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Abstract

The Ashworth Combustor™ technology is three-stage pul verized coal combustion technique designedto
reduce the three major air pollutants (NOyx, SO,, and particulate) from coal combustion. A 40 million Btu/hr
combustion system isbeing retrofitted to acoal-fired stoker at the Lincoln Development Center in Lincoln,
Ilinais. Installation of equi pment foundationswasbeguninmid October of thisyear. Startupandtesting
are scheduled for early 2001.

A two-stageslagging combustor isusedin combinationwith overfireair (OFA). Pulverized coal, with
hydratedlimeor limestone, isfired/cal cinedinthecombustor proper. Thealkali isaddedto capturesulfur
as calcium sulfide in anon-leaching molten slag eutectic. Inpilot plant runs, sulfur dioxidereductionsof up
to 60% were achieved and with the new combustor, design 70+% SO, reductions are projected. This
techniqueisalow cost option to reduce SO, emissionsfrom high sulfur pulverized coal-fired units. The
combustor (first stage) isfired at an air:fuel stoichiometric ratio (SR) of 0.60 to minimize found bound NOx
production. Thesecond stageisfiredat anair:fuel stoichiometricratio of 0.90tofurther reduceany NOy
that wasproducedinthefirst stage. Thethird stage of 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 has mandated, and
the courts have delayed, that will comeinto effect on May 31, 2004 for Eastern and Midwestern States. In
addition, a65% reduction in particul ate emissionsto the atmosphere are projected for the Ashworth
Combustor when retrofitted to pulverized coal-fired units equipped with electrostatic precipitators.
Included inthisreduction will befine particulate matter (PM,s) and air toxics.

When demonstrated, the three-stage combustiontechniquewill offer theelectric utility industry alow cost
optionto the wet scrubbing plus selective catalytic reduction (SCR) to reduce acid gasemissions. The
annual operating cost, including payback of capital of an Ashworth Combustor retrofit, isonly 35%of the
cost of combining an SO, scrubber with the NOy reduction Selective Catalytic Reduction (SCR) system.

Theprojectwill cost $3.34million. ClearStack, thelllinoisDepartment of Commerceand Community
Affairs, thelllinoisClean Coal Review Board, and the Ohio Department of Development - Ohio Coal
Development Office arefunding the project. Thereisalso in-kind cost sharing fromthelllinois Department
of Human Services and the City of Orrville, Ohio.



INTRODUCTION

InOctober of 2000 ClearStack wasawarded a$1 milliongrant formthelllinoisClean Coal Review Board.
This provided the final funding needed to demonstrate the three-stage Ashworth Combustor ™ system.
Withthistechnology, thethreemgjor air pollutants (NOx, SO, and particulate) from coa combustion are
significantly reduced.

ASHWORTH COMBUSTOR

The Ashworth Combustor  includes two 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 hastheexclusiveworldwidelicensingrightstothe FPC technology. Thesecondtechnologyis
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-stagecombustor isasmall coal gasifier that replacesexisting burners. Alkali isaddedto
capturesulfur asCaSinamoltenslageutectic. Itincorporatescertainfeaturesof theRummel moltenslag
bath gasifier, an oxygen-blown unit that produced asynthesisgasfor hydrogen and ammoniaproduction.
TheRummel gasifier, burning GermanBrown coal (highalkali ash) wasfoundto capture 70% of thecoal
sulfur inthe molten slag removed from the gasifier. A FPC two-stage pilot unit (12 million Btu/hr) was
tested at the Foster Wheel er Devel opment Center (FWDC) in Livingston, New Jersey”. Thethrust of the
work wastoimprovecoa gasificationrates. Work centered onburner modificationsand steaminjectionto
increase gasification ratesand provideamorereducing conditioninthefirst stage of combustion. For most
test runs, sulfur reduction was primarily the result of SO, being captured by alkalinefly ash. However, in
onerun when using ahydrated lime, afive-fold increasein sulfur capture (CaS) by the slag was observed.
Atthattime, 58.8wt.% overall coal sulfur wasbeing captured. Following pilot testing, thecombustor was
eval uated to determinewhy greater percentagesof sulfur werenot capturedinthealkalinemolten slag.
Some eighty chemical reactions (solid-gas and gas-gas) wereeval uated thermochemically to determinewhat
reaction(s) wereinterferingwith the sulfur capturereaction:

