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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 : Qrs (dscfm) 

. SNCR Process N/NO (molar basis) 

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

. Dry Calcium Injection : CWS (molar basis) 

. Duct Humidification : ATT.,, (adiabatic approach to saturation) 

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

A.1 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 0s concentration of 4.6% and load of 

100 MWe of 220,000 dscfm. To calculate the flue gas flow rate at other loads and 0s levels, the 

following relationship was used: 

(1) 

NHR = normalized function accounting for a change in plant net heat rate with load. 

L =-- load, MWe. 

o* = measured 0s at the economizer exit, % dry. 

The NHR function was calculated from the following PNHR data measured by PSCo in 1988. 
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Load PHNR 
Net MWe Btu/Kwhr 

35.2 11640 

45.3 11270 

70.7 10710 

79.7 10610 

94.8 10450 

112.9 10570 

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

NHR = 2.342 x 10m5 (Load) - 4.91 x 1U’ (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, 0s 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 2NalS 

To form sodium sulfate (Nas Sod) .two moles of sodium are needed to react with one mole of 

SOs. To characterize the amount of sodium injected, the “normahzed stoichiometric” ratio, or 

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

. 
rnNa = sodium sorbent feedrate, lb/mm. 

X so* = measured inlet SOa level, ppm wet. 
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X H*O = measured inlet Ha0 level, %. 

x = 02 measured inlet 02 level, % wet. 

Qr, = flue gas flow rate, calculated as described above, scfm dry. 

Y Ni = 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/f?, P = 14.7 psia, T = 6OT. 

2Na r&,0 YNa (1 - H,O I 100) 

- = 2 Q,, N, Xso, (1x1@) Mr,, S (3) 

A.3 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 SOZ to form calcium sulfate (Ca SO& The CafS ratio 

was calculated as follows: 

. 
mc, = calcium hydroxide feedrate, lb/rnin. 

X so2 = measured inlet SO* level, ppm wet. 

X H*O = measured inlet Hz0 level, %. 

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

Y cao = calcium oxide content of the calcium hydroxide, 0.68. 

M%O = molecular weight of calcium oxide, 56. 

N” =-- normal molar density, 0.002635 moles/ft’ @ P = 14.7 psia, T = 6Ov. 

Ca r&a Y. (I-H,O/lOO) -= 
S Qr, N, Xm2 (1x1@) hf%o 

(4) 
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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 wea = 

cm = 

X NO = 

PH20 = 

sg = 

Qr, = 
MW-= 

N, = 

urea solution injection rate, gpm. 

concentration of urea in solution, gm-urea/gm-solution. 

measured inlet NO level at the economizer probe, ppm 

density of water, 8.34 lb/gal. 

specific gravity of the urea solution. 

calculated flue gas flow rate, scfm dry. 

molecular weight of urea, NH2 CO NHs, 60. 

normal molecular density, 0.002635 moles/ft3. 

N Q, Cm (sg) &no 2 
-= WV,, Qf, N, X,o(l~lO-~) NO (5) 

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 measuringthe 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 PPDC, 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. 

hat + WI hv, - 
Duct 

(~2 - w,) h, - 

El 

- ha1 + ~2 hv2 

I 2 

ha, + WI hvl +( w2 -whl =“a> +wzhv2 V-3 

WI = absolute humidity upstream of the atomizers, lb&lb@ air. 

W2 = absolute humidity downstream of the fabric filter after the 
injected water has evaporated, lb HsO/lb dry air. 

hv, A2 = enthalpy of the water vapor at locations I and 2, 
Btu/lb HzO. 

ha, .haz = enthalpy of the dry flue gas at locations 1 and 2, Btu/lb. 

( w2 - w ,) = additional water vapor added by the injected HaO. 

Q w 

Qf, 
X HI%2 

-4 

PHIO 

M&D 

MWrg 

CP 
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= water injection rate, gpm. 

= flue gas flow rate, dscfm (see above). 

= water vapor content measured upstream of the atomizers (1) 

and downstream of the fabric filter (2). 

= measured temperature upstream of the water atomizers. 

= density of water, 8.34 lb/gal. 

= 18. 

= 30. 

