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ABSTRACT

D
This report presents results from the Limestone Injection Multistage Burner (LIMB)

Demonstration Project Extension. LIMB is a furnace sorbent injection technology designed for the

reduction of sulfur dioxide (S02) and nitrogen oxides (NO=) emissions from coal-fired utility boilers.

The testing was conducted on the 105 MWe, coal-fired, Unit 4 boiler at Ohio Edison's Edgewater

Station in Lorain, Ohio. In addition to the LIMB Extension activities, the overall project included

demonstration of the Coolside process for SO= removal for which a separate report has been

issued.

The primary purpose of the DOE LIMB Extension testing, which began in April 1990, was to

demonstrate the generic applicability of LIMB technology. The program sought to characterize the

SO2 emissions that result when various calcium-based sorbents are injected into the furnace, while

burning coals having sulfur content ranging from 1.6 to 3.8 weight percent. The four sorbents

used included calcitic limestone, dolomitic hydrated lime, calcitic hydrated lime, and calcitic

hydrated lime with a small amount of added calcium lignosulfonate.

The original EPA project focused on tests with calcitic hydrated lime while burning a

D 3.0 weight percent sulfur Ohio coal, although tests with the lignosulfonate-doped material wereadded after pilot studies appeared to show enhanced reactivity. The results indicated SO2 removal

efficiencies of greater than 70 percent are possible while operating at a close approach to the

adiabatic saturation temperature of the flue gas. Efficiencies on the order of 60 percent were

found in tests without close approach operation.

The results presented in this report include those obtained for the various coal/sorbent

combinations. They further characterize the SO2 removal to be expected with and without

humidification to close approach to saturation over a range of calcium/sulfur stoichiometries. The

effects of injection at different elevations in the furnace are explored, and in the case of limestone

as the sorbent, the influence of particle size distribution is quantified.

This report also addresses the effects of the LIMB process on boiler and plant operations.

The increased particulate loading in the boiler and downstream equipment has the greatest impact

on operations. Without effective sootblowing, heat transfer rapidly degrades when the lime

sorbents are used. Particulate removal equipment must be capable of handling the increased

D °°°

I1!



loading. Moreover, the quicklimecomponent of the ash requiresthat precautionarymeasuresbe

taken to avoid and/or minimizepotential difficultiesfrom steamingand high pH conditions in service I
water when handlingand transportingthe ash.

B&W DRB-XCLTM low-NO=burnerswere used throughout the project as these had been

installed as part of the original EPA LIMB demonstration. The report discussesthe resultant NO,

emissioncontrol in light of such operationalparameters as load, excess air, and pulverizers/burners

in service. These variables were monitoredmore carefully duringthe current demonstration in an

attempt to explain some of the more subtle variationsin NO=emissionsfirst seenin the earlier

project.

Lastly, the possible applicationsof the technology in the utility industry are discussedin

terms of equipment and processeconomics. Comparisonsare made to both wet flue gas

desulfurizationsystems and to the Coolsideprocess.
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SECTION 1

EXECUTIVE SUMMARY

INTRODUCTION

Limestone InjectionMultistage Burner (LIMB) technology combines furnace sorbent injection

for the reduction of sulfur dioxide (SO=)with the use of burnersdesignedto minimizethe formation

of nitrogen oxides (NO=). In 1987, Babcock& Wilcox (B&W) and the Ohio EdisonCompany agreed

to extend the full-scale demonstration of LIMB technology underthe sponsorshipof the

U. S. Department of Energy (DOE), through its Clean CoalTechnology Program,and the State of

Ohio Coal Development Office (OCDO). The originalLIMB demonstrationhad begun in 1984 underthe sponsorshipof the U. S. EnvironmentalProtection Agency (EPA) and OCDO.1 The DOEproject

also provided for demonstrationof the Coolsideflue gas desulfurization(FGD) procsss,a duct

sorbent injection technology, between July 1989 and February1990. A separate report discusses

the results of that effort.= The DOE LIMB Extensiontest program was conducted between

April 1990 and August 1991. Ali demonstrationtests, LIMB and Coolside,were carried out on the

105 MWe, coal-fired Unit 4 boilerat Ohio Edison'sEdgewater Station in Lorain,Ohio.

OBJECTIVES

The primary purposeof the LIMB Extensionwas to demonstrate the generic applicabilityof

LIMB technology. The program sought to characterizethe S02 emissionsthat result when various

calcium-based sorbentsare injected into the furnace, while burningcoals with a range of sulfur

content from 1.6 to 3.8 percent. The effects of certainprocess variableson S02 removal

efficiency were demonstrated. These includedinlet calcium/sulfurstoichiometry (Ca/S) for each

sorbent used, inlet SO2concentrationresultingfrom coals of different sulfurcontent, the degree of

humidification, injection at various elevations(temperatures),and particle size distributionfor the

D



limestonesorbent. The impact of sorbent injection on particulate emissionsis also examined in

terms of the opacity, while NO=emissionsare characterized as a result of continueduse of the 4
_z

DRB-XCLTM burners. Operabilityand reliabilityof the LIMB system are described in light of the

variations made, leading to an overall economiccomparisonof LIMB, Coolside,and wet limestone

forced oxidation (LSFO) FGD technology.

TEST CONDITIONS

The LIMB Extensiontest program was designedto determine the SO= removal efficiencyfor

four sorbents: calcitic limestone (CaCO3), type-'N" atmosphericallyhydrated dolomitic lime

[Ca(OH)=. MgO], and calcitic hydrated lime [Ca(OH)=], both alone and with added calcium

lignosulfonate (hereafter referredto a_ ligno lime). These tests were conducted over a rangeof

Ca/S molar ratios and humidificationconditions, while burningOhio coals with nominal sulfur

contents of 1.6, 3.0, and 3.8 weight percent. Close approachtesting, as it is used in this report,

is defined as a 20°F * approachto the adiabatic saturation temperature of the flue gas, measuredat

the humidifier outlet. For the coals used, the saturation temperature was approximately 125°F.

Minimal humidificationof the flue oas, or testing without close approach, is defined as operation at

a humidifier outlet temperature sufficient to maintain electrostaticprecipitator (ESP)performance,

typically 250 to 275°F. The coal/sorbent combinationsof 3.0 percent sulfur with calcitic hydrated i
I1

lime and ligno lime, tested duringthe EPA-sponsoredprogram, were not repeated here. However,

the 3.0 percent sulfur coal/ligno lime combination was used to verify equivalent system operation

following conversion of equipment back to a furnace injectionconfiguration after the Coolsideduct

injectiontests were complete. The ability to maintain compliancewith the plant's emission limits

was demonstrated during continuousoperation of the LIMB system while burning the higher sulfur

coals. Test runs conducted underrigorous steady-state conditionswere usuallytwo to six hours in

duration.

Tests were performed with two more finely ground calcitic limestones. This occurred

because the more coarse material originallyused resultedin an unexpectedly low SO=removal

efficiency (discussedin more detail later in this section). Plansfor tests with the 3.8 percent sulfur

coal and limestone were canceledwhen even the finest limestonefailed to show removal

" For those more familiar with metric units, see the conversiontable in Appendix A.
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efficienciesthat would maintain compliancewith the plant's 30-day rolling averageemission limit

D of 3.4 Ib SO2/10e Btu duringtests over a range of stoichiometries.

The same analytical methodologyused duringthe EPA-sponsoredprogram, includingboth

manual samplingandthe use of a continuousemissionmonitoringsystem (CEMS), was continued

throughout the DOEproject. The CEMS providedcontinuousmeasurementsof SO=,NOx, 02, CO,

and CO=concentrations in the flue gasjust before the stack. (The 2300°F temperature at the

point of injectionprecludedthe use of any continuousmonitors in the furnace.) Radian Corporation

personnelmaintainedthe CEMS and performed, or arranged, for ali sample analyses,except for

those performed by Ohio Edisonon truck and bunker coal samples. The latter analysesof truck

and bunker sampleswere monitoredon a dailybasis to assure use of the desiredcoal duringany

test period. Calcitic lime samples were analyzedon-site for availablelime [as Ca(OH)2].

CommercialTesting and EngineeringCompany (CTECo) analyzed limestonefor total calcium and

dolomitic lime for both calcium and magnesiumby atomic absorptionspectrophotometry.

An on-site Leco sulfur analyzer was used duringtests as a more immediate measure of coal

sulfur. Pulverizedcoal samplesfor this analysiswere automa*'=allysampled from the burnerpipes,

usually on an hourly basis during the more rigoroustest periods. This was doneto verify the

stability of the "inlet= SO=condition. Ultimate analysesof compositepulverizedcoal samples were
performed by CTECo on a five work day/week basis. Again, this was the same procedureused

duringthe original EPA LIMB Demonstration.

S02 EMISSIONS

The primary independent variablesin the study were sorbent type and sulfur content of the

coal burned. The different sorbents were tested, when possible, while burningeach of the three

different coals. Other test variables were Ca/S stoichiometry, humidifieroutlet temperature, and

injection level. The previousEPA LIMB testing had demonstratedthat SO=removal efficiencies of

55 to 60 percent were obtainable while injectingcommercial calcitic hydrated lime at an inlet Ca/S

molar ratio of 2.0 with minimal humidification. This testing had also shown that removal

efficiencies of approximately 65 percent were possiblewhile injectingiigno lime.

Foreach coal/sorbent combination, SO=removal efficiency is primarilydependent upon

stoichiometry. Duringthe LIMB Extensiontests, the Ca/S ratio was generally varied from 0.8 to



2.2. A curve-fitting algorithm usinga standard least-squaresapproach was used to compare the

stoichiometry/removal efficiency data. The comparativefigures presentedshow the first order fit I
wE

of the data for the range of stoichiometriestested, with the fit forced through zero percent SO=

removal for the no injectioncase. A secondorder fit with a diminishingincrease in removal for

higher stoichiometries would be expected from theoretical considerations,however, its use

produced erroneouslyshaped curves in those caseswhere a relatively small numberof individual

tests were performed. The first and second order fits were comparedfor some cases w_ere there

were sufficient data points. Since the removal efficienciesat a Ca/S of 2.0 differed by only a few

percentage points, the first order fits were consideredto form a better overall representationof the

comparisonsdiscussed.

Effect of Coal Sulfur Content

The sulfur content of the coal, as reflected in the SO=concentration of the flue gas,

appeared to have a small, but perceptible, effect on the SO=removal efficiency, lt was found that

the higher the sulfur content, the greater the SO=removal for a given sorbent at a comparable

stoichiometry. This is thought to be due to the greater driving force the increasedSO=

concentration has on the reaction. A five to seven percent absolute differencein SO=removal

exists between 1.6 and 3.8 percent sulfur coal for any one sorbentat a stoichiometry of 2.0.
While it might be argued that this differenceis within the error limits of the calculations,the fact

that it was consistently seen for ali of the sorbentstested suggeststhat the effect is indeed real.

The removal efficiencies while burning the 3.0 percent sulfurcoal fell approximatelymidway

between the other two.

Effect of Sorbent Tvoe

During the LIMB Extension, ligno lime and calcitic hydrated lime exhibitedthe highest

removal efficiencies of the sorbentstested at any given stoichiometry. SO=reductionson the order

of 60 percent were obtained at a Ca/S ratio of 2.0 with minimalhumidification. Dolomitic hydrated

lime effected about 50 percent removal at the same conditions. Removalsranged from about 20 to

40 percent for calcitic limestone dependingon the choiceof grind (particle size distribution).

The SO2 removal efficiencies achieved with the ligno lime while burningthe nominal 3.8

and 1.6 percent sulfur coals duringthe LIMB Extensiontests were somewhat less than those

' l



obtained duringthe EPA-sponsoredproject. This had not been anticipated. When testing resumed

D after the Coolsidedemonstration in April 1990, ligno lime was injectedto determineif removal
efficiencieswere the same as had been attained earlier. The coal being burnedat the time had a

nominal3.0 percent sulfurcontent, the same as had been used duringthe EPA tests. SO2removal

efficienciesof 60 to 65 percent were comparableto the tests run prior to Coolsideat a

stoichiometry of 2.0. Therefore, testing with the other sorbentsbegan. When ligno lime was

again tested in February 1991, this time while burningthe 3.8 and 1.6 percent sulfurcoals, the

removal efficiencies were closer to 60 and 55 percent, respectively, lt had been expected that

slightly higher removalswould be obtained when burningthe 3.8 percent sulfur coal, as had been

observed with the other sorbents. No specific reason(s)for the differencecould be found in either

the particle size distributionsor analytical data on the sorbents,though the differences are

suspected to be due to subtle changes in porosityand/or surface area. These may be related in

turn to a variation in the calcium lignosulfonateused to preparethe material. Another possible

explanation is a higher degree of agglomeration, resultingfrom the use of a Fuller-Kinyonpumpin

place of the rotary valve duringthe February 1991 tests, is responsiblefor the lower removal.

None of these explanations, however, could be confirmed within the time and financial constraints

of the project.

D Effect of LimestoneParticle Size

Initial tests were run usinga commerciallimestonewith a particle size distributionof 80

percent less than 44 pm (325 mesh). This limestonewas chosenbecause it was representativeof

readily available material from commercial suppliers. While injectingthis sorbent, removal

efficienciesof about 22 percent were obtained at a stoichiometryof 2.0, while burningnominal 1.6

percent sulfur coal. SO2 reduction_of 30 to 35 percent had been expected with the limestone on

the basis of pilot tests,3.4however, :.,=dp:Jssiblereasonsfor this high a discrepancywere reviewed.

After analytical errorswere eliminated, the only variablethat couldeasily be changed was the

fineness of the sorbent. Usinga grade of limestone in which ali particles were less than 44pm in

size, a removal efficiency of approximately32 percent was achievedat a stoichiometry of 2.0. In

order to determine what the upper limit in removal efficiency might be for calcitic limestone, an

even finer limestone was then tested. This material was one for which the particle size distribution

showed virtually ali particles to be less than 10 pm. lt producedremoval efficiencieson the order

of 37 to 40 percent at the 2.0 Ca/S condition.
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Ali the limestoneswere obtained in truckload quantities. The very fine (100 percent less

than 10pm) material may not be considereda viable alternative for this applicationbecause its cost
on a truckload basis is on the order of four times that of either of the other two. lt is noted that ali

the lime sorbents are as fine or finer than this very fine grind of limestone. The higher S02 removal

efficiencies of lime and the finer grinds of limestoneare attributed, in part, to the greater surface

area available for the SO=absorptionreaction associatedwith the smaller particle size.