CaO + HS —» CaS + Hx0

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

2CaS(siag eutecticy + O2 — 2CaO0(siag eutecticy + S2(diatomic sulfur)

Thefact that thisreaction wasinterfering with sulfur captureissupported by test data. Inonerun, using a
specific coa nozzle, no H,S, COS or SO, could be measured in thefirst stage gasand yet SO, was
measuredinthestack. Thisobservation showedthat oxygeninthefirst stageair must beconsumed rapidly
so that sulfur, captured as CaS, isnot blown out of the slag 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 [b/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 NOx emissions. The highest particul ate capture
observedinthepilot combustor was 60 wt. % of theash plusalkali fed. Inthepilot unit, aslottedinternal
gas baffle was used and slag was blown through the slot into the boiler. The new design eliminatesthe
problem; slag isremoved from the bottom center of thefirst stage.

Ashworth Combustor NOx Reduction

The three-stage combustion techniqueisoptimal for thereduction of NOy. Thefirst stageisoperated at a
stoichiometric air: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 NOx precursors as afunction of SR. Figure 1b showsthe University
of Stuttgart |aboratory results? for avarying SR, based on firing coal with 1 wt.% (MAF) N and three
seconds of residence time at a temperature of 2372 °F (1300°C). The test data show the effect of
stoichiometric ratio on fuel bound NOy formation. Coal N to NOx when using a SR of 0.60 isonly 4%.
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Figure 1a. NOx Equilibrium Concentration Figure 1b. Fuel N to NOx Conversion

The Ashworth Combustor isoperated at higher temperatures, soreaction rates are faster and lessresidence
timeisrequired. In pilot plant testing 0% NOyx wasfound in thefirst 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 NOy burner designisused to bring theair:fuel stoichiometricratioupto
0.90SR. ThisSRissimilar tothat used with Reburntechnology. NOinthelower part of thefurnace, is
further reduced by thefollowing overall reactions:

[CH] (hydrocarbon fragments) + NO + H.O > CO2 + 0.5N2 + 1.5H>,
CO+NO> CO2+ 0.5N2, and
H>+ NO> H20 + 0.5N2



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 NOx production.
The second stage SR, was varied and thethird stage SR; was held constant at 1.14. In Figure 2, the model
predicts that three-stage combustion will reduce NOx emissionsto < 0.15 Ib/10° Btu of coal fired.
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Figure2. Overall Three-Stage Combustion NOx emissions.

Thecombustor wasredesignedto eliminaterecogni zed designflawsinthepil ot combustor. New features
areincorporated that yield increased sulfur capture in the molten slag, provide for non-troublesome slag
removal, and further reduce NOx emissions.

Theprocessgoalsareto; 1) reducesulfur oxideemissionsby 70+%, 2) reduce nitrogen oxideemissionsto
< 0.15|b per million Btu of coal fired, and 3) reduce particulate emissions (including PM-2.5, PM-10 and
certain HAPS) by 60 - 65% (when applied to pulverized coal -fired units). When limestoneis added
acid aerosolsof sulfur trioxide, hydrogen chloride, and hydrogen fluoridewill al so bereduced. Inaddition,
certainair toxicswill bereduced. Mercury emissionsarelikely to be controlled by the EPA inthefuture.
Anassessment will bemadefor air toxics(16 el ements) captureinthe A shworth Combustor ash. Some
mercury (10%) has been 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
elemental air toxicsby the molten slag and fly ash will beatechnology plus.