= 0.242 Btullbm “F. 
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QHOPHO 
2 2 W2 -w,= 
ck 

xh2~, MwH20 
w, = X 

1 - X;1201 wue g&Is 

(7) 

(8) 

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 

T2 =Ta, + 
w,hvl +b2 -w,)hgl -w&v2 

9, (9) 

To solve for T2 the following parameters were curve fit from the steam tables over a temperature 
range from lOO-300°F 

saturation ptessure : Pv (psia) = 20.73 +0.4512T- 0.003298T2 + (9.215~20~~)~ (10) 

enthalpy of water vapor : hv = (Btu/ lb)1056.9 +0.51 l98T- 0.0003398T2 (11) 

enthalpy of liquid water : he (Btu / lb) = -33.119 + 1 .CWT (12) 

latent heatof vaporization : hfg(Btu/Ib) = 1087.0-0.462lT- 4.177~104T~ (13) 

The above equation was solved iteratively on a spreadsheet since hvs is a function of Ta. Once 

the dry bulb temperature T2 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 P,, = 12.25 psig 

-3 1 X%02 Gtm 
RH= pv (14) 

(15) 
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Table A.5-1 shows a sample calculation in the spreadsheet format. In the calculation T2(guess) is 

changed until it matches TIcalc. Then the water injection rate QHio 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 T2 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, QHzD = 54 gpm. 

Tz (dry bulb) = 151°F 

Twb = 117DF 

ATrtpp = 151-117 = 34oF 

HUMIDIFICATION CALCULATION 
LOAD SOMW 
02econ dry 5.85% 
Tl whH20 281°F (02)lw: 
Tl(water) 64°F (H20)l: 

5.40 
8.27 

HZ0 econcak 8.29% (02)ld: 5.89 1 
I J 

Q-H20 wl w2 T2CdC T2gWS (H20)2 R- P(H20) Pv WlH”l w2-WI w2- 
E HUM WI)HI 

10.0 0.0542 0.0600 256 256 9.09 3.4 1.11 33.14 63.67 0.0058 0.1809 
20.0 0.0542 0.0658 231 231 9.88 5.7 1.21 21.15 63.67 0.0115 0.3617 
30.0 0.0542 0.0716 207 207 10.66 10.0 1.31 13.05 63.67 0.0173 0.5426 
40.0 0.0542 0.0773 ta 183 11.42 17.7 1.40 7.89 63.67 0.0231 0.72w 
54.0 0.0542 0.0854 ISI ISI 12.56 39.1 1.53 3.91 63.67 0.0312 0.9766 
60.0 0.0542 0.0889 137 137 12.90 54.6 1.58 2.89 63.67 0.0346 1.0852 
70.0 0.0542 0.0946 II5 II5 13.63 107.7 1.67 I .55 63.67 0.0404 I .2660 
80.0 0.0542 O.Icc4 93 93 14.34 1404.1 I .76 0.13 63.67 0.0462 I .A469 
90.0 0.0542 0.1062 72 72 15.04 -95.1 I .84 -1.94 63.67 0.0520 1.6277 

69.1 0.0542 0.0941 117 117 13.56 99.8 1.66 1.66 63.67 0.0399 1.2497 

55.0 0.0542 0.0860 148 148 12.53 41.2 1.54 3.73 63.67 0.0318 0.9947 
56.0 0.0542 0.0866 146 146 12.61 43.6 1.54 3.54 63.67 0.0323 1.0128 
57.0 0.0542 0.087, 144 144 12.68 46.2 I .55 3.37 63.67 0.0329 1.0309 
58.0 0.0542 0.0877 141 141 12.76 48.9 I .56 3.20 63.67 0.0335 1.0490 

Table AS-l. S&nple Calculation of the Dry Bulb and Wet Bulb Temperatures with Duct 
Humidification 

w2Hv2 

69.95 
76.11 
82.17 
88.09 
96.21 
99.60 
105.18 
110.62 
115.96 

104.68 

96.76 
97.34 
97.9, 
98.49 
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IV. Summary of Air Toxics Monitoring Results 

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 
I. Elcmcnul precursors of here anions mcarurcd in he fuel 

(Cl. F. 9. 

- 

- 

Arsenic 
Cadmium 
Copper 
MEXCUI-Y 

Selenium 
Calcium 
Barium 

Chromium 
Calcium 
Chloride 
Fluoride 

Lead 
Molybdenum 
Phosphorous 
Beryllium 

Cobalt 
MtXlg3l-leSe 

Nickel 
Vanadium 
Sodium 
Sulfate 

data for the calcium-based DSI system. 
Table 7: Target Compounds for Calcium- 

Bared DSI System 
Refer to the other three 

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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I. Polychlorinaed dibcnzo-p-cliorins fPCDDj and polychlotiru:cd dibcnzofunns (PCDD 
2. Due 10 anomalous comammxion of nadw 2.3.7.8.PCDD/PCDF isomers in dtc mcrhod blanks. samples. and archived rcsm. Ihc rc~~hs 

of there ICXS are invalid and WCR repcued during tbc calcium-brscd DSI LCSI pcticd. 
3. Some basclinc tests WCR repeated in tbc SNCR test pcnod. 

