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' EXECUTIVE SUMMARY
Oil I Ill Illl •

his document contains an assessment of the first project to be completed underthe U.S. Departmentof
Energy Clean Coal Technology Program.The project was selected under Round I and is known officially

as "The Demonstration of an Advanced Cyclone Coal Combustor, with Internal Sulfur, Nitrogen, and Ash
Control forthe Conversion of a 23 MMBtu/hourOil-FiredBoiler to Pulverized Coal." The project was carried
out by the Coal Tech Corporation over the periodMarch 1987 - February 1991 at the site of the Keeler/Dorr-
Oliver Boiler Company in Williamsport,Pennsylvania. The project was a three-year demonstration scale test
of a 30 MMBtu/hrair-cooled ceramic slagging cyclone combustor retrofittedto a horizontal 23-MMBtu/hroil-
or naturalgas-fired Keeler/Don'-Oliver DS-9 boiler that was previously used for space heating. During the
project, the combustor was operated for a total of 900 hours on oil, gas, and dry pulverized coal. One-third of
the operational time was on coal and 125 tons were consumed.

A slagging cyclone combustoris a high-temperaturedevice inwhich a high-velocity swirlinggas is usedto bum
crushed orpulverized coal. Thekey novel featureof this combustor is the useof aircooling. This is accomplished
by using a ceramic liner which is cooled by secondary air and maintained at a temperature high enough to keep
the slag in a liquid, rice-flowing state. The ammgement also promotes slag retention in the combustor, an
important feature for retrofitting in boilers designed for oil/gas.

The objective of this .project was to demonstratea technology for retrofitting oil/gas designed boilers,

and conventional pulverized coal-fired boilers, by using the patented air-cooled slagging coal combustor
in place of oil/gas/coal.burners. The project aimed to utilize coals with a wide rangeof sulfur contents andto
achieve efficient combustion underfuel-rich conditions.The three performancegoals of the combustor were to
limit emissions of SO.zand NOx, while maintainingmaximum sulfur retention in the slag removed from
the combustor. In addition, the development of an operational database relating various aspects of thermal

performance was desired.

The project used eight different Pennsylvania coals to demonstrate the ability of the air-cooled cyclone
combustor to meet most of the project objectives. SO2 control was accomplished throughthe use of sorbent

injectioninto the combustor.NOx controlwasachieved through the use of stagedcombustion. A58%reduction
in SO2 emissions was achieved with sorbent injection of limestone into the combustor. Better performance

• resulted from supplementaryinjection of limestonedirectly intothe boiler.An 81%reductionwas achieved with
sorbent injection in or near the combustoroutlet. Ahigh of I1%ofcoal sulfur was retained in the slag. However,

, the desired reduction of sulfur oxides in flue gas and maximum sulfur retention in the slag removed from the
combustor were not achieved concurrently. During the test program, optimizing the operating conditions to

simultaneously achieve the three performancegoals was not possible. Reduction of SO2 in the stack increased
with fuel-richness, but sulfurretention in the slag removed from the combustor decreased with fuel-richness.

Likewise, the reduction of NOx emissions was not optimized during the test effort.
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Wastestreamsconsisting Ofslag/sorbentmixturedischarge,scrubbersludge,andwastewaterwere found tohave
minimal environmental impacts. The stack gas sulfurdioxide, nitrogenoxides, andparticulateemissions were

found to be at higher levels than anticipated.

A databasefor continuous and long durationoperationof this combustorhas been established.

The test effort experienced a numberof complicationstypical of pioneer projects.Many were resolved during
the test effort. Additionally, a significant numberof problemshave been remedied by R&D conducted outside
the bounds of the Clean Coal project. Therefore, a discussion of the status of the technology is included in this
documentto presentan accurateassessment of the Air Cooled Cyclone Combustor.

Three potential marketshave been identified by Coal Techfor the commercializationof this technology: large
scale industrialapplications, solid waste control retrofitapplications,andthe retrofitof small oil- and gas-fired

boilers. Based on the current'status of the technology,the industrialmarketappearsto be an appropriatetarget
at the 100 MMBtu/hrsize. I!tasmuchas the AirCooled Cycloae Combustor offers substantial operational and

economic incentives, supplementalcontrol technology (including a baghouse andsodium scrubber)could be
addedto make it an environmentally acceptable alternative to oil- and gas-fired industrial boilers.

An economic analysis of the advanced slagging combustorhas been developed based on a comparisonof two

approachesto upgradinga 15-year-old, 100-MMBtu/hroil-fired steam generatingplant. One approach,which
invites meaningful comparison to the new technology, includes an environmentalupgrade, i.e., installation

of a sodium grubber that permits continued operation of oil firing with reduced SO2 emissions. The other
approach is to retrofit with the demonstrated cyclone combustor, switching to coal as fuel. For the latter
approach,a sodium scrubberand fabricfilterbaghouseareincludedin theretrofitsothatemissions of SO2,NOx,
and particulates are comparable for the two approaches.The differential fuel price between coal and oil/gas

determines the point atwhich the new technology will be cost competitive withtheenvironmentalupgradeand
continued oil firing. For the retrofit with the demonstratedcyclone combusmr, three cases are considered
representing differentcapital outlays, treatingthepossibility thatsome equipment neededforconversion to coal
is available without purchase. A fuel price differential large enough to make the demonstrated technology

economically competitive is expectedto be realizedinthecurrentdecade.Commercialization of the demonstrated
technology in this application will depend on fuel pricedifferential.

The Air Cooled Cyclone Combustor offers a numberof unique advantages. The economic and operational
incentives are substantial and the environmentalperformance shows promise.
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I. Introduction
I II I III II

he goal of the U.S. DOECleanCoal Technologyprogram is to furnishthe energymarketplacewith a number
of advanced, more efficient, and environmentally responsive coal utilization technologies through

demonstration projects. The projects seek to establish the commercial feasibility of the most promising
advanced coal technologies that have already reached theproof-of-concept stage.

This document serves as a DOE post-projectassessment of the first project to be completed in theU.S. DOE
Clean Coal Technology program. In March 1987,DOE and the Coal Tech Corporation (Coal Tech) entered into
an agreement to demonstrate an advanced air-cooled slagging cyclone combustor. The test effortended in May

1990 and the project was completed in February 1991. The independent evaluation contained herein was
principally derived fromthe Final Technical Reportand its five appendices, preparedby Coal Tech, datedAugust
30, 1991 (Reference 1); other documentation supplied by Coal Tech to DOE (References 3-9); end other
references as cited.

A slagging cyclone combustoris a high temperature (>3000° F) device in which a high velocity swirling gas is
used to burncrushed or pulverized coal. Sorbentmay be fed together with the coal. A sorbentslagging agent,
limestone, is fed to thecombustor to improve SO2captureandcontrol slag viscosity. The key novel featureof
this combustor is the use of aircooling. Aircooling is accomplished by using a ceramic liner,which is cooled
by secondary air andmaintained at a temperaturehigh enough to keep the slag in a liquid, free flowing state.

The secondary air tangential injection velocity andoff-axis coal injection are designed to ensure quick and
complete mixing of fuel andair,resulting in suspensionburningof thecoal particlesnearthe cyclone wall with
high combustionefficiency. The combustorwas expectedto be capableof removingbetween 90 and 95 weight
percent of the coal ash and sorbentas slag tapped from the combustor.

