was detected in all of the 28 baseline test samples and in all of the 30 
demonstration test samples. Precision of the flue gas results is fair to low at most locations. 
Manganese was detected in 3 of 5 sample train field blanks, indicating the possibility of significant 
contamination or background bias. The mean manganese concentration in the field blanks is low, 
however, and significant only for samples collected at the ESP outlet and fabric filter outlet. Mean 
manganese concentrations in the flue gas at the GSA inlet, reinjected fly ash, and coat are slightly 
lower than those for series configuration tests. As with most of the other metals results, 
manganese concentrations at the ESP inlet and outlet are slightly elevated for demonstration tests 
compared to baseline; however, this difference may not be significant in light of the number of 
valid measurements at this location and the large confidence intervals. Manganese concetmation in 
the fabric filter outlet flue gas is similar for demonstration and baseliie tests in most instances. The 
concentration of manganese in the process output solids is slightly lower for demonstration tests 
compared to baseline. 

Table 5-34 shows mercury concentrations measured during parallel configuration tests. 
Mercury was detected in 13 of 28 baseline test samples and in 15 of 30 demonstration test samples, 
indicating only trace levels of mercury in the system. Nearly all the detected results occurred in the 
flue gas samples at generally low levels. Mercury was not detected in any of the sample train 
blanks, indicating the samples were free from any significant contamination, and other quality 
control results were acceptable. The precision of the flue gas measurements is fair in most 
instances, considering the low absolute concentrations. Mercury concentrations in the GSA inlet 
flue gas and coal are similar to series configuration test results; mercury was not detected in the 
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TABLE 5-33. MANGANESE RESULTS - PARALLEL CONFIGURATION 

I 9b ESP ash field 2-4 

Run No. 
1 GSA inlet 
2 ESP inlet 
3 ESP outlet 
12 Fabric filter inlet 

m&i 46.0 
m/k 39.0 t-4- - 1 

ug/dscm 440.5 
ug/dscm (3) 45 
ugldscm - 
@dscm 197.4 

27.0 
21.0 
43.0 

2 
200.4 
449.2 
68.12 
247.1 

89.3 
89.9 
26.0 
44.0 
38.0 

3 
194.1 
580.1 
3.30 

436.9 
5.54 

l- 
Mean 

325.1 
14.56 
687.3 
4.42 
31 

76.2 
86.8 

26.67 
37.00 
40.00 

332.7 
21.10 
675.0 
2.67 
NA 

28.33 
20.61 
1.43 

34.51 
6.57 

278.3 
514.6 
35.71 
293.8 
7.04 
24 

81.03 
5.44 

349.0 
831.7 
411.7 
314.1 
8.59 
NA 

17.65 
NA 

60.27 21.46 
17.33 13.68 
22.33 13.68 
22.50 44.46 

Notes: 
(1) Dry, corrected to 3% 02, 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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TABLE 5-34. MERCURY RESULTS - PARALLEL CONFIGURATION 

Location units A 
Flue gas (note 1): 
Run No. - 2 
1 GSA inlet kg/d- - 
2 ESP inlet @scm ND 0.085 
3 ESP outlet Wd=m 0.768 
12 Fabric filter inlet Pg/d=m 1.133 

3 
l- 

.un Results 
B C 

1 GSA inlet 
2 ESP inlet 
,3 ESP outlet 

Mean 
2.5% 
cc 

0.13 0.30 
0.75 0.05 
1.47 0.78 
1.53 3.84 

0.075 NA 
aI 0.1 0.00 
m 0.1 o.00 

0.03 0.06 
aI 0.03 0.00 

0.07 0.10 

2.06 
3.35 
1.74 
1.84 
1.02 

0.065 
u!J 0.1 
m 0.10 

4.09 
15.75 
0.38 
0.75 
1.49 
NA 
0.00 
NA 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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reinjected fly ash or lime slurry. Mercury concentration at the ESP inlet was much higher for 
demonstration test conditions; the reason for this is not immediately apparent. The results could 
indicate a problem with the baseline FSP inlet results, which were below detection limits for two of 
the three runs in marked contrast to the all of the other measurements at this location and 
measurements made at the fabric filter inlet. Mean mercury concentrations at the ESP outlet were 
slightly lower for demonstration tests compared to baseline, and fabric filter outlet were slightly 
lower. These differences are probably not significant due to the large confidence intervals for these 
measurements. Mercury was below or slightly above the detection limits in all of the process 
output solids; them was no significant difference in demonstration and baseline samples that could 
be measured. 

Available nickel results for parallel configuration tests are presented in Table 5-35. Due to 
an analytical laboratory error, nickel was not determined in any of the flue gas samples and in 
several of the solid samples. Nickel concentrations in the coal and reinjected fly ash are slightly 
higher than in series configuration samples. Nickel concentration in the GSA solids is similar to 
the reinjected fly ash for baseline tests, but is considerably higher for demonstration tests. Nickel 
was detected at low levels in the lime slurry. 

In Table 5-36, selenium concentrations in parallel configuration test samples are shown. 
Selenium was detected in 19 of 28 baseline test samples, but in only 7 of 30 demonstration test 
samples. Selenium was not detected in any flue gas sample train field blanks, indicating the 
samples were free from significant contamination. Other quality control results are within 
acceptance limits. The precision of detected flue gas results is fair to low, since most detected 
levels are less than an order of magnitude above the detection limits. Selenium concentration in the 
GSA inlet flue gas was markedly lower than that measured during series configuration tests; 
however, results for the coal and reinjected fly ash are of similar magnitude or slightly higher. 
Selenium was above detection limits in only a few flue gas samples. Thus, the flue gas results are 
generally of little use for calculating selenium removal efficiencies across the ESP and fabric filter. 
In fact, baseline ESP removal efficiency for selenium is strongly negative, due to undetected 
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TABLE 5-35. NICKEL RESULTS - PARALLEL CONFIGURATION 

Location units A 
true gas (note 1): 
Run No. - I 
1 GSA inlet pg/dscm - 
‘2 ESP inlet pg/dscm - 
3 ESP outlet pg/dscm - 

,z I1 2 Fabric filter inlet ( pg/dscm 1 - 

:un 
B 

2 

C 

4 

9a ESP ash field 1 
9b ESP ash field 2-4 

Mean 

20.1 
18.33: 

12 NA 
19.6 6.67 
0.96 NA 

60.26 21.46 

2.546 
cc 

6.71 
10.69 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
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TABLE 5-36. SELENIUM RESULTS - PARALLEL CONFIGURATION 

Location Units A 
Flue gas (note I): 
Run No. - 2 
1 GSA inlet ug/dscm - 
2 ESP inlet ug/dscm ND 0.18 
3 ESP outlet ug/dscm 20.25 

$ 12 Fabric filter inlet ug/dscm ND 0.28 

T :un Results 
1 B I C 

- 3 10 Fabric filter outlet ug/ dscm ND 0.08 1 
a 4coal mg/kg 3 

13 Reinjected fly ash mgkg 3.98 4.Yl 
5 Cyclone solids me/Ls 8.10 18.30 
9a ESP ash field 1 mwkn 5.00 4.90 
[9bESPashfield 2-4 I m&i 1 9.00 I ND 2.00 
11 

- - 
I Fabric filter ash 1 mg/kg I 15.60 1 14.20 

IFlue eas (note 1): I I I 
RunNo.‘ - 1 2 
1 GSA inlet ug/dscm 9.85 ND 0.10 
2 ESP inlet ug/dscm ND(J) 0.17 ND 0.29 
3 ESP outlet ug/dscm - ND 0.07 _ 

4.39 
10.30 
7.80 
11.40 
8.40 

3 
21.86 

ND 0.30 
ND 0.06 
ND 0.28 
ND 0.06 

Mean 
mz 
cc 

ND 0.18 0.01 
20.50 22.84 
5.94 24.76 

ND 0.08 0.00 
2 NA 

4.16 0.52 
12.23 13.34 
5.90 4.09 
7.13 12.13 
12.73 9.48 

10.59 
ND 0.30 
NTJ 0.07 
ND 0.20 
NLI 0.07 

2 
3.43 
1.01 

ND 0.1 
ND 0.11 
ND 0.11 
ND 0.11 

27.08 
0.06 
0.06 
0.23 
0.01 
NA 
1.72 
NA 

0.00 
0.00 
0.00 
0.00 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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results at the ESP inlet that are much lower than detected results at the ESP outlet. The data 

indicate considerable caution should be exercised in applying these results. 

Table 5-37 shows vanadium concentrations in samples collected during parallel 
configuration tests. Vanadium was detected in 20 of 28 baseline test samples and in 21 of 30 
demonstration test samples. Vanadium was not detected in any flue gas sample train field blanks, 
indicating these samples were free from any significant contamination. Other quality control 
results are acceptable. Precision of the flue gas results is fair for most detected results. Compared 
to series configuration test results, vanadium concentration is slightly lower in the GSA inlet flue 

gas, similar in the coal, and slightly higher in the reinjected fly ash (alI of these results are above 
the‘detection hmits). Vanadium was not detected in most of the ESP outlet and fabric filter outlet 
samples. 

5.4.4 HCl and HP Results - Parallel Configuration 

HCl and chloride results for the. parallel configuration tests are presented in Table 5-38. 
The precision and quality of the flue gas results is considered good. HCl concentrations in the 
GSA inlet flue gas, coal, teinjected fly ash, and lime slurry were similar to those measured for 
series configuration tests. The results of measurements under baseline conditions indicate no 
significant removal across the system. HCI was below detection limits in flue gas samples 
collected downstream of the GSA reactor/cyclone during demonstration tests, indicating significant 
HCI removal. Elevated chloride concentrations in process output solid samples is also seen for 
demonstration tests compared to baseline results, as expected based on HCI removal from the flue 

gas. 

HP results for parallel configuration tests (Table 5-39) showed trends similar to series 
configuration tests. The precision of the baseline flue gas HP measurements is fair to low. 
Several results at the GSA inlet are low compared to the bulk of the measurements. Also, baseline 
HP concentration at the fabric filter inlet is very low, below the concentration measured at the 
fabric filter outlet. These measurements are intuitively suspect, although no definitive problems 
with any of the samples could be identified. The anomalous data indicate the baseline results 
should be used with considerable caution. HP concentrations in samples collected downstream of 
the GSA are below the detection limits, indicating signiticant removal across the GSA/cyclone. 
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TABLE 5-37. VANADIUM RESULTS - PARALLEL CONFIGURATION 

Run No. 
1 GSA inlet 
2ESP inlet 
3 ESP outlet 

: 

Run Results 
B I C I Mean cc 

I 

3 14 
375.4 766.2 

DDM 9.81 13.95 
1520 1258 

ND 10.84 0.74 
30 NA 

T 45.47 7.67 
45.83 5.35 
62.62 132.98 
72.62 154.32 
108.67 54.73 

635.0 509.6 
2 ESP inlet 1022 1479 

I 3 ESP outlet ugldscm - 
I I 

58.48 658.4 
12 Fabric filter inlet kddwm 282 491.0 454.9 

ND 9.10 0.41 
47 47 NA 

42.4 22.38 
2.21 NA 

2.5% 

22.67 5.82 
22.23 90.79 
19.23 77.88 
26.93 325.9 

Notes: 
(1) Dry, corrected to 3% 02. 
(2) Results of original sample analysis below detection limit. Analysis of single archive sample 

for test condition using more sensitive test method shown. 
(3) Acetone rinse sample broken during shipment. Excluded from average. 
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TABLE 5-38. HCL AND CHLORIDE RESULTS - PARALLEL CONFIGURATION 

Notes: 
(1) Reported as HCl, dry, corrected to 3% 02. 
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TABLE 5-39. HF RESULTS - PARALLEL CONFlGURATlON 

Run Results 2.5% 
Location Units A B C Mean CC 

Flue gas (note 1): 
Run No. - 2 3 4 
1 GSA inlet mg/dscm 0.79 4.27 4.43 3.16 5.11 
2 ESP inlet mg/dscm - 
3 ESP outlet mp/dscm - 
12 Fabric filter inlet mg/dscm 0.77 0.77 0.49 0.67 0.40 
10 Fabric filter outlet mg/dscm 1.17 1.17 4.53 2.29 4.82 
Hue gas (note 1): 
Run No. - 1 2 3 
I GSA inlet mg/dscm 0.95 0.44 4.93 2.11 6.11 
2 ESP inlet mg/dscm - ND 0.04 ND 0.04 ND 0.04 0.01 
3 ESP outlet mg/dscm ND 0.03 ND 0.03 NA 
12 Fabric filter inlet mg/dscm ND 0.03 ND 0.04 ND 0.03 ND 0.03 0.02 
10 Fabric filter outlet mg/dscm ND 0.03 ND 0.03 ND 0.03 ND 0.03 0.00 

Notes: 
(1) DIY, corrected to 3% 02. 
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6.0 MASS BALANCES, REMOVAL EFFICIENCY, AND EMISSION FACTORS 

This section of the report presents results based on the basic measurement data presented in 
Section 5. The discussion is divided into three major subsections: 

. Mass balances across the GSA/cyclone, ESP, fabric filter, and the entire system; 

. Emission factors calculated for three conceptual process arrangements. 

. Removal efficiency of the GSA process in three conceptual process arrangements; 

6.1 

Mass balances across the whole GSA pilot plant and across the GSA reactor/cyclone, ESP, 
and baghouse were calculated for each of the four test conditions. Mass balances were calculated 
for total mass, trace metals, and chlorine. If the mass balance closure is within the project 
objectives, this imparts a degree of confidence to me test results and can be helpful in interpreting 
the results. In this report, the mass balance closure is defined as the percentage of total mass 
output to total mass input, 

Mass balance closure, % = 100 x (total mass output)/(total mass input) 

A mass balance closure of 100 percent indicates that the amount of mass measured leaving the 
system equals the amount measured entering the system (i.e., perfect closure). Detailed results of 
the mass balance calculations, example calculations, and specific assumptions used for data 
averaging and substitution are provided in Appendix C for each test condition. The following 
discussion presents a summary of the mass balance procedures and major results. 

6.1.1 Mass Balance Procedures 

Mass balances were calculated across four distinct control volumes: 

. GSA reactor and cyclone, as a single unit; 
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. ESP; 

. Fabric filter; 

. Entire system. 

Figure 6- 1 defines the control volumes used for series and parallel configurations. Ah of 
the streams crossing the control volume boundary were included in the calculations. The only 
difference between the series configuration and parallel configuration control volumes is in how the 
ESP balance is handled. Since the fabric filter slipstream take-off is upstream of the ESP outlet 
sampling point in the series configuration, the fabric filter inlet measurements must be added to the 
ESP outlet measurementa to complete the FSP balance. Similarly for the parallel configuration, the 
fabric filter inlet measurements must be subtracted from the ESP inlet measurements. 

It was not possible to directly measure the mass of solids collected in the GSA, ESP, and 
baghouse. Therefore, these streams were calculated by difference between the measured inputs 
and outputs. In addition to the amount of solids entering the system directly in the input streams, 
solids were generated during demonstration tests by the reaction of added lime with SO3, SO,, and 
HCl to form calcium sulfite, calcium sulfate, and calcium chloride, respectively: 

Ca(OH)2 (s) + SO3 (g) => CaSO3*lRH2O (s) + 1/2HaO 

Ca(OH)2 (aq) + SO3 (g) + Hz0 => CaS04*2H20 (s) 
Ca(OH)2 (aq) + 2HCl (g) + 4H20 => CaCl&H20 (s) 

The solids generated by the reaction of SO2 and lime were calculated based on flue gas flow rate, 
molecular weight, and SO2 measurements at the inlet and outlet of the device. Example 

calculations are provided in Appendix C. First, the number of moles of SO2 removed were 
calculated. Then, the incremental solids generated per mole of SO3 removed was calculated as 

follows: 

Solids input: 1 mole Ca(OH)2 x 74.1 g/mole = 74.1 g Ca(OH)2 
Solids output: 1 mole CaSO3*1/2H2O (s) x 129.15 g/mole = 129.14 g CaSOpll2H20 

Solids generated: (129.14 g CaSO3*1/2H20) - (74.1 g Ca(OH)2) = 55.05 g 
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7 13 14 

Legend Sampling Locations 
A - GSA reactor/cyclone conbol volume 1 - GSA rnlet flue gas 
B - ESP control volume 2 - ESP inlet flue ges 
C - Fabric filter control volume 3 - ESP outlet flue 
D - System control volume 

9B - ESP hopper solids, fields 24 
10 - Fabric filter outlet flue gas 
11 - Fabric filter hopper solids 
12 - Fabric filter inlet flue 9as 
13 - &injected fly ash 
14 -Trim water 

Figure 6- 1. Control volumes used for mass balances. 
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This amount was added to the difference between solids in the process inputs and measured 
outputs when‘calculating the solids removed in the GSA, ESP, and baghouse. SO3 concentration 
was not measured during these tests but is typically about 0.25 percent of SO2 concentration when 

firing eastern coals. HCl was measured and was found to be less than 1 percent of the SO3 mass 
in the system. Because the mass of SO3 and HCl are much less than that of SO3, the solids 

formed by SO3 and HCI reaction were neglected in this analysis. For baseline conditions, solids 
generation was neglected even though some flue gas measurements indicated SO3 removal. This 

was considered to be measurement error rather than true SO2 removal; since no lime was added to 
the system during baseline tests, the calculated solids generation was neglected. 

Elemental mass balances - i.e., for trace metals and chlorine - were performed in a 
similar manner using laboratory results for each stream and measured or calculated stream flow rate 
to calculate the mass flow of each element. The calculated mass flow rate of each element is 
presented in Appendix C for each of the process streams. 

The final consideration in performing the mass balance calculations is measurements that 
were not made simultaneously with the remaining measurements in a data set. The following 
procedures were used in developing the mass balances: 

. Averaging of elemental mass flows - When averaging results of individual runs that 
were all ND, if the average concentration in the sample was flagged NDM, the mass 
flow rate was also flagged NDM. Average elemental mass flow rates were not 
flagged NDM unless the average concentration was Sagged NDM. If the average 
mass flow rate was flagged NDM, the normal averaging procedures were used 
(i.e., one-half of the non-detects was used with detected values in the average). 

. If fewer than three fulI tuns were obtained at a particular location: 

If two valid runs were obtained, the average of the two valid runs was 
substituted for the missing run; 

If one valid run was obtained, no data were substituted for the missing runs; 
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. If a make-up run was performed for a run that was invalidated and the make-up run 
was performed on the same day as a planned run of the same type at the same 
location, the make-up run data were substituted for the invalidated run. 

For example, for the series configuration demonstration tests, the initial trace metals run at the ESP 
inlet was invalidated and repeated on the third test day. When this occurred, the data from the 
repeat measurement was substituted for the original data. For baseline tests with both series and 
parallel configurations, the first day of testing was invalidated due to process conditions (see 
Section 5.1). Repeat flue gas measurements were made on both the second and third day of 
testing. This resulted in two sets of process data that were combined with three sets of flue gas 
data. SO2 and 02 results were taken for test periods corresponding to Method 29 trace metals test 
runs. 

6.1.2 Expected and Measured Element Concentrations at GSA Inlet 

Because the GSA pilot plant utihzes a slipstream of the total flue gas generated by Shawnee 
Unit 9, the coal could not be included directly in the mass balance calculations. To provide an 
indication of whether the measured concentrations at the GSA inlet are commensurate with the coal 
characteristics, the coal analyses were used to calculate expected fly ash, trace element, and 1-K: 
concentrations at the GSA inlet. Table 6-l compares the expected concentration to the measured 
concentration at the GSA inlet, using an average of all four coal analyses and all nine GSA inlet 
measurements. A portion of the fly ash produced in Unit 9 is removed in the mechanical collector 
upstream of the slipstream take-off. Some of the fly ash is re-injected into the GSA pilot plant to 
simulate input conditions corresponding to the boiler air preheater outlet. The table also shows the 
equivalent concentration of re-injected fly ash and its elements in the GSA inlet flue gas, and the 
sum of this plus the measured concentration in the GSA inlet flue gas. A pseudo-mass balance 
closure, defined as the total concentration at the GSA inlet relative to the theoretical concentration 
from the coal, is also shown on the table. 