Table 8: Target Compounds 

PSCC con&acted with Camot, 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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Analysis Laboraton Location 

Solid paniculate Camor. Inc Tustin. CA 
Chloride and sulfate (as Camor. Inc Turin. CA 

necessary for confirmation) 
Acid-forming anions Curtis and Tompkins / Berkeley. CA 

Trace metals Curtis and Tompkins Berkeley. CA 
Semi-volatile organic Zenon Environmental Burlingron. Ontario, 

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 
analysis. including anions Engineering 

Neutron activation analysis Massachusetts Institure of Cambridge. MA 
Technology 

Coal preparation A. J. Edmonds Long Beach. CA 
Ash preparation and anion Commercial Testing and Denver, CO 

analysis Engineering 
Ash preparation Can-cd Tustin. CA 

Table 9: Laboratories for Air Toxics Analyses 

The Environmental Monitoring Plan (EMP) addendum for air roxics 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 

fest 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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Flue Gas now 
Race (oscmr) 

Pl”iCYlPU 
Mancr 

Anionr 

l”kI / 252.50” 

OUdCl / 260.000 

l”k, ( 252.,:,0 

OUllCl 26O.ooo 

263,coc 272.70~ jj 

268.900 , L13.yw 

263.000 272.700 

268.9cm 275.900 

Dioxins and Ids 232.600 199.100 225.200 
F”f?.iU outle, 234.900 204.700 206.9W 

Cd Flow (lb/h) maw 105.400 104.300 

Fly Ash Flow (lb/b) a.359 a.351 7,474 

Ebmm Ash Flow (lb/W 3.638 3.889 4.593 

Toopl Ash Flow (lb,%) I I.997 12.240 12.067 

Stack Ash Row (Ibh) 4.2 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 threes 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 results 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 Moniroring, dated July 1993. 
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‘I I Baseline Dioxins Calcium-Based DSI Air Toxics 

1 I+OPWt) 1 / 2 I 3 
II Unit load lMW.ner,’ I 76 I 75 I 75 I 112 I 112 I ,]2 ~! 

I. From Camm‘s portable 0 2 Hal sampled at each sample point. 
3. From a rmglc point Akch CEM syrwm located in the FFDC nude1 duct. 
3. Tbc “B’ID fan wasofflinc far the first baseline fcsf. To mainram cunststcnl opcnling cond~ions. Ihc remaining xcso awe 

qxrasd x 75 MW. 
4. lndrxrs level of operation of ‘A’and ‘B’ DSI feed sysrcms. 

Table LL: Average Operating Conditions and Continuous Emissions Data 

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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Fvcl 

FlyashJ 

Bomm 
AdI 

SP = 
EMP spaificd Mcdmd 

EPA SW S46-7O6O ,GFAA, 

EPA SW 846.iljl (ICI’) 

EPA SW 816-7191 ,CFAAl 

AK”lC EPA SW a46.7060 ICFAA) 

CXl”i”l” EPA SW 8467ijl (ICPI 

Chromwm EPA SW 816.7191 IGFAAI 

Arrcnlc 

Barium 

Ch!orinc 

S”lCLLC 

Cadmium 

Mercury 

Srlcn,“!” 

Chromtum 

Lead 

Calcium 

Sudium 

Ma”gl”cSc 

Vanadium 

EPA SW 846-7060 (GFAA, 

EPA SW a46-6oIo (ICP) 

ASTM D-4208 & ISP 

EPA SW 846.300.1c 

EPA SW 846-7131 (ICP) 

EPA SW 846-7470 (CVAA, 

EPA SW 846-7740 (GFAA, 

EPA SW 846-7191 (GFAA) 

EPA SW a46-7421 GFAA, 

EPA SW 846.6010 (ICP) 

EPA SW 846-6010 (ICP) 

EPA SW 846.6olO UCP) 

EPA SW a46-6010 (ICP) 

Cadmium 

Chromium 

Cobalt 

Copper 

Manganrrc 

hlerC”ry 

Molyhdcnum 

Nickel 

phorpha~r 

Vanadium 

CdCi”lT 

Sodiom 

Fluoride 

S”lhk 

EPA SW 846.6olO (Y-P) 

EPA SW 846.6010 (ICP) 

EPA SW 846.M)lO (ICPI 

EPA SW 846.6010 (ICP) 

EPA SW 846-6010 (ICP) 

