25th International Technical Conference
on Coal Utilization & Fuel Systems
March 6-9, 2000

Clearwater Florida

Three-Stage Combustion Demonstration Projects Update

ClearStack Combustion Corporation
Bob Ashworth
Ed Zawadzki
Fred Murrell

lllinois Department of Human Services
Don Shroyer

Southern lllinois Power Cooperative
Todd Gallenbach

Abstract

In early 2000, the U.S. EPA will likely require coal-fired power plantsin Eastern and Mid-Western States
to reduce NO, emissionsto 0.15 Ib/10° Btu during the summer ozone season and maybeal | year long.
Currently, Selective Catalytic Reduction (SCR) isthe only technology that can meet thislow NO limit, but
itisanexpensivefix and certainfluegascomponentswill deactivatethecatalyst. ClearStack isdevel oping
two three-stage combustion techniques (Ashworth Combustor ™ and Stage3Cyclone™) to provide the
electricutility industry withreliableand |ow cost optionsto meet thenew limit. Inbothtechniques, thefirst
stageis operated at a stoichiometric air:fuel ratio (SR) of 0.60 to prohibit NO, and NO, precursor
formation. The second stageis operated at a SR of 0.90 to reduce NO, to N,. Thethird stageis operated
at aSR of 1.10to 1.20 after the furnace gases have cooled to minimize thermal NO, formation. With
three-stage combustion, flame kinetic modeling showsthat NO, emissions can be reduced to below 0.15
Ib/10° Btu. Further, these three-stagetechniquesshow significant technical/economic advantagesover
SCR.

The Ashworth Combustor is a pulverized coal-fired system that reducesthethree mgjor air pollutants
(NOy, SO, and particulate) associated with coal combustion. A 50 million Btu/hr combustion systemwill
beretrofittedtoastoker boiler at theLincoln Devel opment CenterinLincoln, lllinois. Startupandtesting
are scheduled for mid 2000. With thistechnology, atwo-stage slagging combustor is used with furnace
over-fireair (thethird stage). Pulverized coal/limestonearefired/cal cinedinthecombustor. Limestone
(lime) isadded to flux the slag and capture sulfur inamolten slag eutectic asanon-Ieaching calcium sulfide.
Beside deep NOy reduction, 70%+ SO, and 70 to 80% particul ate reductions are projected for the
Ashworth Combustor. ClearStack, thelllinoisDepartment of Commerce and Community Affairs- Office
of Coal Development and Mar keting and the Ohio Coa Devel opment Office (OCDO) are sponsoring
the Ashworth Combustor demonstration.

The Stage3Cycloneisasimpleretrofit to cyclone-fired boilersto reduce NO, emissionsto low levels. The
existing cyclonebarrelsare used asthefirst stage of combustion and the conventional cyclone feed coa size
(-¥4inch) isused. Limestoneisadded to flux the coal ash. Second stageair isadded inthefurnaceat the
re-entrant throat level followed by over-fireair (OFA) injectionin the upper part of thefurnace. The
technique isto bedemonstrated on aSouthern l1linoisPower Cooperative 33 MWecyclone-fired unitin
Marion, lllinois. Funding arrangementsarebeing madeand testingisprojectedfor late 2000.



INTRODUCTION

ClearStack Combustion Corporation'sthree-stage combustion techniques will reduce NO, emissionsto
meet future U. S. EPA limitsfor coal-fired boilersin Eastern and Mid-Western States. A three-stage
Ashworth Combustor™ systemiscurrently under constructioninLincoln, IL. Withthistechnology, the
three major air pollutants (NOy, SO, and particulate) from coal combustion are significantly reduced. Flame
kinetic modeling showsthat with three-staged combustion NO, emissions can be reduced to below 0.15
Ib/10° Btu. ClearStack hasahost site agreement with Southern I1linois Power Cooperativeto demonstrate
their Sage3Cyclone™ on their Marion Unit #3, a33 MWe cyclone-fired boiler. Funding isbeing arranged
for thisproject and it isplanned for startup inlate 2000.

ASHWORTH COMBUSTOR

The Ashworth Combustor includestwo complimentary combustiontechniques. A two-stage combustor
owned by Florida Power Corporation (FPC) that reduces sulfur and nitrogen oxide emissions. Itis
protected under U. S. Patents 4,395,975; 4,423,702; and 5,458,659 and several foreign patents.
ClearStack hasexclusiveworldwidelicensing rightstothe FPC technol ogy. Thesecondtechnologyisa
three-stage combustion technique, owned by Clear Stack, that achievesultra-low NO, emissions. Itis
protected under U. S. Patent Application - Serial Number 243,501.