Table 6-l shows that total ash entering the GSA system is 78 percent of that expected based 
on total ash in the coal. This is quite reasonable since typically 10 to 30 percent of mineral matter 
in the coal exits the boiler as bottom ash (and economizer ash if so equipped) rather than as fly ash. 
For metals that are not volatile and also end up in the bottom ash, this same degree of closure 
would be expected. The measured concentrations of arsenic and cadmium fall within 50 to 150 
percent of the expected value, which is the elemental mass balance objective. Ail of the other 
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TABLE 6-1. COMPARISON OF EXPECTED AND MEASURED 
ASH, TRACE METALS, AND HCl AT GSA INLET 

units (1) 
mg/dscm 
pg/dscm 
@dscm 
W=m 
pg/dscm 
pg/dscm 
kg/d- 
W&cm 
pg/dscm 
t.tg/dscm 
pg/dscm 
pg/dscm 
kW=m 
pg!dscm 

L=massba 
mg/dscm 22.41 - ( 22.41 21.71 
ce less than 50%; H = mass balance greater than 150%. 

(1) Concentration on dry basis, 3% 02). 
(2) Equivalent concentration in flue gas baaed on average GSA inlet flow. 
(3) Equivalent concentration in flue gas based on average coal heating 

value and composition. 
(4) Assumes all particulate at GSA inlet is ash. 
(5) Coal analysis by ASTM D3684. 
(6) Total inlet divided by coal. 

7.0 2.3 9.3 
380 I 207 588 

7701 

58 

2561 10251 

,38 97 
119 114 234 
456 573 103c 
1.7 ND 0.7 2.4 

75 22 9e 

549 
25181 
107.1 

39161 

8.4 
1913 
455 
602 

3098 
8.8 

1114 
214 

Mass 
Balance (6) 

78% 

t-i 

L 5% 
103% 

L 5% 
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measured metals concentrations entering the GSA were low relative to expected concentrations 
based on coal analysis results. Antimony and barium concentrations were 5 percent of the 
expected value. Average concentrations of chromium, cobalt, lead, manganese, mercury, 
selenium, and vanadium ranged from 21 to 46 percent. The results suggest either the coti analysis 
results are biased high, or the GSA inlet measurements are biased low. Except for antimony and 
mercury, most of the individual GSA inlet flue gas results were above the method detection limits. 
HCI concentration measured at the GSA inlet is in very close agreement with theoretical levels 
based on the coal analyses, averaging 103 percent of the expected value. 

6.1.3 Mass Balances - Series Configuration 

Jotal Mass B&ace Senes Confieuntion - 

Table 6-2 presents the total flow rate of flue gas and particulate matter for each of the 
process streams for baseline and demonstration tests. The basis of each value, i.e., calculated or 
measured, is indicated on the table. For each stream, the mean value and 2.5 percent confidence 
coefficient are shown with the results from each run. From these results, a mass balance for total 
mass entering and leaving the system and its components can be calculated. The mass balance 
e:osure for total mass is also shown on Table 6-2. Mass balance closure around the entire GSA 
system ranges from 86 to 94 percent for all baseline and demonstration test runs. This is 
considerably better than the objective of 70 to 130 percent for total mass. However, because the 
solid stream outputs from the GSA, ESP, and baghouse were calculated by difference between 
inputs and other outputs, the mass balances may be artificially forced towards closure. A true 
rigorous mass balance might not show the same degree of closure if all of the solids streams were 
measured directly. 

Mass balance closure around the GSA reactor/cyclone control volume ranged from 91 to 
108 for all series configuration tests and averaged 106 and 99 percent for baseline and 
demonstration tests, respectively. Closure around the ESP was generally low, ranging from 84 to 
93 for all series configuration tests and averaging 85 and 88 percent for baseline and demonstration 
tests, respectively. Closure around the fabric filter was generally high, ranging from 108 to 118 
percent for all series configuration tests and averaging 115 and 111 percent for baseline and 
demonstration tests, respectively. Assuming all streams are measured, low closure (i.e., closure 
less than 100 percent) can be due to either a low bias in the output measurements or a high bias in 
the input measurements. Conversely, high closure (i.e., closure greater than 100 percent) can be 
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TABLE 6-2. TOTAL MASS BALANCE, SERIES CONFIGURATION 

1 GSA inlet, gas total 

19a ESP ash field 1 

GSA reactor/cyclone 
ESP 
Fabric filter 

12 Fabric filter inlet 

9a ESP ash field 1 

GSA reactorkyclooc 
ESP 
Fabric filter 

1 System 
lores: 

Units A 
iun resultr 

B C Mean 
2.5% 
CC Basi 

- 

kg/hr 
kg/hr 
kslhr 
k%hr 
kg/hr 
kg/hr 
k%hr 

:g 

g 

kg/hr 

gig 

45777 46482 45883 46047 944M 
134 81.8 130 115 72 M 

47350 49821 49801 48993 3534 M 
123 137 64.7 108 95 M 

35391 35624 35392 35469 333 M 
0.836 0.911 0.919 0.889 0.114 M 
6388 6544 6211 6381 414 M 
0.211 0.213 0.107 0.177 0.150 M 
7366 1300 1350 1339 86 M 
0.056 0.028 0.059 0.048 0.042 M 

183 182 180 182 4 M 
193 121 245 189 147 c 
109 121 57 % a5 c 
13.1 14.5 6.8 11.5 10.2 c 

0.154 0.185 0.048 0.129 0.118 c 

% 103 101 108 106 7 ‘C 
% 88 85 84 85 6 C 
5% 115 112 118 115 a c 
96 94 93 93 93 2 c 

46781 41205 46014 46667 1500 M 
83.2 91.1 96.4 90.3 16.6 M 

51603 47261 43690 4752C 9844 M 
378 269 304 317 138 M 

36211 33929 33398 34533 3798 M 
0.398 0.380 0.218 0.332 0.246 M 
7654 7404 1335 7464 411 M 
0.120 0.072 0.048 0.080 0.092 M 
8292 8363 8216 8310 115 M 
0.036 0.029 0.028 0.031 0.010 M 

198 201 198 199 5 M 
1056 1129 1149 1111 121 M 
1333 1210 1199 1247 185 M 
335 460 432 409 163 C 
339 243 273 285 122 c 
40.1 29.1 32.1 34.2 14.7 c 

0.315 0.086 0.113 0.191 0.287 C 

96 106 96 91 98 18 C 
46 85 88 93 a9 10 c 
% 108 113 113 111 1 c 
9i 92 86 87 88 7 c 

M = measured diictly 
C = calculated 
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due to either a high bias in the output measurements or a low bias in the input measurements, The 
fact that the ESP closure is low and the fabric filter closure is high suggests that the fabric filter 
inlet measurements may be biased low. Thus, series configuration removal efficiencies for the 
fabric tiher also may be biased low. Since the particulate concentmtion is relatively low and similar 
at both the. ESP outlet and fabric filter inlet, the closure discrepancy is most likely due to errors in 
the gas flow measurements. High closure can also be caused by another stream entering the 
system that was not measured, such as infiltrated air resulting from the low pressure in the system. 
02 concentration measurements at various points in the system (see Section 5) indicate air 
infiltration on the order of 4 percent (of total dry flue gas entering) in the GSA reactor/cyclone, 7 
percent in the BSP. and 2 percent in the fabric filter. Therefore, the low closure around the ESP 
may be undetesnmatcd and the high closure around the fabric filter may be slightly overestimated. 

Tables 6-3 and 6-4 present trace metals mass balance closure for trace metals and chlorine 
during baseline and demonstration test conditions, respectively. The tables show the mean 
closure, 2.5 percent confidence coefficient, and individual run results for the GSA reactor/cyclone, 
ESP, fabric filter, and the whole system. The objective for trace element and chlorine mass 
balance closure is 50 to 150 percent. Trace metals mass balances across the whole system meet 
this goal for 33 percent of the results. Barium, cobalt, and manganese closures across the whole 
system satisfy the mass balance objective. Closure across the whole system of all other metals 
except antimony is below 50 percent, indicating either a low bias in the output results or a high bias 
in the input results. Antimony mass balances are very high primarily because most of the analytical 
results for the ESP ash (locations 9A and 9B), which dominate the output mass flow, are below 
detection limits. Non-detected results also contribute to many of the other closure results that are 
outside the desired closure range. Beryllium and nickel are not included in the mass balance 
analysis because most of the data ate missing due to analytical laboratory error (see Section 5). 
‘Chlorine closure across the whole system is good for baseline tests, ranging from 92 to 163 
percent and averaging 122 percent. Chlorine closure is low for demonstration tests, averaging 45 
percent. This is because of the large number of flue gas results downstream of the GSA reactor 
cyclone below detection limits, discussed later. 

The best trace metals mass balances were achieved across the GSA reactor/cyclone. with 
closure objectives achieved for 73 percent of baseline tests and 76 percent of demonstration tests. 
This is likely due to the relatively high concentrations of metals in the flue gas, which are generally 
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TABLE 6-3. MASS BALANCE CLOSURE SUMMARY 
FOR SERIES CONFIGURATION, BASELINE TESTS 

Antiony 
Arsenic 
Barium 
Cadmium 
Cbromlum 

Mass balance closure, 4E 
A B C Meall 2.5% cc 

146 H 677 H 1476 H 166 1664 
53 107 93 as 69 
74 H 283 131 H 163 268 
88 119 a9 99 44 
69 H 163 137 123 120 

Cobalt 133 H 195 H 174 H 168 79 
Lead 61 H 211 108 121 191 
Manganese 144 125 120 129 31 
Merclry a3 H 212 71 122 194 
Selenium 101 92 91 97 10 
Vanadium 94 H 160 111 121 as 
Chlorine (as chloride) 90 107 135 111 56 
EE 
Antimony H 1957 H 2387 H SOS H 1616 2450 
Arsenic L 40L 40 L 1s L 32 36 
Barium 
Cadmium 
Chromium 
CObal1 
Lead 
Manganese 
Mercury 
Selenium 
Vanadium 
Chlorine (as 

Antiony 
Arsenic 
Barium 
CadlUiUUl 
ClUOmiUlU 
COball 
Lead 
Manganese 
MeWIly 

IVanadium 

I5 L 
21 L 
13 L 

L 2s L 28 L 23 17 
L 40L 44L 35 30 
L 26 L 32 L 24 25 
L 16 L 23 L 9L 16 18 
L 24 L 22 L 9L la 20 
L 20 L 41 L 12 L 24 38 
L 26 L 21 L 16 L 21 13 

55 L 39 L 41 L 45 22 
L 24 L 30 L lL 18 37 

chloride) 121 781H 2091 136 166 

H 
L 
L 
H 
L 
L 
L 
L 

IL 

333 H 356 
17 L 42 L 
12 L 14 L 

374 H 275 H 
15 L 17 L 
34 L 29 L 
37 53 L 
37 56 L 

145 H 216 H 
19 L 11 L 

142 H 277 
12 L 23 
10 L 12 

335 H 328 
13 L 15 
17 L 27 
48 L 46 
29L. 41 

170 H 177 
21 L 19 

40 
5 

124 

292 

5 
21 
21 
35 
89 
20 

Chlorine (as chloride)] 
I 

Antimony 
Fgm ; fpjqqj 

Chromium L 29 
CdXh L 44 
Lead L 17 
Manganese 90 
MUCUly L 32 
Selenium 70 L 
VUWliW L 38 
Chlorine (as chloride) 110 
L = low closure (less than SO oxcent) 
H I high closwe‘(areaIer thad 50 p&em) 

69 50 L 49 49 
65 51 27 
52 L 17 L :; 50 

79 84 14 ::L 
23 L 38 43 

47 63 60 29 
@IL 29 L 42 40 
92 H 163 122 9l- 
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TABLE 6-4. MASS BALANCE CLOSURE SUMMARY 
FOR SERIES CONFIGURATION, DEMONSTRATION TESTS 

Antiony H 13793 H 4668 H 29504 H 15988 31210 
Arsenic 99 141 139 126 59 
Barium 58 L 49 L 4L 37 72 
CadIIIiUlU 88 H 155 91 111 94 
Chromium L 41 55 60 52 24 
CObal L 10 L 12 L 48 L 23 53 
Lead L 35 L 46 L 38 L 39 15 
Manganese L 36 L 39 54 L 43 24 
MercllIy L 21 72 L 19 L 37 75 
Selenium L IL 7L 44L 17 58 
Vanadium L 4 75 63 L 47 94 
Chlorine (as chloride) H 94068 H 91614 H 106113 H 97265 19278 

Antimony H 514 H 186 H 336 H 345 408 
Arsenic H 431 H 1032 H 977 H 813 826 
Barium 57 L 42 L 47 L 49 19 
Cadmium H 1025 H 276 H 279 H 526 1072 
Chromium 98 L 41 55 65 73 
CObal1 L 43 L 31 L 38 L 37 15 
Lead 79 L 31 59 56 61 
Manganese H 461 102 H 450H 340 512 
MUCUly 126 L 8H 190 108 229 
Selenium 60L ::L 61 L 45 65 
Vanadium 54 L 47 L 45 25 
Chlorine (as chloride) H 356 143 93 H 197 347 

Antimony H 1896 H 
Arsenic 84 L 
Barium H 163 
CadUIiUIll 128 
Chromium 67 
Cobalt L 33 L 
Lead L 37 L 
Manganese 121 H 
MtXCUry L 35 L 
Selenium L 1L 
VNMliUm L 22 
Cblmine (as chloride) L 47 L 
L = low closure (less lban 50 percenr) 
H = high closure (greatex than 50 percent) 

3127 H 2720 H 2581 1559 
36 105 75 88 

107 72 114 115 
98 89 105 52 
75 85 76 22 
38 97 56 88 
29 L 32 L 33 11 

158 116 131 57 
29 L 26 L 30 12 
9L 42 L 17 54 

76 71 56 74 
39 52 L 46 17 
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well above the method detection limits (except antimony). Average closure for baseline conditions 
meets the objective for all metals except antimony, barium, and cobalt. For demonstration 
conditions, average closure meets the objective for all metals except barium and manganese. 
Chlorine closure around the GSA is excellent for baseline conditions but low for demonstration 
conditions. This feature of the chlorine results prevails around the ESP and fabric filter also. 

Average closure around the ESP for all trace metals except antimony ranges from 13 to 38 
percent during baseline tests, with most closures in the range of 18 to 21 percent. Chlorine closure 
satisfied the mass balance objective for baseline conditions. Demonstration test results were better 
(except for chlorine which was much worse), with 39 percent of the r~.ults meeting the project 
objectives. Average closure during demonstration tests for arsenic, cadmium, and chromium was 
between 50 and 150 percent. The average closure around the ESP for other metals ranges from 17 
to 47 percent. In almost every case, the mass balance closure around the ESP is low. Since most 
of the test results are above detection limits in most of the samples and since closure around the 
GSA reactor/cyclone is generally good, this suggests one or more of the output measurements 
(hopper ash, ESP outlet flue gas, fabric filter inlet flue gas) may be biased low. 

Mass balance closure results for the fabric filter are almost a mirror image of the ESP 
results, with most of the metals closures greater than 100 percent. Closure is within 50 to 150 
percent in 27 percent of baseline metals tests and 30 percent of demonstration metals tests. 
Average closure around the fabric filter during baseline tests for lead and manganese is between 50 
and 150 percent. The average baseline test closure around the fabric filter for other metals ranges 
from 12 to 51 percent, except for antimony, cadmium, and mercury. Baseline closure for those 
metals is relatively high. Mercury closure is high for these cases because of two of the three 
mercury results at the fabric filter inlet were below detection limits, in contrast to results at the ESP 
outlet (essentially the same flue gas stream and measured simultaneously) which were an order of 
magnitude higher. This indicates that baseline fabric !ilter inlet mercury results are very probably 
biased low. Average closure around the fabric filter satisfied the mass balance objectives for 
chlorine and vanadium during baseline tests and for chromium, lead, and mercury during 
demonstration tests. 
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6.1.4 Mass Balances - Parallel Configuration 

Table 6-5 summarizes the balance of total mass for the parallel configuration tests. The 
overall mass balance closure across the whole system satisfies the mass balance objective in all 
cases, ranging from 90 to 93 percent. Closure ranges from 105 to 111 percent across the GSA 
reactor/cyclone, 78 to 83 percent across the ESP, and 107 to 122 percent across the fabric filter. 
All of the results satisfied the objective for total mass balance closure (70 to 130 percent). 

Trace Metals aode Mass Educes - Parallel 

Tables 6-6 and 6-7 summarize mass balance closures for trace metals and chlorine during 
parallel configuration tests. Beryllium and nickel are not included in the mass balance analysis 
because most of the data are missing due to analytical laboratory error (see Section 5). The 
objective for elemental mass balance closure (50 to 150 percent) is satisfied across the whole 
system for 75 percent of baseline tests. Those cases that do not meet the objective generally have 
low closure, except for antimony and arsenic. Average baseline mass balances across the whole 
system mtiet the closure objective for &ii eiements except antimony and lead. The baseline mercury 
balance was only slightly below the objective. Demonstration test results are less satisfactory - 33 
percent of demonstration test results meet the mass balance objectives. Average demonstration test 
closures for chromium, manganese, mercury, and vanadium satisfy the mass balance objective. 
Average demonstration test closures for arsenic, barium, cadmium, and cobalt are high, ranging 
from 183 to 236 percent, while those for lead and selenium are low (21 and 4 percent, 
respectively). Antimony closure is very high in both baseline and demonstration tests primarily 
because of the high detection limits realimd for the ESP ash (locations 9A and 9B). which 
dominates the output mass flow. Chlorine mass balances were not calculated because not enough 
data are available. 