EPA SW 846-M)IO KPJ 

EPA SW 846-6010 (ICP, 

EPA SW 846.7470 CVAA 

EPA SW R46-6010 (ICP) 

EPA SW 846.6010 KP) 

EPA SW a46-6010 (ICP) 

EPA SW 846.6910 UCP) 

EPA SW 846.6010 (ICP) 

EPA SW 846.6OlO UCP, 

EPA 3W.OK) 

EPA 3OO.OUC) 

= 

Table 12: Test hlethods Different from EhlP (TBD) 

Mcdlod “99 

EPA SW a46-6OlO IICP) 

EPA SW ,816.601” (ICP) 

EPA SW 846.601” ,lCPl 

EPA SW 846.6010 (ICP, 

EPA SW RJb-6010 IICPI 

EPA SW 84,wblllO IICP, 

INAA 

EPA SW 846.6OIO (ICP with EPA3050 digcxion) 

lNAA 

ASTMD4239 & LECO SC-,32 

INAA 

INAA 

INAA 

EPA SWa46-6OIO (ICP-AES) 

EPA SWa46.7420 LGFAA, 

EPA SW 846-6010 KP wd, EPA3050 dysr,.x,, 

EPA SW 846-6010 (ICP wvilh EPA3050 digcnian) 

lNAA 

INAA 

EPA SW 846.7060 ICP-AES 

EPA SW 846.7069 ICP-AES 

EPA SW 846.706O ICP-AES 

EPA SW 846.706O ICP-AES 

EPA SW 846.7060 ICP-AES 

EPA SW 846-70&J ICP.AES 

EPA SW 846.7”60 ICP-AES 

EPA SW 846.7471 ICP-AES 

EPA SW 846.7060 ICP-AES 

EPA SW 846.7060 ICP-AES 

EPA SW 846-7060 ICP-AES 

EPA SW 846.7060 

EPA SW 846.7060 (ICP with EPA3050 digcrriwd 

EPA SW 846-7471 IICP u,ilh EPA3050 digestion) 

EPA 340.2 USE) 

ASTMD4239 d: LECO SC-132 
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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. Table 13 summarizes the bias values used to 

determine uncertainties. 

Location 

hlkl 
OUtlet 

Particle 
Collection ’ 

15% 
0% 

Fly Ash 
Rownte ’ 

15% 
N/A 

Bottom Ash 
Flow Rate’ 

15% 
N/A 

I. Bias bared on difference bcwccn pirol and heat rate llownlcr. 
2. No bias crkna~cd as mcarurd iti’ mcsrurcd oudet. and calculated flow aped witbin +-5% 
3. No bias errmnud as calculated flue par flow agreed wth mcarurcd outlet flow. 
J. Bias cqualr the inlet paniclc ~oktion bias. 
Table 13: Summary of Bias Values Used for Uncertainty Calculations 

B. Treatment of Non-Detectable Measurements 

Many of the target species for’whicb 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: 

l 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 <0.45. 
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l 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 c6are 

found, thz average \vouId be (10+8+6/2)13 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 <4 and 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 species 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 a reagent or laboratory reagent blank. This is an average 

percentage calculated as follows: 

blank llalue 

% blank correct = sample value 1 a: 100 
number of samples 

For example, if three samples contained 10. 5. and 4 mgkg of a trace species and 

the reagent blank was 2 mgkg, the blank correction would be: 

blank correction = _ 2 + 1. + a? - 100 =37% 
10 5 

2 1 
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 Species llonitoring 

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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I 
I E30:0 

I II 
D3683 INAA !I 

Reagent mg/Kg mgikg 
in 

mgiKg / 7- 
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 

I 

sodium 14,843 64,322 105,096 

calcium 31.849 27.423 46.099 - 
Table 15: Comparison of Alternate Digestion Methods with IXAA 

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 FFDC 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 rccurate 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 

tram. 

barium 

Fuel FFDC Inlet Percent 
lb/10 ‘a Bru lb/10 t* Btu Difference 

17,400 431 3.937% 

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 logs and sample methods did not reveal any 

errors that could explain the differences. 

The FFDCoutlet 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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.4nions 

.4nions were measured from both the kont (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 36.5 ppm of gaseous sulfate and the 

CEM measured 360 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°F filter 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 i8 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 isomers 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 3 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 3 and consisted of 0.0003 ng/Nm 3 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 order of-1 ng/Nm 3 of 

equivalent toxic emissions, three orders of magnitude higher than Arapahoe 

Unit 4. 
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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 unburned carbon in the fly ash allowed the 

higher than expected mercury removal. 