The objective of thisproject was to demonstratealechnology for use inretrofitting oil/gas designed boilers, and
conventional pulverized coal-fired boilers, by using the patented (References 8,9) air-cooled slagging coal
combustorin place of oil/gas/coal burners. Coals with a wide rangeof sulfur contents were used. The project

attemptedto achieve efficient combustion underfuel-richconditions to limit emissions of SO2 and NOx with
maximum sulfur retention in the slag removed from the combustor. In addition, the development of an

operational database relatingvarious aspects of thermalperformance was desired.

The 30 MMBtu/hrCoal Tech air-cooled cyclone coal combustor was designed, fabricated,and retrofitted to a
horizontal 23 MMBtu/hroil designed packaged boiler in workpre-datingthe Clean Coal Technology Project.

• lt was originally fired with low ash, low sulfur,coal-water slurryfuels. An important result of this pre-project
effort was that combustor preheat to operating temperature was accomplished with the slurry fuel. Once the

- Clean Coal Technology Project was initiated, equipment to allow dry pulverized coal firing was designed and
installed. This included: an on-site pulverized coal (pc) storage system, a pneumatic coal delivery system to the

combustor, a 1/2 ton dry pulverized limestone storage and pneumatic feed system, and a wet stack particulate
scrubber. Initially, plans called for ali the necessary equipment to be purchased commercially, but certain

components were not available, or performed poorly and had to be modified considerably.
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II. Technical and Environmental Assessment
II II I Ill I II II I

A. Promise of the Technology

hreenthis projectwas selected in the first roundof the Clean Coal Technology program,the participants
cognized that substantialenvironmental,operational, and economic benefits could be realized by

successfully demonstratingthetechnology. The cost was relatively low for a demonstrationproject,being less
than one million dollars.The potentialrewardsjustified cost-sharingby DOE in demonstratingthe technology.

The specific environmentalobjectives of the projectwere to demonstratebetween 70 and 90 weight percent
removal of sulfurdioxide for coals containing2-4%sulfur,andremoval ofnitrogenoxides fromthe combustion

gases, resulting in nitrogenoxides emissions of 100 partspermillion by volume (ppmv) or less. Additionally,
the project was expected to demonstratethe removal of between 90 and 95 weight percentof the ash/sorbent
mixture as slag, thus reducing fly ash carryover.These objectives were well within the broadenvironmental
objective of RoundI of the Clean Coal Technology Programto "use coal ina moreenvironmentallyresponsive
and efficient manner."

Novel featuresof the technology offered the following potential benefits:

Environmental:

• Low NOx production
• MajorSO2removal in ash
• Majorash removal in slag, allowing retrofitto oil and gas boilers

Operational:

• Improved thermal efficiency comparedto water-cooled slagging combustors
• Betterperformancethan a water-cooled combustor in the event of failure of the combustor

cooling system
• Reduced downtime for boiler maintenancecomparedto a conventional power plant (due to

low ash carryoverwhich should reduce the fouling and ash deposits in the boiler)
• Less complicated maintenance as modular air cooling combustordesign would allow removal of

individual combustors andenable their replacementwith sparesin a period that is much shorter
than in-boiler maintenance of water-cooled slagging combustors.(This is because the combustor

• is not connected to the boiler water steam loop.)

Economic:

• An air-cooled combustor would be expected to have capital costs approximately20% lower than a

water-cooled system.
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• Compared to firing with oil or gas, firing of coal (which is the least expensive of the three fuels) would
offer lower operating costs. Firing with coal would become increasingly more desirable if the price
differential between these fuels increases as expected.

• Maintenance costs would be expected to be lower than for water-cooled systems due to reduced down-
time and avoidance of interference with the boiler watersteam loop

B. £qu_ment Description

he attached schematic process flow diagram(Figure 1) shows the majorequipmentitems and locations.

Briefly, the operation of the combustor is asfollows: a gas burner,located atthe centerof theclosed end of the
unit, is used as a pilot to preheatthecombustorandboiler on initial operation.A light-oil gun, similarly located,
is thenused to preheat the ceramic lined combustor wall and to startcoal combustion. Dry pulverized coal is

transportedby primaryair andinjectedinto thecombustorthroughtubes in an annularregion enclosing thegas
and oil burners.In a similar way,limestone or calcium hydratepowder,used to controlslag viscosity and/orSO2
emissions, is conveyed and injectedinto the combustor.The ash is separatedfromthe coal in liquidform on the
cyclone combustor walls, from which it flows by gravity towarda port located at the downstreamend of the
device. The combustor can simultaneouslyor separatelyfire ali threefuels noted above; in addition,coal-water
slurries can be fired if a slurrygun is installed in place of theoil gun.

The major novel feature of this combustor is the use of air cooling. Air cooling is accomplished by using a

ceramic liner cooled by secondaryair and maintainedata temperaturehighenough to keep the slag in a liquid,
free flowing state.Secondary airis used toadjustthe overall combustorstoichiometry forSO2andNOx control.
The secondary airtangential injection velocity andthe off-axis coal injection aredesigned to insure quick and

complete mixing of fuel andair,resultingin suspension burningof coal particlesnearthecyclone wall withhigh
combustion efficiency. Final or tertiary combustion air is injected directly into the boiler to establish overall
stoichiometry.

For the demonstration project,coal pulverization was off site with regular fuel delivery by pneumatic tanker
truck.The basic coal storagesystem consisted of an upper(4-ton capacity) bin which discharged automp.:ically
into a small lower bin that was integrated with a screw feeder.The latterdischargedthe coal into a pneumatic
air line that delivered coal to the combustor where it was injected either axially througha pintle, or off axis,

downstream of a pneumatic coal flow splitter.

A limestone bin of 1/2 ton capacity, placed alongside the combustor, delivered the sorbent powder to the
combustor in a manner similar to the coal feed.
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The liquid slag was drained into a waterquench tank where the solidified materialwas monitored for leach
potentialand reactivity and thenremoved by abelt conveyorto a drumforsubsequentdisposal. The balanceof
slag/spent sorbentparticulatesthat was not retainedin the combustoror deposited in the boiler was conveyed
by the fluegases to a venturitype wet scrubberwitha recirculatingwaterloop. The scrubber was located on the
boiler house roof. (Slag retention in the combustor is most favorable; however, retention in the boiler is
preferable to carryoverin the flue gas exiting the boiler.)

Although the combustor is principallyair-cooled,some internalmembersare watercooled. This cooling water,
as well as the slag quench water and the water discharged by the scrubber, was collected, monitored for
suspended solids, heavy metals, pH, and temperature and then dischargedto the sanitary drainsat the test site.
The waterdischarge was routinely sampledand analyzed forcompliance with thethermal, suspended solids,and
heavy metal trace element standardsand regulations of the Williamsport Sanitary Authority.

An existing stack gas sampling system in a Tampeila/Keeler test facility adjacent to the combustorfacility was
made available for use in the combustor project.Sampling lines were installed to allow extractive combustion
gas sampling from either the boiler outlet, upstream of the scrubber,or fromthe scrubber fan stack exhausting
to the atmosphere. The gas was monitoredfor particulates, S02, NOx, CO, and opacity.

C. Project Objectives/Results

he lh'st tests began in November of 1987 with the ten objectives specified below. The objectives and
importanttest results are summarizedbelow and a test history is provided in Table 1.

1. Combustor operation with coals having a wide range of sulfur contents.

EightdifferentPennsylvania coals with differentSulfurcontents were used.The coal feed raterangedfromzero
to 1400 Ib/hr(with co-firing of other fuels), and the sulfur content rangedfrom I to 3.3% with volatile matter

contents ranging from 19 to 37%. Dry pulverized c0al (70%minus 200 mesh or finer) was used.

