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Abstract

The Ashworth Combustor™ technology is three-stage pulverized coal combustion technique designed to
reduce the three major air pollutants (NOyx, SO,, and particulate) from coal combustion. A 40 million Btu/hr
combustion system is being retrofitted to a coal-fired stoker at the Lincoln Devel opment Center in Lincoln,
[llinois. The project will cost $3.34 million. ClearStack, the lllinois Department of Commerce and
Community Affairs, thelllinoisClean Coal Review Board, and the Ohio Department of Devel opment -
Ohio Coal Development Office arefunding the project. Thereisalsoin-kind cost sharing fromthelllinois
Department of Human Servicesand the City of Orrville, Ohio. Installation of equipment foundationswas
begun in mid October, startup and testing are scheduled for early 2001.

A two-stage slagging gasifier-combustor isused in combination with overfireair (OFA). Pulverized coal,
with limestone, isfired/calcined in the gasifier-combustor proper. Thealkali isadded to capture sulfur as
calcium sulfide in anon-leaching molten slag eutectic. In pilot plant runs, sulfur dioxidereductionsof upto
60% were achieved and with the new combustor, design 70+% SO, reductions are projected. The gasifier
(first stage) isfired at anair:fuel stoichiometricratio (SR) of 0.60 to minimizefound bound NOx production.

Thesecond stageisfired at anair:fuel stoichiometricratio of 0.90tofurther reduceany NOy that was
producedinthefirst stage. Thethird stageof combustion occursintheupper furnace (OFA) after the gases
have cooled enough so as not to produce thermal NOx. Flame kinetic modeling showsthat NOy emissions
can be reduced to 0.15 Ib. NOx/10° Btu and less. Thisisthelevel that EPA hasmandated, and the courts
havedelayed, that will comeintoeffect on May 31, 2004 for Easternand Midwestern States. Inaddition, a
65% reduction in particul ate emissionsto the atmosphere, are projected for the Ashworth Combustor when
retrofitted to pulverized coal-fired unitsequippedwith el ectrostatic precipitators. Includedinthisreduction
will befine particulate matter (PM,5) and air toxics. When demonstrated, the three-stage combustion
technique will offer theelectric utility industry alow cost optionto thewet scrubbing plussel ectivecatalytic
reduction (SCR) toreduceacid gasemissions. Theannual operating cost, including payback of capital of an
Ashworth Combustor retrofit, isonly 35% of the cost of combining an SOz scrubber with an NOx reduction

Selective Catalytic Reduction (SCR) system. When demonstrated, the three stage combustion techniquewill

offertheelectric utility industry alow cost optiontothewet scrubbing plussel ective catalytic reduction
(SCR) to reduce acid gas emissions.



INTRODUCTION

InOctober of 2000 Clear Stack wasawarded a$1 milliongrant formthelllinoisClean Coal Review Board.
Thisprovided thefinal funding needed to demonstrate the three-stage Ashworth Combustor™ system.
With thistechnology, thethreemajor air pollutants (NOyx, SO, and particulate) from coal combustion are
significantly reduced.

ASHWORTH COMBUSTOR

The Ashworth Combustor includestwo complimentary combustion techniques. 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 hasthe exclusive worldwidelicensing rightsto the FPC technology. The second technology is
the addition of athird stage of combustion, owned by ClearStack, that achievesthe ultra-low NOx
emissions. Itisprotected under U. S. Patent 6,085,674.

