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A  CALCULATION PROCEDURES

During the course of the test program, a number of parameters had to be calculated in order to
characterize the dry sorbent processes, humidification process and SNCR process. These key

calculations are included in this appendix and include:

. Flue Gas Flow Rate : Qr;  (dscfm)

. SNCR Process : N/NO (molar basis)

. Dry Sodium Injection : 2Na/S (molar basis)

. Dry Calcium Injection : Ca/S (molar basis})

. Duct Humidification :  ATayp (adiabatic approach to saturation)

The methodology and procedures used for these calculations are documented below.

A.l Flue Gas Flow Rate

As part of the particulate measurements, the moisture content was measured and an EPA
Method 1 and 2 traverse of velocity made at the air heater exit locations. The results of the
measurements was a dry flue gas flow rate measured at an O, concentration of 4.6% and load of
100 MWe of 220,000 dscfm. To calculate the flue gas flow rate at other loads and O, levels, the

following relationship was used:

L 1{209-46
,0,) = 220,000
Q(L.0,) (100}[20.9~02J(NHR) (1)
NHR =  normalized function accounting for a change in plant net heat rate with load.
L =" load, MWe.
0, = measured O, at the economizer exit, % dry.

The NHR function was calculated from the following PNHR data measured by PSCo in 1988.

Final Report, Volume 2 ' A-1



Load PHNR

Net MWe Btw/Kwhr
35.2 11640
453 11270
70.7 10710
79.7 10610
94.8 10450
1129 10570

The above heat rate data was normalized to 100 MWe and curve fit:

NHR =2.342x107° (Load) -4.91x10” (Load) +1.255 (2)

Equation 1 along with Equation 2 were used throughout the test program to determine the SNCR
parameters N/NO molar ratio, dry sodium normalized stoichiometric ratio, 2Na/S, and the dry

calcium parameters Ca/S molar ratio.

Late in the test program, PSCo installed a flue gas flow rate monitor as required by the 1990
Clean Air Act Amendments. Following certification of the flue gas flow rate monitor, flue gas
flow rate data was collected and compared to the algorithm using load, O; and the normalized
heat rate. The average ratio of the measured flue gas flow rate to calculated flue gas flow rate

was 1.05 with a standard duration of 4.3%.

A.2  Dry Sodium Injection 2Na/S

To form sodium sulfate (Na; SO4) two moles of sodium are needed to react with one mole of
$0,. To characterize the amount of sodium injected, the “normalized stoichiometric™ ratio, or

2Na/S ratio was used. The 2Na/S molar ratio was calculated using the following quantities:

sodium sorbent feedrate, Ib/min.

=
Z
[

»<
©w
L

il

measured inlet SO, level, ppm wet.
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Xu,o =  measured inlet H;O level, %.

Xo, =  measured inlet O, level, % wet.
Qp =  flue gas flow rate, calculated as described above, scfm dry.
Yy, =  mass fraction of sodium in the sorbent (sodium bicarbonate: 0.274;

sodium sesquicarbonate: 0.297).

MW =  molecular weight of sodium, 22.99.
N =  normal molar density, 0.002635 moles/ft’, P = 14.7 psia, T = 60°F.

2Na  mw Yy, (1-H,0/100)
S 2 Qfg Nv XSOZ (IX 10-6) MNI

3)

A3  Calcium Injection Ca/S

The dry calcium injection rate is characterized as the molar ratio of calcium to sulfur since one
mole of calcium reacts with one mole of SO; to form calcium suifate (Ca SQ,4). The Ca/S ratio

was calculated as follows:

mc, =  calcium hydroxide feedrate, Ib/min.

Xso, =  measured inlet SO; level, ppm wet.

Xu,o =  measured inlet HyO level, %.

Q, = calculated flue gas flow rate, scfm dry.

Yoo =  calcium oxide content of the calcium hydroxide, 0.68.

MW=  molecular weight of calcium oxide, 56.

N =-- normaﬂ molar density, 0.002635 moles/ft’ @ P = 14.7 psia, T = 60°F.

Ca_ ma Yo, (1-H;0/100)
S QN Xy, (1x10¢) MW,

€Y
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A.4  SNCR N/NO Ratio

The SNCR ratio is characterized by the molar ratio of moles of nitrogen in the injected SNCR
chemical to the moles of NO in the flue gas. This quantity was calculated using the following

quantities (the procedure shown below is for urea).

Q... = ureasolution injection rate, gpm.
C,. = concentration of urea in solution, gm-urea/gm-solution.
Xy =  measured inlet NO level at the economizer probe, ppm
Puo =  density of water, 8.34 Ib/gal.
sg =  specific gravity of the urea solution.
Q, = calculated flue gas flow rate, scfm dry.
MW, .=  molecular weight of urea, NH, CO NH3, 60.
N, = normal molecular density, 0.002635 moles/ft’.
N Qurea Cures (58) Puno 2
NO ™~ MW, Q, N, Xy(1x10%) ©)

where the factor of 2 in the above equation accounts for the two moles of nitrogen per mole of

urea.

A.5  Approach Temperature to Adiabatic Saturation

During the duct humidification tests, the key parameter used to characterize the humidification
process was the approach to adiabatic saturation temperature. Ideally, this could be determined
by measuring the wet bulb and dry bulb temperature in the duct. However, as the test program
progressed, it became apparent that the thermocouple grid downstream of the humidification
nozzles, and just at the entrance to the FFDC, was not providing an accurate dry bulb
temperature. The thermocouples would collect a deposit of wet or damp ash and sorbent,

resulting in a reading that was lower than the actual dry bulb temperature. To provide a
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supplemental way to determine the approach to saturation temperature, an energy balance was

performed on the duct, and the approach temperature calculated.

The energy balance was done as shown in the figure below.

— h, +w, h,,

Duct
(w2 - wl) hh —_
1 2

ha, + w, h‘,1 +(w2 _Wx)hz, = haz +w2h‘,2 (6)
w, = absolute humidity upstream of the atomizers, 1bx20/1byry air.
w, = absolute humidity downstream of the fabric filter after the

injected water has evaporated, 1b H,O/lb dry air.
h,.h, = enthalpy of the water vapor at locations 1 and 2,
Btw/b H,0.
hal ,hlz = enthalpy of the dry flue gas at locations 1 and 2, Btu/lb.
(w2 - wl) = additional water vapor added by the injected H,O.
Q.0 = water injection rate, gpm.
Qg = flue gas flow rate, dscfm (see above).
mo,, = Water vapor content measured upstream of the atomizers (1)
_ and downstream of the fabric filter (2).

T, = measured temperature upstream of the water atomizers,
Pu,o = density of water, 8.34 lb/gal.
MW,, = I8.
MW, = 30.
Cp = 0.242 Btu/lbm °F.
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_ TH Ho
W, —W, = —_——Cp (7)
5
Xio, MWuo |
T vw ®)
T MHL0, flue gas

taking the enthalpy of the dry flue gas as h, = Cp T, the dry bulb temperature after the injected

water has evaporated is given by

wihy, “*‘(Wz _Wx)hel ~wyhy,

=T+ Cp (9)

To solve for T, the following parameters were curve fit from the steam tables over a temperature
range from 100-300°F

saturation pressure : P (psia) = 2073 +04512T- 0,003298T° + (9.215x20°°) > (10)
enthalpy of water vapor : hv =(Btu/1b)1056.9 +0.51198T - 0.0003398"1‘2 (11)
enthalpy of liquid water : h,(Btu/Ib) =-33.119 + 1.007T (12)
latest heat of vaporization : i, (Biu/1b) = 1087.0- 04621 - 4.177x10° 12 (13)

The above equation was solved iteratively on a spreadsheet since hv; is a function of T,. Once
the dry bulb temperature T; was found, the wet bulb temperature was found by mathematically
increasing the amount of water vapor injected until the calculated partial pressure of water vapor
in the duct was equal to the saturation pressure and a relative humidity of unity, for this

calculation the atmospheric pressure was taken as Py, = 12.25 psig

" (R0, ) am

RH=
P, (14)

WZ(Mng /MWH20 ]

1+ L) Mng/MWHzo)

X = 15
H,0, (15)
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Table A.5-1 shows a sample calculation in the spreadsheet format. In the calculation T,(guess) is

changed until it matches Tygac. Then the water injection rate QHzO is changed until the relative

humidity is 100% (R-Hum). For the case shown in Table A.5-1 this corresponds to a water
injection rate of 69.1 gpm which results in T, of 117°F; this is the wet bulb temperature. The
approach temperature can then be calculated. For instance assume for the 80 MW case shown in

Table A.5-1 that the water injection rate was, Qy, , = 54 gpm.