Background

The FPC two-stagecombustor isasmall coal gasifier that replacesexisting burners. Alkali isaddedto
capturesulfur asCaSinamolten slag eutectic. Itincorporatescertainfeaturesof theRummel moltenslag
bath gasifier, an oxygen-blown unit that produced asynthesisgasfor hydrogen and ammoniaproduction.
TheRummel gasifier, burning German Brown coal (highalkali ash) wasfoundto capture70% of thecoal
sulfur inthe molten slag removed from the gasifier.

A FPC two-stagepilot unit (12 million Btu/hr) wastested at the Foster Wheel er Devel opment Center
(FWDC) in Livingston, New Jersey*. Thethrust of thework wasto improve coal gasification rates. Work
centered on burner modifications and steam injection to increase gasification rates and provide amore
reducing conditioninthefirst stageof combustion. Thepurposeof creatingamorereducing conditionwas
to enhance sulfur capturein the alkaline molten slag.

For most test runs, sulfur reduction was primarily the result of SO, being captured by the alkalinefly ash.
However, in onerun when using ahydrated lime, afive-fold increasein sulfur capture (CaS) by theslag was
observed. Atthat time, 58.8 wt.% overall coal sulfur wasbeing captured. Following pilot testing, the
combustor waseval uated to determinewhy greater percentagesof sulfur werenot capturedintheakaline
molten slag. Some eighty chemical reactions (solid-gas and gas-gas) were eval uated thermochemically to
determine what reaction(s) wereinterfering withthe primesulfur capturereaction:

CaO + H,S = CaS + H,0O



Based on analysis of the possible sulfur specie reactions that could take place in the combustor, the
interfering reactionwasfound. Itisasfollows:

ans(dag eutectic) + OZ = ano(dag eutectic) + SZ(diatomicsuh‘ur)

Thepremisethat thisreactionwasinterferingwith sulfur captureissupported by test data. Inonerun, using
aspecific coal nozzle, no H,S, COS or SO, could be measured in the first stage gas and yet SO, was
measuredinthestack. Thisobservation showedthat oxygeninthefirst stageair must beconsumedrapidly
sothat sulfur, captured as CaS, isnot blown out of theslag asdiatomic sulfur (S;). With thisinsight, the
original combustor design wasre-visited. It became obviouswhy air blown gasifiersfailed to meet the sulfur
capture performance of their oxygen blown counterparts.

Pilot plant NO, emission rateswere low (~ 0.30 Ib/10° Btu) considering no special design provisionswere
included in the second stage of combustion to minimize NO production. The new combustion system will
use a three-stage combustion technique that further reduces NO, emissions. The highest particul ate capture
observed in the pilot combustor was 60 wt. % of the ash plusalkali fed. Inthepilot unit, adotted internal
gashafflewasused and slagwasblownthroughthed ot intotheboiler. Thenew design eliminatesthe
problem; slag isremoved from the bottom center of thefirst stage.

Ashworth Combustor NO, Reduction

The Ashworth Combustor three stage combustion techniqueisoptimal for thereduction of NO. The first
stage is operated at a SR of around 0.60. Thisis best for elimination of NO, and NO, precursors
[ammonia (NH3) and hydrogen cyanide (HCN)] from fuel bound nitrogen. Figure lashowstheequilibrium
concentrations of NO, and NO precursors(NH3 and HCN) asafunction of SR. Figure 1b shows
|aboratory resultsfrom the University of Stuttgart? for various air:fuel ratios based on firing coal with 1 wt.%
(MAF) N, three secondsresidencetime, and atemperature of 2372 °F (1300°C). Coal N to NO, when
usingaSR of 0.60isonly about 4%. Thedatashow theeffect of stoichiometricratio onfuel bound NO,
formation.