TABLE 1. CYCLONE-FIRED BOILERAIRTOXICANALY SES

SLAG ESP TOTAL*
By Wit. By Wt. 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%
\Y4 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 demonstration will take placeat the I1linois Department of Human Services,
Lincoln Development CenterinLincoln, IL. TheCenter'sboiler house, seeFigure 3, hasthree, nominal
40%10° Btu/hr boilers. Units#1 and #3 are coal-fired stoker boilers and Unit #2 isa cod-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. The retrofit will consist of thefollowing major equipment items; awater-
jacketed two-stagecombustor, acoal feed systemthat includesacoal crusher and pul verizer, a(limestone
or lime) storage and feed system, aslag 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 in the slagging
combustor tomaintainaSR of about 0.60. Under thisreducing or gasification condition, alkalinemolten
dlag will react with coal sulfur to produceacal ciumsulfidethat will betied upinamolten slag eutectic. The
slag containing CaSwill flow through atap in the center of the combustor into awater-quench drag tank.
The ash will be de-watered asit is dragged out of the quench tank and will then be conveyed to aroll-off
container for batch disposal toaconventional landfill. Althoughtheashfromthedemonstrationplantwill be
landfilled, commercially it could most likely besold, likebottomashfrom cyclone units, for usein the
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 be used. Therateof gasfiredwill bevery small, only that required toincreasethe preheated air uptoa
temperature of 600 °F. Second stageair isadded to thefuel gas (~60 Btu/scf) from the combustor asit
entersthe boiler furnaceto bring the SR up t0 0.90. Inthe upper furnace, overfireair (OFA) isadded to
bringthe SR upto 1.10to 1.20to completethecombustion process. To control thisstaged combustion
technique, aninnovativeand accuratetechniquethat requiresonly airflow measurementsand oxygen
concentration at the boiler exit will be used.

Fluegasfromtheboiler flowsto abaghousefor particulateremoval andthento anatmosphericstack. To
protect the bagsagai nst too high of temperatures (> 500F) adamper will beincluded onthe flue gasline to
thebaghouseto draw inasmall amount of cooling air prior to entering thebaghouse. Figure4 showsa
simplified processflow diagram of the combustor retrofit to Lincoln Unit#2. High ash captureinthe
combustor will be an advantageto unitsthat have el ectrostatic precipitators (ESPs). Particulateemissions
totheatmosphere (including certainair toxics) will bereduced. ESPsareconstant efficiency removal
devices, sothelessparticulatein, thelessparticulate out. Therefore based on similar fly ashresistivity, as
particulatel oading to an ESP decreases so doestheoutl et |oading inthe fluegasgoing to theatmosphere.
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Lincoln Development Center Test Program
After equipment checkout and startup, thetest programwill beinitiated. Itwill includethetestingof I1linois

and Ohiocoals. Samplesof coa and alkalisused during thetestswill beanalyzed using ASTM methods.
Test measurements and methods are shown in Table 2.

TABLE2. TEST MEASUREMENTSAND METHODS

Measurement Parameter Sampling Method Analytical Method
Raw Materials
Coa Timeinterval grab samples Proximate/ultimate anal .
Limestone Grab sample Minera component
Lime/Nacholite Grab sample Mineral component
Raw materia air toxics Grab sample ICP
1st Stage
Fuel gas temperature N/A Thermocouple
0O, and CO concentrations Suction pump Draeger Tubes
H,S, SO,, COS, NOy conc. Suction pump Draeger Tubes
Molten slag carbon/sulfur Time interval grab samples Elemental analyzer
Molten slag leaching Timeinterval grab samples TCLP
Molten slag: Time interval grab samples X-ray fluorescence
Sulfur & Carbon Timeinterval grab samples X-ray diffraction
Air toxics Time interval grab samples ICP
Furnace
Furnace temperature N/A Thermocouple
Fly ash carbon/sulfur Exhaust gas linefilter Elemental analyzer
Fly ash leaching Exhaust gaslinefilter TCLP
Fly ash air toxics Exhaust gaslinefilter ICP
Air Pollutant Emissions
Particul ate matter Heated filter Gravimetric

NOy Extractive sample system Chemiluminescent analyzer
SO, Extractive sample system NDUV anayzer
CO Extractive sample system NDIR analyzer