2. Reduction of 70 to 90 weight percent in sulfur oxides in the stack (based upon 2 to 4% sulfur
coals), with maximum sulfur retention in the slag.

A maximum SO2 reduction of 58% was measured at the stack with limestone injection into the combustorat
a Ca/S ratio of 2. To increase SO2 removal, supplementary injection of limestone directly into the boiler

was employed. A maximum of over 80%SO2reduction was measuredat the boiler outlet stack, using sorbent
injection in the boiler at various Cats ratios with no effort made at pmmnetricoptimization.A maximum
of 1/3of coal sulfurwas retainedin slagand dry ash,some of the lattercarriedintotheboilerby con/mstiongas.
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Close inspection of combustorperformanceregardingthis objective reveals that the two partsof this objective
were not simultaneously achieved. Sulfur capturein thecombustor requiresefficient, fuel-rich combustion as
well as rapidslag removalto preventdesulfurizationof the slag. Maximum slag sulfurcontentis achievedunder
fuel-rich conditions, but rapid slag rejection is achieved under fuel-lean conditions.

By the end of the test effort, significant progresshadbeen made inSO2 reduction,but high sulfurcapture inthe
combustor with simultaneousretention in theslag removed from the combustorhadnot been achieved.

3. Reduction of 70 to 80 weight percent of NOx from combustion gases, resulting in emissions of
100 ppmv or less.

In general,NOx emission control in a combustorrequires fuel-richoperation.In stagedcombustion, a fuel-rich
mixture is maintainedin the combustor,and tertiaryairis injectedinto the boiler to complete combustionwhile
reducingthe formationof nitrogenoxides. With thetwo-stage combustionemployed in thisdemonstration,NOx

emissions were reducedby 75% to 184 ppmv (0.3 Ib/MMBtu)from the unstaged excess air values.

4. Combu_;torsolid products, i.e., slag/sorbent/sulfur compounds, are environmentally inert or
readily convertible tc, inert form.

Ml slag tracemetalleachateswere well below EPADrinkingWaterStandardswhen subjected to EPATOXtest,

andyielded sulfide andcyanide reactivities within theregulatory limit. Slag and scrubbersolids were subjected
to Toxicity CharacteristicsLeachingProcedure('rCLP)tests (40 CFR Part261.24 and40CFR 261App II).The
slag is environmentally inert andmay be marketable.

$, High combustor slag retention and removal, with the goal of 90-95 weight percent, as well as

compliance with iocld particulate enduion standards.

Initial testing on dry pulverized coal resultedin poorCombustionefficiency and slagging due to high viscosity

of the slag. Efficient operation of the slagging process requires rapidremoval of slag from the combustor.To
achieve this, slag should have a relatively low viscosity (80 poise or lower). Viscosity is a function of
composition and temperature. Most slags have acceptably low viscosity in the temperaturerange of 2200°
2700°F,butdue to concerns formaterialsdurabilityit is not typically advisableto operate attemperatures above

2500°F. Addition of a fluxing agent such as calciumoxide, usually introduced as !imestone, will produce a slag
having decreased fluid temperature and viscosity.

Sorbentinjection, in theformof pulverized limestone,improvedslag retention in thisproject.Slag retentionwas
demonstratedtobe sensitive to sorbentinjectionlocation.Totalslag retentionin thecombustor,exit nozzle, and

rejection to the slag quench tank averaged 72% with a range of 55-90%. Operation at near stoichiometric
conditions favored retention of slag inthe combustorand boiler, typical retention being 80%with arange of 65%

to 90%. Simultaneously achieving sulfur retention in the slag and slag rejection in the combustor is a delicate

process with narrow parametric windows. Slag rejection decreases with increasing fuel-rich operation, and the
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fuel-richconditions requiredforsulfurcaptureandNOx emission controlprecludedattainmentof the firstpart
of this objective.

Compliance with the local particulateemission standardof 0.4 lb/MMBtuwas metwith a standardsingle stage,
wet venturi, particulatescrubber.

6. Efficient combustion under (fuel-rich) reducing conditions.

Initial testing on dry pulverized coal resulted in low combustion efficiency (approximately 80% carbon
conversion) inthe first tests due to the high viscosity of the slag. Carboncombustion efficiency was improved
by using an oil burnerto preheatthecombustorwalls to operatingtemperaturepriorto the introductionof coal.

Limestone injection improved slagging and furtherimproved combustion efficiency to approximately95%.
Fuel-rich operationbelow 90%of theoretical combustionair,whichis necessaryforbothSO2andNOx control,
only became possible when coal feed fluctuationswere reducedfroma highof about 17% to approximately1%
of the coal feed rate.The maximumcoal feed ratewas 1400 pounds per hour.Variabilityor oscillations in the
rate coal entered the combustor,which ranged from a high of about 17% to a low of slightly over 1% of the
nominal coal feed rate, resulted from excessive interactionbetween the coal feed andpneumatic conveying

system. The problemwasameliorated by testing variousarrangementsof the pneumaticlines, andthedelivery
system was also modified. Once a new arrangementwas well established, combustionefficiencies exceeding
99% were routinely obtained underfuel-rich conditions.

7. Determination of combustor turndown, with a 3-to-I objective.

Aturndown from 19-MMBtu/hrto 6-/vlMBtu/hr(3.2 to I turndown)was achieved withcoal.CoalTechcontends
that a 4-to-1 turndownfrom 20 MMBtu/hrcan be achieved with coal.

8. Evaluation of materials compatlbmtyanddurability.

Materials compatibility and durability were evaluated throughoutthe test effort. A mismatch between the
thermal properties of the combustor refractory wall and the rate of combustion gas heat transferresultedin
operationof thecombustor wall beyond the safe operating envelope. Thiscaused refractory wall failure which
necessitated complete disassembly of the combustor.A new ceramic linerwith compatiblethermal properties

was subsequently installed andsuccessfully employed.

The combustor exit nozzle operated undernear adiabaticconditions andsuccessfully withstood thecorrosive
slag environment. However, the nozzle-combustor interface and the nozzle-boiler wall interface suffered
materials breakdowns due to differential expansion of the components at the interfaces and/or the use of

• ceramics with poor slag or thermalresistance. The boiler front wall was redesigned in the fall of 1988. The
combustor exitnozzle was redesigned in 1991.These changeshaveresultedina designthatappears to be suitable
for long term operation. However, thepresentdesign requires a small amountof additionalwall cooling in the
exit nozzle to allow round-the-clockcoal-fired operationatfully ratedcoal- fired thermal input.Nonetheless,

the combustor wall is currentlycapable of operatingcontinuously at full rated thermalinput.
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The demonstrationof the combustor in the Clean Coal project was a more rigorous testing of materials than
would be encountered in a commercial situationdue to daily thermalcycling andthe wide rangeof operating
conditions experienced during the parametric test effort. This has provided an excellent understanding
of materialscompatibility anddurability. Suitable operating proceduresand materialsfor each section have
been identified.

9. About 900 hours of steady-state eombustor operation on coal with frequent start.ups
and shutdowns.

Coal could be used to preheat thecombustor; however, if the walls were too cold to slag the coal ash, a large
fractionof the coal panicles wouldblow outof thecombustor.The furnace section is not designed to burncoal. "
Therefore,significant unburntcoal wouldentraininthestackexhaustandoverloadthescrubber.Topreventthis,
oil-firing was used to preheatthe combustor.