The Ashworth Combustor isoperated at higher temperatures, so reaction rates are faster and less
residencetimeisrequired. Fuel gasfromthe0.60 SR first stage entersthefurnace at atemperature of
2600°F to 2800°F. Second stage partial oxidation takesplacehere. A low NO, burner design is used to
bringtheair:fuel stoichiometricratioupto0.90 SR. ThisSRissimilar tothat used with Reburn technol ogy.
Inthiszone, NOisfurther reduced by thefollowing overall reactions:

[CH] (hydrocarbonfragments) + NO + H,O = CO, + 0.5N; + 1.5H,,
CO +NO = CO,+ 0.5N,, and
H2 + NO = Hzo + 05N2

GE-EER completed kinetic modeling® for the Ashworth Combustor and cold flow modeling for the Lincoln
unit. Thekinetic model held thefirst stage SR; at avalue of 0.60 to minimize fuel bound NO production.
The second stage SR, was varied and thethird stage SR; washeld constant at 1.14. In Figure 2, the kinetic
model predicts that three-stage combustion will reduce NO, emissionsto lessthan 0.15 Ib/10° Btu of coal
fired.
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Figure2. Overall Three-Stage Combustion NO, emissions.




New Combustor Design

The new design has eliminated recognized design flaws in the pilot combustor. New features are
incorporated that yield increased sulfur capturein the molten slag, provide for non-troublesomeslag
removal, and further reduce NO, emissions. These parameters have to do with the mode of firing,
residencetimeinthefirst stage, modeof secondary air introduction, residencetimeinthesecond stage
(lower part of furnace), and OFA injector design and placement (upper part of furnace). The

first stage will also be designed to operate with a conventional wind box pressurelevel (4t06” WC). Based
onthenew combustor design, thefoll owing performanceisanticipated:

Sulfur Capture @ Ca/lS=1.0 70 to 90 wt.%
NO, Emissions 0.07 t0 0.15 Ib/10° Btu
Carbon Conversion 99+ wt.%

Particul ate Capture by Combustor 70to 80 wt.%
Host Site - Lincoln Development Center

The Ashworth Combustor demonstrationwill takeplaceat thelllinoisDepartment of Human Services,
Lincoln Development Center in Lincoln, IL. The Center's boiler house has 3 — 50x10° Btu/hr boilers.
Units#1 and #3 are coal-fired stoker boilersand Unit #2 is a coal-fired stoker that was converted to
natural gas. The Center seldom usesthe gas-fired unit dueto the higher price of purchased natural gas
comparedto coa. Unit#2 wastherefore selected asthe host boiler for the Ashworth Combustor retrofit.
Theretrofit will consist of thefollowing major equipment items; awater-jacketed two- stage combustor, a
coal feed system that includes acoal crusher and pulverizer, a(limestoneor lime) storageand feed system, a
slag quench and removal system, an OFA system, an air pre-heater and a baghouse.

Pulverized coal and limestone (or lime), sized to 70% minus 200 mesh will be fired in the slagging
combustor tomaintainaSR of about 0.60. Under thisreducing or gasification condition, alkalinemolten
slagwill react with coal sulfur to produceacal cium sulfidethat will betied upinamolten slag eutectic. The
slag containing CaSwill flow through atap in the center of the combustor into awater-quench drag tank.
Testing hasshown that the sulfur capturedin the slag doesnot hydrolyzetoyield undesirableH,S. High ash
capture in the combustor will be an advantage to units that have el ectrostatic precipitators (ESPs).
Particul ateemissionstotheatmosphere(including certainair toxics) will bereduced. ESPsareconstant
efficiency removal devicesandwithsimilar fly ashresistivity, asparticul atel oading to an ESP decreasesso
doesitsoutlet particulate emissions.

Second stageair isadded tothefuel gas(~60 Btu/scf) fromthecombustor asit enterstheboiler furnaceto
bring the SR up to 0.90. In the upper furnace, OFA is added to bring the SR up to 1.10 to 1.20 to
compl ete the combustion process. Tocontrol thisstaged combustiontechnique, aninnovativeand accurate
techniquethat requiresonly airflow measurementsand oxygen concentration at theeconomizer exit will be
used. Fluegasfromtheboiler flowsto abaghousefor particulateremoval and thento an atmospheric
stack. Figure3showsasimplified processflow diagramof thecombustor retrofit to Lincoln Devel opment
Center Unit #2.
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Figure 3. Simplified processflow diagram of Ashworth Combustor retrofit to Lincoln Unit #2.



Lincoln Development Center Test Program

After equipment checkout and startup, thetest programwill beinitiated. Itwill includethetesting of I1linois
and Ohio coals. Samplesof coa and alkalisused during thetestswill beanalyzed using ASTM methods.
Test measurementsand methodsare shownin Table 1.