Background

The FPC two-stage combustor isasmall coal gasifier that replacesexisting burners. Alkaliisaddedto
capturesulfur asCaSinamoltenslageutectic. Itincorporatescertainfeaturesof theRummel moltenslag
bath gasifier, an oxygen-blown unit that produced asynthesisgasfor hydrogen and ammonia production.
TheRummel gasifier, burning German Brown coal (highalkali ash) wasfoundto capture 70% of thecoal
sulfur inthemolten slag removed fromthegasifier. A FPC two-stage pilot unit (12 million Btu/hr) was
tested at the Foster Wheeler Development Center (FWDC) in Livingston, New Jersey”. Thethrust of the
work wastoimprovecoal gasificationrates. Work centered on burner modificationsand steaminjectionto
increase gasification ratesand provideamorereducing conditionin thefirst stage of combustion. For most
test runs, sulfur reduction was primarily theresult of SO, being captured by alkalinefly ash. However, in
onerun when using ahydrated lime, afive-foldincreasein sulfur capture (CaS) by the slag was observed.
At thattime, 58.8wt.% overall coal sulfur wasbeing captured. Following pilot testing, thecombustor was
evaluated to determinewhy greater percentagesof sulfur werenot capturedintheakalinemoltensag.
Some eighty chemical reactions (solid-gas and gas-gas) wereeval uated thermochemically to determinewhat
reaction(s) wereinterferingwith the sulfur capturereaction:

CaO + H,S —» CaS + H,O

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

2C:as(slag eutectic) + O2 - 2Cao(slag eutectic) + S2(diaxtomicsulfur)

The fact that thisreaction wasinterfering with sulfur captureissupported by test data. Inonerun, usinga
specific coal nozzle, no H,S, COS or SO, could be measured in thefirst stage gasand yet SO, was
measured inthe stack. Thisobservation showed that oxygen in thefirst stage air must be consumed rapidly
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 NOy emission rateswere low (~ 0.30 Ib/10° Btu) considering no special design provisionswere
included in the second stage of combustion to minimize NOy production. The new combustion system will
use a three-stage combustion technique that further reduces NOy emissions. The highest particul ate capture
observedinthe pilot combustor was 60 wt. % of theash plusakali fed. Inthepilot unit, aslotted internal
gas bafflewasused and slag wasblownthroughthesl ot intotheboiler. Thenew design eliminatesthe
problem; slag isremoved from the bottom center of thefirst stage.

Ashworth Combustor NOx Reduction

The three-stage combustion techniqueisoptimal for the reduction of NOy. Thefirst stageisoperated at a
stoichiometricair:fuel ratio (SR) of around 0.60. ThisSRisbest for reducing NOx and NOx precursors,
ammonia (NH3;) and hydrogen cyanide (HCN), from the fuel bound nitrogen. Figure 1ashows, the
equilibrium concentrations of NOy and NOy precursorsasafunction of SR. Figure 1b showsthe University
of Stuttgart laboratory results? for avarying SR, based on firing coal with 1 wt.% (MAF) N and three
seconds of residence time at atemperature of 2372 °F (1300°C). The test data show the effect of
stoichiometric ratio on fuel bound NOx formation. Coal N to NOx using a SR of 0.60 isonly about 4%.

] 70
SA / 60 /
© o
= S 2_
= \ HCN / S 50 R?=0.9993
o NH3 NOX %
c
S 11\ / G
o Z /
= ]\ / 2 /
= \ z /
= \ / $ 20 /
E \ / = A
w / 10 e
\ / ——
0 0
02 03 04 05 06 07 08 09 1.0 05 06 07 08 09 1.0 11 12 13
Air:Fuel Stoichiometric Ratio, SR, Air:Fuel Stoichiometric Ratio, SR
Figure 1a. NOx EquilibriumConcentration Figure 1b. Fuel N to NOx Conversion

TheAshworth Combustor isoperated at higher temperatures, soreactionratesarefaster andlessresidence
timeisrequired. In pilot plant testing 0% NOx wasfound inthefirst stage flue gases. Fuel gasfrom the
0.60 SR first stage enters the furnace at a temperature of 2600°F to 2800°F. Second stage partial

oxidation takes place here. A low NOx burner designisusedto bringtheair:fuel stoichiometricratioupto
0.90 SR. ThisSRissimilar tothat used with Reburn technology. NO inthelower part of the furnace, is
further reduced by thefollowing overall reactions:

[CH] (hydrocarbon fragments) + NO + H,O = CO, + 0.5N, + 1.5H,,
CO + NO = CO, + 0.5N,, and
H, + NO = H,O + 0.5N,



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 NOy 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 NOx emissions to <0.15 1b/10° Btu of coal fired.