Effect of Iniection LQvQI

During the design phase of the EPA project, the optimum location for injection was

identified as being on the front wall of the Edgewater furnace at elevation 181 ft where the

averagetemperature was expected to be approximately2300°F. This elevation correspondsto a

level in this furnace just opposite the nose. Tests duringthe EPA LIMB Demonstrationconfirmed

that injection at this level yielded higher SO=removal for the calcitic hydrated limes than injection

at elevation 187 ft (injectionat elevation 191 ft was not tested duringthe EPA project after a

lower efficiency was obtained at elevation 187 ft). The tests run duringthe LIMB Extension

produced similarresults. The removalsat the 181 and 187 ft levels were higher than those at the

191 ft elevation. Removal efficiencieswhile injecting at a stoichiometry of two at these levels

were about five percent absolutehigher than those at the 191 ft level. (

The distinction between the 181 and 187 ft elevationswas not as clear cut as it had been

duringthe EPA-sponsoredtests, when fewer individualtests were run. The more extensive testing

conducted during the LIMB Extensionsuggeststhat more significantdifferences appear when

material is injected at elevation 191 ft. At this level the temperature is thought to be a 200 to

300°F cooler and the flue gas flow patterns are less than favorable for adequate dispersionof the

sorbent.

I_ffQctof Humidification

Operation of the humidifierdown to a 20°F approachto saturation permitted

characterizationof the additional S02 removal obtainableunder most of the conditions.

Humidification to close approach enhances SO=removal efficiencies by approximately 10 percent

absolute over the range of stoichiometriestested. This was true for each of the sorbents tested.
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NO=EMISSIONS

D
The DRB-XCLTM burners, installedas part of the initial LIMB demonstration, continuedto

operate and be evaluated during the LIMB Extensionproject. The overall average NOxemissions

duringthe demonstrationwas 0.43 lbl10 e Btu. Emissionsof 0.44 lbl10 e Btuwere calculated both

for the 24 hr and 30 day rollingaverage valuesfor the demonstrationperiod. The emissionrate did

not appear to be sensitive to load conditions, althoughthere appearedto be some variationwithin

the scatter that might be controllable. In order to identify the sourceof the variation, attempts

were made to correlate NO=emissionswith load, flue gas O=concentration,pulverizers/burnersin

service, CO emissions,and coal fineness. Unfortunately,no consistent correBationwas found

between NO=and any of these variables. Likewise, use of the SO=sorbentsdid not appear to have

any effect on NOx emissions.

PARTICULATEEMISSIONS

Humidification of the flue gas continuedto be effective in maintainingthe particulate

emission control performance of the ESPduringthe DOE LIMB Extension. Opacity was generally in

the two to five percent range duringinjectionof each of the sorbents (comparedto the plant

opacity limit of 20 percent). This was similarto what had been observed duringthe EPA project.
Only two differences were noted, the first being that the calcitic limestonedid not seem to require

as much humidification, either becauseits largerparticle size made particulate collectioneasier

and/or the fact that the cooler air heater outlet flue gas temperature requiredrelatively little

humidificationwater to maintain the temperature of the gas enteringthe ESP. The second

difference occurredduring use of the dolomitic lime which seemed to requirea somewhat lower

humidifier outlet temperature setpoint (250°F vs. 275°F) to maintain the desiredopacity.

Simultaneousmeasurements of inlet and outlet particulate Ioadingsrequiredto characterize

particulate collection efficienciesfor each of the sorbentswere not conducted since there were no

opportunitiesfor the two weeks of steady-state operation at conditionsthat would have been

necessaryto rigorouslyevaluate ESPperformance.

OPERABILITYAND RELIABILITY

Operationsduring the LIMB Extensioncontinued much the same as during the EPA LIMB
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Demonstration.1 There were, however, a few operationalaspects that became apparent due to the

use of previouslyuntested sorbents and/or more extensive tests. Probablythe most notable of
these was the limitation of the sootblowing system at the Edgewater facility. Priorto the LIMB

Extensiontests the sootblowers were convertedfrom compressedair to steam. Actual steam

consumptionvaried dependingupon the degree of sootblowing requiredfor each sorbent type, feed

rate, and the extent to which heat transfer was decreased. The effect of sorbent type and feed

rate on heat transfer could not be readily quantifiedsince operator preferencesalso imposed some

variation.

The air-to-steam sootblower conversionwas undertaken in an effort to maintain a more

normal air heater outlet temperature of about 300°F, rather than the 350°F temperatures seen

duringthe EPA testing. After the conversion,the sootblowers could be cycled five to six times a

shift, where it previouslyhad been once or twice per shift. While the increasedcapacity helped

somewhat at lower injection rates, the higher stoichiometricconditionsstill produced high outlet

temperatures (up to a high of 375°F for the dolomitic lime/3.8 percent sulfur coal combination at a

Ca/S ratio of 2.0, a condition representingthe highest sorbent mass feed rate). This suggeststhat

the limitation was due not so much to the capacity of the sootblower system, but rather the

number and location of the sootblowers themselves. Since the l:emperaturesappear to rise most

dramatically in the vicinity of the primary superheaterand economizer, additionalsootblowers _-
11appear advisable in those areas.

Injection of the coarse (80 percent less than 44 pm) limestonesorbent into the furnace left

the air heater outlet temperature almost unchangedat approximately300°F. This was unexpected

in that more severe fouling had been anticipated. The phenomenonappears to be related to

particle size, but no specific explanation has been identified at this point in time. The finer

limestones tended to produce higher air heater outlet temperatures, though the data is limited since

lesser total quantities of these materials were injected.

The impact of LIMB on ESPperformance results from a change in particle size distribution,

an increase in the resistivity of the ash due to the change in composition, and an increase in

loading. Tests that would conclusivelydefine the relative importance of each were beyond the

scope of the project. Nevertheless, the observationsmade in the precedingsection indicatethe

nature of the effects on the ESP.



Another operationalchange noted during the LIMB Extensionwas in the area of waste

handlingand disposal. Here the effects of usingeither dolomiticlime or calcitic limestonewere
somewhat different than what had been found with the calcitic limes. The dilution of the ash by

the unreactiveMpg component of the dolomitic sorbent leadsto increasedash loadingand solids

handlingat the back end of the process. Since the MgO component does not hydrate appreciably

at atmospheric pressure,this LIMB ash exhibited a lower level of steaming when water was added

to the ash. The use of limestone, on the other hand, tended to producegreater quantities of steam

during wetting of the ash in the unloadingfacility. This was due to the lower utilizationof the

sorbent for an equivalent injectionstoichiometry.

As part of the overall assessmentof the technology, recordsof operating time and

downtime were kept in order to providefurther indicationsof processand equipment availability.

The data indicate that the system was availableabout 95 percent of the time it was called upon to

operate. This is necessarilyonly a best approximationof what might be expected of a fully

commercial system, since LIMB system operation duringthe project focused on obtaining

performance data over a wide variety of conditions. Changesfrom one set of operational

parameters to another involvedfrequent shutdownsto reestablishbaselineconditions. Moreover,

there were some periodswhen operation was intentionally delayed in order to controlproject cost

by conservingsorbent when it was not required to maintain emissioncompliance. As might be
expected, this occurred primarilywhen the 1.6 percent sulfur coal was beingburned.

SUMMARY OF ECONOMIC COMPARISONS

The comparative economicsof the LIMB, Coolside,and LSFOFGD processeswere

developed for several different scenarios. LIMB _conomicswere determined without includinglow

NOx burne_'costs in order that the comparisonrelate only to the FGD portion of the technology.

Costs are predicated on several other considerationsof the differencesamong the processesand

their intended applicationsthat are essential to understandingthe extent to which comparisonsare

valid. Primary amongthese is that the LIMB and Coolsideprocesseswere intended to provide

moderate levels of removal at low capital cost. Moreover, it was anticipatedthat it was

particularly well-suited for the relatively small, older plants in which wet scrubberswould be

particularly difficult to justify. LSFOFGD, on the other hand, is a mature technology that

historicallyhas been appliedto achieve in excess of 90 percent SO=reduction. Passageof the

Clean Air Act Amendments (CAAA) in 1990 appearsto be driving performance goals to the state-



of-the-art LSFO technology used in this evaluation. While the effective cost of such technology

decreased in the maturation processover the past twenty years, its higher capital cost and lower 4
reagent usage rate are more easily justified for newer, largerplants burninghigher sulfur coals.

Overriding ali of these, site-specificconsiderationscan influencethe economics of ali three

processesdramatically, as is commonly recognizedin the industry.

Forthe reasons just stated, comparisonswith LSFOFGD are quite difficult. Several options

were considered in order to try to overcome the inherent differences. These includedoperaticnof

an LSFO system at less than optimum conditions to achieveperformance at the lower levels of the

other two technologies. A secondalternative was to examine bypass of a portion of the flue gas

such that the overall removalswould coincide, with the LSFOprocess still operating at 95 percent

removal efficiency. Arguments against making such assumptionswere thought to be at least as

valid as presenting each technology in its own realm of applicability. When viewed in the light of

the caveats in the precedingparagraph, the limitations of comparisonwith the LSFOprocessare

readily apparent.

The differences between LIMB and Coolsideare less pronounced,providing a greater

significanceto their comparative economics. Nevertheless, sita-specific considerationsbecome

especially important. Whereas humidificationto a close approachto the flue gas saturation 4
II

temperature is absolutely neededfor Coolside,LIMB can requirelittle to none depending on the

nature and quantity of sorbent injected, though SO=removal can be enhancedby operation under

close approach conditions. The site-specificconcern arisesout of the largeramount of space

requiredto permit essentiallycomplete evaporation to achieve close approach operation. The other

fundamental difference between these two technologies, sorbent injection in the furnace for LIMB,

and in a downstream location for Coolside,becomes a matter of preference for the individual

operating utility.

For the economiccomparison,the approach used was one commonly used in the industry.

Capital costs are presentedin the conventionalunits of S/kW, and operating and annual levelized

costs in mill/kWh and/or S/ten of SO2removed. The proce_3eswere compared for three different

coal sulfur concentrationsand four different reference plant sizes. The process designswere based

on optimized commercial retrofit installations. Under what are thought to be reasonablyequivalent

and representative sets of operating conditions, the SO2 removal efficiencies of the LIMB, Coolside,

and LSFO processeswere set at 60, 70, and 95 percent, respectively. Although LIMB was also



shown to be capable of 70 percent SO= removal with humidification to close approach, the costs

D for such mode of considered be the those required for
a operation are to essentially same as

Coolside. For this reason, costs were developed for a slightly lower performance LIMB system

operating with minimal humidification in an existing duct.

Total installed capital costs and levelized annual operating costs were developed for each of

the process\coal\plant size combinations. The results were analyzed and compared to determine

the economic applicability of each process. On a S/kW basis, the installed capital cost of the LSFO

process was found to be about 2.5 times higher than that of the Coolside process, and about 4.8

times higher than the I.IMB process. The installed capital cost of the Coolside process was found

to be about 1.9 times higher than the LIMB process.

On a S/ton of S02 removed basis, the annual levelized costs _howed that Coolside was

economically favored over LSFO for plant sizes up to 500 MWe (net}, while bu:ning 1.5 weight

percent sulfur coal, up to 220 MWe while burning 2.5 weight percent sulfur coal, and up to

100 MWe while burning 3.5 weight percent sulfur coal.

LIMB was economically favored over LSFO for ali plant sizes while burning 1.5 weight

_) percent sulfur coal, up to 450 MWe while burning 2.5 weight percent sulfur coal, and up to
240 MWe while burning 3.5 weight percent sulfur coal.

LIMB was economically favored over Coolside for ali the cases compared. Adding the

capability to operate a LIMB system at close approach to the saturation temperature to enhance

S02 removal would tend to reduce this advantage, however.

Cost sensitivity analyses were also undertaken to determine the effects of certain economic

variables on costs, lt was determined that decreasing the plant capacity factor favored the LIMB

and Coolside processes, as did decreasing the book life of the plant. Varying the reagent costs had

a greater effect on LIMB and Coolside economics, while having only a moderate effect on the LSFO

process economics.



SECTION 2

INTRODUCTION (

Within the past decade increasingemphasishas been placed on the control of pollutant

emiss,ons from a variety of ;;ourcesin the United States. Prominent amongthese are SO2and NO=,

gases that can result from the combustionof fossil fuels and are commonly consideredto be

among the major sources of acid rain. The automotive and power industriesare therefore

intimately involved in the processof technology development to mitigate potential damage. The

largest man-made, stationary sources of both gases are coal-fired utility boilerswhich account for

about 65% of the SO=and 29% of the NO=emissionsin the United States.6

The CAAA of 1990 now constitute the primary regulatory directive that delineatescontrol

requirements for SO= and NO=emissionsfrom utilities. This legislation providesfor phased

compliance and gives utilitiesthe ability to choosethe technology needed to meet emissionlimits.

Since _hey were passed in November 1990, the utility industry has chosenfuel switching and wet

flue gas desulfurization systems (FGD scrubbers)as the primary means of meeting the CAAA's

Phase I requirements on largerunits. Those requirementsplace a 2.5 lbl10 e Btu cap on SO=

emissio,s, with a target date o_January 1, 1995. After that, other technologiesare expected to

be regarded as viable, given a wide variety of site-specificconsiderations. LimestoneInjection j
Multistage Burner (LIMB) is one such technology. The processinvolvesthe injection of a calcium-

based sorbent into the furnace for SO=capture. This is coupled with the use of low NO=burners,

to reduce emissionsof nitrogen oxides.

BACKGROUND

lt was in anticipation of the CAAA legislationthat the EPA promoted a ser.;asof bench-and

pilot-scale researchprojects duringthe early 1980s. These studies were directed toward

development of relatively low cost, moderate efficiency, SO=and NO=emissioncontrol

technologies. They were aimed at older, smaller, fossil-firedutility boilerswhich would not be

candidates for wet FGD. At about the same time, the Ohio Edison Company undertook a program

to participate in emerging technology development. They did this to be in a better positionto

evaluate the technical, operational, and economicaspects of such technologies. By 1984, the two

programs led to the full-scale demonstration of the LIMB process. EPA sponsoredthe project with

co-funding by OCDO and B&W, the prime contractor.



Cor=currently with the early LIMB tests, the U.S. Department of Energy (DOE) initiated the

__ Clean Coal Technology (CCT) Program. The program is a jointly funded, government-industry effort
that takes the most promising advanced coal-based technologies and, over the next decade, moves

them into the commercial marketplace through demonstration. The goal of the program is to make

avoilable to the U.S. energy marketplace, particularly the industrial and utility sectors, a number of

advanced and environmentally responsive coal technologies. The program seeks to demonstrate

the commercial feasibility of technologies that have already reached the proof-of-concept stage.

The program is presently being implemented through a series of five competitive

solicitations. When the program is completed, technical, environmental, economic, and operational

data will be available for a broad range of clean cocl technology options. This data is expected to

reduce the uncertainties of subsequent commercial scale applications.

Government and industry signed the first Clean Coal cooperative agreements (not

contracts) during 1987. The industrial partner in each project contributes a minimum of 50 percent

of the total cost. The B&W LIMB Clean Coal project was among those selected by the DOE under

the first solicitation and was administered out of DOE's Pittsburgh Energy Technology Center

(PETC). Numerous other public and private organizations, including state and utility/industry

research groups, provide important co-funding and project support. OCDO and CONSOL Inc.(formerly Consolidation Coal Company) filled that role for the LIMB project. Ohio Edison was the

host utility, malting the Unit 4 boiler at the Edgewater Station available for the demonstration.