T (dry bulb) = 151°F
ATapp =151-117 =  34°F

HUMIDIFICATION CALCULATION

LOAD 8O MW Hat+w1Hv1

O2econ dry 5.85% —_ HazewaH

T1w/oH20 281°F (02)lw:  5.40 . Hwerv

T(water) 64°F H20)1: 827  (W22hHIT |

H20 econcak 8.29% (O2)Id: 5.89

QH20  wi w2  T2cale T2gues (H20)2 R-  P(H20) Pv  wiHvl w2wl  (W2.  w2Hv2

s HUM WI)HI

100 00542 00600 256 256 9.09 34 LI1 3304 6367 00058 0.1809  69.95
200 00542 00658 231 231 9.88 5.7 £21 2015 6367 00115 03617 7611
300 00542 00716 207 207 1066 100 131 1305 6367 00173 05426 8217
400 00542 00773 183 183 1142 177 140 789 6367 00231 07234  88.09
540 00542 00854 IS 151 1256 39. 153 391 6367 00312 09766 9621
600 00542 00889 137 137 1290 546 158 289 6367 00346 10852  99.60
700 00542 00946 (IS 115 1363 (077 167 155 6367 00404 12660  105.18
800 00542 01004 93 93 1434 14041 176 013 6367 00462 14469 11062
9.0 00542 01062 72 72 1504 951 184  -194 6367 00520 16277 11596
69.1 00542 00941 117 117 1356 998 166 166 6367 00399 12497  104.68
550 00542 00860 148 148 1253 412 154 373 6367 00318 09947 9676
560 00542 00866 146 146 1261 436 154 354 6367 00323 10128 9734
570 00542 00871 144 144 1268 462 1355 337 6367 00329 - 10309 9791
580 00542 00877 141 141 1276 489 156 320 6367 00335  1.0490  98.49

Table A.5-1. Sample Calculation of the Dry Bulb and Wet Bulb Temperatures with Duct

Humidification
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A total of 21 potential air toxics was
measured at Arapahoe 4 with the
calcium-based DSI system operating.
Table 7 lists the air toxics that were
sampled during the calcium-based DSI
testing. Table 8 compares the target
air toxics measured during each of the
four test series. This report presents

baseline dioxin data and air toxics

data for the calcium-based DSI system.

Refer to the other three

IV, Summary of Air Toxics Monitoring Results

Arsenic Lead
Cadmium Molybdenum
Copper Phosphorous
Mercury Beryllium

Trace Selenium Cobalt

Metals Calcium Manganese
Barium Nickel
Chromium Vanadium
Calcium Sodium

Anions ! Chloride Sulfate

Fluoride

1. Elemental precursors of these anions measured in the fuel

(Cl, F,8).
Table 7:

Target Compounds
Based DSI System

for Calcium-

environmental monitoring reports for more information on the other tests

conducted.

Sampling of the baseline dioxins was conducted on October 11, 12, and 13, 1993.

The air toxics tests for the calcium-based DSI system were conducted on

October 19 and 20, 1993. No sampling occurred during sootblowing operations.
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Test Period J

Target Compounds Low-NOx SNCR Calcium-Based DSl Sodium-
Combustion | p. i3 | SNCR | Bascline | Sodi Based DSI
Trace Metals X X X X
Acid-Forming
X
Anons X x X
Volatile Organic Benzene/toluene X X
Compounds Formaldehyde
Semi-Volatile PAH
QOrganic
Compounds PCDD/PCDF ! x? X
Solid X X x x
Paruculate
Radio Nuclides X
Total/hexavalemt X
Trace Metals chromium
Speciaton
Mercury X
Nitrogen
Compounds X X
HHV . Ultimate/
Proximare X X X X X X
Analysis
Loss-On- X X x X
lgnition ]

bl

3.

. Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (FCDF).
. Due to anomalous contamnation of native 2.3,7.8, PCDD/PCDF isomers in the method blanks, samples. and archived resin, the resulis

of these tests are invalid and wers repeated during the calcium-based DSI test period.
Some baseline tests were repeated in the SNCR test penod.

Table 8:  Target Compounds

PSCC contracted with Carnot, Inc. of Tustin, California to complete the air toxics
work at Arapahoe Unit 4. Fossil Energy Research Corp. of Laguna Hills,
California provided some assistance at the site and with data collection. Table 9

lists the laboratories used to analyze the collected samples.
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l Analysis | Laboratory | Location
| Solid particulate | Camot, Inc l Tustin, CA
Chioride and sulfate (as Camot, Inc Tustin, CA
recessary for confirmation)
Acid-forming anions Curtis and Tompkins | Berkeley, CA
Trace metals Curntis and Tompkins Berkeley, CA

Semi-volatile organic

Zenon Environmental

Burlington, Oniario,

analysis, including anions

Engineering

compounds Laboratories Canada
LOI for ash Commercial Testing and Denver, CO
Engineering
Trace metals and anions Curtis and Tompkins Berkeley, CA
analysis of fuel and ash
Coal preparation and ultimate | Commercial Testing and Denver, CO

Neuiron activation analysis

Massachusetts  Institute of
Technology

Cambridge, MA

Coal preparation

A.J. Edmonds

Long Beach, CA

Ash preparation and anion Commercial Testing and Denver, CO
analysis Engineering
Ash preparation Carnot Tustin, CA

Table 9:

Laboratories for Air Toxics Analyses

The Environmental Monitoring Plan (EMP) addendum for air toxics includes

details on the method used to determine the total mass flow of the air toxics. In

addition to the measured concentrations of the air toxics in the sample, mass

flows of the solid and gas are required. Table 10 lists the mass flowrates for the

flue gas and the solids used to determine the mass flow of the toxics. The actual

flue-gas flowrate is used for each of the trace metal, particulate matter, and anion
tests. The flue-gas flowrates for the VOC and cyanide tests were from the major
test conducted concurrently. The existing plant equipment was used to measure
the coal flow. The measured particulate loading and flue-gas flowrate was used to
calculate the flowrate of the fly ash and the stack ash. The coal input and the fly

ash flowrates were used to calculate the bottom ash flowrate.
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r Stream Test Location | Test 1 - Test 2 1 Test 3
o fnlet | 2700 79700 | 176300 |
Trace Metals
Outlet | 279.200 288,700 279.700
Paniculate Intec | 2s2.500 263.000 272700
Flue Gas Flow Marer Outlet | 260.000 28.900 | 275,900
Rate (DSCFM) Inlet | 252500 263000 | 272.700
Anions
Outlet 260,000 268,900 275.900
Dioxins and Inet 232,600 199,100 225.200
Furans Outiet 234,900 204,700 206,900
Coal Flow (Ib/h) 101,800 105.400 104,300
Fly Ash Flow (Ib/h) 8.359 8.351 7.474
Bottom Ash Flow (1b/h) 3.638 3.889 4.593
Toal Ash Fiow (1b/h) 11,997 12,240 12.067
Stack Ash Flow (ib/h) a2 1.6 1.4

Table 10: Stream Mass Flow Data

Table 11 lists the average operating conditions of Arapahoe Unit 4 during the
calcium and baseline air toxics testing. All three baseline dioxin tests were
conducted at 75 Mwe. A problem occurred on the first day of testing that limited
load to 75MWe. The problem was corrected the following day but the remaining
tests were conducted at the same load to provide three replicate tests. Figure 1
shows a simplified diagram of the unit and shows the five different sample
locations. Gaseous samples were obtained at the inlet and the outlet of the
FFDC. Solid samples of unpulverized coal, bottom ash, and fly ash were also
obtained. This section lists the resuits of the air toxics testing, For details on the
methods used for sampling, analysis, and quality assurance, see the Environmental