.4s 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 calcium and humidification system. 
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Species I Inlet 

Trace .$letals I lb110 ” Btu 

Arsenic 20 
Barium ’ 431 
Beryllium 9.5 

Cadmium 3.9 
Chromium 63 
Cob& 53 
Copper 310 
Lead 55 
MiUlg‘X-l~S~ 108 

M%llIy 3.4 
Molybdenum 26 

Nickel 19 
Selenium 57 

Phosphorus 12.800 
Vanadium 194 
Calcium ‘.I 1,240 
Sodium ‘.’ 2.580 
AlWage __ 

OUlll3 

lb/IO ” Biu 

0.09 
0.94 

co.02 
0.15 
0.26 

<0.22 
0.42 

0.38 
0.59 

0.21 
0.22 

0.22 
<0.06 
<I.1 

<0.11 
106 

13 
__ 

Total Particulate / 4.27 IblMMBtu 1 0.0021 IbiMMBtu 

Acid-Formin 

Chloride (Cl) 

Fluoride (F) 

- 
I = 
I 
T 

I! FFDC Removal ,, 
11 

1: % 

99.5 
99.8 

>99.8 
96.2 

99.6 
>99.6 

99.9 

99.3 
99.4 
93.1 

99.1 
98.9 

a99.9 
> 99.99 
>99.9 

91.4 
99.5 
98.6 

99.95% 

Sulfate 

Solid 
GZS 

Total 

41 <21 
784 353 
825 371 

% 

L-48.9 
54.9 
55.1 

91.3 
97.7 
97.5 

98.9 
37.1 
37.5 

” < “indicmr dml rhc quandry mearumd was less dmn dtc dete~uon limit: lhur dxc dcwtion limit is rhown. 

” > “indicates that dx percentape removal is bared an P dcrcclion limit so dk cxpecrcd minimum removal rae. 

1. Included cvcn dmugh neidter race muall or au Ioxics. 

2. Valuer 10r there meu1s arc reponcd but arc bclicrcd invalid due 10 a problem wilh sample prcpa-auan. Crce rcxtj 

Table 19: FFDC Removal Efficiency (Calcium-Based DSI Test Period) 
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E. Solids Stream Rlonitoring 

Calcium-Based Sorhent Analvsis 

Table 20 lists the trace metal and anion 

analysis results for the calcium-based 

sorbent (calcium hydroxide) and 

humidification water. Although calcium 

and sodium are neither trace metals nor 

air toxics, Table 20 also lists them. 

The humidification water contained 

negligible amounts of trace metals but 

significant amounts of calcium, sodium, 

and acid-forming anions. The total mass 

input of air toxics due to the sorbent and 

water added to the process was 

insignificant in comparison to the amounts 

in the coal. Notable exceptions were 

molybdenum and chloride. The sorbent 

water contained 41% of the total mass 

input of molybdenum and 46% of the 

input chlorides. Other air toxics that 

were input due to the sorbent and water 

were much lower and ranged from 0 to 

10% of those input from other sources on 

a mass basis. 

MOl”bd~““Zl 

mi 
Calcium NP 0 27.ow 

Sodium NP cl I 17.m 

I. Prep blank Iweb were hi@xr *an *c ramplc vduc*. 
so Ihe sampler wcm not tAa* corrccml. 

Table 20: AirTorics Analysis of Hydrated 
Lime 
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Coal .4nalvsis 

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 D2231 

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 calcium-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: 

l Curtis 8: Tompkins analysis using conventional digestion. 

l Curtis & Tompkins analysis using EPA 3050 digestion. 

l Standard Laboratory’s analysis. 

l Curtis & Tompkins triplicate analysis using conventional digestion. 

l Curtis & Tompkins triplicate analysis using EPA 3050 digestion. 

l 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 levels 

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

For the low-NO, combustion and SNCR test periods. INAA was selected as the 

analytical technique most likely to produce representative data sets for arsenic, 

barium, mercury, selenium, and chloride because INAA: 

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

l 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 chloride. 

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 2l lists the analysis of the coal for trace metals and acid-forming anions. 

Although calcium 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 .4sh 

Table 21 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-l 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-l 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. Selenium is by far the most problematic of potential air toxics elements 

to analyze. With the discovery that hydrotluoric (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 results 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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Bottom Ash 

Overall. sample preparation does not appear 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 l’% of the total sulfate stream, the spread 

in the sulfate results is considered negligible. 
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F. Yass 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 \ery 

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 casfs 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 asits inputs and the bottum 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 expected 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 13070, except for barium, cobalt, and phosphorous. The following may 

have affected the results for these elements: 

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

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

l Since prev.sus 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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‘<‘indicarcr lhat he qurndty mcarured was lcs lhan tbc detection limit: lhur rhc detection limit is shown 

‘SP’indicxer not pm-formed. ‘NV’indicncs nor valid. 