Mass balance closure across the GSA reactor/cyclone was generally good, with 78 percent 
of baseline test results and 52 percent of demonstration test results satisfying the mass balance 
objective. Average baseline mass balance closures satisfied the objective for all metals except 
antimony and mercury. Average mercury mass baburce was only slightly below the objective. The 
average mass balance closures across the GSA cyclone/reactor for demonstration tests meet the 
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TABLE 6-5. TOTAL MASS BALANCE. PARALLEL CONFlGURATlON 

- 
1 GSIA inlet 

PUtiCUhte 
2 ESP inlet 

PtiCUhtC 
3 ESP outlet 

PtiWlalC 
12 Fabric filter inlet 

PartrCUhte 
[ 10 Fabric tilter outlet 
I PaniCdate 
I 13 Reinjected fly ash 

5 Cyclone solids 
9a ESP ash field 1 
9b ESP ash field 2-4 
11 Fabric filter ash 
Mass balance closure 

GSA reacudcyclon 
ESP 
Fabric filter 

PaniCUlJlte 
2 ESP inlet 

PWtiCUhte 
3 ESP outlet 

PtiCd~cC 
12 Fabric rilter inlet 

PiUliCUlatc 
i 10 Fabric tiltcr outlet 
I 2 PaniCdale 
; 13 Reinjecud fly ash 
j ILimeslurry 
j 14 Trim waler 

5 Cyclone solids 
9a ESP ash field 1 
9b ESP ash field 2-4 
I1 Fabric filler ash 
Mass balance closure 

GSA ~~aor/cph 
ESP 
Fabric filter 

1 Sysml 
CU.%: 

T 

1 

I 
I 
1 
I 
I 
1 
I 
I 
1 
I 
I 
I 

d 

k@ (3) 44464 
kg/hr (1) 100 
km 47388 
k%hr 99.8 
k%hr 33790 
km 0.937 
k%hr 6498 
kglhr 20.8 
k&r 7482 

% 107 
90 83 -I-- 96 115 
5% 93 

46052 
99.4 

k%hr 52404 
kwJ= 498 
k%hr 35538 
kglhr 0.22 
kfl 8026 
k%hr 46.2 
kglhr 8600 
k.ylu 0.042 
kg/hr 194 
km 1416 
k@r 1034 
kg/hr 329 
i$z 48.4 404 

k@-a 41.4 

% 109 
% 80 
% 107 
46 92 

ss flow r-a, 
B L--y-z 

3) 45173 
1) 100 

49821 
75.9 

34220 
0.830 
632 1 
14.9 
7690 
0.051 
188 
212 
53.1 
6.44 
14.9 

(3) 44732 
(1) mJ 

49849 
37,s 

33778 
0.994 
6557 
18.2 
7895 
0.049 
182 
245 
16.3 
I .96 
18.1 

44790 890 M 
loo 0 c 

49019 3510 M 
71.1 78.2 M 

33929 626 M 
0.920 0.207 M 
6459 305 M 
18.0 7.2 M 
7689 513 M 

110 
79 
122 
93 

111 
78 
I20 
93 

109 6 C 
80 6 C --l---L 119 9 c 
93 1 c 

46205 
101 

51074 
2) 431 
:2) 35390 
:2) 6.83 

787 1 
28.5 
8478 
0.033 

198 
1424 
1036 
404 
356 
42.7 
30.2 

473 16 46525 1714 M 
98.3 100 3.2 M 

51747 51742 1652 M 
364 431 166 MC 

35243 35390 366 MC 
13.4 6.83 16.4 MC 
75% 7831 541 M 
49.7 41.5 28.1 M 
8783 8620 381 M 
0.022 0.032 0.025 M 

199 197 7 M 
1517 1452 140 M 
966 1012 99 M 
582 438 323 C 
271 344 167C 
32.5 41.2 20.0 C 
51.2 42.9 21.9 C 

106 105 107 5 c 
82 80 81 3 C 
108 116 110 12 c 
91 90 91 3 c 

M = measured dirwly 
C = calculated 
( 1) No sampling a1 this loxrio” was performed. Average of alI data from other t&u at this 

location substituted. 
(2) Average of runs A pnd C substituled for missing data. 
(3) Rows from Method 26A HCI runs at GSA inlet. 
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TABLE 6-6. MASS BALANCE CLOSURE SUMMARY 
FOR PARALLEL CONFIGURATION, BASELINE TESTS 

IGSA 
Antimony 
Arsenic 
Barium 
Cadmittllt 
CbmittlD 
Cobalt 
Lead 
Manganese 
Mercury 
Sehittttl 
Vamdium 

Arsenic 
BtiUItl 
Cadmium 
ChiotUiUlll 
Cobalt 
Lead 
Manganese 
MCrCUty 
Selenium 
Vanadium 

Antimony 
Amenic 
BarilttU 
Cadmium 
ChKUtliUUt 
Cobalt 
Lead 
Manganese 
Mercury 
Selenium 

Mass balance closure. %a 
A B C Mm 2.5% CC ’ 

872 H 578 H 709 H 720 366 
103 75 86 88 35 
82 116 138 112 69 

118 77 71 88 64 
126 78 103 102 59 
152 117 116 128 50 
88 99 121 103 42 

129 97 106 111 40 

46 51 L 46L 48 47 117 75 80 8; 
30 83 84 66 77 

105 111 102 106 12 

303 149 H 461 H 304 387 
88 L 35 H 522 H 215 663 
-8 L 8L 3L 1 21 
36 L 25 148 70 168 
22 L 9 56 L 29 60 
20 L 14 59 L 31 61 
33 L 12 L 32 L 26 30 
19 L 12 56 L 29 59 

-288 L -578 H 439 L -142 1301 
-1637 H 11598 H 13131 H 7697 20173 

153 H 345 H 167 H 221 265 

29 L 48 L 34L 30 L 49 L 28 L ii z 
19 L 25 L 19 L 21 
25 L 46L 27 L 32 

207 L 43 139 130 204 
268 H 23318 H 26764 H 16783 35789 
25~ L 49 L 40 L 38 30 

119 120 H 155 131 51 

2118 H 1065 H 2810 H 1998 2183 
98 72 H 242 137 228 
64 67 91 74 37 
59 L 40 93 64 67 
51 L 29 70 50 51 
76 83 74 24 
31 L 

; 
58 L 37 47 

84 72 91 83 24 
82 61 76 73 27 
83 139 100 107 72 
52 L 35 63 50 35 
85 91 87 88 8. 
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TABLE 6-7. MASS BALANCE CLOSURE SUMMARY 
FOR PARALLEL CONFIGURATION, DEMONSTRATION TESTS 

Mass balance closure. % 
A B C Mea0 2S%CC 

H 277 H 292 H 199 H 256 124 
Arsenic 126 117 107 117 23 
Barium H 426 H 281 H 170 H 292 319 
Cadmium 121 145 H 150 139 39 
Chromium 136 95 97 109 58 
Cobalt 134 123 108 122 32 
Lead H 161 H 152 82 132 107 
Manganese 144 106 146 132 56 
MeWty H 164 64 66 98 142 
Selenium L 2L 2L 3L 2 
Vamdium H 190 110 128 14: 105 
Chlorine (as chloride) L 4L 5L 14 L 8 14 
Eil? 

- Antimony H 654 H 708 H 743 H 701 112 
Arsenic H 189 H 190 H 175 H 184 21 
Barium L 48 58 69 58 
Cadmium H 161 134 H 154 150 :: 
Chromium 60 60 60 1 
Cobalt H 272 H 

2:; 
H 160 H 216 139 

Lead L 6L 13 L 37 L 19 40 
Mangsnese k ::L 52 L 41 L 36 47 

MeWUy 44 69 L 48 Selenium H 631 H 528 H 453 H 537 2:; 
Vanadium 90 L 5L 10 L 35 119 
chlorine (as chloride) - H 111274 - 

Antimony H 817 H 580 H 721 H 706 297 
Arsenic H 232 H 333 H 217 H 261 157 
Barium 84 74 H 191 116 161 
Cadmium H 340H 740 H 379 H 486 548 

Chromium 2:: 114 125 106 Cobalt H H 323 H 413 H 323 2:: 
Lead L EL 38 L 17 L 21 37 
Msngsnew 63 68 114 82 70 
Mercury L 35 54 139 76 138 
Selenium H 428 H 800 H 619 H 616 461 
Vanadium L 4~ 130 58 64 156 
Chlorine (aschloride) - H 31278 - 

iF!Eliy H 1824 H 2000H 1425 H 1750 733 
Anenic H 208 H 193 148 H 183 78 
Barium H 249 H 195 147 H 197 126 
Csdmium H 206 H 194 H 209 H 203 20 
Chromium 95 69 77 80 33 
Cobalt H 306 H 238 H 164H 236 177 

Lead L 10 L 22 L 32 L 21 Manganese 93 87 121 100 : 
MWJly 63 L 35 55 51 37 
Selenium L 3L 4L 4L 1 
Vsnsdium H 164L 35 51 8’: 17s 
Chlorine (as chloride) - 
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objective for all metals except antimony, barium, and selenium. Average closures for selenium and 
chlorine were very low during demonstration tests. 

Closures across the ESP during parallel contiguration tests generally were low. Baseline 
closures for cadmium and chlorine met the objective during baseline tests. Baseline closures for 
all metals except antimony, chromium, selenium, and lead ranged from 35 to 184 percent. 
Demonstration test closures were acceptable for barium, cadmium, and chromium. Closures for 
other metals except antimony, barium, mercury. selenium, and vanadium during demonstration 
tests range from 26 to 215 percent; the rest were outside this range. Negative closures were 
calculated in some cases because results were below detection limits in the ESP inlet but much 
higher in the fabric filter inlet. Since the fabric filter inlet must be subtracted front he ESP inlet, 
this results in negative closures. 

6.1.5 Discussion of Mass Balance Results 

The mass balance results were generally good across the whole system and across the GSA 
reactor/cyclone. This indicates that the reported emission factors and removal efficiencies across 
the whole sysresrem should generally be valid. Mass balance results across the ESP and fabric filter 
suggcs: :ha: the gas measurements a: the ESP in:et and fabric filter inlet may not be reliable; hence 
removal efficiencies calculated for the ESP and fabric filter alone may not be reliable. Sampling at 
the ESP inlet during all tests and at the fabric filter inlet during parallel configuration tests were 
especially difficult because of the high moisture content of the flue gas, high solids loading, and 
low stack pressure at these locations. Results were particularly poor for demonstration tests. High 
calcium and calcium sulfat&ulfite in demonstration test samples may have caused analytical 
interferences, consequently many results are reported as non-detected. 

Mass balances across the whole system were generally low. One possible reason would be 
a low bias in the output measurements. Since direct measurements of output solid stream flow 
rates (GSA solids, ESP solids, fabric filter solids) were not performed during these tests, this may 
be a source of error in the mass balances that does not reflect on the quality of the flue gas emission 
results used for emission factor and removal efficiency calculations. Subsequent to the toxics 
characterization program, TVA measured the flow rate of solids from the GSA and ESP while the 
system was operated under series configuration demonstration test conditions. Fabric filter solids 
were not measured. Two 45minute test runs were made to mesum the solids flow rate from the 
GSA reactor/cyclone (location 5) and fields 2-4 of the ESP (location 9B). Two IO-minute test runs 
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were made to measure solids flow rate from the ESP first field (location 9A). Table 6-8 compares 
the solids flow rates measured during the toxics characterixation program to those measured by 
TVA after these tests. Based on the TVA data, the 89.3 percent of the total solids is removed in the 
first field. This value was used throughout all mass balance calculations described earlier. 
Compared to the TVA test results, the GSA solids flow rate is overestimated and the ESP solids 
flow rate is underestimated. However, the total measured solids output flow rate is in very good 
agreement with the estimated value. These results are generally consistent with the observed high 
mass closures across the GSA and low mass closures across the BSP for total mass and many trace 
metals. This also points to a possible low bias in the trace metals and particulate measurements at 
the ESP inlet. Since the BSP inlet measurements (except for total dry gas flow rate) were not used 
for calculating emission factors or removal efficiencies, those results am not affected. 

The poor chlorine closures for demonstration tests suggest the possibility of a low bias in 
either the flue gas measurement at the ESP inlet or in the GSA solids results. It is thought that 
Method 26A may introduce a low bias in the flue gas results, due to HCl removal on material 
trapped on the filter. This may be of particular concern at the ESP inlet location, where the 
paiticulate loading and moisture content are high, gas temperature is close to satumtion, and where 
the particulate contains tmexted calcium hydroxide. The filter was not analyzed (per the method) 
since it is not possible to distinguish between particulate-phase chlorine that formed in the GSA or 
on the filter. Another possible explanation would be a low bias in the analysis of chlorine in the 
process output solids, possibly due to an analytical interferant in the matrix (e.g., calcium). That 
the chlorine balance across the whole system is significantly better than across the individual 
devices suggests the problem may be associated more with the flue gas measurements than the 
solids, since the lowest flue gas particulate loadings - hence less bias - are found at the outlet of 
the ESP and the fabric filter. These are the only outlet flue gas streams considered in the whole 
system mass balance. 

6.2 

Removal efficiency of the GSA system was calculated for total particulate matter, trace 
metals, and HCI as follows: 

Removal efficiency = (input mass - output mass)/(input mass) 
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TABLE 6-8. COMPARISON OF ESTIMATED AND MEASURED SOLIDS FLOW RATES 

Verification Estimated value 
test (1) Balance (2) 

Location kgihr kg& % 
5 - GSA solids 253 409 162 
9A - ESP Ash (Field 1) 407 285 70 
9B - ESP Ash (Field 2,3,4) 49.0 34.2 70 
Total solids 709 729 103 
(1) By difference based on mass balance for series configuration, 

demonstration tests (average). 
(2) EER estimate divided by measured value. 
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Removal efficiencies were calculated for three conceptual GSA process anangements, illusrrated in 
Figure 6-2: 

. GSA reactor/cyclone followed by an ESP, with normal and increased specific 
collection area (Arrangements IA and lB, respectively); 

. GSA reactor/cyclone followed by a fabric filter (Arrangement II); 

. GSA reactor/cyclone followed by an ESP and a fabric filter in series (Arrangement 
III). 

Arrangement I was evaluated using both series and parallel configuration data, since the ESP 
operates with slightly increased specific collection area (SCA) in the parallel conflgumtion. Since a 
major porrion of the particulate and metals input to the system is by way of there-injected fly ash, 
the uncontrolled metals and particulate emission level at the inlet to the GSA was defined as 
follows: 

Uncontrolled emissions mass = mass in GSA inlet flue gas + mass in re-injected fly ash 

The output mass flow rates were corrected for slipstreams taken off upstream of the 
sampling location. For example, in Arrangement IA, the slipstream take-off for the fabric filter is 
upstream of the ESP outlet sampling location. Therefore, the mass of pollutant in the ESP outlet 
was multiplied by the ratio of gas flow at the ESP outlet to that at the ESP inlet. This approach 
assumes that the total flue gas mass balance across the GSA reactor/cyclone is reasonably accurate, 
which is supported by the data. The same rules as those given in Section 5 were used for handling 
non-detected values. An example calculation is shown below for Arrangement IA using arsenic 
results from series configuration demonstration tests, Run 1: 

Arsenic flow rate in GSA inlet flue gas: 5009 mg/hr 
Arsenic flow rate in re-injected fly ash: 10227 mg&r 
Arsenic flow rate in ESP outlet flue gas: 4.98 mglhr 
ESP inlet flue gas flow rate: 575.4 dscmlmin 
ESP outlet flue gas flow rate: 444.1 dscm/min 
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IA - GSA r88Ctorkyclon8 folbwd by ESP 

IS - GSA nwtorlcyclono tolbwod by ESP (Incrumd SCA) 

FF 

WI - GSA routorlcyclon~ followed by ESP and fabric tiltor in irks 

QB - ESP hopper solida. fields 2-4 
tar otilmt flua gas 10 - Fsbrk~ii\.-. --..-. ..__ 

11 - Fabric filter hoaarr noi; 
12 - Fabric fiilar ink. 
13 - Rs-injected fly aa 
14 -Trim wmr 

ds 
:rti;;& 

ih 

2 - ESP inlet flue gas 

Figure 6-2. Control volumes and streams used for removal efficiency calculations. 
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(5009 mg/br + 10227 mg!hr) = 15236 mg/lu 

(4.98 m&r) x (575.4 dscm/min) I(444.1 dscm/tn@ = 6.45 mg/br 

100 x (15236 mg/hr - 6.45 mg/hr) I(15236 mg/hr) = 99.96 % 

6.2.1 Particulate Removal Efficiency 

Removal efficiency for total particulate matter across each of the process arrangements is 
summarised in Table 6-9. The mean value and statistical uncertainty also are presented. See 
Section 8 for definition and discussion of uncertainty. Except for two tests, particulate removal 
efficiency is greater than 99 percent for all three process arrangements. Baseline particulate 
removal efficiency is not significantly different for Arrangements IA and lB. In general, averages 
particulate removal efficiency is slightly improved during demonstration tests for all three process 
configurations. Particulate removal efficiency is low for Arrangement IB during two of three 
demonstration tests compamd to Arrangement IA demonstration tests; this is the opposite to the 
expected effect of increased SCA. These results may reflect increased solids buildup on the ESP 
collectors, since these were among the last tests performed during the project, although ESP 
operation was normal during these tests. Those process arrangements including the fabric filter 
(Arrangements II and III) have the highest particulate removal efficiencies, but there does not 

appear to be a significant increase in particulate removal when the ESP is included upstream of the 
fabric fdter (Arrangement Ill). 

6.2.2 Trace Metals Removal Efficiency 

Tables 6-10 through 6-20 present removal efficiencies for all target trace metals except for 
beryllium and nickel. Removal efficiencies for the latter two metals were not determined due to 
analytical laboratory error (see Section 5). Removal efficiency for most trace metals is generally 
above 90 percent. Removal efficiency is low for antimony; however, most of the antimony 
measurements are below detection limits hence antimony removal efficiency results are not reliable. 
Two removal efficiencies for mercury are actually negative (during parallel configuration tests), 
meaning the output was greater than the input. In both cases, this is associated with large variation 
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TABLE 6-9. PARTICULATE REMOVAL EFFICIENCIES 

c 

C 

C 

R 

c 

C 

c 

R 

StfCtiUl Units Run 1 1 Run 2 ! Run 3 1 AveraSc / Unc;$nty 

iSA Inlet-Series 
Plue Gas 
Re-Injected Fly Ash 
TOcal 

iSA Inlet - Parallel 
FlueGas 
Re-Injected Fly Ash 
TOral 

:onfigumion Outlet (2) 
GSA+ELSP (Series) 
GSA+ESP (ParaIM) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

!cmoval Efticicncy 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

iSA Inlet - Series 
Flue Gas 
Re-Injected Fly Ash 
TOral 

iSA Inlet - Parallel 
Flue Gas 
Re-Injected Fly Ash 
Total 

:onflglmion outlet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF 
GSA+ESP+FF 

:emoval Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF 
GSA+ESP+FF 

k%hr 83.2 91.1 96.4 90.3 
k%hr I98 201 198 199 
kg/hr 282 293 294 289 

k%hr 1W 100 100 100 
kg/hr 189 188 182 186 
kelhr 289 288 283 287 

kgnY 1.11 1.27 1.29 1.22 
k%hr 1.31 1.21 1.46 1.33 
k%hr 0.291 0.326 0.309 0.309 
kg/hr 0.357 0.191 0.397 0.315 

% 
% 
% 
96 - 

99.61 99.57 99.56 99.5189 10 
99.55 99.58 99.48 99.5371 10 
99.90 99.89 99.89 99.8922 4 
99.871 99.931 99.871 99.8911 10 

k%hr 83.2 91.1 96.4 90.3 
kgnY 198 201 I98 199 
kg/hr 282 293 294 289 

k%hr 
k%hr 
k%hr 

99.4 101 98.3 99.5 
194 I98 199 197 
294 299 298 297 

:$ 
k%hr 
k%hr 

0.557 0.483 0.257 0.432 
0.327 9.51 19.7 9.84 
0.251 0.190 0.127 0.190 
0.216 0.164 0.145 0.175 

% 99.80 99.84 99.9 1 99.85 10 
96 99.89 96.82 93.39 96.70 44 
% 99.91 99.94 99.96 99.94 10 
% 99.92 99.94 99.9s 99.94 10 

Notes 
1. No flue gas data-average shown is average of all GSA inlet values. 
2. Values shown corrected for variation in flue gas flow between ESP Inlet and measurement location. 
3. Value shown utilizes average of outlet runs 2 and 3 (not included in average). 
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TABLE 6-10. ANTIMONY REMOVAL EFFICIENCIES 