SR; = 0.60, SR; = 1.14 & Variable SR,

0.27 {
0.25 ‘
0.23 !
0.21 —
0.19 P

0.17 e

0.15 fwwwgesnsusssr s s e

0.13 - ]

011 — ———
0.09 s
0.07 —
0.05
0.03

0.85 0.87 0.89 0.91 0.93 0.95 0.97 0.99

NOx Emissions, Lb/10° Btu

Second Stage, SR,

¢ 0.3 1b steam/Ib coal added to 1st stage
o No steam addition to 1st stage

Figure 2. Overal Three-Stage Combustion NOx emissions.

Thecombustor wasredesigned to eliminate recogni zed design flawsinthepilot combustor. New features
areincorporatedthat yieldincreased sulfur captureinthemolten slag, providefor non-troublesome slag
removal, and further reduce NOx emissions.

Theprocessgoal sareto; 1) reduce sulfur oxide emissionsby 70+%, 2) reduce nitrogen oxide emissionsto
< 0.151b per million Btu of coal fired, and 3) reduce parti culate emissions(including PM-2.5, PM-10 and
certain HAPS) by 60 - 65% (when applied to pulverized coal-fired units). When limestoneis added
acid aerosols of sulfur trioxide, hydrogen chloride, and hydrogenfluoridewill alsobereduced. Inaddition,
certainair toxicswill bereduced. Mercury emissionsarelikely to becontrolled by the EPA inthefuture.
An assessment will bemadefor air toxics (16 el ements) capture in the Ashworth Combustor ash. Some
mercury (10%) hasbeen captured by cyclone-fired boiler ash. Sincethe Ashworth Combustor first stage
will be some 400 °F (2600 vs. 3000+°F) lower intemperaturethan acyclonebarrel, it isexpected that
moreair toxicswill be captured inthe molten slag than that shown for cyclones’ in Table 1. Capture of
elementd air toxics by the molten slag and fly ash will be atechnology plus.



TABLE 1. CYCLONE-FIRED BOILERAIRTOXICANALY SES

SLAG ESP TOTAL*
By Wit. By Wit. By Wit.
As 4% 13% 17%
Ba 61% 23% 84%
Be 58% 20% 78%
Cd 10% 34% 44%
Co 53% 17% 70%
Cr 77% 23% 100%
Cu 31% 13% 44%
Hg 8% 2% 10%
Mn 77% 22% 99%
Mo 11% 32% 43%
Ni 70% 30% 100%
P 79% 21% 100%
Pb 22% 23% 45%
Sb 46% 54% 100%
Se 0% 9% 10%
Vv 68% 32% 100%

*Elements adding up to 100% reflect normalized value
because total based on analysis exceeded 100 %

Host Site - Lincoln Development Center

The Ashworth Combustor demonstrationwill takeplaceat thelllinoisDepartment of Human Services,
Lincoln Development Center inLincoln, IL. The Center'sboiler house, see Figure 3, hasthree, nominal
40%10° Btu/hr boilers. Units#1 and #3 are coal-fired stoker boilersand Unit #2 isacoal-fired stoker that
was converted to natural gas. The Center seldom uses the gas-fired unit due to the higher price of
purchased natural gas compared to coal. Unit #2 was therefore selected as the host boiler for the
Ashworth Combustor retrofit.

Theretrofit will consist of thefollowing major equipment items; awater-jacketed two- stage combustor, a
coal feed systemthatincludesacoal crusher and pulverizer, a(limestoneor lime) storageandfeed system, a
slag quench and removal system, an OFA system, an air pre-heater and abaghouse. Pulverized coal and
limestone (or lime), sized to 70% minus 200 mesh will befired inthe slagging combustor to maintain a SR of
about 0.60.