Monitoring Plan Addendum for Air Toxics Monitoring, dated July 1993.
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1 | Bascline Dioxins | Calcium-Based DSI Air Toxics ”
| Property ‘ |
| | 2 3 | 2 |3
i Unitload MW.neny® | 76 | 75 75 | 12 n2 | |
i 1 Airdb/hy 753,000 | 705,000 | 716,000 | 976,000 | 995.000 | 1.028.000 |
nput
| Coal (Ib/h) | 67.600 | 68,900 | 72.200 | 101.800 | 105.400 | 104.300
| Steam flow (Ib/h) 638,000 | 632.000 | 630,000 | 959.000 | 966.000 | 966.000
Injection rate - -- - 51.5 52.4 51.7
(Ib/min)
Ca/S - - - 2.06 2.07 2.10
DS (Sorbent feeder - - - S6%/68% | 57%/69% |56%/68%
output {(A/B)*
Humidification - - - 70.9 66.8 72.8
water {gpm)
%0,', dry 7.70% | 7.24% | 7.34% 6.11% 6.25% 6.32%
EFpc | CO (ppmd) * 14.0 19.2 13.2 71.7 231 212
outlet | NO (ppmd) * 216 194 196 225 221 225
SO, (ppmd) 308 308 307 280 283 262

From Camnot's porable O, that sampled at each sample point.

From a single point Altech CEM system located in the FFDC oudet duct.

The "B"1D fan was off linc for the first baseline test. To mainw@in consistent operating condutions, the remaining tests were
operated at 75 MW,

4 Indicates level of operation of "A"and "B" DSI feed systems.

Table 11: Average Operating Conditions and Continuous Emissions Data

W —

Table 12 lists the methods used during this sampling program that differ from the
EMP.

A. Uncertainty Analysis

In the tables that follow, a value for uncertainty expressed as a percentage is
provided for all data. The calculation method used is based upon ANSI/ASME
PTC 19.1-1985, "Measurement of Uncertainty." The uncertainty is based on a
95% confidence interval for the mass emissions for the target species but is
expressed as a percentage so that it may be applied to other units. A very

important part of the method is assigning an estimated bias error for the major
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Species EMP Specified Method Method Used \E
FFDC Arsenic EPA SW R46-7060 (GFAA) EPA SW §46-6010 (ICP) i
Inlet Cadmum EPA SW R46-7131 (ICP) EPA SW 846-6010 (ICP) !
! Chromium EPA SW R46-7191 (GFAA) EPA SW 846-6010 (ICP) |
| FEDC Arsenic EPA SW 846-7060 (GFAA) EPA SW 846-6010 (ICP) [
‘ Outlet Cadmium EPA SW R46-7131 (ICP) EPA SW 846-6010 (ICP) :
i Chramum EPA SW 846-7191 (GFAA) EPA SW 846-6010 (ICP) !
Afrsenic EPA SW 846-7060 {GFAA) INAA i
Barium EPA SW 846-6010 (ICP) EPA SW B46-6010 (ICP with EPA3050 digestion)
Chlorine ASTM D-4208 & ISP INAA
Suliate EPA SW R46-300-1C ASTM D4239 & LECO SC-132
Cadmium EPA SW 846-7131 (ICP) INAA
Mercury EPA SW 846-7470 (CVAA) INAA
Fuel Selenem EFPA SW 846-7740 (GFAA) INAA
Chromwum EPA SW F46-7191 (GFAA) EPA SW246-6010 (ICP-AES)
Lead EPA SW B46-7421 (GFAA) EPA SWE46-7420 (GFAA)
Calcium EPA SW 846-6010 (ICP) EPA SW 846-6010 (ICP with EPA3050 digestion)
Sodium EPA SW 846-6010 (ICP) EPA SW 846-6010 (ICP with EPA3050 digestion)
Manganese EPA SW 846-6010 (ICP) INAA
Vanadium EPA SW 846-6010 (ICP) INAA
Barium EPA SW B46-6010 (ICP) EPA SW 846-7060 ICP-AES
Benvilium EPA SW 846-6010 (ICP) EPA 5W 846-7060 ICP-AES
Cadmium EPA SW 846-6010 (ICP) EPA SW 846-7060 ICP-AES
Chromium EPA SW R46-6010 (ICP) EPA SW 846-7060 1CP-AES
Cobaht EPA SW 846-6010 (ICP) EPA SW 846-7060 ICP-AES
Copper EPA SW B46-6010 (ICP) EPA SW 846-7060 ICP-AES
Manganese EPA SW B46-6010 (ICP) EPA SW R46-7060 ICP-AES
Flyash/ Mercury EPA SW 846-7470 CVAA EPA SW §46-7471 ICP-AES
Bo:;m Molybdenum EPA SW 836-6010 (ICP) EPA SW 846-7060 ICP-AES
Nickel EPA SW B46-6010 (ICP) EPA SW 846-7060 ICP-AES
Phosphorus EPA SW 846-6010 (ICP) EPA SW 846-7060 ICP-AES
Vanadium EPA SW 846-6010 (ICP) EPA SW 846.7060
Calcium EPA SW 846-6010 (ICP) EPA SW 846-7060 (ICP with EPA3050 digestion)
Sodiam EPA SW 846-6010 (ICP) EPA SW 846-7471 (ICP with EPA3050 digestion)
Fluonde EPA 300.IC) EPA 340.2 (ISE)
Sulfate EPA 300.0(IC) ASTM D4239 & LECO 5C-132
Table 12: Test Methods Different from EMP (TBD)
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variables. The value presented represents only an approximation of the
uncertainty as not all bias errors may be estimated. The uncertainty is also not a
measure of long-term trace-species emissions for this boiler, but only the
uncertainty for the specific test period. It was assumed that the samples are a
normal population distribution. Tcble 13 summarizes the bias values used to

determine uncertainties.

. Particle } 2 Fuel Fly Ash Bottom Ash

Location Collection ' Flowrate Flowrate > Flowrate * Flow Rate*
Inlet 15% 0% 0% 15% 15%
Qutlet 0% 0% N/A N/A N/A

B b —

Bias hased on difference between pitot and heat rate flowrates,

No bias estimated as measured inle® measured outlet, and calculated flow agreed within +-5%
No bias esumated as calculated flue pas flow agreed with measured outlet flow,

Bias cquals the inlet particle collection bias.

Table 13: Summary of Bias Values Used for Uncertainty Calculations

B. Treatment of Non-Detectable Measurements

Many of the target species for which a measurement was attempted were not
found using the specified sampling and analytical techniques. If a measurement
for a target species was not found, the value that could have been measured (i.e.
the detection limit) if the trace emissions were present are reported. The "non-
detects” are shown as less than the detection limit. The difficulty occurs when
averaging various samples of which some or all of the measurements are below

the detection limit. The following summarizes the two cases:

e All values below detection limit: The arithmetic average of the detection limit
is shown with a " <" sign to indicate that the trace species is less than the
reported average detection limit. For example, if a species was not found and

the method provided a detection limit of 0.45, the values is reported as <0.43.
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¢ Some, but not all, values below detection limit: The value of all
measurements above the detection limit are averaged with one-half of the
detection limit. For example. if three measurements of 10, 8, and <6 are
found, the average would be (10+8+6/2)/3 or 7. Note that no "< " sign is
used in these reported averages even though some of the values are below the
detection limit. If the average calculated with this method is less than the
greatest detection limit; the largest detection limit is reported and a "<"
symbol is used. For example, if values of 6, <4,and <2 were reported, the

average would be reported as <4and not (6+4/2+2/2)/3 or 3.

C. Treatment of Blank Values

Three different types of blanks were used as part of the air toxics testing quality

assurance (QA) program. The QA program included field blanks, reagent blanks,
and laboratory preparation blanks.

Field blanks are samples obtained by assembling a complete sample train at the
test site using the same procedures as when obtaining the actual sample. The
sample train is then leak checked and disassembled to recover and analyze the
sample. Field blanks are not used to "correct” the data generally but are used to

provide an indication of the quality of the sample.

Reagent blanks consist of samples of the reagent and/or filters that are collected
at the site. Analysis of these samples show if any of the results were caused by
existing levels of the trace species in the material used to collect or recover the
sample. If measurable values of the trace speciés are found, the data is usually

corrected by subtracting the value measured in the reagent.