SUuUn Units Run1 ( Run2 ( Run3 ( Average Iunc;p/ 

GSA Inlet - Series 
Rue Gas 
Re-Injected Fly Ash 
Total 

GSA Inlet-Parallel 
Flue Gas (1) 
Rc-Injected Fly Ash 
Total 

1 congx~;p;;;:,(;) 

mglhr N 
mg/hr N 
mslhr N 

mg/hr 
mslhr N 
mm 

GSA+ESP @wallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

Removal Efflcieacy 

‘D 4 ND 4 
iD 15 ND 15 ND 
ID 18 ND 19 

75 75 
ID 15 ND 15 ND 

83 83 a2 

43 16 
15 ND 15 
50 23 

75 

15 ND 

75 I 

15 
83 

2.41 
2.8 38.3 

ID 2.47 ND 2.43 ND 2.31 ND 
ID 3.3 ND 2.62 ND 2.49 ND 
ID 2.78 ND 2.72 ND 2.14 ND 
ID 2.40 ND 2.38 ND 2.71 ND 

I 

2.50 
2.741 151 

GSA+ESP (Series) 46 
GSA+ESP (Parallel) % 
GSA+FF (Parallel) w 
GSA+ESP+FF (Series) 46 

89.71 18.38 
96.61 13.49 

GSA Inlet - Serbs 
Flue Gas 
Rc-lttjccted Ply Ash 
Total 

GSA Inlet-Parallel 
Flue Gas 

6 
Re-lnjcacd Fly Ash 

‘S 
2 

Total 

g Configuration Outlet 

i 
GSA+ESP (Series) 
GSA+ESP parallel) 
GSA+FF 
GSA+ESP+FF 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FP 
GSA+ESP+FF 

50 33 ND 41 
ID 16 ND 17 ND 16 ND 

58 42 ND 20 

150 183 210 
ID 15 ND 16 ND 16 ND 

158 218 

16.7 ND 2.02 ND 2.39 
N/A ND 2.53 ND 2.47 ND 

ID 2.45 ND 2.54 ND 2.53 ND 
ID 2.06 ND 0.181 ND 2.15 ND 

71.21 87.78 
3) 98.42 -L 98.87 

98.45 
96.45 -L 98.84 

89.00 

46 
% (: 
% 
% 

84.72 37.99 l--.-l 98.77 14.24 
98.65 14.2 
95.00 18.59 

Notes 
1. No flue gas data - average shown is average of all GSA inlet values. 
2. Values shown corrected for variation in flue gas flow between ESP Inlet and measurement location. 
3. Value shown utilim average of outlet runs 2 and 3 (not iocludcd in average). 
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TABLE 6-l 1. ARSENIC REMOVAL EFFICIENCIES 

r 

stream 

GSA Inlet - Series 
Flue Gas 
Re-Injected Ply Ash 
Total 

GSA Inlet - Parallel 
Rue Gas (1) 
Re-Injected Ply Ash 

3 Total 

1 Configuration Outlet (2) 
1 GSA+ESP (Series) 

GSA+ESP (WalkI) 
* GSA+lT (Parallel) 

GSA+ESP+FF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Patallel) 
GSA+FP (Parallel) 
GSA+ESP+FF (Series) 

GSA Inlet - Series 
Plue Gas 
Re-Injected Ply Ash 
Total 

GSA Inlet-Parallel 
Flue Gas 

i Re-Injected Ply Ash 

i Total 

i Configuration Outlet 
GSA+ESP (Series) 

i GSA+ESP @Wallel) 
GSA+ff (Parallel) 
GSA+ESP+FF (Series) 

Removal Effkiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

- 

JniLs 
- 

% 
5% 
46 
% - 

mm 

z 

% 

% 

% 
% 
% 
% - 

N 

PI 

(: 

RUnI Run2 Run3 Avenge Uncerminty 
(%) 

4,835 6,357 6.340 5.844 
14.223 5,726 6,437 8,795 
19,058 12.083 12,777 14,639 

6,516 6,516 6,516 6,516 
9,953 10.516 7.640 9.370 

16,469 17.032 14.157 15,886 

308 161 106 192 
272 221 248 247 30.1 

28.27 20.47 29.45 26 47.2 
D 1.69 ND 1.68 5.26 2.32 187.1 

98.38 98.67 99.17 98.74 8.17 
98.35 98.7 98.25 98.43 8.14 
99.83 99.88 99.79 99.83 8.1 

99.991 99.986 99.96 99.98 8.11 

5.co9 5.111 6,102 5,408 
10,151 23,565 s.c@7 12.907 
15,160 28,676 11,109 18.315 

8,108 9.278 7.505 8.297 
6,439 6.080 10,956 7,825 

14,547 15,357 18,461 16.122 

6 4 7 6 
NIA 1.107 13.00 560 1241.4 

1.73 ND 1.79 8.62 3.75 239.3 
m 1.45 ND 0.13 ND 1.52 ND 1.03 13.8 

99.96 99.99 99.94 99.96 8.37 
3) 96.15 92.79 99.93 96.36 47.79 

99.99 99.99 99.95 99.98 8.24 
99.99 99.9996 99.99 99.99 8.37 

1. No flue gas data - average shown is average of all GSA inlet values. 
2. Values shown corrected for variation in flue gas flow between ESP Inlet and mcasurelllcnt location 
3. Value shown utilizes average of outlet runs 2 and 3 (nor included in average). 
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TABLE 6-12. BARIUM REMOVAL EFFICIENCIES 

GSA Inlet-Series 

Re-Injected Ply Ash 

GSA Inlet-Parallel 

Re-Injected Ply Ash 
Total 

Configuration Outlet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 

- GSA+lT (Parallel) 
GSA+ESP+FF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+PP (Parallel) 
GSA+ESP+FF (Series) 

GSA Inlet - Series 
Plue Gas 
Re-Injected Ply Ash 
Total 

GSA Inlet-Parallel 
Flue Gas 
Re-Injected Ply Ash 
Total 

ConflguraUon Outlet 
GSA+ESP (Series) 
GSA+ESP @WaUel) 
GSA+PP @hraIlel) 
GSA+ESP+FF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 

UIUU Run 2 1 Run 3 1 Run4 1 Awage 1 ““yp I 

6.566 26.469 32,966 
33,407 15,026 17,651 
39.973 41.494 50,617 

22.m 
22.028 
44,028 

9,616 9,616 9.616 
21,802 24,176 22.301 
31,418 33,792 31.917 

9,616 
22.760 
32,376 

688 783 651 
m 180 ND 143 ND 136 ND 
m 152 ND 149 ND 150 ND 
D 131 ND 130 ND 148 ND 

708 
153 I 37.3 
150 11.9 
137 29.5 

8 98.28 
% 99.43 
% 99.52 
% 99.67 

98.11 
99.58 
99.56 
99.69 --I- 

98.71 98.37 7.81 
99.57 99.52 7.92 
99.53 99.54 7.92 
99.71 99.69 7.17 

3,235 
23.182 
26,417 

8,976 
27.557 
36,533 

2.563 
21,623 
24.186 

1,522 
29,425 
30,947 

m 125 ND 
N/A 

m 134ND 
m 113 ND 

131 ND 
230.00 

138 ND 
118 ND 

99.53 
3) 92.05 

99.45 
99.57 

99.64 
99.26 
99.55 
99.68 

1. No flue gas data-average shown is average of all GSA inlet values. 
2. Values shown corr%Ied for variation in flue gas flow between BSP Inlet and mcasurenxnt location. 
3. Value shown utilizes average of oullet ruas 2 and 3 (not included in average). 
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TABLE 6-13. CADMIUM REMOVAL EFFICIENCIES 

Notes 
1. No flue gas data-average shown is average of all GSA inlet values. 
2. Values shown comctcd for variation in flue gas flow tctween ESP Ink: and measuremeat location. 
3. Value shown utilizes average of outlet nms 2 and 3 (not iacluded in avwge). 

SauUn 

iSA Inlet-Series 
Flue Gas 
Re-Injected Fly Ash 
Total 

SA Inlet - Parallel 
FlueGas 
Re-Injected Fly Ash 
Total 

lonfiguration outlet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

xmoval Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+lT (Parallel) 
GSA+ESP+FF (Series) 

;SA Inlet - Series 
Plue Gas 
Rc-Injected Fly Ash 
Total 

%A Inlet - Parallel 
Rue Gas 
Re-Injected Fly Ash 
Total 

:onfiguration Outlet 
GSA+ESP (Series) 
GSA+ESP (parallel) 
GSA+PP @%allel) 
GSA+ESP+FF (Series) 

kmoval Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

uniu 

% 
% 
& 
& 

mtW 
m%hr 
mg/hr 

% 
% 
% 
% 

Run 2 Run3 Run4 Average 
Y%Y 

169 238 3.43 137 
54.0 60.0 53.0 55.7 
223 298 296 272 

205 205 205 205 
61.0 87.0 85.0 77.7 
266 292 290 283 

8.75 7.88 3.43 6.69 
50.4 34.7 41.0 42.0 48.3 
72.7 79.9 90.1 80.9 31.7 
10.6 18.3 20.8 16.5 86.2 

96.07 97.35 98.84 97.42 10.99 
81.08 88.1 85.85 85.01 11.31 
72.70 72.60 68.91 71.40 13.11 
95.24 93.87 92.98 94.03 10.85 

193 184 
55.0 77.0 
248 261 

185 188 
56.0 59.0 
242 247 

6.07 ND 0.0832 
N/A 28.26 

63.3 54.6 
10.93 ND 0.53 

97.55 99.97 
I) 92.94 88.58 

73.81 77.95 

2411 206b 
47.0 59.7 
288 266 

205 19 '3 
82.0 
286 

4.24 
5.85 ’ I 

65. 7 
258 

3.4 I5 
17.051 832 

44.6 54.1 48.9 
9.48 6.89 74.9 

98.53 98.68 10.77 
97 .% 93.27 64.71 
84.44 78.73 20.31 

95.61 99.81 96.711 97.371 11.731 
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TABLE 6-14 CHROMIUM REMOVAL EFFIClENCIES 

SlJIXUl 

GSA Inlet - Series 
Plue Gas 
RbInjected Fly Ash 
Total 

GSA Inlet - Parallel 
FlueGas(1) 
Rc-Injected Fly Ash 
Total 

configumion outlet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+PP (Parallel) 
GSA+ESP+FF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Pamllel) 
GSA+PP (Parallel) 
GSA+ESP+FF (Sexies) 

GSA Inlet - series 
Flue Gas 
R&Injected Fly Ash 
Total 

GSA Inlet - Parallel 
Flue Gas 

6 
Re-Injected Fly Ash 

t! 

Total 

g Contiguration Outlet 
GSA+ESP (Series) 

! GSA+ESP (Parallel) 
GSA+FP (Parallel) 
GSA+ESP+FF W’its) 

Removal Efficiency 
GSA+ESP (Serk) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

Notes 
1. No flue gas data -average shown is average of all GSA inlet values. 
2. valut3 shown cormued for variaUon in flue gas now between ESP Inlet and measmeat location. 
3. Value shown utilims average of oullet runs 2 aad 3 (not included in average). 

lJnhs 

% 
% 
% 
% 

mglhr 
mglhr 
mg/hr 
mg/hr 

% 
% 
% 
96 

m 
m 

Run 2 Run3 Run 4 Avuage 

8.639 13,757 18,146 
17,688 6,072 4,686 
26,327 19,829 22.832 

11,270 11,270 11.270 
4.488 5,125 5.059 

Ii 758 16,395 16,339 

252 48.6 352 
317 283 327 

D 88.2 ND 86.3 ND 86.9 ND 
D 76.2 ND 75.7 ND 86.1 ND 

99.04 99.76 98.46 
97.99 98.27 98 
99.44 99.47 99.47 
99.71 99.62 99.62 

10.205 9,512 IO.476 
3,077 4,208 3,477 

13,282 13,720 13,952 

11.658 10,354 8.684 
4,191 6,417 6.042 

15,849 16.771 14,726 

D 72.6 ND 64.2 ND 75.8 ND 
N/A 1.551 ND 79.0 

D 77.7 ND 80.7 ND 80.2 ND 
D 65.4 ND 5.75 ND 68.3 ND 

99.45 99.53 99.46 
1) 94.98 90.75 99.47 

99.51 99.52 99.46 
99.51 99.96 99.51 
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TABLE 6-15. COBALTRBMOV9LEFFICIENCIES 

Strtsm units Run2 Run 3 Run 4 Average 

GSA Inlet - Series 
RueGas 
Re-Injected Fly Ash 
Toral 

mg/hr 1,182 1,880 
mm 950 877 
mm 2.132 2.757 

GSA Inlet - Parallel 
PlueGas(1) 
Re-Injected Fly Ash 

, Total 

] Configuration Outlet (2) 
1 GSA+ESP (Series) 

GSA+ESP (Parallel) 
GSA+PP (Parallel) 
GSA+BSP+FF (Series) 

me 1.715 1.715 
mglhr 1,170 1.455 
mg/hr 2,885 3,170 

I 
42.9 
60.1 

45.7 
52.5 

D 39.2 ND 38.4 ND 38.6 ND 38.7 12.1 
m 33.8 ND 33.7 ND 38.3 ND 35.3 29.5 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (PamUel) 
GSA+PP (ParaW) 
GSA+ESP+FF (Sties) 

% 
% 
% 
% 

97.99 98.34 98.81 98.38 9.55 
97.92 98.35 98.12 98.13 9.52 
98.64 98.79 98.62 98.68 9.51 
98.41 98.78 98.79 98.66 9.51 

GSA Inlet - Series 
Flue Gas 
Re-Injected Fly Ash 
TOUl 

ma 1,410 1.224 1.586 
mm 827 1,039 964 
ma 2,237 2.263 2.550 

GSA Inlet - Pazallel 
Flue Gas 

i 

Re-lajected Fly Ash 
Total 

i Configuration Outlet 
GSA+ESP (Series) 

{ GSA+ESP (Parallel) 
GSA+PP (Panlltl) 
GSA+ESP+FF (Series) 

mglhr 1,889 2.085 
melhr 1.147 1.196 
mglhr 3.036 3,281 

1,932 
1.531 
3,462 

mglhr m 32.3 ND 28.5 ND 
mg/hr N/A 343 ND 
m* m 34.5 ND 35.9 ND 
m* m 29.1 ND 2.56 ND 

33.7 ND 
35.0 
35.7 ND 
30.4 ND 

Removal Eftickncy 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+lT (Parallel) 
GSA+ESP+FF (Series) 

% 98.56 98.74 98.68 98.66 9.48 
% 3) 94.06 89.54 98.99 94.27 64.39 
% 98.86 98.91 98.97 98.91 9x7 
8 98.7 99.89 98.81 99.13 9.62 

Notes 
1. No flue gas data -average shown is average of all GSA inlet values. 
2. Values shown comcted for variation in flue gas flow between ESP Inlet md meawanent location. 
3. Value shown uriiizes awage of ouUet runs 2 and 3 (not included in average). 
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TABLE 6-16. LEAD REMOVAL EFFICIENCIES 

SlltSlIl Units Run 2 Run3 

GSA Inlet - Series 
Flue Gas 
Rc-Injected Fly Ash 
Total 

I I 
I 

1 

GSA Inlet - Padlel 
Flue Gas (1) 
Re-Injected Fly Ash 
Total 

% 
% 
8 
% 

Coniigurafion Outlet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FI: @rallel) 
GSA+ESP+FF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+lT Wnllel) 
GSA+ESP+FF (Series) 

GSA Inlet - Series 
Flue Gas 
Re-Injected Fly Ash 
Total 

GSA Inlet - Parallel 
Flue Gas 
Re-Injected Fly Ash 

I3 Coztion Outlet 

i GSA+ESP (Series) 
3 GSA+ESP (Parallel) 

GSA+PF K%alkl) 
GSA+ESP+FF (Series) 

Removal Efticiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

96 
% 
% 
Lb 

2,058 4.517 
5,580 1.690 
7,638 6.212 

3,543 3,543 
3,962 3.41c 

7,506 6,954 

57.1 61.4 
204.0 185.t 

42.5 30s 
21.9 23.1 

99.25 99.01 
97.28 973 
99.43 99.5: 
99.71 99.6: 

2,581 2,191 
3,547 5.66l 
6.128 7.85: 

3.237 4,52! 
2,058 1.97! 
5,294 63,501 

19.8 ND 1.1 
NIA 1.011 

30.9 27.1 
9.37 0.66 

99.68 99.9 
3) 90.25 84.3. 

99.42 99.51 
99.85 99.9 

I 
1 
) 
1 

I 
I 
1 
, 

3 3,679 
1 2,484 
z 6.162 

3 3.619 
2 3,766 
3 7,386 

It. m 1.3 
8 14.0 
6 12.2 
4 12.6 

9 99.98 
5 99.81 
8 99.83 
9 

Rua4 Average 

5,479 4.018 
2,024 3.100 
7.503 7.118 

3.543 3,543 
2,863 3.412 

6.406 6,955 

143 87.1 
168.0 185.7 I 23.8 
31.0 34.5 48.8 
19.1 21.6 25 

23.6 109 
7.56 58.2 

99.88 9.08 
92.08 107.09 
99.61 9.51 

99.791 99.881 9.071 

Notes 
1. No flue gas data - amage shown is average of all GSA inlet values. 
2. values shown wrncted for variation in flue gas flow bct~cen ESP Inlet and measummcat location. 
3. Value shown wilizes avenge of outlet rum 2 and 3 (not included ia avaage). 
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TABLE 6-17. MANGANESE REMOVAL EFFICIENCIES 

Notes 

SQtZiUl 

iSA Inlet - Series 
Flue Gas 
Re-Injected Fly Ash 
Total 

iSA Inlet - Parallel 
FlueGas 
Rc-Injected Fly Asb 
Total 

lonflguration Outlet (2) 
GSA+ESP (Series) 
GSA+ESP F’arallel) 
GSA+lT (Parallel) 
GSA+ESP+FF @ties) 

tmoval Efficiency 
GSA+ESP (Series) 
GSA+ESP @araUel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

iSA Inlet - Series 
Plue Gas 
Re-Injected Fly Ash 
Total 

ISA Inlet - Parallel 
Rue Gas 
Re-Injected Fly Ash 
Total 

:ontiguration Outlet 
GSA+ESP (Series) 
GSA+ESP @araUel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Series) 

kmoval Efticiency 
GSA+ESP (Series) 
GSA+ESP (Samuel) 
GSA+PP (Parallel) 
GSA+ESP+FF (Series) 

7 

uniu Run 3 Run4 

27.320 24,658 
22.247 20,423 
49,566 45,081 

13,747 13.747 13,747 
13.488 16,284 14,212 

27.235 30.030 27,958 

mg/hr 
mg/hr 
mg/hr 
m%hr 

317 318 
355 645 
120 88.5 

51.9 63.8 

% 
40 
% 
% 

98.96 
99.04 
99.45 
99.54 

-t 

99.36 99.29 
98.7 97.85 

99.56 99.71 
99.9 99.86 

ma 10,128 9.547 13.861 
mm 11,170 16,138 23.067 
mm 21.298 25,685 36,928 

5,932 5.651 
17.702 15,770 
23,635 21,420 

92.1 
1,984 
321.3 

3.94 

7,865 
97.0 

166.4 
56.9 

% 
% 
% 
8 

99.64 
91.61 
98.64 
99.98 99.851 

Average / UnTF 1 

21.954 
18.3511 
40.305 

118 60 
78.5 110.7 

99.20 9.13 
98.53 9.36 
99.57 9.24 

1. No flue gas data - average shown is average of all GSA inlet values. 
2. Values shown comcted for variation in flue gas flow between ESP Inlet and mcasuremmt location. 
3. Value shown utilizes average of outlet runs 2 and 3 (not included ia awage). 
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TABLE 6-18. MERCURY REMOVAL EFFICIENCIES 