Under thisreducing or gasification condition, alkalinemolten slag will react with coal sulfur toproducea
calcium sulfide that will betied up in amolten dag eutectic. Theslag containing CaSwill flow through atap
inthe center of the combustor into awater-quench drag tank. The ash will be de-watered asit isdragged

out of the quench tank and will then be conveyed to aroll-off container for batch disposal to aconventional

landfill. Althoughtheashfromthedemonstrationplantwill belandfilled, commercialyitcouldmostlikely be
sold, likebottom ash from cycloneunits, for useinthe manufacture of asphalt shingles.



Figure3. Lincoln Development Center Boiler House

Sincethe stoker unit doesnot havean air heater, asteam air heater followed by adirect-fired gasair heater
will beused. Therateof gasfiredwill bevery small, only that required toincreasethe preheated air up to a
temperature of 600 °F.

Second stageair isadded tothefuel gas(~60 Btu/scf) fromthecombustor asit enterstheboiler furnaceto
bring the SR upt00.90. Intheupper furnace, overfireair (OFA) isadded to bringthe SRupto 1.10 to
1.20to completethecombustion process. Tocontrol thisstaged combustiontechnique, aninnovativeand
accuratetechniquethat requiresonly airflow measurementsand oxygen concentration at theboiler exitwill
be used.

Flue gas from the boiler flowsto abaghousefor particul ateremoval and thento an atmospheric stack. To
protect thebagsagainst too high of temperatures(>500F) adamper will beincluded onthefluegaslineto
the baghouseto draw in asmall amount of cooling air prior to entering the baghouse. Figure 4 showsa
simplified processflow diagram of thecombustor retrofit to Lincoln Unit #2.

Highash captureinthecombustor will bean advantageto unitsthat haveel ectrostatic precipitators(ESPs).
Particulate emissionsto the atmosphere (including certain air toxics) will bereduced. ESPsareconstant
efficiency removal devices, sothelessparticul atein, thelessparticulateout. Therefore, basedonsimilar fly
ashresistivity, asparticul ateloading to an ESP decreases so does the outlet loading in the flue gas going to
the atmosphere.
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Lincoln Developmental Center Test Program

After equipment checkout and startup, thetest programwill beinitiated. It will includethetesting of Illinois
and Ohiocoals. Samplesof coa and alkalisused during thetestswill beanalyzed using ASTM methods.
Test measurementsand methodsareshownin Table 2.

TABLE2. TEST MEASUREMENTSAND METHODS

Measurement Parameter Sampling Method Analytical Method
Raw Materials
Coa Timeinterval grab samples Proximate/ultimate anal .
Limestone Grab sample Mineral component
Lime/Nacholite Grab sample Mineral component
Raw material air toxics Grab sample ICP
1st Stage
Fuel gastemperature N/A Thermocouple
O, 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 dag: 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 gaslinefilter ICP
Air Pollutant Emissions
Particul ate matter Heated filter Gravimetric
NOx Extractive sample system Chemiluminescent analyzer
SO, Extractive sample system NDUV analyzer
CcO Extractive sample system NDIR analyzer

A comprehensivetest matrix will beused. Thetest matrix will beadynamic one, what islearned frominitial
testingwill beusedinlater testing to optimize performanceregarding sulfur removal and NOx reduction.
Steaminjectionintotheprimary air of thefirst stagewill betested to determineitseffectinimproving both
sulfur captureand carbon burnout. Variousfirst and second stagecombustionair:fuel stoichiometricratios
will be tested 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. Although
sulfuriscaptured ascal ciumsulfide, which by itself will hydrolyzetoform hydrogen sulfide (HS), in pilot
testing, no H,Swasliberated from the ash quench tank. Thereason for thisisthat the CaSistiedupina
mineral slag eutectic that precludeshydrolysis.