B&W concluded the full-scale demonstration tests of LIMB technology under the EPA

contract in June 1989. The testing was limited to the calcitic hydrated lime and ligno lime while

burning 3.0 percent sulfur Ohio coal. The CCT program provided the opportunity to build upon the

base EPA LIMB Demonstration by extending it to a broader range of coals and sorbents. Another

incentive was the potential for increased SO2 capture by humidification of the flue gas. Still

another was an outgrowth of CONSOL's work with the Coolside process, an in-duct flue gas

desulfurization technology, and B&W's (spra/) dry scrubbing technology, both of which suggested

the desirability of further development of the Coolside and LIMB processes. Both the Coolside and

dry scrubbing processes rely on controlled humidification of the flJe gas to a close approach to the

adiabatic saturation temperature. The success of the early LIMB tests with respect to SO2 removal

and the potential of overcoming the deleterious effects of LIMB ash on ESP performance, were

additional reasons for combining and extending the technology demonstrations in the CCT project.



Thus the participantsapplied for and received DOECCT fundingfor the LIMB Demonstration

ProjectExtensionand CoolsideDemonstration. The project was divided into the two separate, but I
related, demonstrationsof the technologieson the same boiler at Ohio Edison'sEdgewater Station

in Lorain, Ohio.

The LIMB and Coolsideprocessesare expected to be competitive in overall cost of SO2

emissioncontrol with conventionalwet FGD processes,and with significantly lower capital costs.

The technologiesare consideredto be most applicableto older coal-fired plants and are expected to

be especiallyeconomical in plants with small to intermediate size boilerswith load factors between

about 40 and 75 percent. As is true with most FGD processes,the practicality of LIMB or Coolside

as retrofit technologies dependson site specific considerations. The designof the boiler,the

convective pass, the air heater, and ash removal system are ali major factors, as is the plant's life

expectancy.

PROJECTOBJECTIVES AND SCOPE

The primary objective of the LIMB Extensionportion of the project was to d6monstrate the

broader applicabilityof the technology to coals over a range of sulfur content. For NO=, the

objective continued to be demonstrationof emissionsless than 0.5 lbl10 e Btu. The emphasis, i
I

however, was focused on SO=, for which the demonstrationaimed at characterizingthe

performance of various sorbents as a function of CalS stoichiometry. These sorbents were to

range from relatively low cost materialsthat might be selected because of localavailability, to

higher cost materials of greater reactivity. Coals with three nominalsulfur concentrationswere

tested, when possible, while injecting each of four sorbents. Bycomparison, the EPA LIMB

Demonstration had had as its initial SO2objective the demonstrationof 50 percent or more removal

with one calcium-based sorbent at a Ca/S ratio of 2.0 while burning a 3.0 percent sulfur Ohio coal.

Interest in testing additional sorbents was spurred by early success in achievingthis objective,

attributed to the thorough investigationof the chemical and physical processesinvolved. Even

when early tests resulted in ESP performance degradation, researchhad shown humidification as a

solutionto the problem's beingcaused by high resistivity LIMB ash. As a result, interest in testing

additional sorbents and other coals, along with the Coolsideprocess, continuedto develop.

The other major objective of the project was to use the information accumulated in the

courseof the demonstration and apply it to the design of hypotheticalcommercial systems. This



was to form the basis for capital and operatingcost estimates that would then be comparedto the

D economics of state-of-the-art FGD technology, currentlyconsideredto be wet limestonescrubbers
utilizingforced oxidation to produce gypsum, CaSO, • 2H20. The remainder of this report presents

the technical resultsobtained duringthe LIMB Extension,together with a discussionof the

commercial LIMB, Coolside,and wet LSFO FGD system designsand the economicevaluationsand

comparisonsdrawn from them.
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SECTION 3

PROCESSDESIGN/EQUIPMENT (I

PROCESSFUNDAMENTALS

The basic mechanicsof the LIMB process are simple. A calcium-basedsorbent is injected

into the furnace to capture SO=in the flue gas. Low NO=burners are used to control these

emissions. No complicated piecesof equipment are necessary. The overall processchemistry is

likewise simple. Sorbent is injected into the furnace where the following reactionstake place:

Calcination

Limestone CaCO= + heat _ CaO + CO2 (la)

Hydrated Lime Ca(OH)= + heat ;_ CaO + H=O (lb)

Sulfation with Oxidation

CaO + SO2 + 0.5 O= ;_ CaSO4 + heat (2)

Subsequently, water reacts with the excess quicklime (CaO) and CaSO4at lower temperatures

accordingto: . (i

Hydration

CaO + HsO _ Ca(OH)= + heat (3)

CaSO4 + 2 HsO _ CaSO4-2HsO + heat (4)

The importance of the mechanicsand chemistry on the SO=removal performance and

operability of the LIMB system shouldbe kept in mind as fundamental in the discussionto follow.

While the details are documented in the researchand developmentconducted before and duringthe

originalLIMB demonstration,1.=.4several general conceptsare noteworthy. Primary amongthese is

the need to assure effective mixing of any sorbentwith the flue gas. Extensive mathematical and

cold flow modeling was conducted to understand the temperature and velocity profilesin the

furnace and of the flue gas in the humidifier. These were consideredessential to achieve effective

sorbent dispersion in the former case and to minimizewall wetting in the latter. The need for this

modeling will be site specific in any future commercial system depending on the similaritiesof the

applicationto installations precedingit.



Process chemistry is intimately tied to the sorbent dispersion process for a few reasons.

D While the chemical equations represent the overall reactions, it was important to consider the
kinetics and thermodynamics of individual reactions in relation to the time/temperature profiles

involved. The calcination reactions, for example, develop reactive surface area for the sulfation

reaction when sintering of the particles is minimized by avoiding high temperature zones. Similarly,

temperatures above about 2400°F where any CaSO4 formed becomes thermodynamically unstable.

Understanding the mechanics of the humidification process is likewise essential in order to assure

that the water introduced cools the gas uniformly to minimize wall-wetting and the deposit

formation that can then occur. Related to this, the highly exothermic hydration of quicklime can

give rise to voluminous steam evolution if water is added during ash handling operations as it was

at Edgewater. The reader is referred to the literature cited above for more extensive discussions of

this background than is possible here.

BACKGROUND

Numerous bench- and pilot-scale studies on sorbent injection were undertaken in the United

States during the 1960s in anticipation of passage of the original Clean Air Act. This work

culminated in a full-scale demonstration of the process on a 150 MWe boiler at Tennessee Valley

Authority's Shawnee Station from 1969 to 1971 .e The results of those limestone injection testswere less than encouraging at the time since technologies with high (on the order of 90 percent)

levels of S02 reduction were generally desired, instead, SO= removal efficiencies typically fell in

the 20 to 30 percent range. Accordingly, commercial interest in the technology faded.

Performance improvements in the process, and a number of potential applications, renewed

interest in sorbent injection technology in the late 1970s and early 1980s. One technique tested

called for mixing limestone with the fuel, and then burning the mixture in multistage, low NO=

burners. This gave rise to the acronym LIMB (Limestone Injection Multistage Burner). Removal

efficiencies as high as 80 percent at a Ca/S stoichiometry of 3.0 were achieved in pilot studies.

These first LIMB tests, along with subsequent experiments that evolved from them, yielded some

important results, namely:

• Limestone was not the only sorbent that could be used since some others were capable

of producing even greater S02 capture

• Alternate methods of injecting sorbent offered equal or better performance than did



injection through the burners

• Surface area of the reactant is very important d
• The temperature window for the sulfation reaction was identified to be roughly2300 to

1600°F, with the former being near the thermodynamic limit of the reaction and the latter

a kinetic limit.

The early researchalso showed that there were factors that couldadversely affect removal

efficiency.=.` Reactant surface area was found to diminishrapidly in the furnace environment.

Exposingthe reactant to prolongedfurnace temperatures in excess of 2300°F can sinter calcined

lime and reduce surface area. Pore pluggingalso degradedsurface area as a result of SO2reaction

with lime. Thus the processis straightforward: inject sorbent into the furnace with effective

mixing and dispersionin the proper temperature window to maximize S02 capture. The successof

the EPA and DOE LIMB demonstrationsprojects is consideredto be the result of the much more

thorough understandingof the time/temperature profilesof the furnace, coupled with matching the

injection process to the fundamental chemical kinetics.

EDGEWATERDEMONSTRATION SiTE

Ohio Edison'sEdgewater station is located on the south shore of Lake Eriein Lorain, Ohio. d
I

Figure 1 shows the layout of the Edgewater Station. The boiler usedfor the demonstration is a

B&W unit, first commissionedin June 1957. The boileris designatedas No. 13 at the plant, and

generates steam for the Unit 4 turbine with a nameplate rating of 105 MWe. A schematic of the

boiler is presentedin Figure 2. The boiler has a convective secondary superheater, a reheater, a

horizontal primary superheater, an economizer, and a tubular air heater. Ali sootblowers, except

the four in the air heater, were converted to steam before the LIMB Extensiontests began. Four

new steam sootblowers had been installed in the primary superheat area prior to the EPA LIMB

Demonstration. Four B&W "E" pulverizerssupply coal to the twelve B&W DRB-XCLu low NOx

burnersthat replaced circularburners, again as part of the originaldemonstration. The burnersare

arrangedthree across by four high on the front wall of the furnace. A retrofit Lodge-Cottrell ESP

with a design specific collection area (SCA) of 612 ft2/10s ACFM replaced a smaller originaldevice

in 1982.
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LIMB PROCESS/EQUIPMENTDESCRIPTION

)
Relatively few pieces of equipment are required for injectionof sorbent into the furnace.

However, the system designedand installed at Edgewater containedspecial features and

instrumentationthat would not otherwisebe requiredfor a commercialsystem. Forexample,

highly accurate differential weight loss feeders were providedin order that preciseamounts of

;orbent could be fed to the furnace. This, along with much of the instrumentation,was necessary

to obtain accurate and reliabledata on the system's performance. Such precisedeliveryof sorbent

would not be necessary in a commercial application. Figure 3 is a processflow diagramof the

LIMB system showing the major equipmentdescribedin the balance of this section. A more

complete equipment list is providedin Appendix B.

Bulksorbent is deliveredto the site by truck. The sorbent is unloadedinto a large outside

storage silo. Conveying equipment located underneath the silo transfersmaterial to a smallersilo

insidethe boilerhouse. A rotary valve below this silo fills a gravimetricfeeder which in turn feeds a

solidspump or a rotary valve. The solidspump was added duringthe LIMB Extensionto replace

one of the two rotary valves originallyinstalled. This pump proved to be a muchmore reliable

device that sealed against the conveying air pressuremore reliablythan did the rotary valve. This

D improvedthe stability of the feeders, since backpressureeffects were a sourceof continuing
concern with the rotary valves, particularlyat high feed rates.

A compressorsupplies air to convey the sGrbentfrom the solidspump or rotary valve to

distributionbottles above the boiler, where the flow splits to go to each of the injectionports. The

injection nozzles have an inner pipe through which sorbent passesand an outer annulus for boos__

air. The booster air is used to increase the momentumflux of the injectionjet of particles into the

boiler. Sorbent reacts with SO=in the flue gas in the furnace and then exits through the air heater.

The humidifier is installed in the ductwork between the air heater outlet andthe ESP inlet. Water

flow to atomizing nozzles is controlledto maintaina constant humidifieroutlet temperature. The

two-fluid nozzles use compressedair to atomize water.

The ash is collected in the ESPhoppers,from which it is then pneumaticallyconveyed to a

storage silo. A rotary valve below the silofeeds a pug mill where water is added for hydration of

any remainingquicklime component in the ash and dust-free unloadingto a waiting truck. The

wetted ash is then taken by truck to a landfill.
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The LIMB equipment requires only a minimalamount of space. The lime storagesilo and an

storage were only pieces equipment outside the boilerhouse, humidifier
acid tank the of added The

was constructcd on top of the boilerhousewhere the originalESP,decommissionedin 1982, had

been located. The acid was used to neutralizethe water used by the hydraulicexhauster to create

the vacuum for the ash conveying system. This was necessarybecausethe unreactedlime in the

ash, even in small amounts, could cause the pH of the water to rise to unacceptablelevelsunless

some treatment was provided. The acid neutralizationsystem was also used to treat the runnff

from the ash unloadingarea which couldalso give riseto high pH levelsthroughthe collective

system of drainsand sumps in the area.

SYSTEM DESIGN

Proper sorbent contact with flue gas in the reactiontemperature window of 2300 to

1600°F and the significanceof reactant surface area were the primary factors consideredin the

design of the LIMB system.7.s Before the system couldbe designedfor the Edgewater boiler, an

accurate physical location of the sulfation temperature window insidethe boiler hadto be

determined. Moreover, the location of this window was load specific. Sorbent feed, from the silo

to the individualnozzles, neededto be evenly distributed,accurate, and non-slugging.Modifications

to the ash handlingsystem were required to handlethe two- to threefold increase in ash quantity.
The ash then had to be disposedof in an environmentallyacceptable manner.

Early tests pointed toward the need for some further definitionof design requirementsfor

the flue gas humidificationsystem, particularlyin regardto achievingthe close approachto

saturation desired for enhancedSO2removal with LIMB, as well as for the Coolside

demonstration._11 The residencetime of water droplets in the humidifierhad to be long enoughto

allow for complete evaporation. (The humidificationsystem used B&W atomizerswhich produced

droplet size distributions with Sauter mean diameters on the order of 25 to 30 pm.) If the

humidifier cross-sectionalarea were too small, the gas velocity would be too high and cause

unevaporated water to exit the humidifierand impingeon walls and turning vanes downstream.

Ash would then build up on the wetted surfaces. Too large a cross-sectionalarea in the humidifier

would slow the gas down so muchthat water dropletsand ash would not be carried with the gas,

leading to deposit formations on the floor.

Other issuescritical to optimizationof the humidifierdesign were the type and numberof



nozzlesand determination of the spacingbetween the nozzlesthemselves, as well as from the

adjoiningwalls. Good distributionof the flue gas was essential to avoid areas of high water g
concentration which again would result in wet areas and subsequentash build-up. Another

concern, site specific to Edgewater, was the gas side pressuredrop. A flue gas reheater was

needed to protect the existing gunite stack liningduring operationat close approachto saturation.

In addition, the placement of the humidifier in a bypass mode becauseof the test nature of the

project, contributed to increasedpressuredrop to be overcome by the induced draft tlD) fan.

Although some energy was recoupedby the momentum imparted by the jets of atomization air, it

hadto be ascertained that the increasedpressuredrop was within the capacity of the existingfan.

Each of these considerationsare discussedin more detail in the following sections.

BOILERCONSIDERATIONS/CHARACTERIZATION

Becausetemperature and velocity profilesin the boiler were so critical to sorbentutilization,

the originalEPA program had providedfor actual measurementof these variablesboth at full and

reduced load near the planned injection plane and at the furnace exit (entrance to the convection

pass). These values comparedwell with predictionsfrom a proprietarymathematical boiler model.