I. Sorhcnt input stream includes trace mcml and anion ICVCII in borh rhe calcium rorbcm and dtt rorhcm water. 

2. BoilerlFFDC mass balance calcvlarcd using: foudet + “y ash + bono”, arb,l~f”cl + rorbe”,,. Bailer mass balance calculated using: 
(ink1 + honom ath)ffiXl. 

3. Fuel conccmndonr from INAA. 

4. Calcium rorhcnt flow RR as ((weight% of Ca) . ICa flow me) l (IO?) + (rorbent H ?O flow ma). 

Table 13: Mass Balance Results for Calcium-Based DSI Test Period 
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G. Summary of Test Results 

Table 21 summarizes the fuel input, FFDC inlet. and FFDC outlet results for 

each of the test periods. Yampa coal \vas fired at Arapahoe Unit 3 for low-NO, 

combustion, NCR, 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 kigher 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 

uncontrolled 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. .4 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 15% 

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 calcium-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. 

Output Stream (% of Fuel Input’) 
Test Period Total 

Bottom Ash Fly Ash FFDC Outlet (% Closure) 

LOW-NO, 9 53 2 64 
Combustion ’ 

SNCR 14 67 2 83 
DSI (Sodium) 28 63 I 92 

DSI (Calcium) 31 68 I 100 

I. Furl input fur sodium- an* calcium-brrcd OS1 lest pctiodr include dw rorbent injccrion fwe~nu. 
2. The furl muIt for molyhdcnum appcarr m be severely biased low. The pcrcenu~cr for Ihc low-NO, combusdan IW 

+,d arc bared on an avcrqc of the molybdenum Icvck in dx fuels from the SNCR and sodium-bared DSI ,esc pc,iodr. 

Table 25: Distribution of Trace Metals Across Output Streams 
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FINAL REPORT, VOLUME 2: PROJECT PERFORMANCE AND ECONOMICS 

Appendix I 

ECONOMIC SAMPLE CALCULATIONS 
AND ASSUMPTIONS 

DETAILED CAPITAL 
AND 

OPERATION AND MAINTENANCE 
ESTIMATED COSTS 





1 .O Sample Economic Calculations 

1.1 TOTAL CAPITAL REQUIREMENNT 

Eqn. l-l: Preproduction Costs 
Preproduction costs = total 0 +M costs x length of startup 

= $1.126 (106) x 2 weeks startup x yr 

= IFO.o4~(106) 
52 weeks 

Eqn. 1-2: Inventory Capital 

Inventory capital = total variable operating cost x 60 days 
365 days 

= $1.o25 bo6) x 6O davs x yr 

= %O.l6&Y9 
365 days 

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

= 2 days x 0.65 x z x $ x 100 Mwe x lzew 

= $0.156 (106) 

Project Performance and Economics 1 



1.2 OPERATING AND MANTENANCE COSTS 

Eqn 1-4: Operating Labor 

Operating Iabor = 2 operator-h x $23.00 x 365 days 

= o.o17dqy Operator+ yr 

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

= 4% x $1.76 (l@) x 40% 

= 0.028 !!i!!$)- 

Eqn. l-6: Maintenance Materials 
Maintenace material = maintenance percentage x total installed equipment cost x 60% 

=4% x $1.76 (lo”) x 60% 
Yr 

= 0.042 !g 

Eqn. l-7: Reagent Cost (Sodium Sesquicarbonate) 
Reagent cost = injection rate x reagent cost x capacity factor 

= 1.723 tons reagent x $60.00 x24x 

= 0.589 i$ 

36s dqs x 0.65 
ton reagent day Yr 

2 Final Report, Vol. 2 



Eqn. l-8: Reagent Freight 
Reagent freight cost = injection rate x freight cost x capacity factor 

= 1.723 tons reagent x $33.00 
X24X 

h ton reagent day 
365 dqs x 0.65 

Yr 

= 0.324 y 

Eqn l-9: Auxilliary Power 
Auilliary power cost = power rate x power cost x capacity factor 

= 72.5 kWh $0.05 24 h x-x-x 365 days x 0.65 

Eqn. 1- 10: Annual Waste Disposal Cost (Dry Solids Trucked to Landfill) 
Annual waste disposal cost = injection rate x dirposal cost x capaciy factor 

= 1.723 tons waste x $9.29 *24* 
ton waste dq 

365 davs x o 65 
Yr ’ 