A comprehensivetest matrix will beused. Thetest matrix will beadynamicone, what islearned frominitial
testingwill beusedinlater testing to optimi ze performanceregarding sulfur removal and NOy reduction.
Steam injection into the primary air of thefirst stagewill betested to determineitseffect inimproving both
sulfur captureand carbon burnout. V ariousfirst and second stagecombustionair:fuel stoichiometricratios
will be tested to evaluate the effect on NOy reduction and carbon burnout. Elemental carbon and sulfur
contentsof thebottom ash and fly ash will berun to determine carbon burnout and sulfur capture. Although
sulfuriscaptured ascal ciumsulfide, which by itsel f will hydrolyzeto form hydrogen sulfide (H,S), in pilot
testing, no H,Swasliberated from the ash quenchtank. Thereasonfor thisisthat the CaSistiedupina
mineral slag eutectic that precludeshydrolysis.

TCLP(toxicity characteristicleaching procedure) analyseswill berunonthefly ash and bottom ash to
characterizetheir leaching characteristics. Airtoxicsinthecoal, sorbents, bottom ash, andfly ashwill be
analyzedtodeterminetheir final disposition. Theseair toxictests, incombinationwiththe TCL Panalyses,
will characterize emission aspects of the combustor relative to 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) systemto
reduce NOy emissions, and awet limestone scrubber to removesulfur dioxide. TheAshworth Combustor
isacombustion technique that reducesthe three major ar pollutants (SO,, NOx and Particulate) from coal
combustion. SCR andwet limestone scrubbing arepost combustion techni questhat removesul fur dioxide
and reduce NOx emissions, respectively.

Ashworth Combustor

Although not yet commercially demonstrated, kinetic modeling indicatesthat the three-stage Ashworth
Combustor will reduce NOy emissionsto levelsbelow the US EPA ozone season limit (< 0.15Ib/10° Btu).
For highsulfur coals, the Ashworth Combustor providestheadded benefit of removing sulfur in amolten
slag from the combustor proper. Itisexpected that 70 to 80% of the coal sulfur will be captured. A
simplified processflow diagram of the three-stage combustion techniqueis shownin Figure 4.

To retrofit this three-stage combustion technique to a utility boiler (wall-fired unit discussed here), the
following modificationswill berequired:

1) Addition of limestonebin(s) with feeder(s) to each coal pul verizer
2) Replacement of coal burnerswith combustors
- Furnace waterwall tie-ins, similar to that for cyclone barrels
- Installation of pul verized 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 onthe
boiler and aslag removal/disposal system similar to that for acyclone-fired boiler
4) Installation of an overfireair (OFA) system

Theexisting burner throatswill remainintact. Tocontrol thestaged combustion, aninnovativeand accurate
technique, that requiresonly airflow measurementsand theoxygen concentration at theeconomi zer exit, will
beused. Accurateairflow measurementsarerequired. Total airflow totheboiler, first stage airflow, and
OFA flow rateswill beusedincombinationwiththefurnaceexit oxygen concentrationto control thestaged
combustion process.

Itemsof concernfor thetechnology arerelegated to corrosionissuesin the lower part of the furnace and
possibly higher fly ashcarbon. 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.
Whenthefurnaceismaintained at aSR of 0.90, the concentration of COinthefurnaceisabout 3%. At
thislevel of CO, testing hasal so shownthat tubecorrosionoccurs. Thisslightly reducing conditionwill exist
in the lower part of afurnace retrofitted with the Ashworth Combustor, so corrosion should not bea
problem.
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Figure4. Simplified process schematic of Ashworth Combustor.