The velocities also compared well with those determined in a 1/15 scale model of the boiler which i
was used for flow characterization and visualizationof the sorbent injection process. This model

was also used for methane tracer studies to determinethe extent of sorbent mixing to be expected

in the full-scale unit.12

Modelling and direct measurement indicatedthat the ideal sulfaticn temperature window in

the Edgewater boiler was located in the upper furnace, from a plane just =hove the nose acrossto

the entrance to the convective pass. The residencetime for a sorbentparticle in this zone where

the temperature drops from approximately2300 to 1600°F was on the order of one second.

SORBENT FEED/INJECTIONSYSTEM CONSIDERATIONS

in order to achieve proper sorbentdispersion,it was criticalthat the material be delivered

from the feed silo to each of the injection nozzlesin as even a distributionas possible. The sorbent

had to flow out of the nozzles and into the boiler in a "non-pulsing" manner. Pressureand visual

checks confirmed that this was the case. The sorbent feed system was similarto those B&W has
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designedfor deliveryof "micronized" (finely pulverized)coal to blast furnaces.

D
Once the sorbent has been deliveredto the nozzles, the particlesmust disperseuniformly

into the furnace. Characterizationof the flow and temperature profileswithin the boiler led to the

installationof sorbent injection nozzlesat three levelson the front wall. The lowest level of

injectorswas located at the 181 ft plant elevation. There are eight nozzlesat this level, with

approximatelyequidistant spacing&orr Jach other and the side walls. A second row of nozzlesis

located six feet higher. There are twelve nozzlesat this elevation, eight alongthe front wall

directly above the eight at the 181 ft elevation. There are alsotwo nozzleson each of the side

walls at this elevation. These side wall nozzleswere not used duringthe LIMB Extensionsince

tests during the EPA LIMB Demonstrationhad shown that they had no readily noticeable effect on

SO_ removal. The highest level of injectorswas located at the 191 ft plant elevation. Here eight

nozzleswere again located on the boiler's front wall, spaced exactly as the injectorson the levels

below.

As originally installed, the nozzles couldbe tilted through a 30 ° arc. Testing duringthe

EPA project revealed that there were no appreciableadvantages gained by tilting the nozzles to any

angle, as the removal efficiency remained steady when the nozzles were tilted through the 30 ° arc.

D The design of the nozzles was such that sorbent flows through an inner pipe while booster

air flows through an outer annulus. The boosterair raisesthe momentumflux of the jet of sorbent

particles and pushesthem farther out into the boilerthan they would be carriedby the conveying

air alone.

ELECTROSTATICPRECIPITATORDESIGN CONSIDERATIONS

An important issue during the early designstages of the project was whether the ESP

would be able to handle the two- to threefold increase in particulate loading caused by sorbent

injection. Not only would there be an increasein loading, but the particles themselves would have

a higher resistivity than normal fly ash and a finer size. Ali three factors serve to degrade ESP

performance.TM Basedon past experienceand modelling, it was felt duringthe early stages of the

EPA LIMB Demonstration that the large (612 ft2/10 _ ACFM) SCA of the ESPwould still permit

adequate performance and meet emissionsand opacity requirements. Nevertheless, it was at this

point in time that planningfor humidificationand Coolsideoperation began to take shape, with the
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potential benefits for ESP performance being recognizedas weil. The first full scale injection tests

in September 1987 later demonstrated that some humidificationwas indeed required due to the (II

high resistivity of the ash obtained with calcit=chydrated lime as the sorbent.

HUMIDIFIER DESIGN CONSIDERATIONS

The most important factor in humidifieroperation is that it be sizedfor the proper velocity,

and hence residencetime, for essentiallycomplete water droplet evaporation. Without this,

droplets impinge on walls and outlet turning vanes and ducts. The wetted surfaces men become

sites for ash build-up and the formation of hard depositsthat can further alter gas and droplet flow

patterns, exponentially increasingthe rate of deposit accumulation.

Spacing of the two-fluid atomizingnozzles insidethe humidificationchamber was also

extremely important. The nozzles had to be placed in array that would allow the greatest coverage

of the cross-sectionalarea of the duct. They couldnot be placed so closely together, however,

that the droplets would coalesce into largerones th:_t would not evaprJrate. At the same time, the

nozzles could not be positionedso close to the walls that impingementand deposit formation

would occur.

lTo assurethat these design criteria were met, commerciallyavailable nozzleswere

evaluated by testing them over a range of potential operating conditions. The initial screening

consistedprimarily of determining the droplet size distributionsproduced at a numberof conditions.

The superiorperformers were then tested in an array mounted in a 60 ft long. 36 ft= squareduct

(the "6 x 6") through which heated air was blown over the range of velocities beingconsideredfor

Edgewater. Measurements were made of velocities, droplet size distributions,and the extent of

evaporation as a function of distance from the atomizer array and approachto saturation. At the

same time, a 1/12 scale cold flow model of the humidifierwas constructed and operated to

investigate gas flow patterns and pressuredrop. A mathematical model, basedon B&W's

proprietary DRYMO model, was used to gain greater insight into the humidificationprocess. B(;th

the cold flow and mathematical model predictionswere compared with data obtained in the

"6 x 6". For the patented B&W Mark XII atomiz3rseventually selected and the site-specific

considerationsof Edgewater, the humidifier was designedfor a 2 sec residencetime in order to

achieve essentially complete evaporation of the droplets.1°'14



ASH REMOVAL CONSIDERATIONS

)
The increase in loading through the boiler and the change in the chemical composition

necessitated the upgrade of the ash removal system. This system utilizes a vacuum to transport

ash from hoppers beneath air heater, economizer, and the ESP to a storage silo. The vacuum is

created by a hydraulic exhauster. Prior to the EPA program, the system was upgraded to produce

additional vacuum and increase ash transport capability. The eductor is that part of the device

where the transport air, which may contain entrained ash particles, contacts water used to create

the vacuum. The build-up that occurs slowly at the wet-dry interface with normal fly ash was

accelerated due to the cementitious properties of the LIMB ash. A manually controlled dust pugger

was therefore added to maintain a clear path through the throat of the eductor.

In anticipation of condensation leading to deposit formation in the ash conveying lines,

again due to the cementitious properties of the ash, a 144 kW electric duct heater was installed to

raise the ambient air used to a temperature of 400°F before it contacted the ash. After a Cd,pie of

inadvertent failures of this system during the original demonstration, it was discovere_ that the

precaution was unnecessary as there were no indications that any appreciable deposits could be

attributed to condensation. Use of the heater was therefore discontinued.

D Ash from the Unit 4 air heater and economizer hoppers had been routed to the Unit 3 ash

silo before the EPA project began. A change was required so that ali lime-contair_ing ash would be

routed only to the Unit 4 ash silo. A header system was therefore installed below these hoppers to

permit transport to the Unit 4 silo.

ASH HANDLING AND DISPOSAL CONSIDERATIONS

The ash collected in the ESP is stored in a silo before it is unloaded into ",rucks for transport

to a landfill. During the design phase of the project it had to be determined what measures had to

be taken for proper handling and disposal, given the anticipated differences in chemical and

physical properties of the LIMB ash. Studies were conducted on ash obtained from sorbent

injection tests being performed at Ontario Hydro's Lakeview Station. In addition, LIMB ash

collected from a pilot combustor at Southern Research Institute was used to characterize some of

the ash under laboratory conditions. TM
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Water addition to control fugitive dust of regularfly ash took place in a pug mill situated

underthe storage silo. This system was upgraded in order to providethe additional water capacity I
requiredto hydrate the CaO (quicklime)and CaSO4components of the LIMB ash to Ca(OH)2 and

CaS04" 2H=O (gypsum), respectively. Due to the strongly exothermic nature of the quicklime

reaction with water, the capacity includedprovisionfor an estimated 50 percent lossof the total

water added as steam. The pug mill dischargesthe wetted ash directly into a waiting dump truck.

During the design stage of the project the steaming was taken into account and a single large fan

was supplied to keep the steam from obstructingthe unloadingoperator's view. Experiencewith

th_ system suggeststhat a system of strategically placedfans would have been preferable to

accommodate changes in wind direction and speed throughthe truck bay. However, due to the

relatively short planned durationof the demonstration, and to cost and space constraints,what

proved to be a marginallyac eptable system as just described, was used at Edgewater. Assuming

a wetted ,_shsystem is desired, a better system would be one which would allow at least brief

interim placement of the wetted ash to permit steamingto subside. This occurswithin about 15

min after the water is added, so a radialstack out system would work weil. A dry unloading

system would permit potential use of the ash as a byproduct, and still leave open the possibilityof

wetting the ash at the disposal site.

The 3sh samples collected from Ontario Hydro and Southern ResearchInstitute were i
s_bjected to the Extraction Procedure(EP)Toxicity Test as specified in the ResourceConservation

and Recover; Ac_ (RCRA).1° The tests showed that leachable toxic materials were far below levels

consideredto I_ hazardous. Ohio Edison'sexisting ash disposallandfill site was thereforf>used for

disposalof L,MB ¢sh from the EP_'.dJ=monstration.In addition, approximately 120 truckloads of

LIMB ash were used to construct two separate tpst cells in April 1989. These cells were designed

and constructed under a separate DOE contract with Radian Corporationto permit long term

monitoring of their chem,cal and structural condition,and of the leachate and runoff that comes

from them.17 This work continues even today and may yet be followed for several years to come if

thoughts of a project extension come to pass.

pH CONSIDERATIONS

The possibility of high pH conditionsin plant water dischargesexisted as a result of the

lime component of the ash. Ash entering the water either through the pneumatic ash transport

system or from spills necessitated provisionfor neutralization. Fairly large quantities could be
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involved if a bag failed in the baghouseon top of the ash silo. This would cause ash to be pulled

D directly into the eductor. The free lime in the ash would cause the pH of the water used in the
exhauster system to rise. The neutralizationsystem was therefore designedto accommodate

lowering the pH of this stream. Ovorali the system was designedto neutralizeabout 5000 Ib/hr for

a few hours, an amount sufficientto neutralizeminoryard spillsor a bag failure in the ash

conveying system. Early in the EPA demonstrationthe first few ash spills made it obviousthat the

pipingsystem for the yard drains bypassedthe neutralizationsystem. Reroutingof the piping

system, with pH sensorslocated both upstream and downstream of the sulfuricacid additionpoint,

maintainedcontrol thereafter. This orientationof the pH probesprovided a system with combined

feed-forward and feedback controls.

BURNERCONSIDERATIONS

The B&W DRB-XCLTM burnersused throughout the LIMB Extensionare discussedonly briefly

here, since the report on the originalEPA LIMB Demonstrationprovidesdetailed descriptionsof the

design characteristics, as well as resultsof ali the baselineand characterizationtests conducted._

Moreover, resultsduringthis project continued to indicatethe lack of any correlationbetween

burnerperformance and SO2 levels. These burners,which replacedthe originalB&W circular

registerburners, were designedto provide low NO=emissionsby achieving a greater degree of
control of the fuel/air mixing process to minimizethe high temperature conversion(oxidation)of

nitrogen in the combustionair to NO and NO2 (NO=).

The burnerconsists of a centrally located nozzle for the pulverizedfuel/air mixture and two

secondary air zones. The design incorporatesflexibility for retrofit applicationsand can utilize

different nozzle configurations. The DRB-XCLTM burnerfor a new boiler or an opposed-firedretrofit

would utilize a conical diffuser/deflectorarrangementto distribute the fuel/air mixture in the nozzle.

This providesa low nozzle exit angle, leadingtoward lower NO=generation and longer flames. An

impeller is utilized in the coal nozzle to dispersethe fuel into the secondaryair very rapidlyfor

single wall-fired retrofits such as at Edgewater where flame length was a concern. Although NO=

emissionsmight be somewhat higher due to the increasedturbulence at the flame's base, the

impeller has a beneficial effect on flame length. The optimal configurationemployedat Edgewater

consists of a conical diffuser/deflector arrangementwith flame stabilizingrings on the secondand

fourth burner rows from the bottom, and 30 ° impellersand distributioncones in the first and third
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rows. The flame stabilizingring recycles air backtoward the coal nozzles which holds the base of

the flame close to the burner.
q



SECTION 4

D DETAILEDSYSTEM DESCRIPTION

This section contains a detailed descriptionof major subsystemsof the LIMB design,

includingali of the modificationsthat have taken place since the originaldesignfor the EPA LIMB

Demonstration. The major modificationsare summarizedin the last part of the section.

MAJOR LIMB SUBSYSTEM DESIGN DETAILS

_;orbentStoraoQpn_!Transfer System

The sorbent storage and transfer system is shown in Figure4. The sorbentstorage silo is

designedto hold up to 400 tons of sorbentwhich equates to about a 43 hr supply of lime or a 73

hr supply of limestone. Sorbent is deliveredto the silo in 20 to 25 ton truckloads. The trucks are

self-unloadingand pneumaticallyconvey the sorbent to the top of the silo. The silo is vented by a

locally controlledbag filter. Facilitiesexist for two trucks to unload simultaneously.

When the feed silo in the boilerhousedetects a low level, transfer equipment under the

D storage silo automatically starts. The sorbent flows out of the storagesilo throughan
automatically controlledslide gate valve. There is an aerated bin bottom which promotes flow out

of the silo. Dry air is supplied to the aerator by a dedicated lobe-type blower and an air dryer.

After passingthrough the knife gate valve and a rotary valve, the sorbententers a Fuller-Kinyon

solidspump. The pump is a positive displacementscrew pump. Sorbent is compacted as it is

pushedthrough the barrel and providesa seal againstthe conveying air which transports the

sorbent from the pump to the feed silo. The sourceof the conveyingair is a rotary vane

compressor.

The sorbent exiting the screw pump is transported in dilute phasethrough an 8 in diameter

carbon steel line to the boilerhousewhere the feed silo is located. This silo can hold about a 2 hr

supply of sorbent at full load conditions. The sorbent is separated from the transport air at the

feed silo by an inlet alleviator. Transportair vents through a pulsejet filter.

The transfer system operates for about 20 min every 2 hr and 20 min, which, for calcitic

hydrated lime, is roughlyequivalent to injectionof 15,000 Ib/hr, or a Ca/S stoichiometry of 2.5
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while burning 3.0 percent sulfurcoal at full load conditions. The storage-to-feedsilo transfer

D system is designed to deliver 50 ton/hr of the lessdense lime. Higher transfer rates were possible
with limestone. The transfer equipment is designedto operate automatically. A controlcabinet for

the equipment is located near the base of the feed silo in the boilerhouse. The equipment can also

be operated manually usinghand on/off switches located near each piece of equipment.

Feed System

The feed system (Figure5) deliversa preciselycontrolledamount of sorbent to the injection

ports, and distributes it evenly acrossthe boiler. The sorbent flows from the injectors in a non-

sluggingmanner. There are two independent feed trains, providingthe capability of feeding any

two of the three injection levelsat one time.