Only aboutone-third of the planned900 hoursof operation on coal was accomplished, consuming 125 tons of
coal. The change in preheat from coal to oil was the majorreasonfor the decreasein operational time on coal.
Night-time operation was on gas, daytime heat up andcool downon oil, other daytime operation on coal. Ali

butthe last 7 testswere nominally 24 hoursin duration,includingheat upand cool downon auxiliaryfuels. The
last series of tests was multiday with overnight firing on pilot naturalgas. The final four tests involved 3 and
4 day consecutive operation.

10. Develop safe and reliable combustor operating procedures.

The test effort resulted in optimization of combustor and supportequipment as well as development of the
operational database. A database for continuous operation of this combustorhas been established.

D. Environmental Performance

nvironmentalmonitoring andcontrol technology was appliedto any streamsor unitoperations capable of
producing or discharging gaseous, liquid, or solid pollutants into the environment, namely:

1. Scrubberdesign and operation
2. Production of sulfur dioxide end nitrogenoxides in the combustor
3. Limestone analysis andfugitive dust

4. Wastewater treatment/disposition
5. Landfill leaching of slag.

Eachof the five streams or unitoperations listed above was consideredin this analysis. Most waste streams,

consisting of slag/sorbent mixture discharge; scrubber sludge; and wastewater were found to be essentially
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innocuous. The other waste streams -- stackgas sulfur dioxide, nitrogen oxides, and particulateemissions
were found to be present at higher levels than anticipated.

Detailed environmental information is available in References 2,3,7, and 10. In summary:

The Coal Tech slag is nontoxic (nonhazardous) by TCLP and probably exhibits small enough emissions of
hydrogen sulfide and hydrogen cyanide to satisfy EPA regulations fordisposal as a nonhazardous waste. More
testing of the slag "'reactivity characteristic" is needed.

The wastewater appears to be nonhazardousand is expected to be safely dischargeableto a POTW (Publicly
Owned TreatmentWorks).

The sulfurdioxide, nitrogenoxides, andparticulateemissions cannot be estimated for a commercial installation

unless site specific details are known or assumed, and environmental controls would likely be required to
achieve compliance.

F_ Post C_.an Coal Demo_ Achievements

r_imSChieve steadyoperationof theair-cooledcyclone combustoron pulverizedcoal.a numberof operational
pediments hadtobe overcome. Pertinentoperationalissues included:developing aircooling procedures.

determiningcomponetltmaterialsdurability,achieving uniformcoalfeeding, attainingcontinuousslag flow and
removal,andaccomplishing efficient combustionunderfuel-richconditions. Details of theextensive efforts to
solve these problemsd_ing the Cle,-,1Coal Demonstration are provided in Reference 1.

In addition to the advances made duringthe clean Coal project, the problems encounteredduring theproject
which were successfully remedied outsideof theprojectboundsarediscussedbelow toassess boththeadditional

workrequiredto fully explore thistechnologyandtodescribethecommercial readinessof the air-cooled cyclone
combustor.As of March 1991,an additional 100hoursof daytimecoal operationwere completed,and significant

advances to the status of the technology were realized.

MaterialsDurabm_

A new refractory linerwiththermalproperties consistent with the wall heattransfercharacteristicswas installed
in March 1988. Afterwards, only occasional minor patching was needed, and no combustor wall patching has

been necessary since the introductl.onof computer control.

The procedure to replenish the refractory wall duringcombustor operation, which involved adjusting process

temperature and slag layer thickness, was developed late in Phase IIItesting of the Clean Coal projectand further
refined in post Clean Coal project tests.
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Feed System

AftertheClean CoalDemonstrationa newandimprovedsolids injectionprocedurewasused forfly ashinjection
into the system duringtesting conducted in anotherCoalTech project.This was done to explorethe use of the
combustoras a means fordisposing of hazardouswaste. Reconfiguration of thesolids injectiongeometryunder
the DOEash vitrification projecthasrecently resulted in significant increase in combustorslag rejection owing
to improved utilization of the combustor's air/fuel/solids mixing zone. In recenttests, high ash injection levels
have beenutilized to the pointwhere inventoried slag/ash inthe boiler is beingrecoveredaftereach one-day test.

Results show that slag retention is betterthan the levels reported for the Clean Coal project.In one test, .better
than 80% slag retention in the combustor was measured.Veryrecently, 20% of the coal sulfurwas retained in

the slag, which was a factor of 10 greaterthan that measured earlierin the Clean Coal project.

Computer Controls

Anextensive, proprietarydatabasehas been developed forproperoperation of the air-cooled combustor.During
the Spring of 1990, sufficient operational data had been accumulated to implement computer-controlled
operation. Underanotherproject, acommercial softwarepackageforprocesscontrolwas customized forcontrol
of the air-cooled combustor.This system was installedpriorto the final four-dayClean Coal test in May 1990.
The objective of the fifth group of demonstrationtests was to integrate the entire operating database into a
computer controlled operating system. However, only after the Clean Coal project ended was this computer
system placed in operation,lt is currentlyundergoingshakedownes partof othertest efforts. A series of tests

after theClean Coal project has resulted in a majorimprovementin thecontrollability of the combustor.Coal
Tech has added controls forslag tap operationand combostor start-upandshutdownandexpects to operate the
combustor completely automatically. Successfnl implementationof this system is importantto thecommercial
success of the combustor,as it will allow automatic combustor operation with minimal operatorsupervision.

No slsS depo_ on bo_ t_s

Post Clean Coal tests revealed that in three years of operation, including hundreds of hours of coal-

fired operation, no slag deposits were formed on boiler tubes, only dry ash deposits. These deposits were
easily brushed off; it appears that conventional soot blowing and/or mechanical tube cleaning would easily
prevent buildup of solids on boiler tubes. This is an encouraging andsignificant finding for future oil-fired
boiler retrofits.
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III. Operating Capabilities Demonstrated
and Additional Advances

Required for Commercialization

A. Size,of Unit Demonstrated

_D combustor was retrofitted to a horizontal 23 MMBtu/hr oil- or natural gas-fired Tampella/Keeler
S-9 boiler that was previously used for space heating. The combustor was designed for a thermal

inputof 30 MM Btu/hr. However, boiler waterandcombustorcooling water availability limited the maximum

firing rate during the test program to about 20 MM Btu/hr.Most of the testing was conducted at lower rates.
During the project, the combustor was operated for a total of 900 hours on oil, gas, and dry pulverized coal.

One- third of the operational time was on coal and 125 tons wasconsumed. Steady operation on pulverized coal
was achieved.

Thecombustor would have to be sealed upto at least 100 MMBtu/brfor commercial application to industrial-
sized boilers.

B. Perf _e Level DemonsWated

primaryfocus of the test program was to meet the 900 hour operation objective while assessing the
fformanceof theslagging air-cooledcombustor.The three perfornumceparametersof primaryinterest

weresulfurremoval with maximum retentionincombustorslag,slag rejection from the combustor,andnitrogen

oxides reduction. More of the test programwas directed at maximizing sulfur removal (eitherby retention in

and rejection with the combustor slag or by boiler injection of limestone), than was directed at minimizing
nitrogen oxides emissions andmaximizing slag rejection from the combustor. During the test program, the

operating conditions could not be optimized to simultaneouslyachieve these performance goals.