Regardingfly ash carbon content, thestaged combustorsadd hightemperatureresidencetimetotheoverall
combustion process and good carbon burnout is expected. Low-pressure steam can be added to thefirst
stagefor low reactive coal sshould higher carbon burnout bedesired. I1naddition, most of theashwill exit
the combustor proper asmolten slag. In the two-stage pilot operation when using the nozzlesused in Run
#8, thecarboninthemoltenslagwasonly 1.3wt % with 60% slag captureand theoverall combustion
efficiency wascal culated at 98.6%. Withthe projected higher slag capture (70to 80%) for the new design,
incombinationwiththelonger residencetimesand hotter furnaceboxesof electricandindustrial utility
boilers, thecombustion efficiency should exceed 99%. Another advantage of staged combustionappliedto
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awall-fired unit isthat much of the mineral matter will beremoved from the combustor. For unitsthat have
el ectrostatic precipitators(ESPs), air toxicemissionstotheatmospherewill bereduced sinceESPsare
constant efficiency removal devices, based onidentical fly ashresistivities, asthe flue gas particul ate loading
entering an ESP decreases, so doesthe outlet grain loading.

SCR Technology

An SCR systemisplaced upstream of the wet scrubber, ESPand air heater, seeFigure5. Itincludesthe
addition of ammoniato the flue gas upstream of beds of vanadium/titanium based catalyst whereinthe NOy
(primarily nitric oxide - NO) producedin theboiler furnaceisconverted to diatomic (air) nitrogen, inaccord
withthefollowing overall reaction:

ANO + 4 NHz + O2 — 4N2 + 6 H20

Boiler
Economizer

( ;ypass

Ammonia

| Injection

Coal
Air —»

SCR
Reactor

Air Electrostatic
Preheater Precipitator

Ash
Stack

To Disposal

Figure5. Simplifiedflow schematic of Sel ective Catal ytic Reduction (SCR) process.
Although SCR is an effective method of reducing NOx emissions, it has some serious operational

considerationsassociated withit. When operating withinatemperaturerange of 570 °F to 750 °F the
catalyst performswell. Above 750 °Fthecatalyst will start to sinter, reducingitsreactivity.
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Below 570 °F, the formation of anmonium bisulfate (NH;sHSO,) from the reaction of ammoniawith sulfur
trioxide startsto increase. Theammonium bisulfate blindsthe catalyst and shortensitslife:

NHz + SO3 + H2 O — NH4HSO4 (liquid)

Coals, highinarsenic content (e.g. 100 ppmw), will deactivatethe catalyst, and shortenitslifewhen
operating inthenormal temperaturerange. In addition, high cal cium ash coalscan cause calciumsulfate
pluggingof thecatalyst. Theseconcernsrequireel ectricutilitiestobevery careful concerningthequality of
thecoal purchased. Inaddition, the SCR temperature operating range constraintsrequire that flue gas
bypassesbeinstalled around the economi zer and catal yst reactor bed.

Further ammoniathat slipsthrough the catalyst bedswill be adsorbed by the fly ash captured in the
downstream ESP. Ammoniais pungent gas, and its presence makesit difficult to sell the ash to the cement
industry. Inaddition, special air heater designswith spray washing featuresarepreferredtoallow for easier
removal of ammonium bisulfatethat formsnear the cold end of theair heater.

Wet Limestone Scrub bing

Wet limestone scrubbersarelocated 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) is added to the absorber feed tank and air is sparged through the tank to
providefor the oxidation of the calcium sulfite (CaSOs) to calcium sulfate (CaSO,). Wet scrubbers
typically removearound 90%+ of thesulfur dioxideinthefluegas. A simplified flow schematic of the CT-
121 FGD processin shown in Figure 6.

. Electrostatic
Boiler Precipitator

Flue Upper oo

Gas Deck
\ Riser Gasto
Water \

’

Lower Stack

Coal—»
4—
Air —» Fly Vet Deck
Ash Quench ™ pyppling Sparger
Duct Tang *— Pipes
4_Limestone
Reaction Slurry

Zone

Air —»

Ash

Air Agitator
Sparger

Collection
Pond

Figure6. Simplified flow schematic of the CT-121 FGD process.