TABLE 1. TEST MEASUREMENTSAND METHODS

Measurement Parameter Sampling Method Analytical Method
Raw Materias
Coa Time interval grab samples Proximate/ultimate anal .
Limestone Grab sample Mineral component
Lime/Nacholite Grab sample Minera component
Raw material air toxics Grab sample ICP
1st Stage
Fuel gastemperature N/A Thermocouple
0O, and CO concentrations Suction pump Draeger Tubes
H.S, SO,, COS, NOx conc. Suction pump Draeger Tubes
Molten slag carbon/sulfur Timeinterval grab samples Elemental analyzer
Molten slag leaching Timeinterval grab samples TCLP
Molten slag: Timeinterval grab samples X-ray fluorescence
Sulfur & Carbon Timeinterval grab samples X-ray diffraction
Air toxics Timeinterval grab samples ICP
Furnace
Furnacetemperature N/A Thermocouple
Fly ash carbon/sulfur Exhaust gas linefilter Elemental analyzer
Fly ash leaching Exhaust gas linefilter TCLP
Fly ash air toxics Exhaust gas line filter ICP
Air Pollutant Emissions
Particulate matter Heated filter Gravimetric
NO Extractive sample system Chemiluminescent analyzer
SO, Extractive sample system NDUV analyzer
CO Extractive sample system NDIR analyzer

A comprehensivetest matrix will beused. Thetest matrix will beadynamicone, what islearned frominitial
testing will beusedinlater testing to optimize performanceregarding sulfur removal and NOy reduction.
Steaminjectionintothe primary air of thefirst stagewill betested to determineitseffectinimproving both
sulfur captureand carbon burnout. V ariousfirst and second stagecombustionair:fuel stoichiometricratios
will betested to evaluate the effect on NOy reduction and carbon burnout. Elemental carbon and sulfur
contents of the bottom ash and fly ash will berun to determine carbon burnout and sulfur capture. In
addition, TCL P(toxicity characteristicleaching procedure) analyseswill berunonthefly ash and bottom
ashtocharacterizetheir leaching characteristics. Airtoxicsforthecoal, sorbents, bottomashandfly ash
will beanalyzedto determinetheir final disposition. Itwill bedetermined how much of thepotential air
toxics are captured in combustor molten slag. Theseair toxictests, in combinationwith the TCLPanalyses,
will characterizeemission aspectsof thecombustor relativeto potential air and water-solubletoxics.

As part of the program for OCDO, based on testing at the Lincoln Development Center, an
engineering/economic eval uation of retrofitting the Ashworth Combustor to a 25 MWe wall-fired unit a the
Municipal Power Plantin Orrville, OH will be completed.



STAGE3CYCLONE

The Stage3Cyclone isvery similar to the Ashworth Combustor technique with the exception that the
existing cyclonebarrelsareused asthefirst combustion stage. Thetypical feed coal size(minus¥inch)is
used. Limestoneisadded to flux the coal ashto maintain afluid slag under thecooler barrel conditions.

Therate of limestone, relativeto aspecific coa rate, will be set toyield aTy viscosity of around 2600°F.
Low NO, emissionsareexpected but significant sulfur captureisnot, duetotheway theairisswirledinthe
cyclone barrels and the fact that the slag will eventually seethe more oxidizing condition of thecyclone
furnace. Inthecyclonebarrels, the coal isgasified usingaSR; of around 0.60. Thefuel gasfrom the
cyclonebarrelsentersthefurnace at atemperature of around 2600°F. The second stage of combustion
takes place asthefuel gas passing through the barrel re-entrant throats entersthe furnace. Second stageair
is added hereto bring the SR, up to nominally 0.90. Thethird stage of combustion takes placein the upper
part of thefurnaceafter thedlightly reducing gasof the second stage hascool ed to atemperaturethat does
not favor thermal NO, production. OFA isadded at thispoint to bring the overall SR; up to atypical

furnace excessair condition of 1.10to 1.20.

Stage3Cyclone NO, Reduction Modeling

ClearStack retained afirmto completeacomputational fluid dynamic (CFD) model of the Stage3Cyclone
technique. Runningthecyclonebarrelsat an SR of 0.60 (first stage), themodel predicted that the NO,
emissions from the barrelswould be 0.46 1b/10° Btu compared with 0.85 |b/10° Btu for the baseline run
using an SR of 1.16. Thiswasa46% reduction over baseline. Based on furnace modeling resultsfor
second and third stage combustion, it wasfelt that the CFD furnace model used was inaccurate based on
what had a ready been proved commercially. ClearStack isnow using cold flow modeling for thefurnace.