Sulfur Removal

A maximum of 11% of the sulfur was retained and removed in combustor slag that was tapped from

the combust6;. With limestone injection in the combustor, the highest reduction in emissions of sulfur dioxide
was 58% as measured at the stack. With supplemental limestone injection in the boiler, a maximumreduction

in SO2 emissions of 81% was measured upstreamof the scrubber.Therefore, additional testing is needed to
demonstrate the perfommnce goal of 80 to 90% reduction in sulfurdioxide emissions. Based on data presented

in the Final Report, it is anticipated that 30 to 40% sulfurcapture and rejection in the slag could be achieved in
commercial operation, depending on coal sulfur content, us;.ng limestone to maintain proper slag viscosity
within the combustor.
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Slag Rejection

In the test program,an average of 45% of total solids in thecombined coal and limestone was rejected in the
combustor slag, up to a maximmn of 80%. lt is believed thatthis performancecould be improvedwithchanges
in thecombustorphysical dimensions (i.e., a greater length-to-diameterratio).With optimization of combustor
dimensions and operating conditions, a commercial application could be assumed to have a slag rejection of
about 80%.

Nitrogen Oxides Emissions

Thelowest concentrationof nitrogenoxides measuredat the boiler outletwas about 184ppmv.Thiscorresponds
to about 0.3 lb/MMBtu and representsa reductionof about 75%from a highconcentrationof 769 ppmv without
stagedcombustion. Since NOx emissions reductionwas notoptimized duringthe test program,it is anticipated
that this technology should be able to meet currentNew Source Performance Standardsfor industrialboilers
(i.e., 0.7 lh/MMBtu). Long-term measurements undervariable load conditions would be needed to determine

the lowest NOx concentration thatcould be continually sustained.

C. Additional Advances Required to Commercialize the Unit

haseenvironmental, operational, andeconomic potentialof this technology hasbeen significantly advanced
a result of the demonstrationandother concurrentand subsequentactivities. However, furtherefforts

in the areasof control of sulfur dioxide, nitrogenoxide,s, and particulateemissions areindicated to (1) realize

a commercial quality combustor, and(2) optimize the uni_.While suggestions for future work to optimize the
combustorare beyond the scope of this assessment, a discussion of the efforts advisable to commercialize the
unit areprovided below.

The most important areas remaining for futureefforts are (I) the achievement of round-the-clock coal-fired

operation;(2) the optimization of sulfurcaptureintheCombustor;and (3) sulfurretention and slag removal from
the combustor. With the improved coal feed and solid injection systems and the new computer controlled
operating system developed in postClean CoalDemonstrationactivities, efforts concerningthese items can now
be undertaken.

1. Ronnd.the-Clock CoaI._ Operation

With a number of additional controls related to slag tap operation and combustor start-up and shutdown,
operating thecombustor completely automaticallyusing computercontrols is anticipated.In many cases, capital
and non-fuel operating costs have a greater impacton energy costs thanfuel costs and/or system efficiency. As
this would be a critical consideration in small boiler operations, an essential objective would be to achieve
completely automated combustor operation.

The recommendation is to undertakea series of increasingly longer continuous coal-fired tests at partial and
full-load for 24 to 48 hours duration using the automated control system. Following successful achievement
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of these tests, efforts could focus on the need to demonstrate a sustained long-term (~ 3 months) round-the-

clock operation.

2. Sulfur Capture

A maximum of over 80% SO2 reduction was measured at the boiler outlet stack using sorbent injection in the

furnace at various Ca/S ratios with no effort made atparametric optimization. Until further testing is performed,

a full analysis of results is not possible.

Post Clean Coal project tests have shown that previously undetected coal-feed-induced nonuniformities

produced multisecond flame pulsations even at fuel lean conditions. These pulsations would have an even

more profound effect under fuel-rich conditions and would adversely affect sulfur capture. The feed fluctuations

have since been greatly reduced by reconfiguring the coal feed system. The high frequency coal feed fluctuation

probably existed throughout the test effort. With the improved feed system, increased sulfur capture in the

slag may be possible, lt is essential that fuel-rich combustor tests, including sulfur capture tests, be repeated

and optimization attempted with the improved sorbent injection method as well as with the smoother coal

feed system.

3. Slag Removal

Furtherslag sulfur retention is possible by increasing the slag flow rate, further improving fuel-rich combustion,

and further refining sorbent/gas mixing. As of the date of this report, the jamming problems with the conveyor

that transports the slag after it is removed from the combustor have been essentially eliminated.

Reconfiguration of the solids injection geometry under the DOE ash vitrification project has recently resulted

in a significant increase in combustor slag rejection owing to improved utilization of the combustor's air/fuel/

solids mixing zone. The extent of slag rejection with the new design and verifcation of operability should be

established by performance verification tests.
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IV. Market Analysis
I I

A. Potential Markets

hreepotentialmarketshave beenidentifiedby CoalTechforthecommercializationof this technology: large
scale industrial applications (i.e., boiler size greater than 250 MMBtu/hr) solid waste control appli-

cations, and the retrofit of small oil- and gas-fired boilers. Based on the current status of the technology,
the industrial market appears to be an appropriate near-term target. In 1990, this market (excluding
coke production) consumed about 76 million tons of coal to produce electricity and steam (Reference 11).
The boiler size ranges arenormallycategorizedby the following: small--less than 100 MMBtu/hr;medium--
100 to 250 MMBtu/hr; and largemgreater than 250 MMBtu/hr.Total uncontrolled emissions for SO2 are
about0.75 million tons peryearand forNOx are about0.30 milliontons peryear.The growthrateis anticipated

to be about0.4% peryearthrough the year2010 (Reference 12). A similar assessment can be made for oil and
gas _=_-_ilers.

1. Large CommercialApplications

Acompact design for the attachmentof multiple100 MMBtu/hrcombustorsto a 125 MWepower planthas been
developed by CoalTech.Anotherstudyconsideredtheretrofitto powerplants upto 800 MWerating(Reference

11).This is a longer termgoal than the following two applicationsand will not be consideredin this document.

2, Solid Waste ControlApplications

Anothercombustor application involves solid wastes, such as ash vitrification,organic waste incineration,or
solid waste combustion as Refuse Derived Fuel 0_DF). The key elements in the technical and economic

feasibility of this application arethe maximumattainable feed rate,and the degree of retention or destruction

of organic and inorganic pollutants in the slag or in the combustor.The solids feed problem is challenging
and is the focus of currenttests on the 30 MMBtu/hrcombustor.This application, although promising, will
not be considered in this document because the work done underthe Clean Coal project does not directly

supportthis application.

3. Retrofit to IndustrialOffand Gas.Fired Boilers

Coal Tech anticipates commercialization of the Advanced Cyclone Air Cooled Combustor in the industrial
sector,with initial penetrationoccurringinthe retrofit/replacementof smalloil/gas-fired boilers.The workdone

inthe CleanCoalprojectdirectlysupportsthis application.Aneconomic analysisof the retrofitof a 100 MMBtu/hr
residual oil-fired boiler is presented here to investigate the economic potentialof this strategy.

Residualoil-fired boilersarefrequentlyused inthe industrialsector.Residual fuel oil is primarilyobtainedfrom
the vacuum tower bottoms of an oil refinery.It is considereda by-productof oil refining and sells forless than
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refinedproducts.During1989, residualoil consumptionin theindustrialsectorwas0.64 quads(a quadis 1015Btu).
This is equivalent to about 100 million barrelsof oil per year.The qualityof residualoil varies greatly, with
criticalspecifications being a maximum viscosity of 110 Saybolt Seconds Furol(SSF) at 122°F, andgenerally
a maximum sulfur content of I weight percent.The recent Clean Air Act (CAA) legislative requirementsare
expected to place a constrainton thequality of residualoil consumedby the industrialsectorin the future.The
maximumemission of sulfurdioxide (assuming an oil sulfurcontent of I wt%) from combustionof residualoil
in the United States was 0.34 million tons for 1989.