Laboratory reagent blanks consist of samples of the chemicals used during the

measurement analysis. If measurable values of the trace species are found, the
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data is usually corrected by subtracting the value measured in the reagent. Any
measurable values in the laboratory reagent may be caused by initial trace species

in the chemicals or by the analytical procedures.

In the tables that follow the value of the field blank is shown for reference, but
none of the data has been changed due to these measurements. If a measurement
has a value near the field blank measurement, there may be some question as to
the accuracy of the data and the reported value may NOT be source related. A
separate column lists a blank correction percentage for all trace species that were
corrected due to either 2 reagent or laboratory reagent blank. This is an average

percentage calculated as follows:

Z( blank value ]
sample value 2 100
number of samples

%blank correct =

For example, if three samples contained 10, 5, and 4 mg/kg of a trace species and
the reagent blank was 2 mg/kg, the blank correction would be:

2

blank correction = {
10

220 10 _5g
5 4 3

Thus, on average, the actual value measured was 37% higher than the value
reported in the table. If the blank correction is reported as 0%, no blank
correction was calculated and the reported value was the measured value. Note
that in most cases a high blank correction value does not mean that the data is
inaccurate. If a sample was contaminated with a trace species due to a filter, and
the filter was analyzed and the data corrected, it is likely that the data is

meaningful,
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D. Gaseous Specics Monitoring

This section reports the trace metal, acid-forming anion, and FFDC efficiency
from the air toxics testing of the calcium-based DSI system. In addition, it reports

the furan and dioxin data from the baseline tests.

Trace Metals

Table 14 lists the gaseous trace metal emissions for the calcium-based DSI test
period. Although calcium and sodium are neither trace metals or air toxics,
Table 14 also lists their results. At the FFDC inlet, all 15 trace metals. calcium,

and sodium were repored above their detection limits.

Previous air toxics test series at Arapahoe reported a wide unexplained variation
of barium, calcium, and sodium in various solid streams between different test
methods. Curtis and Tompkins, the laboratory completing the analysis,
investigated and discovered a problem with the ASTM D3683 ashing/acid
digestion method of sample preparation. Coal samples were prepared according
to ASTM D3683 and also EPA method 3050. The EPA method does not require
ashing or digestion using HF acid. A comparison of the data with the two
different digestion methods for both the calcium and sodium injection program
compared to INAA is shown in Table 15. This data suggests that ASTM D3683
(that uses HF acid digestion) may have a significant low bias. The EPA 3050
method provides better precision between replicates and better accuracy when

compared to INAA which does not require sample digestion.
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D3683 | E3030 INAA |

Reagent mg/Kg mg/Kg mg/Kg
|

Barium sodium 5,976 24,390 33,122
calcium 6,670 17,447 28,925

Calcium | sodium 122,740 213,404 NP
calcium 78,917 | 204,879 NP

Sodium sodium 14,843 64,322 105,096
calcium 31,849 | 27.423 46,099

Table 15: Comparison of Alternate Digestion Methods with INAA

EPA method 29, multi-metals method, also uses HF acid for digestion of solid
matter collected in the sample train. Due to the potential negative bias that may
be caused with HF acid, all data collected for barium, calcium, and sodium from
the solid samples using Method 29 are believed invalid and are presented for
information only. Table 16 compares the inlet fuel levels to the values measured
at the _I;FDC inlet determined from the Method 29 test using HF digestion. Note
the very large discrepancy in the inlet values. It is believed that the fuel values
are more :ccurate and that the FFDC inlet values for the three elements
presented are invalid. They are shown in this table only to note the large

variation that was believed due to the HF digestion techniques. Note that the
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inlet values are based on a large amount of particulate matter that is present at
the FFDC inlet. Due to the very low particulate at the FFDC outlet. the possible
interference with HF digestion is not believed to significantly affect the outlet
data. While the fly ash and coal samples could be re-analyzed after the discovery
of the possible HF interference, it was not possible to re-analyze the Method 29

train.

Fuel FFDC Inlet Percent
15/102 Bru | Ib/102 By | Difference

barium 17,400 431 3.937%
calcium 205,000 1,240 16,432%
sodium 27,400 . 2,580 962 %

{

Table 16: Comparison of fuel vs FFDC Inlet Measurements

Uncertainties for copper, lead, and nickel were 100% and greater. The wide
spread between the replicate tests caused the high uncertainty for these three
elements. A review of the data [ogs and sample methods did not reveal any

errors that could explain the differences.

The FFDC outlet trace metal emissions were very low with many at or near their
detection limit. The high uncertainty values are due mainly to a wide variation of
replicate tests. Due to the very low measured emissions, the reagent or laboratory

blank corrections were also relatively high for many elements.
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Anions

Anions were measured from both the {ront (solid/liquid phase) and the back-half
(gaseous phase) of each particulate train. As expected, the majority of all anions

occur in the gaseous phase. Results of the testing are presented in Table 17.

At the FFDC inlet, the sample-train measured 465 ppm of gaseous sulfate and the
CEM measured 460 ppm of SO,. The gaseous fraction represents SO, plus any
SO, in the vapor phase. The sample-train measured 3 ppm of solid-phase sulfate
at the FFDC inlet, representing sulfuric acid mist and solid-phase sulfate present
at the 250°Ffilter temperature. At the FFDC outlet, the sample-train measured

287 ppm of gaseous sulfate and the CEM measured 275 ppm of SO,.
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Baseline Dioxin and Furan Emissions

Table 18 lists the gaseous polychlorinated dibenzo-P-dioxin (PCDD} and
polychlorinated dibenzofuran (PCDF) emissions at the FFDC inlet and outlet.
Note that sampling and analysis techniques were optimized to lower detection

limits to an average 10 times lower than that of normal dioxin and furan tests.

All dioxins and furans were measured near or below their detection limits. At the
FFDC outlet, OCDD and 23478 PeCDF were the only individual isomer§ detected
in all three samples. However, these isomers were also detected in the field

blank, so their detected levels may not be entirely source related.

In Table 18, the column headed by "EPA Equiv." lists the EPA toxic equivalent
for each specie. These values can be used for comparing risk and are used in the
establishment of emission limits for municipal solid waste (MSW) incinerators.
These equivalent values were calculated by multiplying the average actual

emission of a specie by its EPA risk factor.

The total emissions of EPA equivalent toxics at the FFDC inlet was

0.0015 ng/Nm 3 and consisted of 0.0008 ng/Nm * of detected species and

0.0007 ng/Nm? of nondetects. Thus, 47% of the total EPA equivalent at the inlet
of the- FFDC was due to nondetects. The total emissions of EPA equivalent
toxics at the FFDC outlet was 0.0014 ng/Nm * and consisted of 0.0003 ng/Nm ? of
detected species and 0.0012 ng/Nm > of nondetects. Thus, the nondetects at the
outlet relate to 86% of the total EPA equivalent toxics. For comparison, well
controlled MSW incinerators typically have on the ordef of 1 ng/Nm 3 of

equivalent toxic emissions, three orders of magnitude higher than Arapahoe
Unit 4.