Host Site — Southern lllinois Power Cooperative (SIPC)

The Stage3Cyclone demonstration will take place at Southern I1linoisPower Cooperative'sMarion Station
inMarion, Illinois®. The station has four coal-fired cyclone units, Units#1, #2, & #3 have net capacities of
34 MWe each, and Unit #4is170 MWe. The Stage3Cyclonewill beretrofitted to Unit #3. 1t is equipped
with two 7%2-ft. diameter cyclone barrelsonthefront wall of theunit. To retrofit the three-stage combustion
technique, thefollowing additions/modificationswill berequired:

1) Addition of limestone binwith feeders (onefeed line per barrd)
2) Furnacetubewall penetrations
- Second-stage air
- Over-fireair
3) Installation of second-stage and over-fireair ductwork
4) Air flow
- Airflow sensing and control deviceson all air lines
- Tie-intoexisting boiler master control system



Thecyclonebarrel refractory will bereplaced to improve corrosion/erosion resistance. For thisunit,
secondary air additionwill bemadethroughtheback wall of thefurnaceacrossfromthecyclonebarrel re
entrant throat openings. Airflow monitors/controlswill be added. Existing boiler controlswill be modifiedto
incorporate an accurate staged air techniquethat i sbased exit furnace O, and airflow ratesto the three
stages. A simplified diagram of the Stage3Cyclone is shown in Figure 4.

COMPARISONS WITH SELECTIVE CATALYTIC REDUCTION

The primedriving force for commercialization of the Ashworth Combustor and the Stage3Cyclone
techniques is the NO, reductionthat can beachieved. Theonly commercially proved method for reducing
NO, emissionsto the future EPA (0.15 Ib/10° Btu) limit is Selective Catalytic Reduction (SCR). The SCR
technology isbriefly discussed below.

SCR Technology Discussion

SCRisapost combustion or fluegastreatment techniquethat includestheaddition of ammoniatothe flue
gas, upstream of beds of vanadium/titanium based catalyst. NO, (mostly nitric oxide - NO) produced in the
boiler furnaceisdestroyedinaccordwiththefollowing overall reaction:

4NO + 4NH; + O, = 4N, + 6H,0

Thetechniqueiseffective in reducing NO, emissions; however, it hassomeseriousoperational concerns.
Thecatalyst bed isdesigned to operate within atemperature range of 570°F to 750°F. Above 750°F, the
catalyst will sinter, reducing itsreactivity. Below 570°F, the ammonium bisulfatewill form. Thebisulfate
canblindthecatalyst and shortenitslife. Thistemperatureoperating rangerequiresthat fluegasbypasses
beinstalled around the catal yst bed and economizer. Coalshighincalcium (e.g. Western coals) form
calciumsulfatethat canasoblindthecatalyst. Further coalshighinarsenic (e.g. above 10 ppmw) will
deactivatethecatalyst and shortenitslife. Thisdecreasesthecoal suppliersthat autility canuse. The
catalyst can plug with fly ash. In addition, special air heater designswith spray washing featuresmay be
required to wash out ammonium bisulfate deposits.

Economic Comparison of SCR, Ashworth Combustor and Stage3Cyclone

Capital and operating costs were developed for retrofits of SCR, the Ashworth Combustor, and the
Sage3Cyclone to a330 MWe cyclone-fired boiler. Theboiler was assumed to have agross heat rate of
10,000 Btu/kWh and a65% capacity factor. For theanalysis, abaselinelevel of 1.301b NO,/10° Btu was
assumed and emissions after the retrofits was assumed at 0.15 |b/10° Btu. For the Ashworth Combustor
an SO, credit wastaken. Toaccount for capital related charges, afixed chargerate of 12% of thetotal
plantinvestment (TPI) wasassessed. For all threecases, it wasassumed that no added operating labor
would be required. Based on equipment service considerations, a 2% TPl was charged for annual
maintenance for the SCR retrofit and 3% TPl was charged for the Ashworth Combustor and
Stage3Cycloneretrofits. A 10% contingency was added to the SCR retrofit and 15% contingencieswere
added to the Ashworth Combustor and Stage3Cyclone retrofits since these techniques have not been
commercially applied.
9
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Table 2 shows the capital and operating cost breakdowns for SCR, the Ashworth Combustor and
Sage3Cyclone retrofitsto a330 MWe cyclone-fired unit. The capital cost for the SCR retrofit was
estimated at $28.6 million or $87/kWe. The Ashworth Combustor retrofit was estimated at $20.7 million
or $63/kW and the Stage3Cyclone, wasestimated at $8.7 million or $26/kW. Theannual incremental
operating cost for the SCR retrofit wasestimated at $6.1 million or $565/ton of NO, removed. The gross
annual incremental operating cost for the Ashworth Combustor was estimated at $4.5 million or $412/ton
of NO, removed. However, when taking credit for areductionin SO, based on an allowance of $150/ton
thereisan annual savingsof $5.1 million that morethan offsetsthe cost of NO; reduction and an overall net
operating savings of $617,000 per year isrealized. The annual incremental operating cost for the
Sage3Cyclone retrofit wasestimated at $2.0 million or $185/ton of NO, removed.