Some baseline sample characterization of NOx emissions from combustion of residual oil in industrialboilers
has been reportedby EPRI(Reference 14). The mean baseline NOx emission was 251 ppm @ 3% 02 (about

0.3 lb NOx/MMBtu) with a rangeof about 200 to 450 ppm. These values are comparableto those obtained
in theClean Coal project.

The averagecost of residualoil incurredby the industrialsectorwas $2.60/MMBtuduring1989 (Reference 15).

This compares with an average steam coal price for the industrialsector of $1.64/MMBtu (Reference 16)
(representingjust undera $1/MMBtu differential price).

B. Supplemental Control Technology Options

Osutilize the Air Cooled Cyclone Combustor in an environmentallyacceptable industrial application,
upplemental control technology could be added to ensure SO.zand particulateemissions compliance.

Specifically, downstream control technology could be added to reduce emissions of sulfur dioxide to levels
consistent with New Source Performance Standards (NSPS) for industrial boilers (>90% removal and

<1.2 Ib/MMBtu).In specific cases where NSPS would not apply andlocal regulations would allow emissions
greaterthan NSPS, thecapitalandoperatingcosts forthedownstreamcontrolequipmentcould be avoided.This
would also be truein the event that futuredevelopmentallows sulfurcaptureand rejection with the combustor
slag to achieve greater than 90% reduction in emissions.

Similarly, it is assume_ that a baghouse could be installed downstreamof the boiler to control particulate
emissions tolevels consistent withNSPS (i.e., 0.05 Ib/MMBtu).Abaghouse is indicatedsince thedemonstration
did not achieve NSPS limits with a venturi scrubberfor particulatecontrol. In addition, limits on wastewater

dischargescould precludethe use of venturi scrubbersfor control of particulatematterin a typical commercial
application of this technology.

For the present analysis, the combustor is conceptually scaled up to a nominal 100 MMBtu/hr unit for
commercial operation. The analysis is performedat this rating because the application requires a minimum

thermal inputof IO0MMBtu/hrto justify investment in coal handling equipment, and because it is also in the
modular size rangeto be used in largerboilers. If scaling up is desired,the additionalcapacitycould beachieved
by increasing the combustor length.
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C, Economic Assessment for Industrial Boiler Application

he demonstrated technology is conceptually applied as a 100 MMBtu/hr retrofit to an existing residual oil-
fired boiler. Besides the combustor, ancillary equipment is needed for the retrofit, including acoal feeding

and handling subsystem, a limestone injection subsystem, a fabric filter baghouse, and a sodium scrubber. For

comparison, a second kind of upgrade is considered. In this case, the boiler continues to be fired with residual

oil, but a sodium scrubber is added so that the SO 2 emissions of the systems are comparable to permit a

meaningful comparison of the two options (Reference 16). The two upgraded systems are shown schematically

in Figure 2.

The cost of the Advanced Slagging Combustor system includes augmentation with additional commercial

technology that allows for a direct comparison of costs associated with the upgraded oil-fired boiler. Both

alternatives have essentially the same pollutant discharge to the atmosphere with an equivalent steam generating

capacity. The baseline design parameters are provided in Table 2 and the design criteria for the coal combustor
retrofit are in Table 3.

The economic analysis for the advanced slagging combustor is based on a comparison of an industrial retrofit

of an oil-fired steam generating plant to that of continued operation of the plant with environmental upgrade.

The evaluation allows for an economic comparison based on capital investment and operating and maintenance
(O&M) costs for the two alternatives. The economic assumptions employed are given in Table 4. The plant is

assumed to have a remaining useful life of 15 years. The term "retrofit factor" used in Table 4 is the ratio of the

cost of a retrofit to the cost of a greenfield installation• In general, space may be a concern in the retrofit of

residual oil-fired boilers. A physically tight arrangement is likely to result if a baghouse or other supplemental
control equipment is added to a residual oil-fired boiler. This is an added constraint for this scenario, which is
included in the retrofit factor. The term "installation factor" used in Table 4 is the ratio of installed costs to

equipment costs• The costs associated with the analysis areexpressed in constant 1990 dollars. A cost-estitnating

technique with an expected accuracy of +50/-30 percent has been used. This level of accuracy is considered to

be reasonable in light of the large cost variance that can be experienced as a result of site-specific requirements.

The cost-estimation technique Uses two primary cost categories, capital costs and O&M costs. Capital costs

are developed from material requirements and standard algorithms that account for complete installation of

the technology including project contingency andretrofit difficulty. O&M costs are further grouped into variable
and fixed costs. Variable costs include consumption and disposal costs that are directly related to the time-

on-stream and account for solid waste handling. It is assumed that slag is sold for $4.001ton. In Tables 6-8,

solid waste disposal is treated as an operating cost associated with the baghouse. Fixed costs axe associated with

labor and material requirements that are expected to occur repeatedly on an annual basis, independent of the
time-on-stream.

Two independent parameters influence the life-cycle costs of the two upgrade options, one affectit, g capital

costs and the second affecting O&M costs. The first, the cost of money (e.g., the interest rate), is determined by



26

the financialcommunity; the second, the differentialprice of fuel (e.g., the cost of oil/gas comparedto coal on

a perMMBtu basis), is determinedby theenergymarket.The coal optionis morecapital intensive, butfuel costs
are less.

Forany particularcost of money, there is a correspondingdifferential price of fuel such thatthe life cycle cost
of the two retrofitoptions are equivalent. Coal, on an energyequivalent basis,currentlyhas aprice of about$1/
MMBtuless than thatforresidual oil. This differential fuelprice is expected toincrease in thefuture (Reference
10). Projected price differential for residual oil andcoal throughthe year 2010 has been developed from EIA
dataand is shown in Figure 3 (Reference 11). This price differential is expressed in constant 1990 dollars. As
the fuel price differential increases, the economic competitiveness of the Clean Coal technology increases.

Table 5 provides the information sources upon which the cost estimates are based. Ali costs have been

consistently updated to 1990 dollars using the constructionequipment (CE) index. Capital costs have been
extrapolatedby standardeconomic power law relationships when required.

The annual cash flow related to technology cost hasbeen expressed in a simplified format.

AnnualCost = TCI* CRF+OMC

Where: TCI - total capital investment
CRF - capitalrecovery factor
OMC - annual operatingand maintenancecost (excluding fuel)

The total capital investment includes any workingcapital or preproductioncosts. The capitalrecovery factor
representsthe replacement of theoriginalcost of an assetandassociated cost of money.An annualworthanalysis
is used to derive the following expression for the capitalrecovery factor.

CRF= i (l+i) n
i

(l+i)'- I

Where: i - cost of money

n - payout period

As thecost of money approacheszero, thecapital recovery factor approaches(1/n), which is simply the annual
capital recovery requirementneglecting thetime valueof money. Thepayout period used in the presentanalysis
is chosen as the useful life of the investment.