Differential weight lossfeeders below the feed silo providethe accurate, controlledflow of

sorbent to the injectionsystem. A low level in the feeder hoppersignalsthe need for a fill cycle to

begin. Eachof the "pant-legs" on the feed silo is equipped with a Vibraneticsbin vibrator, which

starts when the hopperfill cycle begins. A slide gate valve below the vibrator opens and a rotary

valve, between the slidegate and the feeder, fills the hopperin a steady, non-floodingmanner.

D The hopper fill cycle automaticallyshutsdown on a high level signal.

Each differential weight loss feeder consists of a hopperon a hinged scale which

determines the feed rate. An auger dischargessorbent from the bottom of the hopper. The

sorbent feed rate can be controlledfrom the feeder either gravimetrically (weight-loss)or

volumetrically (auger speed). Each of the two ways can be controlledeither locallyor remotely in

the control room. The feed rate can be manually input or set to automatically follow boilerload.

In the original design, each of the two gravimetricfeeders deliveredsorbent to a dedicated

rotary valve, which then dischargedthe material into the conveying air stream. These rotary valves

required constant adjustment and attention in order to maintaintheir ability to seal against the

20 psig conveying air. Failureto do so would cause the feed to the valves to becomefluidized,

with a subsequent loss in capacity. As part of the LIMB Extension,the "B" feed train rotary valve

was replaced by a solidspump. This pump was equipped with a small baghouseto vent any air

that might otherwise find its way into the feed lines. Any sorbent collected in the baghouse

continuedto be fed to the furnace as it had already passedthe feeder control point for
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stoichiometry. This arrangement resolvedthe problemof the sorbent becomingfluidized. The "A"

-_ train was modified so that it could feed either the solidspump or its originalrotary valve.

A rotary screw compressorsuppliesthe conveying air. Air from the compressorpasses

through a dryer an_ _to a receiver, lt then goes througha coalescingfilter and a control valve

station. At the valve station, flow is automaticallycontrolledto maintain properdilute phase

operation. The conveying air meets the sorbent feed at the pick-up point, directly downstream of

the rotary valve or solidspump. A 4 in inner diameter (lD) hose connectsthe pick-up point to the

distributionbottles.

The distribution bottles are designedto split the sorbent feed, from the rotary valve or

solidspump, equally to each of the injectorsin a non-sluggingmanner. In the normal configuration,

one bottle feeds the injectorsat the 187 ft plant elevation, and the other either the 181 or 191 ft

elevation. Two inch lD lines connect the distributionbottle feeding the 181 or 191 foot elevation

with the nozzles. These lineswere changed from 1.25 in to 2 in lD in 1988. The original 1.25 in

lines were retained between the bottle feeding the 187 ft elevation andthe nozzles. The linesfrom

the bottles to each of the nozzleswere designedand sized so that equal resistance was created in

each line. This minimized the possibilityof unevenflow to each nozzle. The feed system was

designedto deliver a smooth even distributionof flow to each nozzle. Visual and pressurechecksconfirm this to occur.

The originalsorbent injectionnozzleswere comprisedof a 1.5 in lD inner pipe and a

concentric 3 in outer pipe, creating an annulararea through which boosterair flows. The nozzles

could be tilted through a 30 ° arc. The nozzlesat the lowest elevation couldbe tilted ± 15 ° from

horizontal. Those at the other two levelscould be tilted from horizontalto 30 ° down from

horizontal. Figure 6 shows an injector nozzle and its relationto the wall injectionport.

A radial fan supplies boosterair which flows throughthe outer annulus of the nozzlesjust

described. The high velocity carriesthe sorbentparticlesfurther into the boiler than they would if

only conveying air was used. Boosterair flow is controlledby the distributedcontrolsystem

(DCS). A signalfrom a flow transmitter at the fan outlet is sent to the DCS, which then opens or

closes a vortex damper at the fan inlet. The booster air also providescooling air for the nozzles.

35
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Ht/mi_lificationSystem

The humidifier was constructedon the roof of the boilerhousewhere the plant's original

ESPwas located, lt was designedwith 100 percent bypasscapability so that Ohio Edisonwould

not have to shut down the unit if there were problemswith the humidifier. The bypass flue

functions in parallel with the existingflue which runsbetween the air heater outlet and the ESP

inlet. The layout of the humidifier and bypass system can be seen in Figure 7. Figure 8 is a

schematic representationof the ductwork from the air heater to the stack.

When the boiler is on line, the humidifiersystem can be brought into service throughuse of

modulatinglouver dampers. These same dampersprovidea means for regulatingflow through the

humidifier shouldonly partial treatment of the flue gas be desired. Should internalmaintenance be

required, the humidifier can be isolated, even while the boiler is on line, through use of guillotine

shut-off dampers. Extensivesafety interlocksprotect against improperdamperoperation which

could lead to overpressurizationor implosionin the flue or boiler.

The humidifier, sized to maximize evaporationand minimizewall wetting, is 14.6 by 14.6 ft

square and approximately60 ft long. Its size allows for a 2 sec residencetime at design

D conditions. This correspondsto an inlet flue gas velocity of 27 ft/sec. The humidifierwas located
over the hoppers of the retired ESPso that, if need be, plates couldbe removedand ash could be

emptied from the chamber through these hoppers. Fortunately, this was never necessary. A

drawing of the humidifier is shown in Figure 9. The hopperbaffles shown in the figure were

provided to minimize turbulencehad it been necessary to remove the floor plates.

The structural support steel for the chamberwas designedto hold a weight equivalent to

that of the chamber with a build-upof one foot of ash in it. Strain gauges on the support legs of

the chamber monitored the weight. The humidificationequipment would be shut down if a "high=

load was detected by these strain gauges.

The water used for humidificationis suppliedby the existing Unit 4 service water system.

The water, stored in a tank on an upper floor of the boilerhouse,is used as cooling water for the

atomizingair compressoras weil. An in-line pump booststhe pressureto obtain the flow

necessaryfor the compressor. The water then flows either through a basket strainerand into the

storage tank, or back to the raw water intake channel. The level in the tank is maintainedby a
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control valve.

D
The water for humidification is pumped from the storage tank through another duplex

basket strainer to a valve station. The valve s_ation controls the water flow to the humidification

chamber based on the humidifier outlet temperature set point. The inlet pressure to this flow

control station is maintained by a back-pressure control valve which returns water to the storage

tank.

Between the flow control valve and the humidifier there is yet a thi".J duplex basket

strainer. The flow splits after the strainer and goes to the north and scuth atomizer supply

headers. Each header can supply eleven lances. The water supply to the individual lances was

designed to pass through an in-line "Y" strainer, three-way air purge valve, and an air operated ball

valve. Atomizing air is u_ed to operate this ball valve. This ensures that the ball valve closes and

stops the water flow if there is no air flow to the lance. This prevents unatomized water from

entering the chamber and causing serious problems, since unatomized water would quickly lead to

massive ash accumulation and large quantities of deposits that would be difficult to remove.

Manual globe valves are installed on the water feed line to each lance to balance flow.

D These valves serve to equalize the pressure losses that are inherent in the vertical supply header.An automatic system operating on differential pressure signals was provided, but did not account

for slight side-to-side differences in flue gas temperature and flow. The manual control valves

allowed for fine tuning of the flows based on outlet temperature measurements. Once set, these

valves would maintain the desired bias for days at a time, even with changes in unit load and gas

flow. For the purposes of the tests conducted, flow transmitters were installed on each lance and

the signal sent to the DCS.

A three-stage, centrifugal compressor pulls air through an inlet filter located on the roof to

provide the atomization air required. The air passes through first and second stage intercoolers and

moisture separators. The discharge from the thir_J_tage is sent to an air receiver.

A control valve maintains a set differential pressure between the air header and water

header pressures. This valve is located just downstream of a "Y" filter in the air line directly

downstream from the air receiver. After the control valve, the air header splits in the same fashion

as the water header to form the north and south lance headers. These supply up to 22 B&W



patented lances, 11 each in the north and south spray deck enclosures. The lines routed from the

header to the individuallances each have a manual shut off valve and a "Y" filter. (I

The patented B&W Mark XII atomizer was selected for use in the humidificationchamber.

Eachlance holds five of these nozzles. The nozzles are of the two-fluid type in which water and air

are mixed within the nozzle and blow out through orifices to provide the necessaryatomization.

The lance design places the nozzles inside nacellesto reducepressuredrop and ash build-up.

Figure 10 shows a cross-sectionalview of a nozzle insidea nacelle. The nozzle was chosen after

performance tests showed it to be superiorto other commerciallyavailable nozzles.

The arrangement of the lances and their numbers,as well as the numberof atomizers, was

determinedby tests describedearlier. The reasonfor the tests was to minimize wetting of the

humidif!ar walls, floor, and ceiling. The lances also had to be placedso that the spray from the

atomizers did not impinge on each other and cause coalescenceof the spray into larger droplets.

The flow models and tests led to an atomizer array ten acrossby eleven high. The

atomizers were spaced approximately 12 in apart. With five nozzlesper lance, a total of 22 lances

were necessaryfor the array. The lances are shapedlike an airfoil. Eventuallyonly 20 lances were

used, ten on each side, after it was determined that the spray from the lowest row of atomizers iii
I

could impact some material on the _loorof the duct and cause accelerated build-up. Figure 11

shows the layout of the array with dimensions. Figure 12 shows the layout and a more detailed

look at a lance.

The lances are hollow and open to the atmosphereoutside the chamber. The negative

pressure in the chamber causesair to be sucked throughthe vent and exit openingsin the lances

surroundingthe nozzles. This air is referredto as shieldair and servesto keep the atomized water

from swirling back and contacting the surface of the lance and the nozzle. Wetting of these

surfaces can cause a build-up of LIMB ash.

A reheat system was installed upstream of the stack at the ESPoutlet to protect the

gunite-lined stack for Unit 4 at the Edgewater Station. The condensing-type steam coil reheater

was designedto increase the flue gas temperature 40°F above an anticipated 145°F coming from

the humidifier. This was the temperature expected as a result of cooling the flue gas to a 20°F

approachto the adiabatic saturationtemperature.
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Saturated steam, at approximately 1600 psig from the boiler, feeds through a pressure

reducing station and a flow control valve, lt entersthe reheater at 300 psig and 423°F. The
I

reheater consists of four sections which are ali independentlyvalved. This allows for removal and

maintenance on any of the sections while the others remain in service. Platformsand trolley

beams were providedso this work could be performedif necessary.

Ash Removal Svsterq

A pneumaticconveying system uses a vacuum created by a hydraulicexhaustar to pullash

from the air heater, economizer, and ESPhoppers, and transport it to the Unit 4 ash silo. The ash

is separated from the air stream through use of a cyclone separator and a baghouse. The air

stream continues to flow to the eductor in the exhauster system. A dust pugger was added to

keep the throat of the eductor clear as the LIMB ash tended to buildup more quickly than regular

fly ash where the air and entrained ash mix with water. The air and water used to create the

vacuum mix in the eductor and flow to an air separator. At this point the air is vented and the

water flows to the ash settling pond. This water is neutralizedwith sulfuric acid as necessaryto

reduce the alkalinity caused by the LIMB ash particlesthat bypass the separationequipment.

Water is mixed with the LIMB ash in a pug mill under the ash storage silo to conditionit for i
ltransport and disposal. The ash is fed to the p_g mill through a variablespeed rotary valve.

Aeration pads in the bottom of the ash silo keep the ash flowing into the rotary valve. The rotary

valve controls the rate of ash feed into the pug mill. The flow rate of water is also tightly

controlled. Enoughwater is added to slake the free lime component and keep fugitive dust

emissionsto a minimum. The slaking reactionis exothermic and can result in the generation of

voluminousclouds of condensedsteam. Extra water is added to compensate for that which

evaporates in the process. Adding too much water causesthe mixture to turn to a sludgethat,

given the proper proportions, can harden through a series of cementitious reactions. Lesser

quantities of water slow these reactions and also produce an ash with the consistencyof a moist

dirt that can readily be dumped from the trucks. A diagram of the ash handlingsystem is shown in

Figure 13.

The pug mill dischargesdirectly to a dump truck waiting below. The water/quicklime

reaction continues and the steam clouds graduallysubsideafter about 10 to 15 minutes in the bed

of the truck. The wetted ;=h is then taken by truck to a landfill, it is noted that even though the
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steaming subsides,the ash temperature decreasesmuchmore slowly than the steaming subsides.

Ash temperatures in the truck bed have been measuredas high as 260°F, and the main body of d
ash and any metal truck walls in contact with it will remain very hot for several hours. Ash treated

at any given water/quicklime ratio and spread on the ground will cool more quickly, of course, with

the rate dependent upon ambient conditionsand the area available.

SYSTEM MODIFICATIONS

Sorbent Storage and Transfer System

The speed of the solidspump below the storagesilo was increasedto raisetransfer

capacity. This was accomplishedby resheavingthe V-belt drive. This was necessarybecause of

the relatively low bulk density and fine particle size of the hydrated lime. In addition, the shaker-

type baghouse on top of the lime feed silo was replaced with a greater capacity pulsejet unit fitted

with Gore-TexTM bags. This change permitted fillingof the silo at the originaldesign rate.

Sorbent Feed System

When the differential weight lossfeeders would go into a fill cycle, sorbent would flow into
,q

them too rapidlyand cause material to flood through. Rotary valves remedied the situation. By

addingthem at the dischargecf the feed silo, the feeders filled in a slower, more controlled

fashion.

The differential weight loss feeders were vented to the economizer outlet to minimizethe

flooding that occurred duringfill cycles. The slightly negative pressureat the economizer outlet

helped to keep the vent linesclear and reduce flooding.

A vent hopper was added to help relieve pressurein the rotary valves downstream of the

feeders. The design of the hopperallowed for any sorbent entrained in the vented air to drop out

and return to the valve. The vent hopperitself was vented to the air heater outlet. The slightly

negative pressure helped to vent the hopper.

The feed system as it was initially designedused a dense phase air system to convey the



sorbent from the pickuppoint below the rotary valve. Dilute phase air was then mixed in and used

to convey the sorbent to the distributionbottle through a 2.5 in pipe. This method of conveyance
created too much back pressureon the rotary valves. The high back pressureforced conveying air

up throughthe valves and fluidized the sorbententering the valve pocket which in turn reduced

capacity. The dense phase system was eliminatedand the 2.5 in pipe was changed to a 4 in lD

hose. The removal of the dense phaseconveying system eliminated ali of the piping,valves, and

transmitters associated with that part of the system.

A solids pump was added to replaceone of the rotary valves. System capacity was

difficult to maintain without repeated adjustment of the sealsin the rotary valves. The installation

of the solidspump ensuredsteady, reliable sorbent feed with only a fraction of the maintenance.

The inlet pipingto the distributionbottles was increasedto 4 in diameter to accommodate

the 4 in lD hose installed _oreplacethe original 2.5 in pipe. The linesfrom the distributionbottle

feeding the 181 ft injoc_ionlevel nozzles were changedto 2 in lD from 1.25 in. The inner pipe in

the nozzleson this level were changed ,om 2 in lD from 1.5 in.