SQWll Units Run 2 Run3 Run4 Average 
uncf?y 

ISA Inlet - Series 
Flue Gas 
RbInjected Fly Asb 
Total 

31.0 81.0 
18.0 ND 18.0 ND 
40.0 90.0 

ISA Inlet - Panllel 
Flue Gas (1) 
Re-Injected Fly Ash 
Total 

51.0 51.0 
19.0 ND 19.0 ND 

60.0 60.0 

:nlfiguration ouuet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FP O’arallel) 
GSA+ESP+FF (Series) 

13.2 8.86 
27.3 20.4 

0.980 39.3 
1.69 8.55 

58.0 56.7 
18.0 ND 18.C 
67.0 65.7 

51.0 

’ I 
51.0 

18.0 ND 15.c 
60.0 I 60.0 

13.1 11.7 
20.1 22.61 44.4 

muoval Efftciency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+PP (Pmallel) 
GSA+ESP+FF (Series) 

8 
% 
% 
% 

66.89 

99.851 

90.12 

99.861 

54.60 66.24 
98.37 34.80 

82.2 40.7 

99.871 

249.7 
1.91 

99.861 

4.05 

14.26 

235.8 

80.43 79.15 38.24 
66.51 62.45 11.71 
-37.26 31.97 527.49 

ISA Inlet - Series 
Flue Gas 
Re-Injected Fly Ash 
Total 

60.0 
20.0 ND 
70.0 

iSA Inlet - Parallel 
Plue Gas 
Re-Injected Fly Ash 
Total 

mg/hr 
me/hr 
mglhr 

15.0 
20.0 ND 
26.0 

:onfiguration Outlet 
GSA+ESP (Series) 
GSA+ESP (Pamllel) 
GSA+PP Parallell) 
GSA+ESP+FF (Series) 

kmoval Efficiency 
GSA+ESP (Series) 
GSA+ESP @allelI 
GSA+lT (F%mllel) 
GSA+ESP+FF (Series) 

15.0 34.0 
D 20.0 ND 21.0 ND 

25.0 44.0 

110 54.0 
D 19.0 ND 20.0 ND 

119 64.0 

4.97 2.02 
N/A 51.4 

26.5 48.4 
4.48 ND 0.064 

79.84 95.43 
1) 57.35 19.84 

77.85 24.51 

7.30 
50.5 
14.0 
7.84 

29.6 147.6 
4.13 196.4 

% 
% 
% 
% 

89.55 
-97.61 

88.21 24.72 
-38.89 1918.94 
49.23 136.17 45.33 

81.83) 99.861 88.78 90.161 27.34) 

1. No flue gas data - avenge shown is average of all GSA inlcx values. 

2. Values shown corrected for variation in flue gas flow benveea ESP Ialet aad measurement Location. 

3. Value shown udlizes average of outlet runs 2 aad 3 (not included in avaage). 
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TABLE 6-19. SELENIUM REMOVAL EFFICIENCIES 

/ 

GSA Inlet - Series 
Plue Gas 
Re-Injected Fly Ash 
Total 

GSA Inlet - Parallel 
FlueGas 
Re-Injected Fly Ash 
Total 

Cotiguration Outlet (2) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Pamllel) 
GSA+ESP+FF (Sesies) 

Removal Efticiency 
GSA+ESP &xies) 
GSA+ESP Wallel) 
GSA+PP (Parallel) 
GSA+ESP+FF (Series) 

GSA Inlet - Series 
Plue Gas 
Re-Injected Fly Ash 
Total 

GSA Inlet - Parallel 
Plue Gas 

1 

Re-Injected FIy Ash 
Total 

5 Contigoration Outlet 
z GSA+ESP Wies) 
3 GSA+ESP @arallel) 

GSA+PP (Parallel) 
GSA+ESP+FF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP parallel) 
GSA+FP (Par&l) 
GSA+ESP+FF (Series) 

Units Run2 Run3 Run4 Avenge unanainty 
(‘b) 

mtVf= 3.550 4,609 3.700 
mm 633 666 584 
mglhr 4.183 5,274 4,283 

2,260 2,260 2,260 
747 783 801 

3,007 3.w3 3,060 

757 1.600 1.389 
720 321 806 

D 2.12 ND 2.08 ND 2.09 ND 
19.0 56.8 48.6 

% 
% 
8 
% 

81.91 69.67 67.58 
76.06 89.45 73.67 
99.93 99.93 99.93 
99.541 98.921 98.861 99.111 10.41 

I I I I 

m%hr 
mg/hr 
mg/hr 

2.289 2,228 
333 686 

2,622 2.914 

285 ND 3 
520 817 
805 818 

7.83 458 
N/A IND 1.931hTl 

D 1.87 ND 1.94 ND 1.93 ND 1.91 12.5 
D 1.58 ND 0.138 ND 1.64 ND 1.12 13.2 

% 99.7 84.29 46.63 76.87 88.86 
% 3) 99.76 99.76 99.86 99.81 10.34 
% 99.77 99.76 99.86 99.80 10.32 
% 99.94 99.995 99.95 99.96 10.18 

1. No flue gas data -average shown is average of all GSA inlet values. 
2. Values shown cormcud for variation in flue gas flow betwen ESP lalet and measuranem location. 
3. Value shown utiliis average of oullet runs 2 and 3 (not iacluded in awage). 
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TABLE 6-20. VANADIUM REMOVAL EFFICIENCIES 

SlIC4UO Units Run2 Run3 Run4 Avuage 
“Y%inty 

;.$A Inlet - Series 
Flue Gas 
RrJnjected Fly Ash 
Total 

17.516 28,985 33.149 
5.471 8.0% 6,619 

22,987 37,081 39,768 

26,550 
6,729 

33,279 

3SA Inlet - Parallel 
Flue Gs (1) 
Re-Injected Fly Ash 
Total 

22,754 22,754 22,754 
8.019 8,554 8,899 

30.773 31,308 31,653 

22,754 
8,491 

31.245 

Conflguradon Outlet (2) 
GSA+!ZSP LSeriw) 
GSA+ESP (Parallel) 
GSA+l=P (hallel) 
GSA+ESP+FF (Series) 

D 575 ND 257 ND 
D 349 548~~ 
D 294 ND 288 ND 
D 254 ND 252 ND 

245 ND 
264ND 
29OND 
287mJ 

359 
285 3 195.9 

Removal Efkicncy 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF Wallel) 
GSA+ESP+FF (Series) 

% 
% 
% 
% 

97.50 99.31 99.38 98.73 13.98 
98.87 98.25 99.17 98.76 13 
99.04 99.08 99.08 99.07 12.9 
98.90 99.32 99.28 99.17 13.74 

GSA Inlet - Series 
Plue Gas 
Rc-Injected Fly Ash 
Total 

23.232 21,397 24,928 23.186 
4.174 6.3% 5.881 5.484 

27.406 27,794 30.809 28,670 

GSA Inlet - Pandlel 
Rue Gas 
Re-Injected Fly Ash 
Total 

mg/hr 
mg/hr 
m.W 

24,782 17,618 13,178 18,526 
6.05’6 9,437 9.607 8,380 

30.878 27,055 22.785 26.906 

Contiguration Outlet 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+PP (Parallel) 
GSA+ESP+FF (Series) 

m 242 ND 214 253 ND 
N/A 1.93 ND 1.89 

m 259NLl 269 ND 267 ND 
m 218 ND 19.0 ND 228 N-D 

236 
1.91 
265 

Removal !%ciency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FP (Parallel) 
GSA+ESP+FF (Series) 

& 
% 
% 
% 

99.12 99.23 99.18 99.18 13.87 
3) 94.48 87.89 98.85 93.37 75.62 

99.16 99.01 98.83 99.00 12.5 
99.2 99.93 99.26 99.46 13.9 

Notes 
1. No flue gas data-average shown is average of alI GSA inlet values. 
2. Values shown correcud for variation in flue gas flow betweo ESP Inlet and measurement Location 
3. Value shown uUlizcs average of ourlet runs 2 and 3 (not included in average). 
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in either the input or the output measurements. This is not entirely surprising given that mercury 
concentrations are generally near the method detection limits. 

For Arrangement IA (GSA plus ESP), average removal efficiency is greater than 99 percent 
for arsenic, barium, chromium, lead, and vanadium. Removal efficiencies are significantly less 
than 99 percent for manganese, mercury, and selenium. Lower removals for mercury and 
selenium are expected because of the volatility of these metals. Most trace metals removal 
efficiencies are slightly higher for demonstration tests compared to baseline; however, in most 
cases the increase is very small. For Arrangement II3 (GSA plus ESP, increased SCA), collection 
efficiencies are lower than for Arrangement IA except for manganese, mercury, and selenium. 
This is probably due to the same reasons discussed above for lower particulate removal 
efficiencies. 

Arrangement II (GSA plus fabric filter) results show removal efficiencies greater than 99 
percent for arsenic, barium, chromium, lead, manganese, selenium, and vanadium. Cadmium 
removal is much lower with Arrangement II (69 to 84 percent) than any of the other arrangements 
for baseline and demonstration tests. Average mercury removal efficiency also was significantly 
below 99 percent with Arrangement II. 32 percent for baseline tests and 49 percent for 
demonstration tests. Except for barium, manganese, selenium, and vanadium, Arrangement II 
removal efficiencies are slightly higher for demonstration tests compared to baseline. 

Results for Arrangement III (GSA plus ESP plus fabric tilter) show average removal 
efficiencies greater than 99 percent for arsenic, barium, chromium, cobalt, lead, manganese, 
selenium, and vanadium. Cadmium removal efficiency is 94 percent during baseline tests and 97 
percent during demonstration tests. Arrangement III produced the highest mercury removal 
efficiencies than the other arrangements, slightly better than 90 percent during demonstration tests 
and greater than 99 percent during baseline tests. 

6.2.3 HCl, I-IF, and SO2 Removal Efficiency 

Table 6-21 presents removal efficiencies calculated for HCl. Under baseline conditions, 
calculated removal efficiencies range from -32 to 7 percent. Negative removal efficiencies reflect 
data where the mass flow of HCl at the outlet of the system is greater than the inlet. Large negative 
removal efficiencies are most likely due to error in either the input or output measumments. This is 
further substantiated by large variations in either the input or output measurements in those cases 
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TABLE 6-2 1. HCI REMOVAL EFFICIENCIES 

stream 

SA Inlet - Series 
l=lue Gas 
Rc-Injected Fly Ash 
Total 

SA l&l- PamlIe 
Rue Gas 
Rc-lnjccud Ry Ash 
TOti 

oluigLtmion chJua (I) 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+PP (Puallel) 
GSA+ESP+FF (Series) 

emoval Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+PF (Pamllel) 
GSA+ESP+ff (Series) 

SA lnlel - Series 
Flue Gas 
Rc-lnjccud Fly Ash 
Total z 

iSA lnlcl - Parallel 
FloeGas 4847% 691877 747943 641539 
Re-Injected Fly Ash z 0 0 0 0 
Total 4847% 691877 747943 641539 

:onliglmUon Outlet (I) 
GSA+!ZSP (Series) s D 318 ND(2) 321 ND(2) 364 335 
GSA+ESP (parallel) 13171 13171 
GSA+PF z D 314 h-D 303 ND 301 306 
GSA+ESP+FF D 312 ND 306ND 317 312 

cmoval Effxieocy 
GSA+ESP (Series) 8 
GSA+ESP (Parallel) % 
GSA+FP % 
GSA+ESP+FF % 

99.95 99.96 99.94 99.95 I2 
98.24 98.24 13 

99.94 99.96 99.96 99.95 12 
99.95 99.96 99.95 99.95 13 

UlliU Run1 1 Run2 1 Run3 1 AvnaSc 1 Unc;Fty 

578077 512784 578077 556313 
0 0 0 0 

578077 512784 578077 556313 

-23.44 1.81 6.74 -496 811 
-0.29 -3.02 3.16 xl.05 15932 
4.48 -32.23 3.75 -10.99 479 

-11.81 -29.90 -14.92 -18.88 371 

Notes 
1. Values shown conused for variation in flue gas flow betwem ESP Inlet and mcasulcmcof location. 
2. HCI at ESP outlet was estimated based on HCl conccn~tion at fabric filter inlet and met& aaio gas flow 

at ESP outlet. 

634288 486986 723567 614947 
0 0 0 0 

634288 486986 723567 614947 

713560 (2) 503488 (2) 539099 585382 
636105 (3) 501711 (3) 700702 612839 
662726 643921 696417 667688 
646347 666082 664343 658924 

3. HCI Y ESP wUe1 was &mated based on HCl at GSA inlet and metals U&II SM flow at ESP inlet 
4. Based on metals nain incawrcm~nts. 
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with large negative removal efficiencies. For example, calculated removal efficiency is -23 percent 
during Run 1 for Arrangement IA (GSA + ESP, series). Examining the results shows that one of 
the measurement is significantly higher than the others. Similarly, Run 2 for Arrangement II has a 
calculated removal efficiency of -32 percent, which is due to a low HCl measurement at the GSA 
inlet. Average removal efficiencies during baseline conditions range from 0 to -19 percent for 
baseline tests. As seen in the table, there are large uncertainties associated with the high negative 
removal efficiencies. I-IF results (Table 6-22) exhibited similar khavior. 

Demonstration test results show HCl removal efficiencies greater than 99 percent in all but 
one measurement. All of the arrangements have similar average removal efficiencies, except 
Arrangement IR which was lower. Since the low result is based on a single test run, confidence in 
this value is low especially since it is difficult to rationalise why HCl removal should be lower in 
this arrangement. Uncertainty associated with the measured removal efficiencies is very low. HF 
removal efficiencies also are generally high, ranging from 94 to greater than 99 percent. The 
uncertainty of the HF results also is low. There are no significant differences in average HF 
removal efficiency among the various arrangements, considering the uncertainty associated with 
the results. 

The primary purpose of the GSA process in coal-fired boiler applications is SO2 emissions 
control. Table 6-23 presents SO2 removal efficiencies based on continuous emissions monitoring 

results reported by TVANXR. As expected, SO2 removal under baseline conditions is low, 
ranging from 3 to 10 percent. Although uncertainty was not calculated since sufficient data on the 
plant monitoring system was not available, these differences are probably within the accuracy of 
the measurement system. SO2 removal efficiency under demonstration test conditions ranges from 

an average of 89 percent for Arrangements IA and III to 96 percent for Arrangement II. Since 
Arrangement II has the highest particulate loading at the fabric filter inlet, the results suggest the 
best SO2 removal occurs when the filter cake on the bags is relatively large. 
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TABLE 6-22. HF REMOVAL EFFICIENCIES 

SUuUn 

GSA Inlet - Series 
Flue Gas 
Re-Injected Fly Ash 
Total 

GSA Inlcr - Parallel 
Flue Gas 
Re-Injeaed Fly Ash 

, Total 

i COdi@MiOn OUtlet (1) 
2 GSA+ESP (Series) 

GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Saies) 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF (Parallel) 
GSA+ESP+FF (Scrics) 

GSA Ink: - Series 
Flue Gas 
Re-Injected Fly Ash 
Total 

GSA lnlel - Parallel 
Flue Gas 
Re-Injected Fly Ash 

a Total 
2 
2 Configuration Outlet (1) 

3 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF 
GSA+ESP+FF 

Removal Efficiency 
GSA+ESP (Series) 
GSA+ESP (Parallel) 
GSA+FF 
GSA+ESP+FF 

units 

m%hr 109042 58686 88434 85387 
mm 0 0 0 
me 109042 58686 8843: 85387 

m%hr 117529 21505 123487 87507 
m%hr 0 0 0 0 
m%hr 117529 21505 123487 87507 

!) 170491 (2) 72179 (2) 67032 103234 
I) 117865 (3) 22155 (3) 119585 86535 

4643 I 30540 119934 65635 
118436 156870 174928 150078 

-56.35 -22.99 24.20 -18.38 - 
-0.29 -3.02 3.16 -0.05 - 
60.49 -42.01 2.88 7.12 488 
-8.62 -167.3 -97.81 -91.24 249 

70605 85505 83497 79869 
0 0 0 0 

70605 85505 83497 79869 

5% 
% 
% 
% 

Run I Run 2 Run 3 Average Uncertainty 
6) 

25752 12321 137859 58644 
0 0 0 0 

25752 12321 137859 58644 

m 813 ND(2) 822 ND(2) 1028 
ND 833 

m 753 ND 735 ND 756 
m 8OOND 779 ND 816 

98.85 99.04 98.77 98.89 
99.40 99.40 

97.07 94.03 99.45 96.85 

888 
833 
748 
798 

15 
98.871 99.091 99.021 98.99 13 

1. Values shown corrected for variation in flue gas flow between ESP Inlet and measurement location. 
2. HF at ESP outlet was estimated based on W concentration at fabric filrer inlet and metals train 8as flow 

a, ESP ouue1. 

3. HF at ESP oulet was estimalcd based on HF at GSA inle! and metals train gas flow at ESP inlet. 
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TABLE 6-23. SO2 REMOVAL EFFICIENCIES 

seeam 

GSA Inlet-Series 
Flue Gas SO2 

GSA Inlet - Parallel 
Flue Gas SO2 

y Configuration Outlet 
GSA+ESP (Series) 

x 
z 

GSA+ESP (Parallel) 
GSA+FF (parallel) 
GSA+ESPtFF (Series) 

Removal Efficiency 
GSA+ESP (Series) 
GSAtESP (T’arallel) 
GSA+FF (Parallel) 
GSA+ESPtFF (Series) 

GSA Inlet - Series 
Flue Gas SO2 

GSA Inlet-Parallel 
Flue Gas SO2 

: E Configuration Outlet 
!l 
z 

GSAtESP (Series) 

z 
GSAtESP @rallel) 

s 
GSAtFF (Parallel) 
GSA+ESPtFF (Series) 

Removal Efficiency 
GSAtESP (Series) 
GSAtESP (Parallel) 
GSA+FF (parallel) 
GSAtESP+FF (Series) 

Uniu 

w* 2267.25 2297.84 2266.17 

Ppm 2240.28 2256.19 2184.55 

PP* 2184 2215 2186 2191 5 
PPm 2149 2165 2065 212( 5 
ppm 2175 2179 2138 216 L 
wm 2024 2037 2082 2041 3 

% 
W 
% 
% 

3.67 3.53 3.6017 

pp* 

ppm 2206.73 2241.5 

233 239 
171 169 
71 68 

220 233 

2173.32 

Ppm 
Pm 
PPm 
mm 

% 
% 
% 
% 

7 
> 
7 
5 

2 
9 
3 
1 

4 
3 
4 
7 

225 23: 
167 16! 
82 7: 

240 23 

88.59 89.205~ 
92.31 92.342 
%.24 96.670 

Notes 
All SO2 concentrations are corrected to 3 percent 02. 
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6.3 

Emission factors for each target substance were calculated for flue gas streams at the ESP 
outlet (location 3) and fabric filter outlet (location 10). Emission factors also were calculated for 
the input to the GSA based on the GSA inlet flue gas (location 1) and re-injected fly ash (location 
13) to illustrate uncontrolled emissions levels. Emission factors are defined as the mass emission 
of a substance per unit of gross heat input. Emission factors were calculated based on measured 
flue gas concentrations and coal composition following the procedures described in EPA Method 
19 (Code of Federal Regulations, Title 40, Part 60, Appendix A). The calculation is: 

E=CxFdxKtxK2 

where: E = emission factor 
C = concentration in flue gas stream corrected to 3 percent 02 

Fd = dry “F factor” as defined in EPA Method 19 (also see Table 3-3) 
Kt = correction factor for units 

K2 = correction from 3 percent 02 to 0 percent 02 = 20.9117.9 = 1.168 

For example, the emission factor for arsenic at the ESP outlet during series configuration baseline 
tests is calculated as follows: 