April 8, 1997 26



X4

snopssmng (IO hwednjoznaqyq  paieuloppafjeg put ((I(10J) WINOI-J-0Tudq  pAIRULIOpS0] dwmpseqg G Jqe],

ouajeamby qoL 8L € 7)) maeanba Hvop vy oy g e woamap 153yqig mojag paaAep ou se papodas st uea atp “suaddey s uap
...._._:__.E_._::_, PALDIP SEM U 1IAp-ucU 1$2YT ‘uNT) sem OmE L AR NI HROMA) .mum.:z 21 UEIP IDJJEIUS 3G I0ULEDY URAW PAAEINOIED ) ‘ueBuAu0d AF ‘|
paprap sEamap-uon s 3deisae diens e ‘apdwes Aq panea sunp uodAg 7 CTPARANAP 10U Sem SA0ds JeY pue W UONSAIP SHENPUL, B,
¢ Flian - )3 LTio £600°0 FIO0 3 S¥I00 f|$1000 - L 133 {TAY] LE1o'e P00 611070 mol,
- SR O > £ SOI0> 1 rD000> | OO0 90000> || - 8000 0> 14 POO00>> | POOO0> | YOOO0> | SONOG> 40241 120)
- 00> 8¢ FO000> 1 +0000> | £0000>| BHODOO | - 2000°0> 69 SO00'a> | 000 0> L0000 90000 > | HG3¥H 1®eL
- 000 29 3000°0 L0000 L0600 nooo (- SO0D°0> o8 Lt 101 vi00'0 L00G°a 11000 2103 1m0
- F100°0 vt L1000 SI00°0 91000 | GEHDOD | - 6100°0 ] 4 £T00°0 8700°0 £700°0 610070 4401 1eaL
-- SO 0> 611 9000°0> | S000°0> | S00D0>{ 01000 || - 0000 > 144 #0000 #0000 ¥O00 0 8000°0 > 0 aqydy eol
- LTINS 91 LRy +000°'0 S000°0>] 60000 j - 900670 > el SO00°0 $000°0 go0G'0 oo n> QaDYH moL
- SO0 > 0y 9000°0> | SOO00> | SDOD0>| LOQDD>Y - 2000 0> 6L 900> | SN000> | 0000 2N 0> , Qad3d [Eeg
- SOHRY O > tL SOO0> | SO000> | HOOD0>! S000°0 | - o000 0> 6 SONO'0 1 9000°0 9000°0 RLLLVE g 1 QaOL ey
UL O S > 9 SHOO0> | SOO00> | BOND0>] S0NDN>Y 00000 0l 0> £ SODO 0> | 9000 0> | $O0O'0> | 2000°0> 4420
LT VS] YUY > ol SO 0> | #ODDO> | SONDN>| BODD 0> 00D 000> 3 COO00>1 So00> | S0000> | 9OD0 0> Ja2dy 68L4ET1
[CLCIN HHRT U > L FODYO> | o0 n> | EODD D> SO 0> I DINGD LN 0> 114 FODO'O> | €O00°0> | EOKY0> | HO00> Ja291 8L9vETI
KNV O SHKY O > 6 FOOOT0> | Z0000> | SODOO>( +O00'0>F 10000 00 0> ot SO0NN> | FODD0> | $O000> | LOKO0> JAI¥H 6BLETY
L] FOORY > 96 £000°0> | TO00'0> | ¥000°0>( $000°0> | 00000 F000'0> 101 conn'a> | $O000> | £O0D0> | LODD0> JAJ¥H BL9¥ET
YR HNKY 1> ol o= | 1000°0> 7 £0NY0>1 000>l OODD'D e 0> 68 fO00'0> | €000°0> | Z000°0> 1 HOO0(O> 40274 BL9ETI
(HHH () FINHY (1 sL FOOOT0> | 7000°0> | #00°0>( $0000 [ 00000 000> 9zl FOO0> | pOON'0> | TO0G0> | HN0'0>  JAD¥IT BLVELT
RELIN FOU0 [ 0000 o000 0000 SO000 | TOMYO SO0 0> I 4 000 OO0 +000°0 SO0 4003 8LpLT
OO0 O f 0> LTl THO0> | To00°0> | Z000°0> [ $KD'G>) KKKV G SO00°0> 6 SOO0> | 000D N> | SoOn'0> ; A3 BLETI
o o=l ot 07000> | B100FQ> | S100°0>| TTO0FO>| LXK O 8100°0> 16 #100°0>] €100°0> | 1100°0> | OZnOTO> 4001 81T
ILELIRY AN ] 174 17000 ROO0Q TI000 | zeoop || OODOO 91000 164 o0 | 07000 LeOD 0 118y 0> aqoao
QUMY 0 SO0 > 9Ll S000°0> | tODDO> | YNR0>( arpog || OO0 8000 0> 14 +000°¢ ¥000'0 +000°0 000ae> | o adaxn sgrezt
OO0 0 V1) 0 > 88 OON0> | EO0D 0> | 9000°0>| guyn>| 0000 LN 0> 801 FO00'0> | $000°0> | Z000 0> | 9000°0> QAq2YH 68LETT
Don o LY 1> £n tOD0r0> | T0> | tONYO>] ypopn>|| (KO0 SO0 > Rt OO O> | £0000> | 70000 FODO' 0 > ¢ QAI¥H 8L9ET
1KY O (N> 06 90000 90000 LOOV'O>] romyp || 10000 8OO0 > 88 90000 L0000 L.:o.o Lo 0> ¢ QAH BLYETL
£Oon0 4§ SO > L1y SO | SODOD0> | SOMYD>E oo >l £000°0 900> 8L o000 0> | YORO'0> | THOG0 S000° 0> ) @dD03d BLETT
SO D) SO B> 43 SO0 > | SO00'0> | +O000>] 90000 || SOO0G SO00 0> €6 eno’e | 20000 900070 9000 0> rr QUOL-8LET
PRCINIE ¥ ¢ MN/Ru ¢ wipydu , ¢ WN/Bu
“wu_._“_ w_ﬂ_“_:_ﬁ LAY iy £ 1531 7 5L | BsaL “_.___”u ”_.___u.”_n“d HANI) Ay € 153t L ETh T 1531 Jaxdaad
BPIRY 1)1:8 U] HL:LA




FFDC Efficiencv

Table 19 shows the FFDC removal efficiency for trace metals, anions, calcium.
and sodium. The FFDC did not affect flue gas concentrations of PCDDs or
PCDFs. The FFDC averaged 98.6% removal efficiency for trace metals and
99.95% for particulates.

The FFDC’s removal efficiency for mercury was 93.7 %, significantly higher than
was obtained in previous testing without calcium injection with humidification.

Fly ash unburned carbon during this testing averaged 11.21%. Water was also
injected into the flue gas to improve calcium utilization. The water injection
cooled the flue gas to approximately 150°F. It is believed that the combination of
low flue gas temperature and high unburmed carbon in the fly ash allowed the

higher than expected mercury removal.

As was discussed in the trace metals section, sodium, calcium, and barium are
believed to be severely biased low. Thus the data for these three elements is
presented for informational purposes but the relative numbers are considered

invalid.

The combination of the FFDC with calcium injection with humidification obtained
significant removal of the acid-forming anions; Removal of both chloride and
fluoride were 55.1% and 97.5% respectively. The removals are comparable to
previous testing with urea injection but are significantly higher than the original
baseline which were 10% for chloride and 20% for fluorides. SO, removal during

the test was approximately 37% due to the calciym and humidification system.
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"< "indicates that the quantity measured was less than the derection lmit; thus the detection limit is shown.

"> "indicates that the percentage removal is based on a detection limit so the expected minimum removal rate,
1. Included even though neither trace metals or air toxics. ) ’

Table 19:

2. Values tor these metals are reported but are believed invalid due to a problem with sample preparation. (see text)

FFDC Removal Efficiency (Calcium-Based DSI Test Period)

![ Species Inlet j Outlet | FFDC Removal
| Trace Metals 15/10 * Buw | 1510 ¢ B % I
" Arsemc 20 0.09 99.5 |
| Barium® 431 0.94 99.8
Beryllium 9.5 <0.02 >99.8 b
Cadmium 3.9 0.15 96.2 |
Chromium 63 0.26 99.6 |
Cobalt 53 <0.22 >99.6
Copper 310 0.42 99.9
Lead 55 0.38 99.3
Manganese 108 0.59 994
Mercury 34 0.21 93.7
Molybdenum 26 0.22 99.1
Nickel 19 0.22 98.9
Selenium 57 <0.06 >99.9
Phosphorus 12,800 <1.l >99.99
Vanadium 194 <0.11 >99.9
Calcium ' 1,240 106 91.4
Sodium '~ 2,580 13 99.5
Average - - 98.6
Total Particulate 4.27 1b/MMBiu 0.0021 1b/MMBt 99.95%
Acid-Forming Anions 1b/10 “ B 1b/10 " Btu %
Chioride (C) Solid 41 <21 >48.6
Gas 784 353 54.9
Total 825 371 55.1
Fluoride (F) Solid 241 21 91.3
Gas 6,460 150 97.7
Total 6,700 167 97.5
Sulfate Solid 10,600 115 98.9
Gas 1.57(10% 3.89(10% 37.1
Total 1.58(10% 9.90(10% 37.5
NOTES: —=
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E. Solids Stream Monitoring