1.3 SUMMARY OF PERFORMANCE AND COST DATA 

13.1 Power Plant Attributes 

Eqn. l- 11: Power Produced 
24 h Power produced = plant capacity x capacity factor x - x 365 days 
dav Yr 

= 100 MWe x 1,000 kW x o 65 x 24 it 365.days 
MWe ’ davx vr 

Yr 

Project Performance and Economics 3 



Eqn. l- 12: Coal Feed 

Coal feed = 94,184 lb coal 
X24X 

365 days x 0.65 x ton 
2,000 lb 

= 0.268 i06) tons coa? yr 
Yr 

Eqn. 1 - 13: SO, Removed 
SO, removed = @controlled SO, em&ions - controlled SO, emissions) x capacity factor 

748 -224 lb SO, = x24x 365 days ton 
h day 

x 0.65 x 
Yr 2,000 lb 

= 1.490 
tons so, 

Yr 

1.3.2 Lmelized Cost of Power 

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

Levelized capital charge = total capital x levelization factor 
net power produced 

= $2.586 (10”) x 0.160 x I@ mills 
0.569 (10’) kWh % 

= 0.727 & 

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

Leveli& fired 0 +M cost = Fred ’ ‘it;;‘ ~o~~~~ factor 

= $0.101 W) x 1314 x Yr x l@ milk 
Yr 0.569 (10’) kH’h % 

= 0.233 g 

4 Final Report, Vol. 2 



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

Levelized variable 0 +M cost = variable O+M cost x levelization factor 
net power produced 

= $1.025 (l@) x 1314 x Yr x l@ millr 
Yr 0.569 (10’) kH’h % 

= 2.367 $!& 

Eqn. l- 17: Levelized Capital Charge (%/ton SO, removed) 

Levelized capital charge = total capital requirement X Ievelization factor 
SO, removed 

= $2.586 (106) x 0.160 
1,490 tom so, 

Yr 
= 278 $ 

ton SO, removed 

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

Lwe&d f&d 0 +M cost = fixed o ““,;;,” ~~~~;~ factor 
7 

= mm (l@) x 1314 x Yr 
Yr 1,490 tons SO, removed 

= 89 % 
tons SO, removed 

Eqn. I- 19: Levelized Variable O&M Cost ($/ton SO2 removed) 

Levelized variable O+M cost = variable O+M cost x Ievelization factor 
tons SO, removed 

= $1.025 w x 1314 x yr 
Yr 1,490 tons SO, removed 

= 904 % 
tons SO, removed 

Projeci Performance and Economics 5 
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SCR & LSFO LEVELIZED COSTS LSFO & SCR 
.______.___________--- -__ -------- ------- ---___ _ -______-___ __ _------- -____- ---- ---__-_-- .---- -- ____ _--_-_____- ___- _________ 

Cost Per Power Produced Unit Size (MWe) Capacity Factor 
50 lo: 300 10% 30% 65% 

-- ______ -_-__ _______-_----- --___- _-__--- ___-_ ----- -- _--____ ---- ---__--- -----__ - ____ ____ -- _____ __-__--___ 

Total Capital Required for LSFO 8 SCR 
__- ______ _ ___________ ____- ___-___ - ---___-_._ _----__ _-_-_-_ ----- ______ -_ ____ __ __-_--_ ____ ______ ___ 

SCR Capital Reqd ($10”6) $7.18 $11.05 $22.20 $10.05 $10.42 $11.05 
LSFO 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 
-----__- --__ -___-___----- ____-_ ---- _- _-_- ---- ---- ---___I_---_-- _--_-_- -_--_-__ 

Fixed O&M Cost for LSFO 8 SCR 
--____---___-_-_-~ -_----- -_--- --_-- __----- __- ----- 

SCR Fixed O&M ($10”6/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 
--_I---- _______ _-_--_--- -- ____- _-_- -__-_-_- ----- -_------__-__ _-__ ______ ____ 

Total Fixed O&M ($10”6/yr) $1.274 $1.820 $3.319 $1 A20 $1.820 $1.820 
_--___---___- ____ ____-_-- _-__ -_----- -___ __-- -_-_- -----__- - ----- 

Variable O&M Cost for LSFO 8 SCR 
---- ---_---_-_--_--__-- ------ _-_ 
SCR Variable O&M ($10A6/yr) $0.607 
LSFO Variable O&M ($10”6/yr) $0.291 
-- ______ _----____--_--__- ---_-__- 
:otal Variable O&M ($10”6/yr) $0.90 