Arsenic concentration (3% 02) =7.131 pg/dscm (Table 5-7) 
Fd =10151 dscUMMBtu (Table 3-3) 

Kt = (0.028317 dscf/dscm)/(453 x 106 pg/lb) x (106 MMBtuIEl2 Btu) 
= 6.252 x 1W dscf-lb-MMBtu/dscm-pg-El2 Btu 

E=(7.131 ug/dscm) x (6.252~1~5 dscf-lb-MMBtu/dscm-Kg-El2 Btu) 
x (10151 dsct7MMBtu) x (1.168) 
=5.28 lb/El2 Btu 

Table 6-24 presents uncontrolled emission factors for trace metals, particulate, HCl, and 
HF. These are equivalent to the emissions from the boiler if no air pollution controls were 
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TABLE 6-24. UNCONTROLLED EMISSION FACTORS (GSA INLET) 

Pollutant Emission factor 
Re-injected fly 

Units GSA inlet (1) ash (2) Total 

lace Metals 
Antimony lb/E12 Btu 1.9 ND 0.4 2.3 
Arsenic lb/E12 Btu 166 249 415 
Barium lb/E12 Btu 253 635 888 
Beryllium (3) lb/E12 Btu -_ __ 78 
Cadmium lb/E12 Btu 5.3 0.00 5.3 
Chromium lb/E12 Btu 291 2 293 
Cobalt lb/E12 Btu 44 151 195 
Lead lb/E12 Btu 91 28 119 
Manganese lb/E12 Btu 357 83 440 
Mercury lb/E12 Btu 1.3 419 420.3 
Nickel (3) lb/E12 Btu -- -- 612 
Selenium lb/E12 Btu 59 ND 0.00 59 
Vanadium lb/E12 Btu 587 0.00 587 
‘articulate lb/E6 Btu 2.6 4.90 7.5 
KI lb/E12 Btu 16373 0.00 16373 
IF lb/E12 Btu 2011 0.00 2011 

(1) Average of all 9 test runs 
(2) Average of all 12 test runs, expressed as equivalent concentration in flue 

gas (see Table 6-l) 
(3) Estimated based on coal analysis and assuming metal partitions 100 percent to the 

fly ash as follows: 

lb (concentration in coal, mg/kg) (lOI BtuiE12Btu) 
E12Btu = (cd heating value, BtuJlb) x (2.2046 lb/kg) ’ (454 g/lb) x (1OOtJ mg/g) 

The results for each coal sample were averaged. 
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installed. Because a portion of the fly ash which normally exits the boiler is removed upstream of 
the GSA slipstream and later re-injected into the GSA (see Section 3). the equivalent emission 
factor for the m-injected fly ash is added to the flue gas measurements at the GSA inlet (location 1). 
Table 6-24 shows the average of all measurements for the GSA inlet flue gas and re-injected fly 
ash. Uncontrolled emission factors for beryllium and nickel were estimated based on concentration 
of the metal in the coal and coal heating value, as shown on the table. It was assumed that 100 
percent of beryllium and nickel partition to the flue gas as fly ash, since these metals are expected 
to partially vaporixe during combustion and later condense prior to leaving the boiier. 

Tables 6-25 to 6-27 present average emission factors for the cleaned flue gas leaving the 
three conceptual process arrangements. The statistical uncertainty (see Section 8) is also shown for 
each of the three conceptual arrangements. Emission factors for beryllium and nickel were 
estimated. The average collection efficiency of all metals except mercury, selenium, and cadmium 
was calculated for each-configuration and applied to the uncontrolled emission factors for beryllium 
and nickel shown in Table 6-24. 
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TABLE 6-25. EMISSION FACTORS FOR CONCEPTUAL PROCESS 
ARRANGEMENT I (GSA + ESP) 

- 

E = 

i 

- 

s ‘=: 
z 
E 

i 

- 

- 

recess arrangement 
est configuration 

‘alue 
race Metals 
Antimony 
Arsenic 
Barium 
Beryllium (5) 
Cadmium 
Chromium 
Cobalt 
I&ad 
Manganese 
Mercury 
Nickel (5) 

Vanadium 
articulate (2) 
Cl 
rF 
‘race Metals 
Antimony 
Arsenic 
Barium 
Beryllium (5) 
Cadmium 
Chromium 
Cobalt 
Lead 
Manganese 
Mercury 
Nickel (5) 
Selenium 
Vanadium 

‘articulate (2) 
ICI 
IF 
Notes: 

I-GSA+ESP 
IA - Series IB - Parallel 

Smission factor i Uncertainty Emission factor I Uncettainty 
lb/El2 Btu % lb/El2 Btu ! % 

ND 0.04 
5.28 li 

15 ND 0.06) 40 
132 5.08 31 

19.60 21 ND 3.15 39 
0.97 -- 1.25 -- 
0.18! 102 0.86 49 
6.12; 182 6.361 27 
I.161 21 
2.45 1 148 
8.42: 28 

:g 
23 
25 

8.65 I 126 
0.33: 59 04 46 
7.61~ -- 9.80 -- 

34.69! 88 12.72 109 
ND 7.57! 1661 NDM 6.12~ 196 

0.034 171 0.03 _ 21 
(3) 162708 48 
(3) 2861~ 139 

CL;;: 334 57 
ND 3.42: I7 

0.45: -- 
0.09 229 

ND 1.98 I7 
ND 0.88 ~ I7 

6k% i 402 382 

(3) 17239’ 
(3) 491 , 

ND 0.06j 
l3.83/ 
47.46! 

4.191 
0.42! 

19.62: 
4.45 

12.74 
25.68 0.13i 121 1 

20 3.511 (1) -- 3::;:i -- 

20.21~ 2931 ND 0.05 I 21 (111 
hm 
..I 

OiJIL U.L3 IL5U (1) 

m (4) 9.23! (4) 141.55 414 
JD (4) 24.46 I 62 ND (4) 25.90 49 

( 1) Uncertainty based on two runs. 
(2) Emission factor in lb/E6 Btu. 
(3) No measurements at ESP outlet made; estimated based on fabric filter inlet results. 
(4) Single run at ESP outlet; estimated including fabric filter inlet results. 
(5) Estimated based on uncontrolled emission factors shown in Table 6-24 and average 
removal efficiency of all trace metals except mercury, selenium, cadmium, and antimony. 
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TABLE 6-26. EMISSION FACTORS FOR CONCEPTUAL PROCESS 
ARRANGEMENT II (GSA + FF) 

recess arrangement 
‘est configuration 

‘alue 
‘race Metals 
Antimony 
Arsenic 
Barium 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Selenium 
Vanadium 

Wticulate ( I ) 
ICI 
IF 
Yrace Metals 
Antimony 
Arsenic 
Barium 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Selenium 
Vanadium 

%rticulate ( I ) 
WI 
IF 

Notes: 
(I) Emission factor in lb/E6 Btu, 

II-GSA+FF 
Parallel 

hission factor I Uncertaintv 
lblEl2Btu ’ % - 

ND 0.07 I7 
0.71 53 

ND 4.09 I4 
2.21 33 

I 
ND 2.37 15 
ND 1.05 I4 

0.94; 53 
3.221 61 
1.12 254 

ND 0.06 14 
ND 7.91! I8 

0.0081 21 
18142 
1534 

ND 0.02 
0.08~ 

ND 3.39! 
1.35~ 

ND I.971 
ND 0.88j 

0.59 
5.08 
0.741 
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TABLE 6-27. EMISSION FACTORS FOR CONCEPTUAL PROCESS 
ARRANGEMENT III (GSA + ESP + FF) 

recess arrangement 
est configuration 

‘blue 
race Metals 
Antimony 
Arsenic 
Barium 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Selenium 
Vanadium 
‘articulate (I ) 
ICI 
IF 
‘race Metals 
Antimony 
Arsenic 
Barium 
Cadmium 
Chromium 
Coballt 
Lead 
Manganese 
Mercury 
Selenium 
Vanadium 

‘articulate ( 1) 

III-GSA+ESP+FF 
Series 

I 
hission factor 1 Uncertainty 

lb/El2Btu 1 % 

ND 0.07 I 30 
0.07 ~ 186 

ND 3.861 28 
0.47 ~ 85 

ND 2.24’ 29 
ND 1.00 28 

0.61~ 25 
2.21~ 112 
0.111 236 
1.17~ 120 

ND 7.48 31 
0.009 
18435 ~ 

88 
16 

4208 i 55 

ND 0.06 I8 
ND 0.04 I6 
ND 3.18; I6 

0.22 80 
ND 1.85~ I6 
ND 0.82: 16 

0.27 ~ 60 
1.36; 283 
0.12’ 196 

ICI 
IF 
Notes: 
(1) Emission factor in lb/E6 Btu 
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7.0 QUALl’lY ASSURANCE’QUALITY CONTROL 

7.1 

Quality assurance (QA) and quality control (QC) activities are distinguished in that the 
former an preventative in nature, while the latter are corrective. QA consists of those activities that 
are employed before and during a process, method, or measurement activity in order to ensure that 
the results of those activities are of a consistent quality. QC, on the other hand, consists of those 
activities that validate and if necessary correct the results of the process, method or measurement. 
For example, when a chemist makes three independent measurements of a sample, that is QA. 
When that chemist applies a statistical test for outliers on the set of measurements, and decides 
whether to retain or reject each measurement, that is QC. 

The Category II Quality Assurance Project Plan (QAPP) for this project specified the QA 
objectives and QAQC activities needed to ensure data quality is commensurate with the project 
objectives. In addition, internal audits conducted in the field by EER and the main analytical 
laboratories further assured data of acceptable quality. Overall, the QA/QC data indicated that most 
of the key measured data are considered acceptable and defensible. 

7.1.1 Quality Assurance Objectives 

Quality assurance objectives (QAO’s) are either quantitative or qualitative statements 
defining the quality of data needed to support the program goals. These QAO’s are used to support 
decisions concerning test validity and adequacy with respect to program goals. Quantitative 
objectives are expressed in terms of accuracy, precision, and completeness. These terms are 
defined below. 

. Accuracy The degree of agreement of a measurement (or an average of 
measurements) of a parameter, X, with an accepted reference or 
true value, T. It is usually expnssed as the difference between two 
values, X-T, or the difference as a percentage, 100(X-T)/T. It is 
also sometimes expressed as a ratio, X/T. Accuracy is a measure 
of the bias or systematic distortion in a measurement. 
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. Precision A measure of mutual agreement among individual measurements of 
the same property, usually under prescribed similar conditions. 
Precision is usually expressed in terms of standard deviation, 
variance or range, in either absolute or relative terms. 

. Completeness A measure of the amount of valid data obtained from a 
measutement system compared to the amount that was expected to 
be obtained under correct normal conditions. 

Table 7-l presents the project objectives for precision, accuracy, and completeness. 

7.2 

Due to the wide variety and scope of measurements made in this program, several methods 
were employed to determine precision and accuracy from the raw data. The basis for calculations, 
the approach and the equations used for precision and accuracy are given in Table 7-2. A 
summary of the precision, accuracy and completeness achieved for each parameter in solid, liquid, 
and gaseous samples is presented in Table 7-3. Because samples in addition to those planned were 
collected due to sampling plan changes made in the field, the completeness relative to planned 
samples is shown separately from the additional samples in Table 7-3. It also should be noted that 
the accuracy of trace metals results in flue gas samples and liquid samples was assumed to be 
similar since flue gas samples are reduced to liquid samples for analysis. 

7.2.1 Flue Gas Results 

Table 7-3 presents the accuracy, precision and completeness achieved for the flue gas 
sampling locations. In general, accuracy, precision and completeness objectives were achieved for 
the flue gas sampling locations, except as noted below. 

m ERRS analytical subcontractor inadvertantly did not analyze any flue gas 
samples for beryllium and nickel as specified in the sampling and analysis plan. Since the front- 
half digests were discarded prior to discovering this error, flue gas samples could not be re- 
analyzed. This resulted in a completeness of 0 percent for beryllium and nickel in flue gas 
samples. 
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TABLE 7-l. QUALITY ASSURANCE OBJECTIVES 

Streams 
Parameter 

I - (Temperature 

Precision 
(%) 

80- 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 

Accuracy 
(46) 

80- 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 
80 - 120 

Completeness 
(%) 
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7.2.2 Liquid Process Streams 

Table 7-3 presents the accuracy, precision and completeness achieved for lime slurry (SS7) 
and trim water (SS14). The QA objectives were achieved in all cases, except as noted below. 

m EER’s analytical subcontractor initially did not analyze any samples for 
beryllium and nickel. The cost of m-analyxing all archived samples was beyond the means of the 
analytical contractor. Therefore, only selected samples were te-analyxed for beryllium and nickel 
to provide an indication of metals concentrations and partitioning. Two of six slurry samples were 
analysed for beryllium and nickel, resulting in a completeness of 33 percent for beryllium and 
nickel in slurry samples. Analysis of trim water samples was not planned. A single trim water 
sample was analyzed which increased the overall completeness for beryllium and nickel in these 
samples to 50 percent of the planned samples. 

7.2.3 Solid Process Streams 

Table 7-3 presents the accuracy, precision and completeness achieved for coal (SS4). GSA 
cyclone solids (SSS), fly-ash reinjection (SS13), ESP field 1 (SS9A). ESP field 2-4 (SS9B) and 
fabric filter solids (SSl 1). The QA objectives were achieved in all cases, except as noted below. 

Trace EER’s analytical subcontractor initially did not analyze any samples for 
beryllium and nickel. A total of 51 solids samples were planned for beryllium and nickel analysis. 
The cost of t-e-analyzing all archived samples was beyond the means of the analytical contractor. 
Therefore, only selected samples were re-analymd for beryllium and nickel to provide an indication 
of metals concentrations and partitioning. A total of 27 samples were re-analyxed for beryllium 
and nickel, resulting in an overall completeness of 53 percent for beryllium and nickel in solid 
samples. 

7.3 

In general, all flue gas sampling QA criteria were satisfied for this test program. AU dry 
gas meters met the f 5 percent post-test calibration accuracy criterion. As can be seen by Figure 7- 
1, all isokinetic sample trains were operated within 90-l 10 percent of the isokinetic velocity ratio, 
with the exception of runs 2 and 3 conducted at the GSA inlet sampling location during the baseline 
series configuration. And in this case, as specified in the sampling and analysis plan, the 
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particulate loading was corrected for low isokinetic results. All post-test leak rates were within 
specified limits. 

Figure 7-2 s ummarizes the moisture contents observed at each sampling location based on 
multiple metals train results. The moisture content during baseline tests was consistent at 
approximately 8% for both series and parallel configurations, indicating that there were no large air 
leaks into the sampling trains or the process. Results for the demonstration tests reflected the 
moisture. added in the GSA in the locations downstream of the GSA, where moisture content 
increased to approximately 13-14% The variance in flue gas moisture content at these locations is 
attributed partly to the variation in the amount of trim water being added to the GSA. 

The metals sample train field blank and reagent blank results, presented in Tables 7-4 and 
7-5. shows that there were a number of analytes were detected in both sets of field blanks taken 
during tbe program, while the reagent blank shows that these detected values can not be attributed 
to the reagents (filter and impinger contents) used through the program. Tables 7-6BS and 7-6DS 
compares the average field blank levels as a percentage of the metals found at the individual flue 
gas sampling locations. These tables indicate that in the series configuration the background levels 
found in the field blank had no impact on the GSA inlet and the ESP inlet results, while the fabric 
filter inlet, fabric filter outlet and ESP outlet sampling locations show concentrations similar to 
those detected in the field blank for most trace metals. This is attributed to the background levels 
of metals in the filters and the low levels actually present in the flue gas at those locations. The 
metals field blank results for the parallel configuration, shown in Tables 7-6BP and 7-6DP, show 
very similar results except that the background levels found in the field blank had no effect on the 
fabric filter inlet sampling location. Since the tmce metals emissions from the process, as a whole, 
were very low, this is not considered a significant problem. It does indicate a possible high bias in 
the reported trace metals emissions levels. 

The chloride and fluoride field blank and reagent blank results presented in Table 7-7 
shows that no analytes were detected in either the field blank or the reagent blank. This is an ideal 
result suggesting that there is no were no biases in either the chloride or fluoride sampling. 

7.4 

A number of laboratory QA/QC samples were processed along with the field samples. Au 
of these results showed no biases in reporting the correct value, and support the conclusion that the 
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TABLE 7-4. MULTIPLE METALS (METHOD 29) FIELD BLANK RESULTS 

Series Conf 
GSA I ESP 
Inlet I Inlet 

ND 0.34 I ND 0.34 

ND 36 

2.8 
ND 18.6 
ND 0.014 
ND 10.8 
ND 4.8 
ND 0.188 
ND 0.12 
ND 1.6 
ND 0.26 

ND 

1 ND 36 

0.24 
ND 18.6 

3.1 
ND 10.8 
ND 4.8 

11 
ND 0.12 
ND 1.6 
ND 0.26 

ND 0.24 
ND 18.6 
ND 0.014 
ND 10.8 
ND 4.8 

3 
ND 0.12 
ND 1.6 
ND 0.26 

ND 0.24 
ND 18.6 

3.1 
ND 10.8 
ND 4.8 
ND 0.188 
ND 0.12 
ND 1.6 
ND 0.26 

ND 36 1 ND 36 

Baghouse 
Outlet 

ND 0.34 
ND 0.24 
ND 18.6 

1.7 
ND 10.8 
ND 4.8 
ND 0.188 
ND 0.12 

69 
ND 0.26 
ND 36 

Particulate 1 mg I 3.5 I 0.4 1 ND 0.2 I 0.8 I 1.4 

r - 

units 
Ti- 

PB 
Pg 
P8 
PB 
P8 
P8 
P8 
P8 

E 

GSA 
Inlet 

ND 0.34 
ND 0.24 
ND 18.6 

1.9 
ND 10.8 
ND 4.8 
ND 0.188 
ND 0.12 
ND 1.6 
ND 0.26 
ND 36 

Parallel COI 
ESP 
Inlet 

ND 0.34 
ND 0.24 
ND 18.6 

4.1 

i 

30 
ND 4.8 
ND 0.188 
ND 0.12 

9 
ND 0.26 
ND 36 

goration - Ot 
Baghouse 

Inlet 
ND 0.34 
ND 0.24 
ND 18.6 
ND 0.014 
ND 10.8 
ND 4.8 

1.6 
ND 0.12 
ND 1.6 
ND 0.26 
ND 36 

Gil 
T 

FlS. 19 
ESPV 

Outlet 
ND 0.34 

10.9 
ND 18.6 

9.6 
33 
7.6 
7.2 

ND 0.12 
19 

ND 0.26 
ND 36 

Baghouse 
Outlet 

ND 0.34 
ND 0.24 
ND 18.6 

4.2 
ND 10.8 
ND 4.8 

2.1 
ND 0.12 

9 
ND 0.26 
ND 36 

Particulate 1 mg 1 9.6 I 1.5 I 5 I 120 I 6 
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TABLE 7-5. MULTIPLE METALS (METHOD 29) 
REAGENT BLANK RESULTS 

Antimony 
Arsenic 
Barium 
Cadmium 
Chromium 
Cobalt 
Lead 
Mercury 
Manganese 
Selenium 
Vanadium 

Particulate 

units 
Pg 
P8 
IQ 
IQ 
Mt 
clg 
4 
Pi? 
I4 
I4 
Pit 

mg 

Reagent 
Blank 

ND 0.34 
ND 0.24 
ND 18.6 
ND 0.014 
ND 10.8 
ND 4.8 
ND 0.188 
NQ 0.12 
ND 1.6 
ND 0.26 
ND 36 

1 ND 0.2 
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TABLE 7dBS. COMPARISON OF METHOD 29 FIELD TRAIN BLANK RESULTS 
TO FIELD SAMPLES BASELINE SERIES CONFIGURATION 

WIA Sb 
As 
Ba 
a 
CI 
Gl 
Pb 
Mn 

Hg 
se 
V 

- gtIJ 
UIlB Sb 

As 
BP 
cd 
Cr 
co 
Pb 
MD 
Hg 
Se 
V 

- prt.(me 
,un c Sb 

As 
BP 
cd 
CI 
co 
Pb 
hh 

Hiz 
se 
V 

7 g&g 
- Average of ill. 