Calcium-Based Sorbent Analvsis

Table 20 lists the trace metal and anion ,
Calcum Sorbent
: : Sorbent
analysis results for the calcium-based o Test 22 | Blank Ho
ement Correct
sorbent (calcium hydroxide) and
L ] . mgfkg %o sl
humidification water. Although calcium
Arsenic <1.2 0 <5.0
and sodium are neither trace metals nor Barwm 00 0 1
air toxics, Table 20 also lists them. Beryltium <0.49 0 <20
Cadmium <1.2 0 <50
T . . . t
The humidification water contained Chromium 3! 0 <10
L. Cobalt <49 0 <20
negligible amounts of trace metals but
Copper 5.3 0 <5.0
a
significant amounts of calcium, sodium, Lead <03 o <10
and acid-forming anions. The total mass Manganese ' | 43 114 <10
input of air toxics due to the sorbent and Mercury <0.091 0 <0.20
water added to the process was Molybdenum 62 0 23
C . . . Nickel ' 5.3 0 <20
insignificant in comparison to the amounts
. . Selenium <61 0 <250
in the coal. Notable exceptions were
Phosphorous 195 0 <100
molybdenum and chloride. The sorbent Vanadium 29 0 <10
water contained 41% of the total mass Calcium NP 0 27.000
input of molybdenum and 46% of the Sodium NP 0 |17.000
input chlorides. Other air toxics that Chlaride <5.0 h | 1351
P Fluonde 34 0 960
were input due to the sorbent and water
Sulfate 170 0 [104.350
were much lower and ranged from O to ==
. 1. Prep blank levels were higher than the sample values,
10% of those input from other sources on 50 the samples were not blank corrected.
X Table 20: AirToxics Analysis of Hydrated
a mass basis. Lime
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Coal Analvsis

Previous air toxics testing at Arapahoe has shown the importance of obtaining
representative  solid samples. This is a difficult task due to the scale and current
equipment. Coal sample procedures were modified and the ASTM D2234
collection method was followed more closely during the sodium- and calcium-
based DSI test periods than during the low-NO, combustion and SNCR test
periods. In addition, the ASTM D2013 preparation method was followed during
the sodium- and caicium-based DSI test periods. For barium, lead, calcium, and
sodium, EPA Method 3050 was used for coal digestion instead of ASTM D3683.

For many trace metal data points, there were two or three sets of results. On
average, there were three sets of data with some having as many as six sets. For
example, one point had results from:

e Curtis & Tompkins analysis using conventional digestion.

o Curtis & Tompkins analysis using EPA 3050 digestion.

¢ Standard Laboratory’s analysis.

¢ Curtis & Tompkins triplicate analysis using conventional digestion.

¢ Curtis & Tompkins triplicate analysis using EPA 3050 digestion.

o INAA.

Except fora few cases, the results from these different sources did not agree.
Ideally, if the data for one element from one set was consistent with expected
levels and other process streams, then the data for elements within the same data

set processed by the same lab and method would also be consistent.

Unfortunately, a common bias for a data set could not be found. Therefore, the
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use of a particular data set depended solely on its.agreement with fevels

determined in other input and output streams from the same test program.

For the low-NQ, combustion and SNCR test periods, INAA was selected as the
analvtical technique most likely to produce representative data sets for arsenic,

barium, mercury, selenium, and chloride because INAA:

e Could achieve lower detection limits for arsenic, mercury, selenium, and
chloride.

e Results for barium agreed with USGS and Cyprus Yampa Valley coal data.
ICP-AES results were biased low.

Since INAA is not a proven analytical technique for trace metal analysis of coal. it
was not chosen to analyze an element unless there was a clear technical

justification to discard the conventional data.

For the coal samples from the sodium- and calcium-based DSI test periods, INAA
was the only technique used to analyze arsenic, mercury, selenium, and chioride.
With the use of EPA 3050 digestion technique for barium, the ICP-AES analysis
results for barium are no longer severely biased and are now consistent with
expected levels. For sodium-based DSI test, the conventional analytical results for
cadmium, chromium, manganese, and vanadium were considered as qualitative

and discarded.

Table 21 lists the analysis of the coal for trace metals and acid-forming anions.
Although caicium and sodium are neither trace metals nor air toxics, Table 21
also lists them. All trace metals were detected in each replicate. Most elements
show relatively good precision (uncertainty less than 100%). A single high nickel
reading caused uncertainty of 120%. While high the nickel readings are in the

range expected for this coal.
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Flv_Ash

Table 22 lists the results for the fly ash and bottom ash from the calcium-based
DSI test period. Although calcium and sodium are neither trace metals nor air
toxics, Table 22 also lists them. Cadmium is the only element reported below its
detection limit. The results for barium, calcium, and sodium from Test-1 were not
used in the average. The combination of EPA 3050 digestion and ICP-AES
analysis is used only for these three elements, therefore a problem with the
digestion or ICP analysis may have affected these results. The conventional
digestion of the sodium sample for Test-1 also yielded a value an order of
magnitude higher than the other samples. This suggests that EPA 3050 digestion
failed to dissolve the entire samples of barium and calcium and that the sodium
sample was contaminated. Test-3 for sodium appears to be negatively biased

when compared with output stream levels.

Matrix effects and certain digestion techniques make the analysis of selenium very
difficult. Selenjum is by far the most problematic of potential air toxics elements
to analyze. With the discovery that hydrofluoric (HF} acid was interfering with
GFAA, ash samples were re-analyzed using EPA 3050 digestion. This method
eliminated the need for diluting the ash samples to minimize interference as well
as most of the questionable resuits and high detection limits. However, the ash
results for selenium obtained with EPA 3050 digestion from the sodium- and
calcium-based DSI test periods are not consistent with expected levels. Despite
high detection limits and poor precision, the conventional ash results for selenium

agree, on average, with expected values and are used in the mass balance.
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Bottorn Ash

Overall. sample preparation does not zppear to have biased the results of the
bottom ash. The average results for arsenic. cadmium. mercury, and molybdenum
were below the detection limit. Except for selenium and sodium, the replicates
show good agreement. As with the fly ash, the conventional digestion methods
used to analyze selenium often produce spurious data points. Also, since bottom
ash levels of sulfate contribute less than 1% of the total sulfate stream, the spread

in the sulfate results is considered negligible.
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F. Mass Balance Results

Mass balances are an important quality check on toxics emissions data. Using
different sample and analytical techniques to measure toxics in both gaseous and
solid forms is difficult. Mass balances provide a quick means for determining how
well various analytical methods agree. The low absolute quantities of the
measured materials, however, makes the occurrence of a 100% mass balance very

unlikely.

There are three major sources of potential error in the mass balance: operating
conditions, analytical difficulties, and sample collection and handling. Since
Arapahoe Unit 4 operated at or near steady-state conditions and the daily tests
show that the same coal was fired throughout the tests, operating conditions are
not likely to contribute any significant sources of error. Analytical difficulties
usually only affect the results of individual replicates or species, so they are
considered with each species. Normally, analytical difficulties outweigh sampling
problems. On a utility coal-fired unit, however, obtaining representative samples
from process streams flowing at thousands of pounds per hour adds a major
source of potential error. It should also be noted that uncertainties only represent

consistency, not accuracy.

In addition, recent findings from other Department of Energy (DOE) sponsored
programs indicate that the sample digestion methods of EPA Method 29 are not
effective for large quantities of ash and introduce a 20 to 60% negative bias. The
difficulty of finding a correct digestion method and the need for different
digestion methods for different elements casts doubt on the validity of the sample
preparation procedures of both EPA Method 29 and the ASTM methods which

use only one digestion method for all elements.
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Only compounds dependent on the fuel inputs can be balanced. Since semi-
volatile organic compounds depend on combustion parameters, they cannot be
balanced. The boiler/FFDC mass balance uses the coal and calcium-based
sorbent as-its inputs and the bottom ash, fly ash, and FFDC outlet as its outputs.
The boiler mass balance uses the coal for its only input and the FFDC inlet and
the bottom ash as its outputs. For the sorbent results, nondetects are treated as
zeroes if the detection limit is greater than 25% of the fuel input (selenium, for
instance) or if the element is not expecied to exist in the sorbent (arsenic and

mercury, for example).