Humidifier

D The ten across by eleven high array of atomizingnozzles was changedto a ten by ten by

removingthe bottom lances on both the north and south sides, lt was found that the spray from

the bottom row was impingingon the floor and causinga build-upof ash. The remaininglances

were changed to the design usingnacellesfor vent air to reduce the accumulationof ash on the

nozzles. The lances were hollow and opento atmosphereoutside the duct. The negative pressure

in the duct pulls air past the nozzlesand helps to reducedepositson the atomizer tips. These

changes led to improved humidifier performance.

Ash RemovalSystem

The bags in the pulse jet bag filter on top of the ash silo were initially made of felt. These

were replaced by Gore-Tex" bags which handledthe fine LIMB ash particles more efficiently.
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DH Control

1
The yard sump in the ash unloading and storage silo area was reroutedto the neutralization

equipment. Thi;; allowed water from wash-down in the unloadingarea to be treated before

entering the ash pond. The area drainsto a sump that collects water used to clean up yard spills.

A second pH probewas added to improve neutralizationcontrol. A length of polyvinyl

chloride(PVC) pipe was added after the acid injectionpoint. This acted as a mixing chamber so

the acid and water would be thoroughlymixed before reachingthe ash pond. The second pH probe

confirmed that the water had been properlyneutralized.



SECTION 5

D TESTING

DATA ACQUISITION AND REDUCTION

Becausethe Clean Air Act and its amendmentshave historicallyemphasizedthe control of

SO=emissions,the focal point of the LIMB Extensiontests was the demonstrationof the SO=

removal capabilities of the sorbent injection process. While important in the overall view, emissions

of NO=and particulate receive less attention for additionalreasons. First, NO=emissioncontrol in

LIMB was essentiallyset by the design parametersdevelopedfor the DRB-XCLTM burnerbefore and

duringthe original LIMB demonstration. While the LIMB Extensionprovidedan opportunity to

explore some possiblecauses of variations seenin the courseof that project, data was obtained

more passivelyas the conditionschanged during normalboiler operation, rather than througha

rigorousseries of parametrictests.

The reasonsfor reducedemphasison particulate emissionsare twofold. The first is that

ESP technology is regarded as a mature technology for which the effects of changingthe

independent variables are well established. The secondis that the costs of conductingtests over

D the longer periods of time requiredto obtain steady-state conditionsneeded became prohibitive.
One to two weeks at each test conditionwould have been necessaryto develop truly meaningful •

data on particulate emissioncontrol. The benefits of conductingtests with much more frequent

change in injection stoichiometry, and doing so over the range of boilerload, were regardedas

having greater value. Continuousopacity data was consideredto be a reasonablealternative as an

indicator of the general impact of the technology on particulate emissions.

Performanceof the total system -- boiler, sorbent injectionsystem, and Radian

Corporation'sContinuous EmissionMonitoringSystem (CEMS) -- was monitoredby the B&W Boiler

PerformanceDiagnosticsSystem 140 TM. Since the data presentedin this report were taken from

the output of this device, the following describeshow the data were collected and handled by the

System 140 TM. As part of the originalEPA LIMB project, this computerizeddata acquisition system

was expanded beyond its normal boiler performancefunction to a customizeddevice capable of

monitoring the additional equipment and analyzers associatedwith the LIMB technology, lt was

also programmed to perform a variety of calculationsspecificto the technology, such as Ca/S
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stoichiometry, as well as to reduce the data from the CEMS accordingto EPA-acceptedprocedures.

l
The input data for the System 140 TM consistedof approximately700 temperature, pressure,

flow, and gas concentration signalsthat were automaticallyread once a minute, together with

manually entered coal, sorbent, and ash analysesthat were updated as necessary. The system

also accepted humidifier and pulverizer data, as well as ESPvoltages and currents. Thus, the

System 140_"served as the primarydata recordingdevicefor the project. Extensivequality

assurance/qualitycontrol measuresbegun duringthe originalLIMB Demonstration were continued

throughout the project and are summarizedin Appendix C.

As each set of readingswas taken, the System 140 TM performed about 600 calculations

that may be grouped into categories relatedto boiler performance,boiler cleanlinessfactors,

sorbent injection parameters, humidificationparameters,and emission data. Appropriateequations

were incorporatedto account for differencesin sorbentchemistry. As time progressed,ten minute

rollingaverages of the input and calculated data were calculatedfor display in data lists and/or 2,

8, 24, or 168 hour trend charts as appropriate. In many casesthe most recent individualinput

data were similarly displayed. In addition, hard copiesof the data lists and trend charts were

obtained as needed, d
I

The System 140 TM also performed several other functions associatedwith on-lineerror

analysis, the redetermination of the LIMB system's performance basedupon recalculationof the

stored ten minute averages with updated, ultimate coal and sorbentanalyses received several days

after the fact, and x-y plotting of trended values. The recalculationfeature was includedsuch that

the ultimate coal analyses could be entered at a later date when the analysis was complete.

The calculationsof particular importance were those associatedwith the determinationof

coal firing rate and "inlet" S02, sorbent injection rate, and S02 emissions. These are described

individuallyin the following paragraphs.

Coal FirinoRate and "Inlet" SO_

lt was decided early in the EPA project that the coal feeders at the Edgewater Station were

of a type and vintage that would not readily provide the desired accuracy in feed rate. The



determinationof coal firing rate by the System 140 TM was consideredto be more reliablein that it

D calculates the rate based on the coal analysisand a seriesof heat and material balances
derived

from the temperatures, pressures,and flows measuredthroughout the boiler. While the exact

equations within the System 140 TM are derived from the originaldesignof the Edgewater boiler and

are consideredproprietary, the pertinent portions here are quite similarto ASME PTC4.1 (American

Society of Mechanical EngineersPerformanceTest Code), ASME Heat Loss Method, a standard

calculation of boiler efficiency in which fuel rate is also determined. The product of the coal firing

rate and the sulfur content of the coal is the basisfor the sulfur term in the Ca/S stoichiometric

ratio. The ratio of coal sulfur to its as-fired,high heating value (HHV) allows calculationof the

"inlet" SO=on a lbl10 e Btu basis accordingto the equation:

Inlet SO2, lbl10 e Btu = J_CoalS [wt %]. Ib) (lx10 e Btu/10e BtU) (64.062 I1_SO2_
(100 Ib Coal) (HHV, Btu/Ib coal) (32.064 Ib S)

Sorbent Injection Rate

Sorbent was fed from either of two Acrisondifferential weight lossfeeders to any two of

D three elevationsin the upper furnace, rates output
The feed from the two feeders were summed

by the System 140 TM to give the total sorbent injection rate. The productof this value andthe

calcium content of the lime or limestonedetermined by analysiswas the basisfor the calciumterm

in the molar Ca/S stoichiometric ratio calculatedas:

Ca/S = (Sorbent. Ib/hr) (Sorbent Ca(OH), [wt %]. Ib) (32.064 Ib/Ib mol S) (100 Ib Coal)
(Coal, Ib/hr) (Coal S [wt %], Ib) (74.1 Ib/Ib mol Ca(OH)2) (100 Ib Sorbent)

[This equation is for hydrated calcitic lime. Equivalentequationswere used for the other

sorbents.]

S02 and NO. Emissioqs

Radian Corporation's CEMS continuouslyanalyzed several gases in the duct between the lD
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fan, following the ESP, and the stack. The samplingpoint was confirmedto be a representative

location accordingto EPA quality criteria,le Figure 14 shows the extractive system used. The d
,q

analyzers were calibrated daily, excludingweekends and holidays. Calibrationgases entered the

system just downstream of the inlet filter in the ESP outlet duct. This verified the operation of the

system in addition to confirmingthat there was no appreciable capture of SO2 in the sampling

system. The inlet filter itself was maintainedat approximately 300°F, a temperature high enough

to assure that no significantSO= removal occurredthere as weil. Heated sample lines carriedthe

gas to a conditioner which removed moisture by condensingit. The dry gas then passedfrom the

conditionerthrough a manifold which routed samplesto each of the analyzers. The gases

monitoredcontinuously includedSO=, NO,, 02 (oxygen), CO2, (carbondioxide), and CO (carbon

monoxide). Total hydrocarbonswere also monitoredearly in the EPA project, but were found to be

at or below detection limits over the course of several months. Forthis reason, use of this monitor

was discontinued.

Most pertinently, SO=and NO= (each parts per millionby volume [ppmv])and 02 (vol %)

values were read every minute by the System 140 TM. The SO2and NO=concentrationswere then

converted to a lbl10 e Btu basis usingthe standard "F-factor" equationand the measured 02

concentrationto correct for dilution. The differencebetween this outlet SO=value and the "inlet"

value describedearlier represented the removal which, when divided by the "inlet" SO=, gave rise d

to the removal efficiency calculatedby the System 140u, usingthe most recent ten minute rolling "

average values at any point in time. The equationsused in the calculationswere:

Fs, Dry Standard Cubic Feet (dscf) Flue Gas/10e Btu =

(11._._._..B_z{(3.64 x H) + (1.53 x C) +(0.57 x S) + (0.14 x N) - 0.4_ 0) ds_f FIvQGas/Ib Coal}
10e Btu ' Coal HHV, Btu/Ib

where H, C, S, N, and O are the weight percentagesof these elements and HHV is the

high heating value of the coal on an "as received" basis.
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Outlet SO=, lbl10 e Btu =

(SO=, ppmv dry) (20.9 vol % 0_) (Fa,dscfll0 e Btu) (1.66x10 "7Ib SO2/(ppmv dscf)) q
" 20.9 - O=

where O= is the volume percentage of oxygen in the flue gas measured at the same

location where the correspondingSO=concentration(ppmv) is determined. Ali outlet gas

concentrationswere determinedon a dry basis at the stack, and on a wet basis

elsewhere (individualO=at the economizer outlet, air heater outlet, and humidifier inlet

and outlet; SO=, CO=,and H=Oat the humidifier inlet/outlet where a dilutionprobe

samplingand analytical system alternated between inlet and outlet sample gas. When

appropriatefor further calculations,gas concentrationsmeasuredon a wet basis were

corrected to a dry basis, as for example:

SO=, ppmv dry - (SO2,ppmv wet) ( 1QQ% )
100 - H=O, vol %

where H20 is the volume percentage of water assumed or measured at the sample

location.

Similarly, q

Outlet NO=as NO=, lbl10 ° Btu =

(NO=, ppmv dry) (20.9 vol % 0,) (Fs, dscf/106 Btu} (1 194x10 .7Ib NO=/(ppmv dscf)|
" 20.9 - O=

The S02 removal efficiency is then given by:

S02 Removal Efficiency, % = (100 %) JlnletSOz - Outlet S07. !bl10e Btu)
Inlet SO=, lbl10 e Btu

TEST CONDITIONS

Since the high temperatures in the furnace precludedthe continuousmeasurement of the

"inlet" SO= concentration, tracking of coal quality was of paramount importance during ali sorbent



i 6ction tests. This began with "truck" and "bunker" samplescollected and analyzed by Ohio

D_ I:dis_n as part of their normal analytical procedures. These analyses,available approximatelya
week after the sampleswere collected, were generallyused to assure that the coal quality of

individualsupplierswas generally within the desiredtolerance, and occasionallyto explain

otherwise anomalousvariations. In accordancewith Ohio Edison's statisticallydesignedsampling

program, the truck samples were collected with a samplingauger and the bunker sampleswith a

cross-cutcoal stream sampler.

In order to have as invarianta compositionas possible,Ohio Edisonunloadedtrucks at the

rear of the coal pile and then bulldozedthe coal forward through the pile. This tended to blendthe

coals together and lowered the variability of the coal loadedto the bunker. This lower variability is

manifested in the lower standard deviationsin the analysesof the bunkersamples.

The coal analysesinput into the System 140 TM were basedon the ultimate analyses of coal

samplesautomatically collected from the pipesexiting each of the four pulverizersat Edgewater.

The samples were generally obtaineddaily throughthe 5-day work week. Compositesamples were

sent to CTECo for the ultimate analyses, while 4 to 6 samples were typically analyzed with the

on-site Leco sulfur analyzer periodicallythroughouttest days. The Leco sulfur analysis,available

__ within 30 to 45 min of sample collection, providedas close as possiblea "real time" measure of
the adequacy of the coal sulfur value beingused in the System 140 TM, and of the variability of the

sulfur during test periods. A significantchange in this value would invalidatethe period as a test.

The lower sulfur content found in the ultimate and Leco analyses,as comparedto the

bunker analyses, is believedto be due to the removalof pyritic sulfur in the =pyritetraps" built into

the design of the coal pulverizers. No credit was taken for this sulfur removal, however, since the

calculations were ali performed on an "as-fired" basis. ('Inlet" SO=values were obtainedfrom the

SO=concentrationsresultingfrom the coal actually burned).

Before a test couldbegin, a "baseline" or "zero" S02 removal efficiencyfor the system had

to be establishedwhen no sorbent was being injected. This was accomplishedby adjusting the

value of the sulfur content of the coal analysisinput to the System 140 TM. The removal efficiency,

calculated as shown earlier in this section, had to remain steady near zero (typically within ± 3%

for 30 to 60 min) before a test could begin. This manipulationof the coal sulfur concentration was
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necessary to keep the System 140 u data base current with the coal beingfired. Byadjusting the

sulfur concentration of the current coal analysisto force the removal to zero, the "inlet" SO= I

concentration was effectively beingchanged to make it agree with the measuredoutlet SO2

concentration. This not only served to "zero" the system SO=removal, but also kept the coal

analysis current with the coal beingfired.

After the "zero baseline" SO2removal had been achieved, sorbent injection began. The

desired Ca/S ratio was input into the control system and the injection equipment started. Visual

inspection verified sorbent flow through ali of the injection nozzles.

The system SO=removal would begin to climb immediatelyupon introduction of sorbent

into the furnace, and after some length of time, level out. This usually required about one half

hour. Sorbent injection would continue at the desired stoichiometry until the removal efficiency

remained at a near constant level for at least a half hour, the minimum time consideredacceptable

for a test. (The average duration of the 223 tests conducted duringthe project was 134 min, with

individualtests rangingfrom 30 to 710 min.) In additionto the uniformity and constancy of I.eco

coal sulfur, sorbent feed, and SO2 removal, valid tests requiredthat boiler operationremain

constant as weil. Thus, parameterssuch as load, coal flow, steam flow, and flue gas oxygen

concentration (combustionair) likewise had to remainsteady at the desired values throughout the a
I

test period.

The demonstration of system operability duringnon-test periods was also an important

facet of the project, with unit load beingthe key parameterto which the LIMB control system

responded. Thus, while performance was characterizedduringtest conditions, reactions to

unintended upsets such as pulverizertrips, as well as to such intentional ones as load changes,

were just as much real "tests" of the technology. While steady-state performance data were, by

definition, impossibleduring such incidents, LIMB system operability was shown almost always to

be responsivewith as rapid a proportionalchange in sorbent feed as the change that prompted it.