Three cases, baseline coal-fired boiler retrofit,baseline coal-fired boiler retrofit without coal handling (in the

eventthatcoal handling equipment is existing priortothe retrofit), andbaselinecoal-fired boilerretrofitwithout
coal handling equipment and baghouse unit(in theevent thatboth coal handling equipmentand baghouse unit
are existing prior to the retrofit)are described in Tables6,7, and 8, respectively. If coal handlingequipmentand
a baghouse are available prior to the retrofit, the economic attractivenessof the coal-based retrofitincreases
accordingly.
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Figure 4 shows results for the baseline design, which includes capitalcosts for coal handling andbaghouse
equipmentas well as thecyclone combustor.As thedifferentialfuelprice increases,thecost of money for which
the two retrofit options areeconomically equivalentalso increases.The equivalence point for a cost of money
of 10%, for instance, is for a fuel pricedifferential of slightly more than $2.50/MMBtu. In the Figure, any
combinationof cost of money andfuelpricedifferentialthat falls below thegraphindicates thecoal retrofithas
the lower lifetime cost, while in the areaabove the graphthe oil retrofit is more economical.

Forthe two cases shown inFigures5 and6 havingsmallercapitalcosts thanthebaseline design, thecoal burning
retrofit is more competitive. For a given cost of money, a smaller fuel price differential is needed for the
coal and oil retrofit options to be economically equivalent. Figure 5 shows the case when purchase of coal
handlingequipment is not required.At a cost of money of 10%, the break-even fuel price differential is about
$1.80/MMBtu. Figure 6 shows a case with still smallercapitalrequirementsto retrofitwith coal, as costs are
not included for eithercoal handlingequipmentora baghouse.Hereeconomic equivalence forthe oil andcoal
retrofits at a 10% cost of money occurs at a fuel pricedifferential of less than $1.40/MMBtu.

Figure 3 shows thatthe fuel price differentialis expected to be about$2.50/MMBtu by the end of thepresent
decade. If this differential is realized, Figure 5 shows thatthe cost of money could be as high as 10% and the

retrofit option using coal would still be economically favorable even when coal handling equipment and a
baghouse areincluded.The prospectsfor thedemonstratedtechnology to capture some shareof the marketfor
retrofitting gas and oil fired industrialboilers appearto be good.
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V. Conclusion
I 'l I

• r_he Clean Coal project demonstratedthe performanceof a novel air-cooledslagging combustor.The best
Jt. overall performanceof the combustorwas uotainedforoperationnearits capacity.Aircooling was shown

to provide more operational flexibility than watercooling. Unlike water cooled combustors, the presentair-
cooled unit recovers combustorenthalpyas regenerative airpreheat,resultingin combustion air temperatures
of between 300-500° F. Minimal watercooling to the combustor components resultedin unrecoverableheat
losses of only 2-3%of total heatinput.This is one of the advantages of air cooling in thatcombined fan power

and water cooling represent only about4% of the total thermalinput as compared to 10%for water-cooled
slagging combustors.Anotheradvantage is thehigh level of flexibility thatair cooling provides with regard to
tailoringwall temperatures forefficientcombustionandslagging - a majorplus in incinerationandvitrification
of environmentally active solids. The air-cooledunitalso performswell in case of failure of the thermal control
system of thecombustor.Withtheperforationof some cooling tubes duringthedemonstrationproject,the unit
was still operable and shutdown in a safe and gradualmanner.

The economic analysis performedabove determined the pricedifferentialbetween coal and residual oil needed
for the demonstratedcombustortobe economicallycompetitiveforretrofittingindustrialboilers currentlyusing

oil orgas. A fuel pricedifferential largeenough to make the demonstratedtechnologyeconomically competitive
is expected to be realized within the currentdecade. The Air Cooled Cyclone Combustor offers a numberof
uniqueadvantages. Theeconomic and operationalincentives aresubsta:_tialandthe environmentalperformance
shows promise. Therefore, commercialization of the demonstratedmchnology in this application will depend

on fuel price differential.
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Zthlt.1

Objectives and Test History

i i iii

OBJECTIVES TESTHISTORY

1. Combustoroperation with coals having 11/10/87_ pulverizedcoal (pc)#1;
a wide range of sulfur contents 1/19,20/88-- pc#2 (has lowerfusion

temperatureash);
5/24,25188-- testpc #3;
8/16/88-- test pc #4;
2/11/90-2/15/90-- (4 daytest)test thehighest

(>3%) sulfurcoal

2. Reduction of 70-90 weight% in sulfur 1/19,20/88-- firsttime limestone(IS) injection
dioxides in the stack, with maximum reductionof 7-36% SO2;

sulfur retention in the slag 2/16,17/88-- reduction16-39%;
6/29188-- 46% reductionmeasuredbetween

boileroutlet and scrubberstack;

11/8,9/88-- withandwithoutloSinjection
scrubberremoved10-35% of

sth;
2/13189-- withnew sorbent,reductionof

22% andoverallin stack-49%;
qp

3/9/89-- (day4 of multidaytest) ashsample
obtainedfromincombustor-25%

of the totalsulfur--nmyconfirm

conceptof in situcaptureof sulfur
by injectedsorbent

3. Reduction of 70-80 weight% removal 1119,20/88-- reduced60% (to200 ppmv)

of NOx from combustion gases yielding SO2 reductionof 51-58%
emissions of 100 ppmv or less

4. Solid products from combustor 1/19,20/88-- retained sulfurunreactiveas per
(slag/sorbent/sulfur compounds) EPA ReactivityTest;
are inert or able to be converted to inert 2/16,17/88-- slag contaminatedwith liner

materialyieldedsulfide re.activities
30% above allowable limit;

2/24188--- sulfide reactivitylowerat
10% above limit
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Objectives and Test History

OBJE_ TESTHISTORY

5. Achieve high combustor slag retentionand 116,7/88--- qualitative improvement
removal (90-95 weight%)and comply with 2/16,17/$8-- combustor slag rejection
i_w..alparticulateemission standards "/0-80%;

3/9/89_ (day4 of multidayrun)cumula-
tive combustor/boilersolids- 80%

6. Achieve efficient combustion underreduc- 11/10/87n efficiencyon coal-waterslurry-
ing conditions 100%;

1i119/87B efficiencyon pc <80%;
1119,20/88-- pc efficiency - 95%;
2/16,17/88-- pc efficiency>95%;
6/29/88--- pc efficiency -100%

7. Determine combustor turndown,with a t1/8,9187-- 3.2 to 1 turndown achieved;

3-to-I abjective

8. Evaluate materiels compatibility and 2/24/88-- linerfailure;
durability 1/6,7/88-- pc eductorshowedexcessivewear

andwasreplacedwith higher
qualityunit;

1/19,20/88--. evidenceof slag-linerinteraction;
2/16,17/88--- moreevidence of continuedslag-

liner interaction;

pwtiallinerfailuredue_oflmm_
and__

5/10,11/88--

9/22/88--- sectionof the tftr, boilerplate
roundingtheexit nozzle became

red-hotdue to poorinsulatingand
themmlresistancepropertiesof

originalboilerrefractories,new
materialsandinstallationdesign

were implemented;
l_/sg-- new refractoriescuredand

characteristicsobtained;

11/8,o/88-- additionalmodificationsto wall

thermalprofile indicated;
12/13,14/88--- themodifgcicon'dxtstof-boiler

interfacemaintainedatdesiredtemp

fro ¢= odm
- glowattopof new slagchute;

9.r24,/89to 9/28/89 -- post-testinspectionrevealedno cef-
anticmat_al lossin theo-__

or exitnozzle [
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Objectives and Test History

OBJECTIVES TESTHISTORY

9. Operatecombustor for 900 hoursof steady The total combustor operating period was - 900 hours,
state operationon coal with frequentstart about 113of which was on coal
ups and shutdowns