Table 23 shows the mass balance results for the calcium-based DSI test period.
Based on fuel-input and fly ash levels, the FFDC results for mercury appear to be
positively biased. For the boiler/FFDC balance, most species were in the range
of 69 to 130%, except for barium, cobalt, and phosphorous. The following may

have affected the results for these elements:

¢ Since the fuel input for barium is considered accurate, the barium levels in the
ash are considered negatively biased by 30 to 40%.

¢ The fuel input for cobalt appears to be biased low.

¢ Since prev.ous tests produced good closure for phosphorous, the phosphorous
levels in the sorbent may be biased low. The phosphorous levels in the
bottom ash, however, are higher than those in previous tests, so these values
may also be causing the poor closure results.
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Intermediate \

| Inputs | Outputs | Mass Balance !
Species i | i : 2
fi Fuel DSl { FFDC Inlet Battom Fly Ash FFDC | Boiler/ i Boiler © |}
{Calcium) Ash Outlet | FFDC? ! ;
Trace Metals /10 ¥ Bru \ I6/10 ° Bra 10 ¥ B L o |
‘i Arsene 47 <34 20 <4.4 30 (.093 75 2 J
: 2 NV 3.580 7.300 0. 3 .
Barnum 17.400 4] 3.5 1.94 62
Bervllum 1 <14 9.5 13 hit <0022 108 72
Cadmuum * 54 <34 39 <39 <88 0.15 - 72
Chromum 114 14 63 79 157 (.26 99 63
Cobait 03 <14 53 54 101 <022 144 115
Copper 196 14 310 172 308 0.42 117 122
Lead 310 <2.1 55 79 244 0.38 104 43
Manganese |.450 123 108 448 812 0.59 R0 38
Mercury 2 27 <0.25 3.4 <0.072 1.7 0.21 74 128
Molvhdenum 18 18 26 <l$ 46 0.22 110 108
Nickel 141 15 19 57 102 0.22 102 54
Selenium ° s <174 57 38 77 <0.057 100 83
2 2. 20, D9, <1,
Phosphoras 15.200 53 12.800 0.300 9,800 1.1 140 94
Vanadium 565 22 194 183 346 <011 90 67
Average Meals 100 79
Culcium * 205000 | 1.47010% NV 77,300 | 1.08010% | 106 69 -
Sadium 27.400 532 NV 4,780 15.000 i3 T -
Acid-Forming Anions Ib/10 * Bru /10 ? Br /10 ? B %
Chionde {C1}? 1,720 712 825 848 645 371 77 98
Flunnde (F) 6.650 122 6.700 1 7.680 167 116 101
Sulfate 1.59(10% 3.670 1.58(10 % 2790 410,000 | 990,000 8B 100
Average Anions 94 100

"< "indicates that the quantity measured was less than the detection limit: thus the detection limit is shown.

"NP"indicates not performed, "NV"indicates not valid.
l.

L

Table 23:

(inlet + bonom ash)/TuEl.

Fuel concentrations from INAA. .
Calcium sorbent flow rate as {(weight% of Ca) * (Ca flow raie) * (10%} + (sorbent H A0 flow rate).

Mass Balance Results for Calcium-Based DSI Test Period

Surbent inpyt stream includes trace metal and anion levels in both the calcium sorbent and the sorbent water,

Boiler/FFDC mass batance calculated using: (outlet + fly ash + bonom ash)/{fuel + sorbent). Boiler mass balance calculated using:
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39



G. Summary of Test Results

Table 24 summarizes the fuel input, FFDC inlet. and FFDC outlet results for
cach of the test periods. Yampa coal was fired at Arapahoe Unit 4 for low-NO,
combustion, SNCR, and sodium-based DSI test periods. For the calcium-based
DSI test period, Edna coal was fired at Arapahoe Unit 4. It is not clear whether
the significantly higher values for many trace metals in the coal tested during the
sodium- and calcium-based DSI test periods is due to more representative
techniques or the coal matrix. The higher levels in the FFDC of these trace
metals, however, indicates that changes in the coal matrix caused the higher levels

in the fuel input.

The increase of the trace metal levels in the FFDC inlet are consistent with the
fuel input levels. However, if the FFDC inlet is considered as a point of

uncontroiled emissions, the emissions levels are consistently in the same range.

Improved FFDC removal efficiency with sorbent injection may account for the
lower levels of chromium, copper, manganese, nickel, and vanadium in the
sodium- and calcium-based DSI test periods. Both sodium and calcium injection
before the FFDC significantly reduced the FFDC outlet levels of phosphorous,
chloride, fluoride, and sulfate. The lower levels of arsenic, mercury, and selenium
suggest that calcium injection removes these elements more effectively than

sodium injection.
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Table 25 compares the trace metal levels in the output streams as a percentage of
the fuel input. A larger distribution of the trace metals in the bottom ash
improved the mass balances for the sodium- and calcium-based DSI test periods.
The bottom ash levels for the SNCR test period appear negatively biased by 13%
of fuel input. For the low-NO, combustion test period, the bottom ash levels
appear negatively biased by 20% of fuel input and the fly ash levels appear
negatively biased by 15% of fuel input. The use of the same collection methods
for all four test periods suggests that the closer adherence to ASTM preparation
methods during the sodium- and caicium-based DSI test periods improved the
trace metal results. Also, the use of more representative sampling techniques for
fly ash during these test periods appears to have reduced the occurrence of poor

trace metal results seen during the low-NO, combustion test period.

Qutput Stream (% of Fuel Input" Total

Test Period % Cl

Bottom Ash Fly Ash FFDC Outlet (% Closure)
Low-NO_ 9 53 2 64
Combustion 2 :

SNCR 14 67 2 83
DSI (Sodium) 28 63 [ 92
DSI (Calcium) 31 68 l 100

1. Fuel input for sodium- and calcium-based DSI test periods include the sorbent injection streams.
2. The fuel result for molybdenum appears to be severely biased low. The percentages for the low-NO  combustion test
period are based on an average of the molvbdenum levels in the fuels from the SNCR and sodium-based DSI test periods.

Table 25: Distribution of Trace Metals Across Output Streams
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1.0 Sample Economic Calculations

1.1 TOTAL CAPITAL REQUIREMENNT

Eqn. 1-1:  Preproduction Costs
Preproduction costs = total O+M costs x length of startup

6
= w x 2 weeks startup x __2T___
yr 52 weeks

= $0.043 (108)

Eqn. 1-2: Inventory Capital
total variable operating cost x 60 days

Inventory capital

365 days
6
_ 81025 (10) | (o days x "
yr 365 days

= $0.169 {10°)

Eqn. 1-3:  Cost of Constrution Downtime
Cost of downtime = downtime x capacity factor x replacement cost x power rating

2 days x 065 x 3005 L Z4h 100 Mwe x WO AW
kWh day MWe

= $0.156 (10°)

Project Performance and Economics



1.2 OPERATING AND MAINTENANCE COSTS

Eqn. 1-4:  Operating Labor
2 operator-h  §23.00 365 days

day operator -h yr
$(109)
yr

Operating labor =

= 0.017

Eqn. 1-5: Maintenance Labor
Maintenance labor = maintenance percentage x total installed equipment cost x 40%

- a9 x SL76 (106) % 40%
yr
$(10°)

yr

= 0.028

Eqn. 1-6: Maintenance Materials

Maintenace material = maintenance percentage x total installed equipment cost x 60%
- 40 x S176 10f) 60%
yr
- 0.042 500°)
yr

Eqn. 1-7: Reagent Cost (Sodium Sesquicarbonate)

Reagent cost = injection rate x reagent cost x capacity factor
. 1723 tons reagent 36000 24 h 365 days

h ton reagent day yr
${10°) |
yr

x 0.65

= 0.589

2 . Final Report, Vol. 2



Eqn. 1-8: Reagent Freight

Reagent freight cost = injection rate x freight cost x capacity factor
. L723 tons reagent . $33.00 24 h « 363 days