TCLP(toxicity characteristicleaching procedure) analyseswill berunonthefly ashandbottomashto
characterizetheir leaching characteristics. Airtoxicsinthecoal, sorbents, bottom ash, and fly ash will be
analyzedtodeterminetheir final disposition. Theseair toxictests, incombinationwiththe TCL Panalyses,
will characterize emission aspects of the combustor relativeto potential air and water-solubletoxics
contamination of soilsand/or groundwater.



STATE-OF-THE-ART COMPARISON

A combustor retrofit to a coal-fired unit was compared to the same size and type of coal-fired unit
retrofittedwithcommercially avail abletechnol ogies, aSel ective Catal ytic Reduction (SCR) system to
reduce NOy emissions, and awet limestone scrubber to removesulfur dioxide. TheAshworth Combustor
isacombustion technique that reducesthethreemagjor air pollutants (SO,, NOx_ and Particulate) from coal
combustion. SCR and wet limestone scrubbing are post combustion techniquesthat remove sulfur dioxide
and reduce NOyx emissions, respectively.

Ashworth Combustor

Although not yet commercially demonstrated, kinetic modeling indicatesthat thethree-stage Ashworth
Combustor will reduce NOx emissionsto levelsbelow the US EPA ozone season limit (< 0.151b/10° Btu).
For highsulfur coal s, the Ashworth Combustor providesthe added benefit of removing sulfurinamolten
slag from the combustor proper. It isexpected that 70 to 80% of the coal sulfur will be captured. A
simplified process flow diagram of the three-stage combustion techniqueisshownin Figure4.

Toretrofit this three-stage combustion techniqueto autility boiler (wall-fired unit discussed here), the
following modificationswill be required:

1) Addition of limestonebin(s) with feeder(s) to each coal pul verizer
2) Replacement of coa burnerswith combustors
- Furnace waterwall tie-ins, smilar to that for cyclonebarrels
- Installation of pulverized coal feed line splittersto feed each combustor
- Air flow sensing and control devicesontheair linesto each combustor
- Tie-insto existing furnace tubewalls- combustor w/tubewall construction
3) Installation of aslag quench and sluice system from each combustor level on the
boiler and aslag removal/disposal system similar to that for acyclone-fired boiler
4) Installation of an overfireair (OFA) system

Theexisting burner throatswill remainintact. To control the staged combustion, aninnovative and accurate
technique, that requiresonly airflow measurementsand theoxygen concentration at theeconomi zer exit, will
beused. Accurateairflow measurementsarerequired. Total airflowtotheboailer, first stageairflow, and
OFA flow rates will be usedincombinationwiththefurnaceexit oxygen concentrationto control thestaged
combustion process.

Itemsof concernfor thetechnol ogy arerelegated to corrosionissuesinthelower part of thefurnaceand
possibly higher fly ash carbon. InthreeU. S. DOE Reburn demonstrationswherein part of thefurnacewas
kept at aSR of 0.90, no boiler tube corrosion, or erosion, over and abovethat of normal wear wasfound.
When thefurnaceismaintained at a SR of 0.90, the concentration of CO inthefurnace is about 3%. At
thislevel of CO, testing hasal so shownthat tubecorrosionoccurs. Thisslightly reducing conditionwill exist
inthelower part of afurnace retrofitted with the Ashworth Combustor, so corrosion should not bea
problem.
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Figure 4. Simplified process schematic of Ashworth Combustor.

Regardingfly ash carbon content, the staged combustorsadd hightemperatureresi dencetimetotheoverall
combustion process and good carbon burnout isexpected. Low-pressure steam can be added to thefirst
stagefor low reactivecoal sshould higher carbon burnout bedesired. Inaddition, most of theashwill exit
the combustor proper asmolten slag. In the two-stage pilot operation when using the nozzlesused in Run
#8, the carbon in the molten slagwasonly 1.3 wt % with 60% slag capture and the overall combustion
efficiency wascal culated at 98.6%. Withtheprojected higher slag capture(70to80%) for thenew design,
incombinationwiththelonger residencetimesand hotter furnace boxesof electric and industrial utility
boilers, thecombustion efficiency should exceed 99%.
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Another advantage of staged combustion applied to awall-fired unit isthat much of the mineral matter will
be removed from the combustor. For unitsthat have el ectrostatic precipitators (ESPS), air toxic emissions
totheatmospherewill bereduced since ESPsareconstant efficiency removal devices, based onidentical fly
ashresistivities, astheflue gas particul atel oading entering an ESP decreases, so doestheoutlet grain
loading.