12



Theproduced calcium sulfate(gypsum) isdewatered and sent toalandfill, or with some processesthe
gypsum isdewatered, then washed and filtered or centrifuged to produce awall-board quality gypsum. The
following major reactionsoccur inthewet limestone scrubbing process:

Adsorption: Neutralization:

SOz + H20 —» H2 SOs3 CaCOs3 + H2SO3 —» CaS0O3 + CO2 + H20
SOz + H20 — Hy SO4 CaCOs3 + H2SO4 — CaS04 + CO2 + H20
Oxidation: Crystallization:

CaSO0s + %2 O, —» CaS04 CaS04 + 2H,O — CaS0O4 e 2H-0

Thetechnical drawback of wet scrubbing systemsisthatitislikehaving chemical plants, withall of their
associated operationa and maintenance problemsonthebackend of apower plant. Further, unlessreheat
isapplied, alargewhitevapor plumeenterstheatmosphereand diluteconcentrationsof sulfuricacidand
nitric acid in the condensate from these plumesis corrosive to nearby equipment, piping, etc. Froman
aesthetic viewpoint, awhitevapor plumewith nitrogen dioxide (reddish-brown gas) in it draws attention to
the power plant asapolluting neighbor.

Economic Comparison

In Table 3isthe capital and operating cost comparisonsfor aretrofit of the Ashworth Combustor system
and aWet Limestone Scrubber plus SCR system. The comparisonwasmade based onretrofitsto a600
MWewall-fired el ectric power generating unit. TheWet Limestone Scrubber capital cost was based on
work completedfor 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 McDonnell Engineering Company. Boththe SCR capital and
annual operating costs were based on a1999 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 isbased on firing a 3-wt% high sulfur coal with
aheating value of 12,500 Btu/lb. For thecomparison, it wasassumed that the 600 MWe power plant
would be operated at an 80% capacity factor.

Sulfur dioxide reductions of 75% and 90% were used for the Ashworth Combustor and the Wet Limestone
Scrubber, respectively. NOy reductionsof 0.43Ib/million Btuwere used for both the Ashworth Combustor
and the SCR system. The NOy reduction value was chosen to reduce emissionsto level sunder the EPA
ozoneseasonlimitfor electricutility boilersin Easternand Midwestern statesthat comesintoeffect May 31,
2004.

Asseeninthetable, thecapital cost of the Ashworth Combustor systemisabout 38% of thecost of the

Wet Limestone Scrubber plus SCR system. Further, the operating cost to reduce SO, and NOy emissions,
using the Ashworth combustor is35% of the cost of theWet Limestone Scrubber plusSCR.
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TABLES.

CAPITAL AND OPERATING COST COMPARISON

Capital Cost

Operating Cost:
Electricity & Water
Catalyst & Chemicals
Spent Catalystftsh Disposal
Fixed Charges & 12% TFI
Maintenance
Admin. & Gen, Ovhd.
Insurance & Taxes

Total Gross Operating Cost

Ashworth Combustor Wet Scrubber + SCR
$Million $/kWe $Million $/kWe
$33.77 $56 $87.93 $147

$1,000s/Yr $/Ton SO:/NO, $1,000s/Yr $/Ton SO./NO,

50 50 5481 ]

Fo4E §11 £3512 §as
p426 ] $3,859 §3g
$4 052 $43 $10,551 $108
$1,216 $14 B4 261 $43

F44 1 $Ea4 57

$912 $11 $2,374 §24
$7,595 $90 $25,732 §258

Mote: B0% onstearm service factar for both cases and a 10,000 Btufkwhr heat rate. Assumed 75% reduction in sulfur far the
Ashworth Combuostar and 90% removal of S0, for the wet scrubber. For both cases, assumed a baseling MO, emission of
0.58 Ibdmillion Btu with reductions of 0.4 3 Ibdmillion Btu to bring into ERA Year 2003 MO, compliance & 0,14 l/million Biu).

CONCLUSION

The Ashworth Combustor three- stagecombusti ontechniqueofferssignificant technical and economic
advantagesover thecommercially availableWet Scrubber plus SCR combination of technol ogies. It could

shortly becomethelow cost option for existing coal-fired power plantsto meet the stringent Y ear 2000+

environmental regulationsfor SO, and NOx emissions.
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