= x 0.65
h ton reagent day yr
- 032 300°)
yr
Eqn. 1-9:  Auxilliary Power
Auxilliary power cost = power rate x power cost X capacity factor
_ 125 kWh x $0.05 x 24 h 365 days x 0.65
h kWh day yr
6
- 0021 $.10°)
yr
Eqn. 1-10: Annual Waste Disposal Cost (Dry Solids Trucked to Landfill)
Annual waste disposal cost = injection rate x disposal cost x capacity factor
. L723 tons waste . §9.29 24 h 365 days x 0.65
h ton waste day yr
6
- 0,001 S19)
yr

1.3 SUMMARY OF PERFORMANCE AND COST DATA

1.3.1 Power Plant Attributes

Eqn. 1-11: Power Produced

Power prOduced =plant capacity b4 capaciry facto’_ v 24 h x 365 dayj'

ay yr
- = 100 MWe x 1,000 kW 0.65 x 24 B 365 days
MWe day r
- 0569 10°) kR
yr

Project Performance and Economics



Eqn. 1-12: Coal Feed
94,184 b coal y 24 h y 365 days x 0.65 x ton
h day yr 2,000 b
(106) tons coal
yr

Coal feed

I

0.268

Eqn. 1-13: SO, Removed
SO, removed = fncontrolled SO, emissions - controlled SO, emissions) X capacity factor

U824 SO, a4k | 36Sdays s , ton
: e o 2,000 1
tons SO
=1490 — "2
yr

1.3.2 Levelized Cost of Power

Eqn. 1-14: Levelized Capital Charge (mills/kWh)

total capital x levelization factor
net power produced
_ $2.586 {10°) x 0.160 o 10° mills
0.569 {10°) kWh $
yr

= 0,727 mills
) kWh

Levelized capital charge =

Eqn. 1-15: Levelized Fixed O&M Cost (mills/kWh)

fixed O+M cost x levelization factor
net power produced

Levelized fixed O+M cost =

_ $0.101 (10%) 1314 x yr o 10° mills
N yr 0.569 {10°) kWn 3
- 0233 Mills
T kWh

4 i Final Report, Vol. 2



Eqn. 1-16: Levelized Variable O&M Cost (mills/kWh)

variable O +M cost x levelization factor
net power produced

Levelized variable O +M cost

. $1.025 (10°) | 1314 o yr w 10° mills
yr 0.569 (10°) kWn 3
= 2367 Mills
= kW

Eqn. 1-17: Levelized Capital Charge ($/ton SO, removed)

_ total capital requirement x levelization factor
SO, removed

_ $2.586 (10°) x 0.160
1,490 tons SO,

yr

Levelized capital charge

$

ton SO, removed

= 278

Eqn. 1-18: Levelized Fixed O&M Cost ($/ton SO, removed)

Levelized fixed O+M cost = fixed O+M cost x levelization factor
tons SO, removed

. $0.101 (109) | 304 yr
yr 1,490 tons SO, removed
$

tons SO, removed

[

Eqn. 1-19: Levelized Variable O&M Cost ($/ton SO, removed)
variable O +M cost x levelization factor
tons SO, removed

6
. 81025 (10°) | y304 o yr
yr 1,490 tons SO, removed

)
tons SO, removed

Levelized va{'ifzble O +M cost

Project Performance and Economics 5
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-2

Economizer Injection of Hydrated Lime
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-3

Humidification System
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-4

Sodium Bicarbonate Dry Sorbent Injection
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-5

Sodium Sesquicarbonate Dry Sorbent Injection
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-6

Limestone With Forced Oxidation Scrubbing
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix [-7

Low-NOx Combustion System
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-8

Selective Non-Catalytic Reduction
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Appendix I-9

Selective Catalytic Reduction
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-10

Integrated System
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INTEGRATED DRY NOx/SO2 EMISSIONS CONTROL SYSTEM

FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS

Appendix I-11

Limestone Forced Oxidation Scrubbing with Selective Cﬁtalytic Reduction



SCR & LSFO LEVELIZED COSTS

LSFO & SCR

Cost Per Power Produced Unit Size (MWe) Capacity Factor
50 10¢ 3c0 10% 30% 65%
Total Capital Required for LSFO & SCR
SCR Capital Reqd ($10%6) $7.18 $11.05 $22.20 $10.05 $10.42 S‘l 1.05
LSFC Capital Reqd ($10%6) $16.51 $28.31 $58.86 $28.02 $28.13 $28.31
Total Capital Reqd ($10%6) $23.70 $39.37 $81.06 $38.08 $38.55 $39.37
Fixed O&M Cost for LSFO & SCR
SCR Fixed O&M ($106/yr) $0.130 $0.160 $0.210 $0.160 $0.160 $0.160
LSFO Fixed O&M ($10"6/yr) $1.144 $1.661 $3.109 $1.661 $1.661 $1.661
Total Fixed O&M ($10*6/yr) $1.274 $1.820 $3.319 $1.820 $1.820 $1.820
Variable O&M Cost for LSFO & SCR
SCR Variable O&M (310%6/yr) $0.607 $1.213 $2.737 $0.830 $0.969 $1.213
LSFO variable O&M ($10*6/yr) $0.291 $0.581 $0.548 $0.089 $0.268 $0.581
otal Variable C&M ($10%6/yr) $0.90 $1.79 $3.28 $0.92 $1.24 $1.75
Power Produced (109 kWh/yr) 0.285 0.569 1.708 0.088 0.263 0.569
Levelized Cost Per Power Produced {Current Dollars)
Level Cap Chg (milis/kWh) 13.32 11.06 7.59 69.55 23.47 11.08
Level Fixed O&M (mills/kWh) 588 4.20 2,55 27.31 9.10 4.20
Level Variable O&M {mills/kWh) 414 414 253 13.79 6.19 414
Total Current (mills/kWh) 23.34 19.40 12.67 110.64 38.76 19.40
Levelized Cost Per Power Produced (Constant Dollars)
Level Cap Chg (mills/kWh) 10.32 8.57 5.58 53.90 18.19 8.57
Level Fixed O&M (mills/kWh} 4.48 3.20 1.94 20.78 6.93 3.20
Level Variable O&M (mills/k\Wh}) 3.15 3.15 1.92 10.49 4.7 3.15
Total Constant (mills/kWh) 17.95 14.92 9.75 85.17 29.82 14.92
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Levelized Cost Per Ton Removed SCR & LSFO
Unit Size (MWe) Capacity Factor
50 100 300 10% 30% 65%
502 & NOx Removal Rates
SCR NOx Removal Rate 80% 80% B80% 80% 80% 80%
502 Removal Rate 90% 90% 90% 90% 90% 90%
Total Pollutants Removed
502 Removed (tons/yr) 856 1,711 5133 263 790 1,711
NOQOx Removed (tons/yr) 480 960 2,881 148 443 960
Total NOx/SO2 Removed (tons/yr) 1,336 2672 8,015 411 1,233 2,672
Levelized Cost Per Ton Pollutant Removed {Current Dollars)
Level Cap Chg ($/ton) $2,838 $2,358 $1.618 $14,823 $5,002 $2,358
Level Fixed O&M ($/ton) $1,253 $895 $544 $5,820 $1,940 $895
Level Variable Q&M ($/ton) $883 $883 $538 $2,939 $1.319 $883
[otal Current ($/ton) $4,974 $4,136 $2,701 $23,582 $8,261 $4,136
Total w/o downtime ($/ton) $4,900 $4,061 $2,626 $23,507 $8,186 $4,061
Levelized Cost Per Ton Pollutant Removed (Constant Dollars)
Level Cap Chg ($fton) $2,200 $1,827 $1,254 $11,488 $3,876 $1,827
Level Fixed O&M ($/ton) $213 $213 $213 $213 $213 $213
Level Variable O&M ($/ton) $672 8672 $410 $2,236 $1,004 $672
Total Constant ($/ton) $3,085 $2.712 $1,877 $13,937 $5,093 $2,712
Total w/o Downtime ($/ton) $3,027 $2,654 $1,819 $13,879 $5,035 $2,654
Levelization Factors
— Revised: 12/02/94
Level Cap Factor (current) 0.160 By: TJ Hanley
Level Cap Factor (constant) 0.124
Level O&M Factor (current) 1.314
Level O&M Factor (constant) 1.000

Print Date: 11/15/1999
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