SCR Technology

An SCR systemisplaced upstream of the wet scrubber, ESPand air heater, seeFigure5. Itincludesthe
additionof ammoniato thefluegasupstream of bedsof vanadium/titanium based catalyst whereinthe N Oy
(primarily nitric oxide - NO) producedintheboiler furnaceisconverted to diatomic (air) nitrogen, inaccord
with thefollowing overall reaction:

4NO+4NH3+02 d 4N2+6H20

Boiler
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Ash
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Figure5. Simplifiedflow schematic of Sel ective Catalytic Reduction (SCR) process.

Although SCR is an effective method of reducing NOx emissions, it has some serious operational
considerationsassociated withit. When operatingwithinatemperaturerangeof 570 °F to 750 °F the
catalyst performswell. Above 750 °F the catalyst will start to sinter, reducing itsreactivity.
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Below 570 °F, the formation of ammonium bisulfate (NH;sHSO,) from the reaction of ammoniawith sulfur
trioxidestartstoincrease. Theammonium bisulfateblindsthe catalyst and shortensitslife:

NH3 + SO3 + H,0 — NHzHSO4 giiguic)

Cadls, highinarsenic content (e.g. 100 ppmw), will deactivatethe catalyst, and shortenitslifewhen
operatinginthenormal temperaturerange. Inaddition, high cal ciumash coal scan causecalciumsulfate
plugging of the catalyst. Theseconcernsrequireelectric utilitiesto bevery careful concerning thequality of
thecoal purchased. Inaddition, the SCR temperature operating range constraintsrequirethat fluegas
bypassesbeinstalled around the economizer and catalyst reactor bed.

Further ammoniathat slipsthrough the catalyst bedswill be adsorbed by the fly ash captured in the
downstream ESP. Ammoniaispungent gas, and itspresencemakesit difficult to sell theashto the cement
industry. In addition, special air heater designswith spray washing featuresare preferredto allow for easier
removal of ammonium bisulfatethat formsnear the cold end of theair heater.

Wet Limestone Scrubbing

Wet limestone scrubbers are located downstream of the power plant el ectrostatic precipitator (ESP).
Incoming fluegasiscooled and humidified before passing into the absorber for theremoval of sulfur
dioxide. Limestone (CaCOs) isadded to the absorber feed tank and air is sparged through the tank to
provide for the oxidation of the calcium sulfite (CaSOs) to calcium sulfate (CaSO,). Wet scrubbers
typically removearound 90%+ of thesulfur dioxideinthefluegas. A simplifiedflow schematic of the CT-
121 FGD processin shownin Figure 6.
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Figure6. Simplified flow schematic of the CT-121 FGD process.
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Theproduced calcium sulfate(gypsum) isdewatered and sent to alandfill, or with someprocessesthe
gypsumisdewatered, then washed andfiltered or centrifuged to produceawall-board quaity gypsum. The
following major reactionsoccur inthewet limestone scrubbing process:

Adsorption: Neutralization:

SO, + H,O — Hy; SO5 CaCO; + H,SO; —» CaS0O; + CO, + H,O
SOz + H,O —» H, SO, CaCO; + H,SO, —» CaSO, + CO, + H,O
Oxidation: Crystallization:

CaS0; + %2 O, —» CaS0O, CaS0O, + 2H,0 —» CaSO, ¢ 2H,0

Thetechnical drawback of wet scrubbing systemsisthat itislikehaving chemical plants, withall of their
associated operational and mai ntenance problemsonthebackend of apower plant. Further, unless reheat
isapplied, alargewhitevapor plumeenterstheatmosphereand diluteconcentrationsof sulfuricacidand
nitric acidinthecondensatefromtheseplumesiscorrosiveto nearby equipment, piping, etc. Froman
aesthetic viewpoint, awhite vapor plumewith nitrogen dioxide (reddish-brown gas) in it draws attention to
the power plant asapolluting neighbor.