The same was generally true for the humidifieras the water flow would change to accommodate

changes in gas flow. Had it not, large deposits would have formed quickly given the fact that the

unit's general pattern of operationcarried it to full load duringthe day and minimum load

(approximately 33 percent of full load) at night.



Finally, the DRB-XCL TM burners originally installed as part of the EPA LIMB project continued

D to function well throughout the LIMB Extension and produced overall NOx slightly
emissions lower

than those seen during the earlier project. In this sense, the data collected over the whole range of

boiler operating conditions can be thought of as constituting the "tests" of the low NOx burner

technology.

EXAMPLE OF A TEST

This section discusses one test period in deta;l to provide the reader with a more concrete

example of how the data was acquired anrJ_duced. The CEMS stripchart recorder trace for LIMB

Extension test LE-85 is shown in Figure 15. The test is also identified as DL87-85 which indicates

the injection of dolomitic lime at the 187 ft elevation. As can be seen, the S02 concentration

remains constant until just after sorbent injection begins at 10:24. lt rapidly drops about 35

percent, and thp.n begins to level off at about 40 percent removal 30 to 40 min after sorbent was

first injected. Test data are collected for about 5.5 hr, whereupon the sorbent feeder hoppers and

lines are emptied. With ali feed off by 17:00, the SO= concentration slowly returns toward its

baseline levr_l. The return to baseline is slow as residual, unreacted lime spread throughout the

boiler is either purged or continues to react at reduced rate until it is consumed. The time required

for this varied among the tests from about one to four hours depending to a large extent on the
load and rho operators' preferences in sootblowing. For this test, the return took about 1.5 hr.

In order to facilitate data reduction, selected 10 min average data collected in the System

140 TM were routinely downloaded onto a floppy disk in a spreadsheet format. These data were

then used to calculate average values either for relatively short, individual test periods in the case

of SO= removal, or accumulated over a period of months for characterizing long term NOx

emissions. Table 1 shows some of the selected data copied to the floppy disk, to which notes

have been added indicating exactly which data were used to define the "zero" baseline and average

SO2 removal efficiency of test LE-85 (DL87-85).

Analyzer calibrations, followed by any necessary adjustment of the coal sulfur, typically

preceded each test. For test LE-85, the 07:15 Leco coal sulfur measurement had been 1.66

percent, quite close to the 1.56 later measured for the 14:00 sample, and to the 1.59 and 1.55

percentages measured on the daily composite samples analyzed on-site and by CTECo,
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TABLE I. SELECTEDTYPICAL DATA FROM A TEST PERIOD
IL , I' ,,, ..,

_) Coal M-;n Cdc. FkmG_
Ou_ Outlet F_rino Steam Grom Lime Temp. I._vin0 Humidifier

80_ 901 NO. Rate Row Unit reed st Fumm:e Outlet
Time on Ce_S Removal _ Ib Ib4v _ _ R4t_ Nora 1104hr GaoTemp.

Teat 11/8/90 Retio % 10I Btu 10eBtu x 104 x 10a MWe U04hr eF x 104 OF

09.'O3:14 4.239 2.743 0.4001 81.90 606.8 70.1 1870 772.7 281.3

08:14:44 -6.273 2.749 0.4394 87.13 736.4 102.7 2203 948.8 203.1

09:26:23 -3.692 2.703 0.4728 87.78 743.7 104.2 2262 990.1 281.7

00:36:24 -3.768 2.706 0.4868 88.48 760.6 104.6 2266 1024.0 278.1

09:46:24 -4.211 2.717 0.*,_861 88.06 745.2 104.7 2239 1020.0 277.8

Zero 08:66:24 -0.706 2.730 0.4964 90.07 762.3 104.6 2260 1038.0 277.2

Zmo 10.'O6:26 -0.879 2,738 0.6001 88.63 747.7 104.6 2267 1017.0 276.7

Zmo 10:16:26 -0.783 2.733 0.4988 87.80 741.9 104.2 2264 1011.0 276.6

10:26:26 1.094 -0.402 2.721 0.5043 88.70 763.7 104.2 6873 2261 1041.0 270.0

10:36:26 1.921 28.69 1.936 0.6098 88.03 748.4 103.4 9847 2249 1024.0 263.7

10:46:26 1.986 36.86 1.744 O.6134 88.37 760.8 103.7 10101 2260 1021.0 201.6

10.66:26 88,06 748,9 103.6 9977 2238 1064.0 268.7

DL87-86 11:O6:26 1.976 41.07 1.687 0,6169 87.68 746.1 103.2 9932 2236 1026.0 267.2

DL8746 11:16:26 1.973 42.21 1.666 0.6319 87.94 760.8 102.6 9963 2229 1026.0 266.0

DL87-96 11:26:26 1,960 41.66 1.682 0,6194 88.01 750.1 102.8 9912 2243 1016.0 266.1

DL87-86 11:36:26 1.903 43.06 1.644 0.6117 87.64 748.2 102.0 0886 2242 1006.0 266.2

DL87-86 11:46:27 1.986 43.31 1.638 0.4986 07.08 746.8 102.4 9923 2273 987.2 266.0

DL67.66 11,'66:27 1.968 43.46 1.634 0.6162 87.14 746.8 102.6 9808 2232 1006.0 264.4DL87-86 12.'O6:27 1.1193 46.07 1.489 0.6306 87.48 744.2 102.1 9946 2187 1062.0 266.3 •

DL87-66 12:16:27 1.928 44.32 1.509 0.6304 88.63 760.3 101.3 9763 2126 1076.0 268.0

DL87-66 12:26:27 1.920 42.32 1.664 0.6081 87.64 762.6 101.9 9702 2168 1038.0 264.9

DL87-96 12:36:27 1,926 41.02 1.676 0.4790 88.92 766.8 103.6 9969 2207 1032.0 265.8

DL87-86 12:46:27 1,892 41.06 1.687 0.4874 90.99 766.6 103.1 9949 2218 1066.0 266.7

DL87-86 12.66:27 87.86 762.6 102.6 9912 2182 1021.0 266.8

DL87-86 13.'O6:27 1,986 43.44 1.633 0.4936 87.76 746.0 103.2 10023 2228 997.3 264.3

DL87-86 13:16:28 1.973 46.23 1.469 0.4772 87.87 763.2 102.7 10023 2211 994.7 264.3

OL97-86 13:26:28 1.933 46.97 1.441 0.4684 88.30 769.4 101.6 9831 2180 1016.0 264.8

DL87-66 13:36:28 1.943 47.81 1.416 0.6032 68.92 772.3 104.1 10062 2182 1060.0 266.0

DL87-66 13:46:29 1.913 46.41 1,478 0.4866 82.28 786.9 106.4 10128 2237 1061.0 266.7

DL87-86 13.66:28 1.887 42.07 1.570 0.6026 83.16 779.9 106.8 10180 2239 1071.0 267.1

DL87-86 14.'06:28 1.832 40.72 1.607 0.4861 89.88 760.3 103.4 9872 2246 1027.0 265.8

DL87-96 14:'i _28 1.868 41.27 1.683 0.4766 88.91 760.1 103.0 10270 2262 983.0 266.2

DL87-86 14:26:29 1.967 41 .(SO 1.686 0.4624 88.48 763.8 103.3 10017 2260 988.8 264.6
. ., , i i • i i TI

con_nued
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TABLE 1. I_).
mi , ii

Cool MoOn Clair.. FkaoGee 8
OutSet OuUet r-klng Steem Grom Lime Temp. Leavtn0 Huo_lifior ISOs SOz NO, Rate Flow Unit reed at Furnace Outkpt

Time on Ce/S Removal It) I_ lh/tr IbJhr Load Rote Noee Ib_ Gee Temp.
Toot 11/0/90 Ro(do _ 100 Btu 10eBtu x 104 x 10_ MWo _ eF x 104 eF,,,

DL87-O6 14:36:20 1.070 42.51 1.600 0.4877 87.02 760.9 103.0 0814 2264 081.8 264.7

DL07-86 14.'46:28 1.000 43.10 1.644 0.4612 118.28 766.7 102.7 10216 2273 903.2 266.7

DL87-O6 14.'66:26 87.44 748.7 102.6 10002 2166 1003.0 266.1

0L67-416 16._6:28 1.040 43.67 1.628 0.4476 88.28 766.7 102.0 8964 2260 987.8 266.0

0L67-06 16:16:20 2.012 44.86 1.48 0.4838 88.76 763.2 102.1 10086 2142 1070.0 266.6

DL87-06 16:26:20 1.921 46.68 1.478 0.4686 08.78 764.4 102.1 9784 2187 1016.0 266.8

DL87-16 16:36:28 1.968 44.60 1.603 0.4480 88.44 781.4 102.2 9947 2191 1006.0 266.6

DL67-II6 16:46:31 1.928 42.81 1.681 0.4688 89.66 762.3 104.3 10018 2116 1097.0 266.4

DL87-116 16:66:31 1.611 40.6 1.601 0.4699 90.76 762.8 103.0 9664 2211 1032.0 267.6

0L87-66 16.'06:31 1.643 40.68 1.811 0.4644 89.66 766.7 103.7 10038 2239 1017.0 266.3

DLIT-II6 16:16:82 1.969 311.72 1.830 0.4488 88.09 761.4 102.3 0996 2219 090.4 260.7

DL87-66 18:26:33 1.646 41.66 1.686 0.4690 08.34 766.7 103.4 9848 2164 _067.0 266.3

18:36:34 1.411 37.19 1.704 0.4667 88.42 760.6 102.4 6867 2111 1109.0 266.6

18:46:34 1.328 36.43 1.762 0.4682 88.48 761.7 102.0 8684 2117 1077.0 266.4

10.'66:36 84.04 718.0 94.3 6209 2126 1014.0 266.2

17:06:36 0.877 22.33 2.109 0.4177 81.63 698.9 94.6 3408 2173 936.0 266.6

17:16:30 11.73 2.368 0.4293 113.86 701.2 97.1 2201 964.7 266.0

17:26:30 4.324 2.001 0.4488 83.14 899.6 H.3 2174 978.6 264.6 a

117:36:36 1.388 2,002 0.4468 01.82 688.0 00.6 2200 61.8 264.0

17:46:36 0.009 2.906 0A432 82.66 703.1 96.6 2176 974.2 264.0

17.'66:30 1.060 2.OOO 0.4446 112.67 70 t .2 96.2 2167 977.3 266.2

I0:06:36 .0.304 2.720 0.4486 02.30 068.0 00.4 2204 960.7 266.0

10:16:30 -0.1141 2.744 0.4428 03.01 709.3 06.8 2187 087.0 266.6

18:26:38 -2.130 2.777 0.4467 02.99 688.3 97.1 2224 064.1 266.3

18:315:38 -2.268 2.702 0.4422 02.63 097.7 86.9 2224 641.9 • 266.2

10:46:36 -2.380 2.786 0.4318 02.37 700.7 00.7 2216 921.8 260.2

18:66:38 83.07 702.0 06.9 2191 964.7 267.1

19.'06:38 -2.220 2.780 0.4162 92.10 897.8 96.0 2288 802.0 267.7

Z_o: Av_o0e .0.02 2.73 0.60 88.9 761 104.6 2260 1021 276.0

2 x Sta_ud Deviation 0.23 0.01 0.00 1.8 17 0.4 11 21 0.6

DL87-96: Average 1.96 43.06 1.64 0.48 88.8 767 103.0 6042 2211 1020 266.7

2 x _ondKd Deviation 0.06 3.03 0.1 1 0.06 2.6 18 2.1 148 84 03 1.7
n _ __ __ __ , _



respectively. Just before the test, the coal sulfur used in the System 140 TM was changed from

1.49 to 1.55 percent, resulting in the changein calculated S02 removal between the 09:45 and
09:55 updates in Table 1. (In the table, breaksin the emission-relateddata every two hours

correspondto values disregardedduringpurge of condensedwater from the CEMS gas conditioner.

Momentary introductionof air for these purges gives riseto the large spikesin Figure 15.)

SO2removal efficiency remainsnear zero for the three updatesbefore sorbent injection

begins. By the 10:25 update, both feeder A and feeder B are showing flow. The removal

efficiency rises rapidlyat first, and then more slowly after 10:45. Beginningwith the 11:05

average, it levels off in the 40 to 48 percent range for the following 330 min. After the test,

sorbent injection slows duringhopper and line purging(16:35 to 17:05). With the feed shut off,

SO=removal returns to near zero by 18:05.

The 33 ten minute updates are then used to produce a test average 43.88 + 3.93 percent

S02 removal (corrected for the -0.82 percer;t"zero') at a 1.95 ± 0.06 Ca/S ratio. The variabilities

correspondto twice the standard deviationsand represent a 95 percent confidencelevel. The

compilationof test data in this way then f3rms the basis for the discussionin the emissionsresults

section to follow.

)
SO2 REMOVALTEST CONDITIONS

The primary variables studied duringthe LIMB Extensiontest period were sorbent type and

sulfur content of the coal burned. Other independentvariableswere stoichiometry, humidifier

outlet temperature (approachto saturation), and the sorbent injectionlevel.

The project was designedto demonstratethe SO=removal efficiency of four sorbents:

calcitic limestone(CaCO3), type-N atmosphericallyhydrated dolomitic lime [Ca(OH)2. MgO], and

calcitic hydrated lime [Ca(OH)=], both alone and with added calcium lignosulfonate(hereafter called

ligno lime). The testing was conducted over a range of calcium/sulfurmolar ratios (Ca/S) and

humidificationconditions, while burningOhio coals with nominalsulfur contents of 1.6, 3.0, and

3.8 percent by weight. A chronologicalsummary of the variousfacets of the LIMB Extension test

program is shown in Table 2.
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TABLE 2. CHRONOLOGICALSUMMARY OFUMB TESTING
II • ,. , , , , ,.

Nominal CoolSulfur, wt% A
i q1.8 3.0 3.8

Ccm_m_akdCelcitt¢ 7/1114/111 9/87 ", 7/91
Hydrm_l Lime 11/884/80"

Li0no Lkrne 2/111-4/81, 6/81- 9/87", 4/89", 6/89", 4/81-6/81
0/91 4/90-6/90

Dd_c Hydrated 7/00-10/00, 11/80, 10/90, 11/110 12/110,2/91
Ume 12/90

LMmmmne(IO% < 44#m) (I/80-7/90 6/90-0/90 NT I

UmoMqmo|100% < 441Rh) 1/111$ NP'" NP

_¢mo (100% < 10#m) 1/81 $ NP NP

TeMing took plew dudng the EPA-q_n_d W_to(.
! NT ,. Not tinted duo 1o Wqec'tm:ldifficulty in m_mllnlng c(Icn_mce with the idont'e en_mon limit (143.4 lh/10e Btu.

I NO( tarred, but _ when lower than expected SOmremoval w-- obtaimd with mcxor.oerN m4m.'_l.
NP - No¢Idm'med.