FB* 

id%4 
0.66 

ND 18.6 
1.58 

ND 10.8 
ND 4.80 

2.86 
14.4 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

0.66 
ND 18.6 

1.58 
ND 10.8 
ND 4.80 

2.86 
14.4 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

0.66 
ND 18.6 

1.58 
ND 10.8 
ND 4.80 

2.86 
14.4 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
VC field ta-a inl 

GI 
ample FB% 
ND loo 
439 0 

i95.65 3 
15.3 10 

783.7 1 
107.2 4 
186.7 2 
1259.6 1 

2.8 4 
I22.07 0 
1590 2 
7420 0 
ND loo 

191.06 0 
2040 1 
ta.4 9 
1060 1 
145.2 3 
348.9 1 
1110.4 1 
6.22 2 
356 0 

2240 2 
10100 0 
3.39 10 

$97.06 0 
2590 1 

19 8 
1420 1 
176.2 3 
429.6 1 
1930 1 
4.52 3 

290.07 0 
2600 1 
105w 0 
blmkrcsults 

450.06 0 
2450 1 
13.3 12 

996.7 1 
169.2 3 
316.5 1 
1300 1 
3.82 3 

150.07 0 
1770 2 
6690 0 
6.185 5 
365.06 0 
1744.7 1 

11.9 13 
843.7 1 
173.2 3 
302.9 1 
1020 1 
2.52 5 

142.07 0 
1350 3 
3160 0 
3.09 11 

378.06 0 
1590 1 
12.3 13 

929.7 1 
161.2 3 
307.1 1 
1190 1 
2.24 5 

143.07 0 
1350 3 
6090 0 

CasLpeTcenl 
81 

iample FBR 
ND 100 
8.46 8 

86.65 21 
0.9 176 
34.7 31 
6.5 74 

6.45 44 
36 40 

ND 100 
21.2 1 
ND 100 
117 1 
ND 100 
5.56 12 
68.65 27 

0.6 263 
31.7 34 
9.1 53 

5.05 57 
23.4 62 
0.44 27 
18.4 1 
ND 100 
62 2 
ND 100 
7.06 9 
16.65 24 

0.9 176 
42.7 25 
6.2 77 
7.85 36 
31.9 45 
ND 100 
25.2 1 
ND 100 
121 1 

12.36 2 
>4.65 20 
1.2 132 

34.7 31 
5.9 81 

7.85 36 
37.7 38 
1.82 7 
04.07 0 

79 46 
174 1 
ND 100 

22.56 3 
09.65 17 
1.1 144 
6.8 159 
6.4 75 
8.6 33 

44.4 32 
1.24 10 
224 0 
ND 100 
180 1 
ND 100 

15.56 4 
95.65 19 
0.5 316 
51.7 21 
5.5 87 
21 14 

46.7 31 
1.92 6 
204 0 
ND 100 
163 1 

BO 
ample FBR 
ND 100 
ND 275 
ND 100 
1.5 105 
ND loo 
ND 100 
3.1 92 
17 85 

0.24 50 
2.7 10 
ND 100 
27 5 
ND 100 
ND 275 
ND 100 
2.6 61 
ND 100 
ND 100 
3.4 84 
7.4 195 
1.22 10 
8.1 3 
ND 100 
57 2 
ND 100 
0.66 loo 
ND 100 
2.6 61 
ND 100 
ND 100 
2.4 119 
8 180 

0.24 50 
6.1 4 
ND 100 
45 3 

ND - non-detect 
NDM - non-detect maximum 
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TABLE MIX. COMPARISON OF METHOD 29 FIELD TRAIN BLANK RESULTS 
TO FIELD SAMPLES DEMO SERIES CONFlGURATlON 

UII A 

- 
.un B 

- 
.Jtt c 

Sb 
As 
Ba 
cd 
Cr 
co 
Pb 
hh 

w 
Se 
V 

Prt.(me 
Sb 
As 
BP 
cd 
Cr 
CO 
Pb 
Mn 
Hi3 
SC. 
V 

Prt.(me 
Sb 
As 
BP 
Cd 
Cl 
cm 
Pb 
Mn 

Hi3 
Se 
V 

u 
ge of al: 

0.66 
ND 18.6 

1.58 
ND 10.8 
ND 4.80 

2.86 
14.4 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

0.66 
ND 18.6 

1.58 
ND 10.8 
ND 4.80 

2.86 
14.4 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

0.66 
ND 18.6 

1.58 
ND 10.8 
ND 4.80 

2.86 
14.4 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ive field tn z 

ND - non-detect 
NDM - nondetect maximum 

GI 
irmple FB% 
4.39 8 
438 0 
283 I 
16.9 9 
892 1 
123 4 
226 1 
885 2 
1.3 9 
200 0 
2030 2 
7270 0 
3.09 11 
473 0 
258 7 
17 9 

880 1 
113 4 
203 1 
883 2 
3.12 4 
206 0 
1980 2 
8300 0 
ND 100 
570 0 
839 2 
22.5 7 
979 1 
148 3 
344 1 
1300 I 
5.6 2 
284 0 
2330 2 
8840 0 
blank results 

85.5 1 
1140 2 
5.8 21 
417 3 
59.2 8 
146 2 
553 3 
0.34 35 
198 0 
639 6 
9160 0 
ND 100 
109 1 

1520 1 
9.6 16 
551 2 
82.2 6 
158 2 
794 2 
1.82 7 
161 0 
792 5 

9950 0 
ND 100 
155 0 
883 2 
6 26 

419 3 
68.2 7 
121 2 
737 2 
1.24 10 
105 0 
558 6 
9260 0 

ras1pcrcent 
BI 

ihple FB% 
ND 100 
0.56 118 
ND 100 
0.5 316 
ND 100 
ND loo 
3.8 75 
4.1 351 
0.44 27 
ND 100 
ND 100 
60 2 
ND 100 
ND 275 
ND 100 
0.5 316 
ND 100 
ND 100 
4.7 61 

8 180 
0.74 16 
0.97 27 
ND 100 
37 3 
ND 100 
ND 275 
ND 100 
0.9 176 
ND 100 
ND 100 
4 72 
4 360 

0.44 27 
ND 100 
ND 100 
26 5 

EO 1 
ism le FB% S w 
0.96 69 
ND 100 
0.9 176 
ND 100 
ND 100 
2.95 97 
32 45 

0.74 16 
1.17 22 
ND 100 
77 2 
ND 100 
0.66 loo 
ND 100 
ND 1580 
ND 100 
ND 100 
ND 1505 
15.5 93 
0.34 35 
77 0 
ND 100 
74 2 
ND 100 

0.96 69 
ND 100 
0.6 263 
ND 100 
ND 100 
ND 150: 
1120 1 
1.w 12 
262 0 
ND 100 
43 3 

BO 
iample FB% 
ND 100 
ND 275 
ND 100 
1.8 88 
ND 100 
ND 100 
1.55 185 
7.4 195 

0.74 16 
ND 100 
ND 100 
33 4 
ND 100 
ND 275 
ND 100 
ND 158 
ND 100 
ND 100 
1.25 229 
7.4 195 
ND 100 
ND 100 
ND 100 
28 4 
ND 100 
ND 275 
ND 100 
1.5 105 
ND 100 
ND 100 

2 143 
9 160 

1.24 10 
ND 100 
ND 100 
27 5 
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TABLE 7dBP. COMPAIUSON OF METHOD 29 FIELD TR4lN BLANK RESULTS 
TO FIELD SAMPLES BASELINE PAItALLE L CONFIGURATION 

,un A 

- 
.JmB 

- 
Lun c 

Sb 
As 
Ba 
cd 
Cr 
co 
Pb 
Mn 

Hg 
Se 
V 

m 
Sb 
As 
BP 
a 
Cr 
co 
Pb 
Mn 

Hg 
Se 
V 

pyt. 
Sb 
As 
Ba 
cd 
CI 
co 
Pb 
Mtt 
Hg 
se 
V 

- 

r 

Y- 

r 

al- 

r 

iA 
Ifi - Avenge ot aI 

FB* 

ii-%i 
2.28 

ND 18.6 
3.% 
15.8 

TDDM 4.80 
2.22 
7.7 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

2.28 
ND 18.6 

3.96 
15.8 

4DM 4.80 
2.22 
7.7 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

2.28 
ND 18.6 

3.96 
15.8 

mDM 4.80 
2.22 
7.7 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
,ve field tn 

358 1 
744.65 2 

11 36 
433.7 4 
93.2 5 

274.2 1 
369.5 2 
ND 100 
ND 100 
837 4 
3710 0 

11.985 3 
271.06 1 
630.65 3 

6.1 65 
473.7 3 
79.1 6 

246.05 1 
349 2 
0.44 27 
ND 100 
775 5 
1830 0 

15.185 2 
568.06 0 
263.65 7 

15.7 25 
717.7 2 
125.2 4 

264.05 1 
671 1 
ND 100 
ND 100 
ND 100 

4920 0 

kasapercent 
BI 

Sample FB% 
13.885 2 
360.1 1 
1110 2 

1.8035 82 
410.7 4 
88.2 5 

281.3 1 
345.5 2 
1.04 12 
ND 1w 
882 4 
3900 0 

18.785 2 
524.06 0 
691.65 3 

10 40 
877.7 2 
114.2 4 
K4.05 I 
790.4 1 
1.502 8 
ND 100 
1620 2 
4910 0 

34.085 1 
682.06 0 
2664 1 

10.004 40 
978.7 2 
167.2 3 

595.05 0 
861.4 1 
1.72 7 
17.2 2 
1910 2 
5500 0 

28.06 8 
ND 100 
5.2 76 

32.7 48 
6.2 77 

21.05 11 
26.4 29 
2.82 4 
74.3 0 
ND 100 
163 1 
ND 100 

28.66 8 
ND 100 
4.5 88 
36.7 43 
6.8 71 
24 9 
46 17 

2.64 5 
41.6 1 
71 51 
189 1 
ND 100 

33.86 7 
ND 100 
5.6 71 

44.7 35 
7.2 67 
23 10 
88 9 

2.74 4 
110 0 
ND 100 
179 1 

BO 
,ample FB% 
ND 100 
3.46 66 
ND 100 
8.9 44 
ND 146 
ND 100 
5.2 43 
18 43 

ND 100 
ND 100 
ND 100 
39.9 3 
ND 100 
2.56 89 
ND 100 
10 40 

ND 146 
ND 100 
3.75 59 

15 51 
4.92 2 
ND 100 
ND 100 
38.7 3 
ND 100 
3.66 62 
ND 100 
11.2 35 
ND 146 
ND 100 
3.85 58 

11 70 
10.22 1 
ND 100 
ND 100 
36.2 3 

ND - non-detect 
NDM - non-detect maximum 
- No test conducted 
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TABLE 7-6DP. COMPABISON OF METHOD 29 FIELD TRAIN BLANK RESULTS 
TO FIELD SAMPLES DEMO PARALLE L CONFIGUBATlON 

:WlA 

- 
!ttUB 

- 
- Av, 

Sb 
As 
Ba 
cd 
CK 
co 
Pb 
hh 
Hg 
se 

+ 

As 
BP 
cd 
Cr 
co 
Pb 
MU 

Hg 
Se 
V 

u 
Sb 
As 
Bll 
cd 
Cr 
co 
Pb 
Mtl 

Hs 
se 
V 

‘nrt. 
gc of all 

2.28 
ND 18.6 

3.96 
15.8 

4DM 4.80 
2.22 
7.7 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

2.28 
ND 18.6 

3.% 
15.8 

‘TDM 4.80 
2.22 
7.7 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
ND 0.34 

2.28 
ND 18.6 

3.96 
15.8 

‘IDM 4.80 
2.22 
7.7 

ND 0.12 
ND 0.26 
ND 36.0 

1.24 
#VC field tm 

GI 
ample FB% 
13.7 2 
739 0 
234 8 
16.9 23 
1060 1 
172 3 
295 1 
1160 1 

10 1 
26 1 

2260 2 
9190 0 
16.6 2 
842 0 
133 14 
17.1 23 
940 2 
189 3 
411 1 
538 1 
4.92 2 
ND 100 
1600 2 
8920 0 
19.3 2 
689 0 
140 13 
18.8 21 
797 2 
177 3 
332 1 
518 1 
1.42 8 
58.4 0 
1210 3 
9120 0 
dank rrsults 

112 2 
328 6 
7.4 54 
84.1 19 
13.2 36 
3.9 57 

67.6 11 
0.82 15 
ND 100 
127 28 

2590 0 
14.5 2 
317 1 
949 2 
7.8 51 
374 4 
85.2 6 
196 1 
409 2 
1.92 6 
ND 100 
825 4 

llooo 0 
20.8 2 
365 1 
2510 1 
9.6 41 
536 3 
95.2 5 
256 1 
495 2 
3.92 3 
ND 100 
971 4 

13800 0 

kasapcrcsat 
BI 

iample FBR 
29.8 1 
274 1 
1480 1 
2.7 147 
382 4 
80.7 6 
60.8 4 
499 2 
5.32 2 
ND 100 
714 5 

16300 0 
19.2 2 
356 1 
530 4 
4.3 92 
262 6 
50.4 IO 
loo 2 
284 3 
1.74 7 
ND 100 
652 6 

13400 0 
11.7 3 
243 1 
941 2 
3.8 104 
263 6 
61.2 8 
135 2 
401 2 
1.74 7 
ND 100 
573 6 
6580 0 

_ - 
ND 100 
149 2 
487 4 
3.8 104 
209 8 
49.2 IO 
137 2 
267 3 
6.92 2 
ND 100 
441 8 
2650 0 
ND 1W 
1.76 130 
31.7 59 
0.8 495 
ND 146 
ND 100 
1.95 114 
13.4 57 
6.94 2 
ND 100 
ND 100 
44.9 3 

BO 
iample FB% 
ND 100 
ND 950 
ND loo 
8.8 45 
ND 146 
ND 100 
4.3 52 
18 43 

3.68 3 
ND 100 
ND 100 
26.5 5 
ND 1W 
ND 950 
ND 100 
7.3 54 
ND 146 
ND 100 
3.7 60 
43 18 

6.48 2 
ND 100 
ND 100 
17 7 

ND 100 
1.16 197 
ND 100 
6 66 

ND 146 
ND 100 
1.65 135 
22.4 34 
1.88 6 
ND 100 
ND 100 
33.8 4 

ND - non-detect 
NDM - nondetect mmximum 
- No test conducted 
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TABLE 7-7. METHOD 26 @ICI and HF) FIELD AND REAGENT BLANK RESULTS 
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QA objectives were essentially achieved for the program. Summaries of the analytical quality 
assurance results are shown in Tables 7-8 to 7- 11. 

7.5 

Performance evaluation audits (PEAS) and internal technical systems audits (TSA) were 
conducted by the EER QA coordinator to ensure proper procedures and representative 
measurement systems were used. A performance audit involves the performance of a measurement 
device compared to a reference. A number of performance evaluation audits (PEAS) were 
conducted during the program. Table 7-12 lists the equipment, a description of the performance 
evaluation audit, and the result of the PEAS that were conducted during the course of the test 

Pro*gram 

Table 7-13. summari zes the results of the EPA performance evaluation audit samples which 
were analyzed by the appropriate laboratories for trace metals and for HCl. As can be seen from 
this table, APCL failed the initial PEA for specific multi-metals (arsenic, chromium, nickel and 
selenium). APCL was able to pass the trace metals audit during with the second EPA filter except 
for arsenic and chromium. The laboratory performed further quality assurance and quality control 
cheeks, sununarizcd in Table 7-14. to determine any possible sources of bias which might account 
for chromium and arsenic failing the PEA. The results on table 7-14 show that there were no 
biases being introduced by APLC in the handling of the EPA audit sample. 

The dry gas meter audit results, outlined in Table 7-15, show that all dry gas meters passed 
the critical orifice audit with the exception of Apex #l. Apex #l was checked after the first 
complete test was performed (demonstration series run 1 for multi-metals and HCl). The dry gas 
meter was promptly switched with an audited control box, and this control box was used 
throughout the remainder of the program. The audit dry gas meter calibration value ‘Y’ was used 
to correct the results of the affected tests. 