The Ashworth Combustor providesalower cost NO, control techniquethan SCR for cycloneunitsand
removes sulfur that provides SO, credits. For cyclone units that already have SO, scrubbers, the
Sage3Cyclone techniquewill bethelow cost alternativefor reduction of NO,.

CONCLUSION

The Ashworth Combustor and Stage3Cyclone techniqueshavethe potential to offer significant technical
and economic advantagesover SCR. Thedemonstrationsin I1linoisin 2000 aredesigned to show the
efficacy of these three-stage combustion techniquesfor NOy reduction. In addition, if the Ashworth
Combustor isassuccessful asexpected in reducing both NO, and SO, the technique will put high sulfur
coal squarely back into the energy mix of the future.
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TABLEZ2. CAPITAL AND OPERATING COST COMPARISON

330 MWe Cyclone-fired Boiler NOx Control Retrofits

Capital Cost: SCR Ashworth Combustor Stage3Cyclone
Category $Millions Cost/kWe $Millions Cost/kWe $Millions Cost/kWe
Major Equipment 13.2 $40 7.4 $23 34 $10
Construction Labor 4.6 $14 4.1 $13 15 $5
Construction Indirects 3.7 $11 3.1 $9 1.3 $4
Engineering 1.6 $5 11 $3 0.5 $2
Project Management 1.0 $3 1.1 $3 0.3 $1
Taxes, Other 1.4 $4 0.5 $2 0.2 $1
Startup 0.6 $2 0.6 $2 0.2 $1
Subtotal 26.0 $79 18.0 $54 7.6 $23
Contingency @10% 2.6 $8 @15% 2.7 $8 @15% 1.1 $3
Total Plant Investment 28.6 $87 20.7 $63 8.7 $26
Annual Incremental Operating Costs:
Cost $/Ton NOy Cost $/Ton NOy Cost $/Ton NOy
$K/Year Removed $K/Year Removed $K/Year Removed
Utilities:

Electricity 54 $5 N/A N/A N/A N/A
Catalyst & Chemicals:

Limestone N/A N/A 423 $39 262 $24

Ammonia 55 $5 N/A N/A N/A N/A

Catalyst 932 $86 N/A N/A N/A N/A
Solids Disposal:

Catalyst 33 $3 N/A N/A N/A N/A

Ash w/alkali N/A N/A 190 $18 118 $11
Fixed Charge Rate @ 12% of TPI 3,438 $318 2,479 $229 1,042 $96
Labor:

Maintenance 315 $29 372 $34 156 $14

Supervision 63 $6 74 $7 31 $3
Supplies:

Maintenance 210 $19 248 $23 104 $10
Admin. and Gen. Ovhd. (30% of total labor) 227 $21 112 $10 47 $4
Insurance and Taxes (2.7% of TPI) 774 $72 558 $52 234 $22
Total Gross Operating Cost 6,101 $565 4,456 $412 1,995 $185

SO, Allowance Credit @ $150/ton (5,073) ($470)

Net Operating Savings 617 $57

Notes: 1. 330 MWe @ 65% capacity factor and a 10,000 Btu/kWh gross heat rate. 12,500 Btu/lb coal w/10wt% ash.
2. NOX reduction based on baseline value of 1.30 Ib NOx/10° Btu reduced to 0.15 Ib NOx/10° Btu
3. Catalyst use based on 32,000 hrs before all initial catalyst has been replaced (Southern Energy Inc. Power-Gen 97 paper)
4. Anhydrous ammonia price FOB plant ($170/ton), Purchasing Magazine, August 12, 1999 w/$10/ton shipping charge added
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5. Auxiliary power cost assumed at $0.03/kWhr
6. Ashworth Combustor 3.6 Ib SO, removed/10°Btu of coal fired.
U.S. EPA 12/99 SO, credits @ $150/ton
7. Assumed no incremental operating labor required for these NOx control technique