Economic Comparison

InTable3isthecapital and operating cost comparisonsfor aretrofit of the Ashworth Combustor system
and aWet Limestone Scrubber plus SCR system. Thecomparison wasmadebased onretrofitsto a600
MWewall-fired el ectric power generatingunit. TheWet Limestone Scrubber capital cost wasbased on
work completed for ClearStack by Energy VenturesAnalysisin 1999.

The annual operating costs for the Wet Limestone Scrubber were based on a study of existing wet
scrubberscompletedin 1999 by Burnsand M cDonnell Engineering Company. Boththe SCR capital and
annual operating costs were based on a 1999 in-house study that was compared with other published
studies to assure that it was reasonable. The capital and annual operating costs for the Ashworth
Combustor were also developed in-house. The comparison ishbased on firing a3-wt% high sulfur coa with
aheating value of 12,500 Btu/lb. For the comparison, it was assumed that the 600 MWe power plant
would be operated at an 80% capacity factor.

Sulfur dioxidereductionsof 75% and 90% wereusedfor the A shworth Combustor andtheWet Limestone
Scrubber, respectively. NOx reductionsof 0.43|b/million Btuwere used for both the Ashworth Combustor
and the SCR system. The NOy reduction value was chosen to reduce emissionsto levelsunder the EPA
ozoneseasonlimitfor electricutility boilersin Easternand Midwestern statesthat comesintoeffect May 31,
2004.

Asseeninthetable, thecapital cost of the Ashworth Combustor systemisabout 38% of the cost of the
Wet Limestone Scrubber plus SCR system. In addition, the operating cost to reduce SO, and NOx
emissions, based on cost per ton, using the A shworth combustor is35% of the cost of theWet Limestone
Scrubber plus SCR.
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TABLE 3. CAPITAL AND OPERATING COST COMPARISON

Ashworth Combustor Wet Scrubber + SCR
Capital Cost $Million $/KkWe $Million §/kWe
$33.77 $56 $87.93 $147
Operating Cost: $1,000sYr $/Ton SO2/NO, $1,000sr $/Ton SO2/NO,
Electricity & Water 0 0 481 5
Catalyst & Chemicals $246 N $3.512 $35
Spent Catalystfash Disposal §425 ] $3,899 §a9
Fixed Charges @ 12% TPI $4 052 45 $10 551 106
Maintenance 51,216 14 54 261 F43
Adrmin. & Gen. Ovhd. Fad 1 $E54 b
Insurance & Taxes a2 11 2374 §24
Total Gross Operating Cost §7.595 $90 §25,732 $258
Mote: 80% onsteam service factor for both cases and a 10,000 Btukwhr heat rate. Assumed T5% reduction in sulfur for the
Ashworth Combustor and 90% remaval of SO, far the wet scrubber. For both cases, assumed a baseline NO, emission of
0.58 [bfmillion Btu with reductions of 0.43 [bfmillion Btu to bring into EPA Year 2003 MO, compliance ¢ 0.15 Ihimillion Btu).

CONCLUSION

The Ashworth Combustor three- stage combusti ontechniqueofferssignificant technical and economic
advantagesover thecommercially availableWet Scrubber plus SCR combination of technol ogies. It could
shortly becomethe low cost option for existing coal-fired power plantsto meet the stringent Y ear 2000+
environmental regulationsfor SO, and NOyx emissions.
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Disclaimer:

The findings, opinions, and recommendations expressed therein are those of the authors only and not necessary those
of Southern Illinois University, the IL Clean Coal Review Board or the Ohio Coal Development Office.
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