Power Produced (lo”9 kWh/yr) 0.285 0.569 1.708 0.088 
_--___------_-__-___-~- - ----____ 

------ ______ -- ___I_--______ 
$1.213 $2.737 $0.830 
$0.581 $0.546 $0.069 

--__---- __--- ---_-__ 
$1.79 $3.28 $0.92 

-__ -- 

__--- --___ - ---_- 

-_--_-- _--_-- 

$0.969 $1.213 
$0.268 $0.581 

---_ -_--_- 

$1.24 $1.79 
-_--- 

0.263 0.569 
__-_-- ----- 

Levelized Cost Per Power Produced (Currant Dollars) 
- -_________ ---___ -_--_- --- _--- - -- _-_-_ -___ 

Level Cap Chg (mills/kWh) 13.32 11.06 7.59 69.55 23.47 11.06 
Level Fixed O&M (millskwh) 5.80 4.20 2.55 27.31 9.10 4.20 
Level Variable O&M (millsnwh) 4.14 4.14 2.53 13.79 6.19 4.14 
__-_____-~___-_-_-_ ---- _-- --- - - --- --_ 

Total Current (mills/kWh) 23.34 19.40 12.67 110.64 38.76 19.40 
---- ..-------.-.-.-.-i--- ---- -- --- ----- - - 

Levelized Cost Per Power Produced (Constant Dollars) 
-_--- - --- ___-- -_----- 

-- Level Cap ChQ (mills/kWn) 10.32 a.57 5.80 53.90 
Level Fixed O&M (millsNAb) 4.48 3.20 1.94 20.78 
Level Variable O&M (mills/kWh) 3.15 3.15 1.92 10.49 
__ _-____ _ _____________ --___ ---_- -___-_ _---- ---_----__ 
Total Constant (mills/kWh) 17.95 14.92 9.75 85.17 
__---____ _______ ______-__-_--- __-_- _-- --_--- -_--_---- 

--__ 

18.19 a.57 
6.93 3.20 
4.71 3.15 

---- 
29.82 14.92 

_ -_--- 
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Levelized Cost Per Ton Removed SCR 8 LSFO 
.____.__________ -_-_- _________. ._________ ____._______ -_ ____ -.- _..___ _______.__..__. ._-_- -_.- . .._. _- _______ _____________ ______ - _______ 

Unit Size (MWe) Capacity Factor 
50 100 300 10% 30% 65% 

________ ___ ____ -___-- ---------------__ -__- __- ____ _---- _-__-__-- __ ---___-_ --_ -- _____ -__-___-_-__-__ -- ___________ ____ - _______ - 

SO2 8 NOx Removal Rates 
--_--___-__--__-___- _____.__________ -__ -_--_-_-_ --_-_- ________ ---_ -_-_-__--___-_ --- ____ -- _-- _______ - 

SCR NOx Removal Rate 80% 80% 80% 80% 80% 80% 
-__-.______________-_________ -_--__-- _--____ ----- ---- ----___ _---_ _--- - 

SO2 Removal Rate 90% 90% 90% 90% 90% 90% 
--___ ______--_----___ -_-_- -_-- ----- -- ----- ---___- 

Total Pollutants Removed 
_---_- ____ _ .____ --_-___- _------ _-- _---_-_ ---- ----__ ------______- -__--- ----- 

SO2 Removed (tonslyr) 856 1,711 5,133 263 790 1,711 
NOx Removed (tons/yr) 480 960 2.881 148 443 960 
----_---___- .____ _- _.----..-- _- -_---_- --_--_--_- - _--- --- ------ -_- _--- ___-__- 

Total NOx/S02 Removed (tons/yr) 1,336 2,672 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 $895 
Level Variable O&M ($/ton) $883 $883 $538 $2,939 $1,319 $883 
_-_-_-------_-_--_---- --_--_ __-- ---------- ------ --_ ---___--- -- ___________ 
rotal current (w/ton) $4,974 $4,136 $2,701 $23.582 $8.261 $4,136 

Total w/o downtime ($/ton) w900 $464.061 $2,626 $23,507 $8.186 $4061 
-- _______ ----_--_-----_-_ __--__ -_--- ---- ----- -_-_ _---_- 

Levelized Cost Per Ton Pollutant Removed (Constant Dollars) 
--_-_-_---- ____ --_---_----- --- -- -_- -----_---___- _--___ __--_-__- 
Level Cap Chg ($/ton) $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 $672 $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 
----__----------- -_--_- 

Level Cap Factor (current) 0.160 
Level Cap Factor (constant) 0.124 
Level O&M Factor (current) 1.314 
Level O&M Factor (constant) 1.000 
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