It was not possible to perform process flowrate verifications during the field campaign; 
however, a verification of the solids flows from the cyclone and ESP was performed during 
subsequent demonstration tests on December 18.1993. The results of this testing are summarized 
in Table 7-16 and compared to estimated values developed for mass balances, as described in 
Section 6. The results of these tests were used to establish the split between the two ESP stteams 
for the mass balance calculations. The verification tests demonstrates an excellect agreement 
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cobalt 11/12/93 1 98 99 0.5 1 103 ND 
1 loo 98.4 0.8 1 93 ND 
1 95 93 1.1 1 loo ND 
1 101 102 0.5 1 96.5 ND 

Lead 11/12/93 3.5 % % 0.0 3.5 97.7 ND 
0.03 85.7 82.3 2.0 0.03 90 ND 
3.5 99 loo 0.5 3.5 95.4 ND 

0.03 92 90 1.1 0.03 93 ND 
Mangame 11112193 1 98.5 98.3 0.1 1 99.3 ND 

1 I05 105 0.0 1 98.1 ND 
1 91.2 92.6 0.8 1 98.4 ND 
1 97.4 99.6 1.1 1 99.1 ND 

Mercmy 11112193 0.005 99 104 2.5 0.005 106 ND 
0.005 98 98 0.0 0.005 107 ND 
0.005 99 104 2.5 0.005 97 ND 
0.005 93 106 6.5 0.005 %.8 ND 

SeleniUm 11112193 0.05 93.6 91.4 1.2 0.05 110 ND 
0.05 107 97.2 4.8 0.05 109 ND 
0.05 103 109 2.8 0.05 106 ND 
0.05 89 108 9.6 0.05 95 ND 

Vanadium 11/12/93 25 90 91 0.6 50 102 ND 
25 86.8 86.4 0.2 50 loo ND 
2s 88 81 0.6 50 94.4 ND 
25 81.6 86.5 0.6 50 96.8 ND 
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ILE 7-9. SOLIDS MULTI-METALS QUALI 
Matrix Spikea 

Spike 1 MS 1 MSD 1 RPD 

‘16 
0.5 
0.5 
0.5 
1.6 
1.5 
0.0 
0.6 
0.6 
0.4 
2.4 
0.0 
0.5 
1.1 
2.3 
3.6 
4.8 
1.6 
1.7 
2.7 
0.9 
0.6 
1.6 
0.0 
4.1 
1.1 
0.5 

Y CONTROL RESULTS 
control St&l&rds 1 
Spike Method 1 
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CHLORIDE 

RUN 
DSRl-EI 
BP-R2-BI 

DP-R2-BO 
BP-RI-B1 

AVERAGE 
BP-R3-SS13 
BP-RI-SS13 
DS-Rl-SS.13 
BP-RI-SS13 
DP-RI-SS4 
AVERAGE 
DS-R3-SW 
BP-RI-SS7 
AVERAGE 

TABLE 7-10. CHLORIDE AND FLUORIDE QUALlTY CONTROL RESULTS 

atria 

solid 
lolid 
lotid 
lotid 
mtid 

liquid 
liquid 

spike 
Amount 

-+?- 
100 
20 
20 

50 
50 
SO 
50 
SO 

100 
100 

Mltrix yiea 
MS MSD 

102 
87 
98 
97 
80 
84 
89 
102 
89 
96 

105 
94 
103 
101 
88 
99 
97 
78 
84 
89 
103 
85 
94 

control 
RPD spike J= Amount 

% m 
-2.0 10.0 
1.9 10.0 

-3.2 10.0 
5.7 10.0 

-1.0 10.0 
0.0 10.0 
2.5 10.0 
0.0 10.0 

FLUORIDE Matrix spikes control staudards 
Matrix spike MS MSD RPD spike LCS Meliwd 

Amount Rccovuy Recovery Amounl ROXWIy Bhlk 
RUN (ppm) (46) (%) (%a) @pm) (9%) (mg/L) 

DS-RI-E1 ga6 20 84 87 -3.5 10.0 95 ND 
BP-R2-BI gas 100 95 % -1.0 10.0 99 ND 
DP-R2-BO gas 20 95 94 1.1 10.0 98 ND 
BP-RI-B1 gas 20 105 104 1.0 10.0 98 ND 

AVERAGE 95 95 -0.5 98 
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Parameter 

Antimony 
Arsenic 
Balilull 
Beryllium 
CdltiUItl 
cluomium 
Cobalt 
Lead 
Manganese 
Mercury (DGAA) 
Mercury (D3684) 
Nickel 
Selenium 

TABLE 7-11. COAL QUALITY CONTROL RESULTS 
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TABLE 7-12. SUMMARY OF PERFORMANCE EVALUATION AUDITS 

Analysis of blind EPA 
.Udit rilrCr for 48 

Mtis - APCL performed analysis on two audit 
tmmpla evattlully mesing all StMduds except for 
uamic and cIvomium (Table 7-12). APCL then 
coductcd ID intental QC check on tbasc metals with 
rscovuia bdwcea 82.9% - 108% (Table 7-13). 

gm meter ms wit&d out dter two tests and the 

All TCS were within &3 % of tber-momctcr 
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TABLE 7-13. FLUE GAS PERFORMANCE EVALUATION AUDIT RESULTS 

First Sanqh Multi-Me&Is 
Train (EPA Method 29) 
Sample No. 375 

Second Sam@e Multi-MeIds 
Train (-EPA Me&d 29) 
Sample No. 378 

Athy 
Armtic 
cdmium 
Chromium 
Lead 
MWP- 
Nickel 
MOtZUIy 
Sehium 
Anmic 
cllmmium 
Nickel 

Low Level Pa&Fail I High Level Pass/Fail 
3.12 Pass I 4.93 P= 
7.78 
5.46 
5.76 
23.3 
6.4 
10.3 
0.5 

2.75 
10.9 

Fil 
PISS 
Ftil 
P&X 
Pm 
Flil 
PW 
Flil 
Ftil 
Flil 

Fpil 
PnsS 
PW 
PnSS 
POSS 
PnSS 
POSS 
P&S 
PUS 

7.89 
16 Pm 

3.75 PnsS 
47 PMS 688 PIUS 

18 
49.3 
48 
249 
49.1 
215 
0.5 
10.1 
16.9 
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TABLE 7-14. LABORATORY QC CHECK FOR METALS 

Sample spike 

Post Digest spike 

QC Check 
Spike 
Duplicate 
Spike 

w 
(W) 
@8) 

Chromium AtBCttlC 
7.89 10.9 
7.9 11.7 
10 1.5 

I I ReCOVety (%) I 94.5 I 108 

Fiimr spike 
ReCOVery 
spike 
RCCOVCty 

(%) 96 

(Id 5 2.5 

(%) 108 89.4 
RC0X!C~ (%) 107 82.9 

ERA Refereoce Standards Recovery (%) 98 95.8 
R~OVWV (5%) 103 96.8 

Note: 1) Duplicate analysis conducted at a different dilution. 
2) Post Digest Spike: the metal is spiked directly into digestate 
3) Filter Spike: metals are spiked ottto a quartz filter which is tbeo digested by 

using tbe same procedures as audit samples. 
4) Calculations for the spike filter are blank corrected. 
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TABLE 7-15. DRY GAS METER AUDIT RESULTS 

Dry GM Meter sampling PrehtY Audit Y Deviation 
IddifiCStiOll L4lcaticm (96) 

NUl GSA Inlet 1.017 1.012 0.49 
Apex Yl ESP Inled 1.047 0.970 -7.95 
-ge ESP Inlet 0.971 0.970 -1.38 
Nu2 FF Inlet 0.993 l.ooo 0.7 

GreaD ESP outlet 0.989 0.960 -2.97 
ST2 FF Ch1tlr.4 1.009 1.000 0 

*AuditYmustbeinmgeofprstestY f5%. 
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between the estimated and measured total solids flow rate. The verification test showed that GSA 
solids flow rates may be over-estimated, and ESP solids flow rates under-estimated. This 
difference does not significantly affect the emission or removal efficiency results reported earlier, 
but may indicate a low bias in the ESP inlet measurements. This also is evident in the mass 
balances presented in Section 6. 

A technical systems audit involves observation and documentation of a procedure. A 
summary of the TSAs that were performed are shown in Table 7-17. As shown in the table, 
system audits were conducted for the flue gas sampling trains, process sampling procedures, and 
the data reduction activities. It should be noted that if any problems were recognized during the 
systems audit, corrective action was implemented immediately at that time. Most TSAs were 
performed before and during the first two days of sampling to avoid any errors being carried 
through the program. A follow up systems audit was performed if necessary to ensure any 
difficulties observed in the initial audit were corrected. 

7.6 

Deviations to the Sampling and Analysis Plan dated September 9, 1993 include: 

. The mercury analytical procedure was modified during analysis of the parallel 
configurations to reflect proposed changes in EPA Method 1OlA analytical 
procedures. The modification consisted of filtering the potassium permanganate 
solutions and separately analyzing the filtered solids. 

. Front-half and back-half EPA Method 29 final digest volumes reduced from 300 
and 150 mls down to 100 mls each for better detection limits. 

. Expanded sampling matrix to include new sampling locations (SS13 and SS14). 
and added number of samples at the planned locations. Table 2-1 summarized the 
original and tinal field sampling program. 

. Use of ultrahigh purity (HPLC grade) reagents in the flue gas metals sampling 
trains to reduce background contamination. 
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TABLE 7-17. SUMMARY OF INTERNAL SYSTEM AUDITS 

hle reaPbase mnu- sywm aed 
?.OlWi93 ArshiwmqududmcovuybUksfuBPAM&od29 perrome 
zom9i93 Arshire -m .d ncovay bhnkm for EPA Muhod 26 pch-med 

zoKKv93 WA Mmbcd 29 proof bhkm SOmplCled 
201wt93 EPA Mubad 24 proof bLaL comQkti 
wO9f93 Vcri~ Qt 4, +pmcd ta b..n ulibnud udmhckxy 
m/93 Vd~dtCbUnLvtimddCddbhli~uti*kiu pmfomd 
27JO9193 adon R*uls*l%rwAmmbrd29vlisl Cmnpkti 
22109l93 Teuhg R*uTSAfaEPAm&cd26Imim completed 
wO9193 PEAofp*uboxclriho*kl compkled l I 

2OrVZ93 velirKmtm of Cal feed ud rq.p* laaim npnrm ulisf.aory 

zom9l93 Veri6dm of lir duny M ad lupb lodm rqmmuUive,m,. ulisf.ctc.ry 

2Om9/93 Val6vtbm of oplome mAi& arum & mph beah ~~-tivc~cu uusf.cLoq 

20/W/93 vui~ofBsP~-Md~b~mp~mlm ulkr.ctoq 

2omv93 Verisutim of fabric 6hor ub amum& rclpb kcaiam np-tivoncu ulisfactoly 
22109193 WA M*od 29 vmpk tmh pmpamion Ylisf.cloq 

?.2m9n3 EPA M&d 29 nmple train opmMoa udIfwory 
22/W/93 WA Mgbod 29 vmpb mim mcaq Ylilf.Etoq 
22/W/93 Dulin# WA Mubcd 26 Ympk tmh pnp~miw suisf.story 

22/W/93 Teskiq WA M&d 26 ympk lnin opnlioa “tilbcuwy 
22/W/93 EPA Mabad 26 nmQ* mill neovuy Ylilf.CtoIy 

22/W/93 Solid prosmm u@e cotklioll. bedh, .,x4 +i‘dq Ylilf.EtOly 
22,W193 liquid pmcru an&e cdlosh. bamhd amI @ilLiq Ylilf.Elory 
22lC4i93 SmQk *on#e and sudy Ydif.fwy 
2v10193 Pml l-c* %m8llC *inni~ “ti.f.cmrv 

-I . &XX xl meter box f&d Ibe dry gas mstsr witi orificr audit. Tk meter box was chmped out l d 
,be ddc., c+if,oe ,,me, box c.,ibn,im r,,uc w” ued for dx affected “ma - ESP LrJct Run “I 
for “‘7, .nd mulls duciq Ibc demon*r.da rtiel Wia,. 
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. Modification of the EPA Method 29 impinger contents by increasing the quantity of 
HNOs/H202 from 100 ml to 500 ml and by the use of jumbo (2-L) impingers to 
compensate for high SO2 concentration in the flue gas. 

. High negative pressure (-30 in. H20) required that the sampling trams be drawing 
sample as they were entering and exiting the sampling port. 

. Coal samples wen provided by TVA personnel to EBR. 

. Lime slurry samples were collected from a sampling valve in the feed line at 1 -hour 
intervals. The samples were composited at the end of each test for individual run 
results. 

. Separate ESP ash samples were collected from conveyers for ESP field 1 (SS9A) 
and ESP fields 2-4 (SS9B). Each location was sampled at l-hour intervals during 
the flue gas testing, and the samples from each conveyer were composited at the 
end of the test to form two independent results. 

. Fabric filter solids samples were collected at one hour intervals using a Tedlar-lined 
sample thief. The samples were combined in a larger container to form a run 
composite. 

. The trim water (SS14) sampling location was added to the program. Samples were 
collected from a valve installed in the feed line into a clean 250 ml amber sample jar. 

. The fly ash reinjection (SS13) sampling location was added to the program. 
Samples were collected at one hour intervals. The samples were combined and 
composited at the end of each run to form individual run results. 

7.7 

The QAIQC organization is shown in Figure 7-3. The test program was organized to 
provide internal QA functions which were independent of the program performance. The EER QA 
Manager was Mr. Jerry Cole. Mr. Cole was responsible for defining and monitoring QAIQC 
activities according to the QA plan. The EER QA Coordinator was Mr. Greg Rooney. Mr. 
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Rooney’s responsibilities included internal QA audit activities, QA checks, documentation and 
reporting, and approval of all project QA. 

I EER 
Jerald Cole I 

I Corporate QA Officer 
I 

QA lines of authority - 

Project lines of authority - 

Figure 7-3. QA organization. 
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UNCERTAINTY ANALYSIS 

8.1 obiective 

An uncertainty analysis provides the following key aspects when evaluating the data: 

. Identifies corrective action required to achieve test objectives; 

. Provides test validation; 

. Reduces risks of making erroneous decisions; and 

. Demonstrates compliance with agreements. 

For this program, an uncertainty analysis provides the end users with a 95% confidence 
interval for the data and an estimate of an upper limit in the measured emissions. An uncertainty 
analysis was performed on the following parameters generated from this program: 

. Flue gas concentrations of trace metals, particulate, and acid gases for all flue gas 
streams venting to the atmosphere during each test condition; 

. Flue gas mass emission rates for tmce metals, particulate, and acid gases for all flue 
gas streams venting to the atmosphere during each test condition; 

. Emission factors for trace metals, particulate, and acid gases for all flue gas streams 
venting to the atmosphere during each test condition; 

. Achieved removal efficiencies during the baseline and demonstration tests, for trace 
metals, particulate, and acid gases for three different configurations (1) GSA + ESP 
(parallel + series), (2) GSA + FF. (3) GSA + ESP + FF. 

In the tables that follow. the reported results, the total uncertainty, and a 95% confidence 
upper bound is given for each of the compounds of interest. The total uncertainty represents the 
95% confidence interval, two-tailed, based on a students “1” distribution. The 95% confidence 
upper bound estimate is based on the single-tailed students “t” distribution at the 95% confidence 
level. 

Interpretation of the reported uncertainties can be clarified with a specific example from the 
results. Mercury has been reported for the demonstration tests at the ESP Outlet (Table 8-l) with a 
concentration of 1.74 ug/dscm. The total uncertainty is reported at 21.7%. This implies that the 
measured concentration of 1.74 ug/dscm will be between jz 21.7% of 1.74 ug/dscm 95% of the 
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time when the unit is run under the same operating conditions. The upper bound is reported as 
1.95 ug/dscm. This can be interpreted as follows: 95% of the time, for the unit run under the 
same operating conditions, the flue gas concentration for mercury wiU be less than 1.95 ug/dscm. 
A discussion and example calculations are presented in Section 8.6. Results for each of the 
parameters listed above am discussed in the following sections. 

8.2 

The uncertainty analysis results for the measured pollutant flue gas concentrations are 
shown in Table 8-1. This table presents concentrations from all of the streams venting to the 
atmosphere during the baseline and demonstration tests. In general, most of the calculated 
uncertainties were within reasonable limits. When high uncertainties did occur, these were 
generally the result of data scatter rather than a bias associated with the measured result. HCI and 
HF were not measured at the ESP outlet during parallel tests, therefore uncertainties are not 
presented. AU pollutants for the ESP Outlet during the demonstration tests have elevated 
uncertainties associated with the repotted results. This is due the limited data of only two test runs, 
resulting in t factors that are extremely conservative. 

8.3 ” F Eke Gas Mass J~~KM&& 

The uncertainty results for the. pollutant mass emission rates are shown in Table 8-2. 

8.4 

The uncertainty results for the pollutant emission factors at each of the flue gas locations 
vented to the atmosphere are given in Table 8-3. Emission factors were. determined from a Fd 
factor computed from a fuel analysis. Tbe bias associated with the fuel analysis and the known 
bias from the flue gas concentrations were combined to calculate the emission factor uncertainties. 
All calculated uncertainties were within reasonable limits, except for the ESP Outlet emissions 
during the demonstration parallel tests. These uncertainties are elevated due to the limited data of 
only two test runs. 
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sampled. We chose to limit the bias of the sample collection to only the errors associated with the 
measured amount of volume collected. 

The equation for the dry standard volume collected is given in Equation 8-l. 

Equation 8- 1 Tstd 
Vm(std) = Vm*Y*K* 

Vm(std) 
Vm -- 

= Standard Volume 
= Measured Volume 

Pbar+ -f& 
Pstd 

&t d 
Tm 
Pbar 
AH 
13.6 
Pstd 

= Meter Correction Factor 
= Standard Temperature 
= Meter Tempxature 
= Barometric Pressure 
= Meter Pressure 
= Factor from in Hz0 to in Hg 
= Standard Pressure 

The following relative bias can be assigned to each of the measurement parameters: 

Relative Bias 

5EgfYe EER calibrates dry gas meters using a secondary dry gas meter as a 
standard. The secondary is calibrated from an NBS standard to f 
3% and the Geld dry gas meter is calibrated from the secondary 
standard to f 2%. giving a total accuracy off 5%. 

Tm 1.5% 

Pbar 4% 

AH 2% 

Taken from EPA QA Handbook, Volume III 

Taken from EPA QA Handbook, Volume III 

Eatimated from operator error. 

Equation 8-2 (Equation 3.10 of the referenced documentrl. presents the total relative bias 
associated with a result. 

Equation 8-2 
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where 

Note: 



Substituting the % Bias stated above results in a total volume bias error of: 

%Bvmotd) = 6.5 % 

We will assume this to be the total sampling bias error. 

Flue Gas Concentrations 

Stack gas uncertainties were calculated using the spreadsheet presented in Tables 8-6a 
through Table 8-61. The following information is contained in the spreadsheet. 

. The repotted concentration and reported units; 

. The sampling bias: calculated above to be 6.5%; 

. The analytical bias: obtained from matrix spikes, lab spikes, and/or surrogate 
spikes performed during the program. These are the achieved accuracy quality 
assurance objectives presented in Table 7-3 of this report.; 

. The total bias: This is computed using Equation 8-2 above. The equation used to 
calcuiale llue gas concentrations for this program is given in Equation S-4: 

Equation 84 M 
Concenttation = vm(std) 

WheR: M = Amount of analyte captured in sample train 
Vm(std) = Standard Volume collected through the sample train 

Computing the relative partial derivatives of the volume equation (Eq. 8-4) with respect to 

each of the parameters ( 8 i ), muhiplying by the individual bias ( B, ), and dividing by the value 

of each parameter ( r ), the relative bias indexes ( 
Bi 

8 i p ) can be computed as follows: 
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Vm(std) -(Bp(vm(sld)~(vm(std))) = %Bvm(std) = 6.5% chlated above 
M %d’w = %BM 

The final equation used to propagate the individual measurement biases to a total flue gas 
concentration bias is given by in Equation 8-5: 

Equation 8-5 
( Y&B M,,J = (%bw)2 + PM) 

. Total Precision: Determined from the relative standard deviation of the measured 
datafromthete-struns: 

. The Total Uncertainty: Calculated from Equation 8-6 (Equation 2.26 of the 
referenced document)t, shown below: 

Equation 8-6 U row = 4 (F&)2+ (t * %a)’ 
where: 

U total = Total Uncertainty 
B Kxal = Total Bias 

t = Students t factor, 95% two-tailed confidence 
S ma1 = Total PrecisionlSQRT(number of samples) 

. The 95% Upper Bound: Calculated from Equation 8-7 (Equation 2.29B from the 
referenced documentt) Shown below: 

Equation 8-7 

95% Upper Bound = 
&J&l2 + (t *S,,? 

100 
l Reported Concentration 

where: 

95% Upper Bound = 95% Upper Bound Confidence 
B total = Total Bias 

t = Students t factor, 95% single-tailed confidence 
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= Total Ptecision/SQRT(number of samples) 

Mass Em&ion Rates 

Mass emission rate uncertainties were calculated using the spreadsheets presented in Table 
8-7a through Table 8-71. The calculation procedures are identical to that described for flue gas 
concentration. The bias of the flue gas tlowrate were added to the spreadsheet. 

Emission Factors 

Emission factor uncertainties were calculated using the spreadsheets presented in Table 8- 
8a through Table 8-81. The calculation procedures are identical to that described for flue gas 
concentration. Since emission factors were calculated using an Fd analysis, the analytical bias of 
the Fd analysis was added to the concentration bias. The analytical bias for the Fd analysis was 
estimated at 10%. 

ESP Removal EJiciency 

Removal efficiencies were calculated for the baseline tests using the spreadsheet given in 
Tables 8-9a through 8-9d. The removal efficiency is a function of the total inlet to the system and 
the total outlet to the system. For ah of the tests, the GSA inlet flue gas location and the reinjected 
fly ash served as the inlet to the system and the outlet flue gas served as the outlet to the system. 
As seen from the working spreadsheet, the removal uncertainties are not only an function of the 
biases associated with each of the measurements but also the individual biases are weighted to the 
total amount of input to the system. As discussed earlier, large removal efficiencies usually result 
in low uncertainties. The uncertainties for the demonstration test removal efficiencies ate presented 
in Table 8-1Oa through 8-1Od. 

REFERENCE-S 

11, Rea&med 1990 
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