. 10. Develop safe and reliable combustor 11/19/87_ modifiedpc injection,rcarr_ged
operating procedures pc pneumaticlinepiping; •

12/16//87-- secondpneumaticlinerean_ge- .:.,.:.
merit;

1/6,7/88-- modified(modification#2) pc

injection,upgradeLS injection
system;

2/24188-- pcpneumaticline furthermodified,
implementnew thermocouple('1L-3
arrangement;

5/24,25188-- a refractoryextensionto the slag
tapchamberinstalled; • r ,,

6/7,7/88-- extensioncausedslagtapblockage
andwas removed, vibratorinstalled

on pc hopperandpneumaticline

reconfigured;
8/16/88--- second feedhopperadded;

1I/8,9/88-- new hot gas bypassline installedto
establishfuel-richconditionsin

combmtor - largerline neededand

installedpriorto nexttest,novel
. mechanicalslag breakerequipment

installedin slagchute;
12/13,14/88-- boosterwaterpumpinstalledto

supplysufficientwaterpressureat
slag chute;

1/23,24/89-- waterflow ratefurtherincreased
whichsolvedtheoverheating

problemnoticedpreviously,steady
statefuel ratesandairflows plus
combustorthermalconditionswere

determinedto allow overnight

combustorfiringon NG;
2/13189-- new slagconveying system

andworkedweil;

(Continued) (Continued)
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Objectives and Test History

,1,lr i i

OBJECTIVES TESTHISTORY

10. (Continued)---Develop safe and reliable (Continued)
combustoroperatingprocedures 3/6/89-- duringfirstdayof4-daytesttheunit

shutdownforanunde_ reason
andtheurmuendedautmnaticshut-

downequipmentperformedreliably,
designandfabricationofa slag
_ capableof operatingin a hot
gasenvirmn_t began;

7/30/90 to 8/3/90-- (secondcontinuous4-_y test)a 92-
hourtest:combustionfor87 hou,-s.

50 hoursunattendedovernight
operationon naturalgas,21 hours
on heatupandcooldownwithoil,
16 hourscoal-fu_l with 8 tons coal

consumed,coal firingoccurredata
steady14MMBtu/hrduringthe
entiretestperiod, first3 days under
fuel lean conditions,day 4 fuel-rich

8/2/90-- (day3 of 4-day test) coalwas
deliveredandloadedintoon-site
coal bin whilecombustorwas

operatingon coal validatingthe
planforcontinuouscoalfning, new
mechanicalslag tapbreakerper-
formedexcellently(whichpermits
extendedcontinuouscombustor
operation).

9/7A/89--- (day I of 4-daytest)fuel-rkh
conditionsandno ashor slag

deposits were formedintheexit
nozzle andtherewasnoslagflow
intotheboiler,

2/11/90 to 2/15/90-- No flameoutsduringthe test

despite extremelyfuel-richopera-
tion--attributedto highcom-

bustionefficiency andnew
multipointflamedetectionsystem



Table 2 39

Baseline Design Parameters

Plant Size 100 MMBtu/hr

Capacity Factor 65%

Oil-FiredNOx Emission 0.3 lb/MMBtu

Retrofit Combustor NO_Emission 0.3 lb/MMBtu

Oil-Fired$0.2 Emission w/FGD 0.11 Ib/MMBtu

Retrofit Combustor SO2 Emission w/FGD 0. I7 lb/MMBtu

Oil-Fired Particulate Emission 0.05 Ib/MMBtu

RetrofitCombustorParticulates 0.01 Ib/MMBtu



Table 3

40 Key Design Criteria for'Baseline Comparison

(Coal Combustor Retrofit)

Subsystems Limestone Feed/Handling; Coal Feed/Handling;

Slagging Combustor; FT:Baghouse; Sodium
Scrubber

ii

4

Coal Characteristics sulfur content - 1.5 wt%

higher heating value - 11,700 Btu/lh
ash content - 10 wt%

I I iii

Limestone Feed/Handling 15 day supply; Ca/S molar feed ratio of 1.0

Coal Feed/tlandling 30 day supply; conveyor/sizing equipment rated

at 5 times the design feed rate

Slagging Combustor single 100MMBtu/hr combustor with slag removal
and recovery system rated for 80% ash+sorbent

capture; 35% sulfur emission reduction

i I I

FF Baghouse reverse air fabric filter baghouse; 99% particulate
emission reduction

I

Sodium Scrubber spray dryer operating with aqueous sodium

carbonate solution; 909{, SO2 removal



Economic Assumptions for Tables 6, 7, and 8

Cost of Money, % lO

Useful LifemYears 15

i

Pre-Combustion Installation Factor 2

Pre-Combustion Retrofit Factor 1.5

Combustion Installation Factor 2

Combustion Retrofit Factor 2.12

Post-Combustion Retrofit Factor 1.5

L.up

Year of Constant Dollar Analysis 1990

ii
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Subsystems and References

Subsystem Information Source Year
i i i

Coal Handling EPRI CS-4373 "Economic Evaluation of 1986

Dry-Injection Flue Gas Desulfurization Technology"

DOE DE-AC22-84PC72571 Subtask 8.2 1986

"Market and Equipment Performance Analysis for

the Application of Coal Based Fuels/Advanced

Combustion Systems"

Limestone Injection EPRI CS-4373 "Economic Evaluation 1986

of Dry-Injec:tion Flue Gas Desulfurization

Technology

Slagging Combustor Clean Coal Project Reports 1989

DOE DE-AC22-84PC7257 ] Subtask 8.2 1986

" Market and Equipment Performance

Analysis for the Application of Coal

Based Fuel/Advanced Combustion Systems"
9

Baghouse EPA-450/3-85-011 "Industrial Boiler 1984

SO2 Cost Report"

Sodium Scrubber EPA-450/3-85-011 "Industrial Boiler 1984

SO2 Cost Report"



Table 6 43
p

Net* Coal.Fired/Boiler Retrofit Cost

(Baseline)

Percentage of Total Percentage of Total

Subsystem Capital Cost Operating and Maintenance
(excluding fuel)

" Coal Feed 38.5 34.2

Limestone Feed 7.5 9.6

Combustor 29.7 9.1

FF Baghouse 22.8 33.5

Net FGD 1.5 13.6

Total 100.0 100.0

i

_ Net refers to the difference in cost associated with common subsystems of the oil-fired and coal-fired plants.
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Net* Coal.Fired Boiler Retrofit Cost

(Baseline without Coal Handling)

Percentage of Total Percentage of Total

Subsystem Capital Cost Operating and Maintenance
(excluding fuel)

Coal Feed m 34.2

Limestone Feed 12.2 9.6

Combustor 48.4 9.1

FF Baghouse 37.0 33.5

Net FGD 2.4 13.6

Total 100.0 100.0

i Net refers to the difference in cost associated with common subsystems of the oil-fired and coal-fired plants.
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Net* Coal-Fired Boiler Retrofit Cost

(Baseline without Coal Handling and Baghouse)

Percentage of Total Percentage of Total

• Subsystem Capital Cost Operating and Maintenance
(excluding fuel)

34.2• Coal Feed --

Limestone Feed 19.4 9.6

Combustor 76.8 9.1

FF Baghouse -- 33.5

Net FGD 3.8 13.6

Total 100.0 100.0

.°

Net refers to the difference in cost associated with common subsystems of the oil-fired and coal-fired plants.
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Figure 3" Projection of Differential Fuel Price.
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