The coal/sorbent combinations of 3.0 percent sulfur coal with calcitic hydrated lime and

ligno lime, demonstrated during the EPA-sponsored program, were not repeated. The 3.0 percent

sulfur coal/•long lime combination was used to verify equivalent system operation, however. This

took place following the conversion of equipment back to a furnace injection configuration after the

Coolside duct injection tests were complete. The coal/sorbent combination of 3.8 percent

sulfur/limestone was not tested. Results with the two lower sulfur coals indicated that compliance I

with the plant's 30-day rolling average emission limit of 3.4 Ib S02/10 e Btu could not be

maintained while testing this combination. Two more finely ground calcitic limestones were tested

while burning nominal 1.6 percent sulfur coal. This was done because the more coarse material

originally used resulted in unexpectedly low SO2 removal (discussed in more detail in the next

section).

For the coals used during the demonstration, the flue gas saturation temperature was

approximately 125°F. Minimal humidification of the flue gas is defined as operation at a humidifier

outlet temperature sufficient to maintain ESP performance. That temperature was typically 250 to

275°F. There were times during the demonstration that the humidifier did not have to run to

maintain ESP performance. This was true during the limestone testing. During some of the eady

testing of dolomitic lime in August and September of 1990, runs were also made without

humidification because the humidifier lance assemblies were not on site. These tended to be

shorter (2 to 3 hr) tests. Close approach testing, as used in this report, is defined as tests



conducted during operation at about a 20°F approach to the adiabatic saturation temperature of

_) the flue measured at the humidifier outlet.
gas,

The range of Ca/S stoichiometries tested for any one coal/sorbent combination was

typically 0.8 to 2.2. Sometimes tests were performed outside this range, but not often. A couple

of tests were run above 2.5 to assure the feed system's capability of delivering the higher mass

feed rates with the dolomitic lime.

Research had shown that optimum sorbent reactivity and sulfation are obtained in the

temperature range of roughly 1600 to 2300°F. The injectors were located where the flue gas

temperature in the boiler is at the upper end of this range. This led to the selection of three

different injection levels in the Edgewater boiler, at plant elevations 181, 187, and 191 ft. The

181 ft plant elevation is slightly below the nose of the boiler. The injection ports at this elevation

are ali located on the front wall opposite the nose (Figure 16). The 181 ft level corresponds to a

temperature of about 2300°F in the boiler at full load. The higher injection levels correspond to

temperatures a few hundred degrees cooler, since there was some concern during the design

stages that even the 2300°F average temperature might be too high.

_ SCHEDULE

Sorbent was injected into the furnace not only to obtain parametric test data while

demonstrating LIMB technology, but also to maintain the plant's 30-day rolling average, SO2

emission limit of 3.4 Ib/10 e Btu while the higher sulfur coals were being burned. This required that

the test schedule had to be interwoven with the normal variations in electrical demand placed upon

the plant and the emissions that result from any given set of operating conditions. This led to the

almost daily updating of a projected 30 day rolling average as a guide in selecting test conditions

on any given day. Anticipated SO2 emissions, based on results already obtained, were used to

forecast what the impact would be with respect to the compliance limit. Conserving sorbent when

it was not needed for test or compliance was likewise important as it minimized project costs. The

overall schedule shown in Table 2 is the result of ali these considerations.

In daily practice, sorbent was usually shut down for a short period of time each morning

during the five-day work week, to calibrate the instruments and obtain a zero. lt was then

restarted for tests and to maintain compliance. Thus, the LIMB system operated almost





continuouslyduringthe time when high sulfurcoal was being burned. When there was no danger

exceeding plant's limit, equipment was operated only test purposes.
of the emission the LIMB for

This generally occurred during the use of the 1.6 percent sulfurcoal and produced test runsof two

to six hours. This operationalphilosophyconservedsorbent, minimizingproject costs while still

demonstratingthe system's capability.

The test runsattempted duringthe LIMB Extensionare listed in Appendix D. One column

on this list indicates whether or not the run resulted in a test data point in the final plotsof S02

removal efficiency as a function of Ca/S stoichiometry, If the test was not used, there is an

explanation in the comments column. The column entitled "# of Ten Min Averages in Test= shows

how many ten minute averages were usedfor the data point. This is the time the system was at

steady-state, and does not includethe time needed to zero the system or to reach steady-state

conditions.
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SECTION 6

EMISSIONS RESULTS (

The highest furnace SO2removalsmeasured duringthe LIMB Extension, on the order of 60

percent with minimal humidificationand a 2.0 Ca/S stoichiometry, occurredwhen calcitic hydrated

lime was used as the sorbent. Little, if any, differencein reactivity appeared between the ligno

lime and the normal commercial material, unlike observationsmade duringthe EPA project when

the former performed better. Dolomitic lime resultedin about 50 percent removal, and calcitic

limestone 20 to 40 percent depending uponthe particle size, under the same conditions. These

removal efficiencies increase by approximately10 percent absolute when the flue gas is saturated

to within a 20°F approachto the adiabatic saturation temperature. The degree of SO2removal

depe_,_ to a lesser extent on such factors as the inlet S02 concentration and the exact

temperature within the sulfation temperature window (injection level). The B&W DRB-XCLTM

burnerscontinuedto provide NO=emissionson the order of 0.45 Ib/10e Btu. Attempts were made

duringthe LIMB Extensionto identify the causes of variations first noticed duringthe EPA

demonstration. Particulat,_emissions,as judged from the continuous opacity measurement,

continued to remain at low (2 to 5 percent) levels when an appropriatedegree of humidification

was employed. Usually, this meant maintaininga humidifier outlet temperature of 250 to 275°F.

Leadinginto the discussionof the test results, the three subsectionsimmediatelyfollowing describe a
details of data acquisitionand reduction pertaining to the individualemissionresults.

S02 DATA

Tests were run in accordance with the proceduresand practicesoutlined in the last section.

Ali the data collected by the System 140 were stored on both a hard disk and magnetic tape as

10 min averages. Once each week selected data were copiedfrom the hard disk onto a 5.25 in

floppy disk to facilitate reduction and analysis. Each floppy disk is capable of holding seven days'

worth of 10 min averages for twenty separate variables. At least five, and many times six, of

these floppies were collected each week. These contained what was consideredto be the more

important of the approximately 1300 input and calculatedparameters. Once every thirty days a

new magnetic tape had to be installed, with the full tape beingcopied and stored.

The data on the floppy disks were converted to a format in which they could be



manipulated on a computer spreadsheet (Table 1 is a partial example of the end result). The data

are screened to reject values of -9999 automatically inserted by the System 140T=when instrument

were out of service (e.g., during purge of the CEMS gas conditioner). At the same time any other

obviously erroneous data is also rejected. The data are then broken down into specific periods

representing the desired zero and test conditions, as is indicated in the first column of Table 1. In

the process, other critical data, such as coal and sorbent feed raL_ and humidifier outlet

temperature, are t xamined to determine if they have remained constant throughout the potential

test period. If so, then the average and standard deviation is determined for the zero and test

periods. The average S02 removal for the zero period is subtracted from that of the test period to

yield the corrected system SO2 removal for the average Ca/S stoichiometry of the test period.

The plots of S02 removal efficiency as a function of stoichiometry are then constructed

from the averaged data for the various conditions. These include curves for the different

combinations of coal and sorbent, injection at specific elevations, and humidifier outlet

temperatures. A curve-fitting algorithm incorporating a standard least squares approach was used

to compare the stoichiometry/removal efficiency data. The 'comparative figures displayed

throughout this report show the first order fit of the data over the range of stoichiometries tested.

Each fit was forced through =-eropercent SOs removal for the baseline condition. A second order

D fit with a diminishing increase in removal would be expected to describe the dependency
more

appropriately at higher stoichiometries. Its use, however, produced erroneously shaped curves in

cases where a relatively small number of individual tests were performed. The first and second

order fits indicated a difference of only a couple of percentage points at a stoichiometry of 2.0 for

some cases where sufficient data points existed to make a comparison. Since this difference is

well within the uncertainty interval, the first order plots are considered to be a reasonably accurate

representation for comparisons made in this report. Individual points are shown in som,s of the

graphs to provide the reader with a visual perception of the data fit. For others, only the curve-fit

lines a_e _resented to facilitate comparisons that would otherwise tend to be obscured by ali the

data points.

NOx DATA

NO= data was continuously collected by the System 140 TM throughout the demonstration

period, the only intentional interruntions beipg for analyzer calibrations and CEMS gas conditioner
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purge. With the exception of minor interruptions,the combined loss of only about five days' data

was the result of four instrument failures throughout the entire LIMB Extension. As described I

above, the data were downloaded onto floppy disks once each week and screenedas were the SO=

data. Because data taken during the EPA LIMB Demonstration appearedto show some variations

that might be controllable, atCempt_were made to correlate NOxemissionswith certain parameters.

These included the independent variablesof boiler load, percent oxygen in the flue gas,

pulverizers/burnersin service, and coal fineness. Eventhe potentialcorrespondencewith another

dependent variable, CO emissions,was also explored. Unfortunately, no consistentcorrelation

couldbe found.

The NO=data were subsequentlyfurther reducedby compilingweighted hourly and daily

averages which were then used to calculate 24 hr and 30 day rolling averages. This was done

because regulatoryagencies commonlyrequire NOxemissiondata in these terms. The weighting

factor used was the coal firing rate.

PARTICULATEDATA

Ohio Edison's continuousmonitor providedthe opacity data collected by the System 140 I.

The data were treated in muchthe same way as the SO2and NO=,with a daily calibration as the i

only regular interruption. Unweighted averages are used in the comparisonsmade later in this

section. The opacity is regardedas a reasonablecomparative indicationof particulate emissions

associatedwith the LIMB process,although much longer runs at steady-state conditions would

have been required to define ESP performance more precisely.

TESTING

The LIMB Extensiontests began in April 1990 with ligno lime being injected while burning

3.0 weight percent sulfur coal. This combination had been studied duringthe EPA project. These

first few tests with this coal/sorbent combination confirmed equivalent system operation after the

switch back to furnace injectionfrom the Coolsideduct injectionconfiguration. The LIMB

Extension tests ran through August 1991, with 289 tests beingattempted.

Of the 289 tests (Appendix D), 224 provided the data plotted in the SO=removal vs. Ca/S



stoichiometry curves that follow. Significant variation in coal sulfur content, changes in boiler

operation, were the three most common reasons aborting or
and mechanical malfunctions for

otherwise not usingtest data. The commentscolumn in Appendix D providesthe general reason

for not utilizingany given test's data. For reductionand analysisof the longer term NO=and

opacity data, only analyzer malfunctionscaused data to be ignored.

The least numberof points used for any one test were three ten-minute averages, the most,

71 ten-minute averages. These numbers do not reflect the time required to "zero" the SO2

removal, begin sorbent injection,and reach steady-state. When these factors are added in, no test

was less than two hours in duration. The averagetest was over three hours long.

COAL-SORBENT3OMBINATIONS

The number of tests attempted and eventually used for the SO2/stoichiometryplots are

outlined in Table 3 for the various coal/sorbent combinationspresentedlater in this section. There

were fewer tests with the two finer limestones. Limitedtesting with these sorbentswas

undertaken only after the removal efficienciesobtainedwhile injecting the more coarsematerial

were less than expected. As noted earlier, the coal/sorbentcombination of 3.8 percent sulfur and

D limestonewas not attempted due to the difficulty projectedin maintainingcompliancewith the
plant's 30-day rollingaverage SO= emissionlimit of 3.4 Ib/10 e Btu.

TABLE 3. NUMBEROF TEST RUNS ATTEMPTED AND USED TO CHARACTERIZESO_REMOVAL EFRCIENCY
ii ,,li , ,, ,

Nominal Cotd Sulfur, wt%

.,lt0 ., 3.0. 3.8

Attom_i3_Nmd _ Att#mnptod _ Attempted

C_cltic Hydrated Lime 14 14 EPA" 16 8

LJgnoLkn4 43 34 161 81 23 23

Doiocr_c Hydrated Lime 46 29 38 33 26 24

Llmemorm80% < 44/m_ 18 12 28 20 NT l

LJrn4mtone100% < 44,urn 18 16 NP'" NP

_one 100% < 10_m_ 4 4 NP NP
iii,

Test.. wwo run dunnOthe EPAopomored demonstration.
f Teltll were run to confirm oyatem perfonnimc4 lifter the switch beck to furnace ir4ect_on from duct irtlMCtion.
$ NT - Not te_md due to protected difficulty inmaintoinino comp4iluncewith the INOnt's emimion I_nit of 3.4 lbl10' Btu.

=.
NP - Not idanned.
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The total amounts of each coal and sorbentused duringthe LIMB Demonstrationare shown

in Table 4. The numbers are presentedto providethe reader with some idea of the magnitude of I
"ql

the effort on each of the combinations. However, because usages were frequently biased in one

way or another for the purposesof the demonstration,the figures shouldnot be used to infer

average rates of consumptionor stoichiometry. Ms might be expected, the quantity of dolomitic

lime was the greatest due both to its unreactivemagnesiumcomponent and the fact that full tests

were run with ali three coals. Prior EPA tests reducedthe amounts of the commercialcalcitic and

ligno lime that had to be tested.

Tests with the calcitic limestonewere limited to those with the 1.6 and 3.0 percent sulfur

coal due to the lower removal efficiency obtained. As noted earlier, the two finer grinds of

limestone were tested in reducedquantities to explore the effect of particle size differences. Only

two truckloads of the finest limestone, loadeddirectly into an empty feed silo, were injected.

While its use was consideredimportant to define a limiting condition, longer term tests were not

warranted. This is due to the fact that current processingtechniques make the cost of this

material about quadruplethat of either of th=. two more coarsesizes tested.

TABLE 4. APPROXIMATE COAL AND SORBENT USAGE DURING THE DEMONSTRATION _d
7r t1.o_ scod ?t0_ scod 3._I_s 9od

Matedd ton ton ton

Cod - DOE 178,578 44,360 28,147

• EPA NA" 132,727 NA

Celcltic Hydretod Lime - DOE 600 0 508

- EPA 2400 t 4804 0

Liono Lime - DOE 800 100 800

- EPA 0 1846 0

DoMmitic Hyckted Lime 1632 1600 1600

LJmeetone 60% < 44/_m 088 SO0 0

LJm4mt(mo 100% < 44#m 264 0 0

I.ime_ono 100% < 10#m 20 0 0
i ii i i i

NA - Not available: 1.6 percent sulfur cold uu0e was wimuily that during

etart-up/eh_down for the EPA tastL

I Very rough imtimste for _ert-u_own with the lower eulfur ¢o4d, though the total
of 7264 ton ueod ova the whole EPA UM6 Demonouetion is eccureto.



Table 5 contains typical analysesof the sorbents used. Sampleswere collected

downstream of the differential weight lossfeeders. An American Society for Testing and Materials
(ASTM) titrimetric procedurefor the determinationof available lime was used for the commercial

calcitic and ligno limes. The CaC03 content of the limestoneswas likewise determined

*_itrimetrically.The analysisin the table includesthe results for ali three sizedistributions.

Dolomitic lime samples were analyzedfor both calcium and magnesiumby atomic absorption

spectrophotometrysince it was not known how much variabilitymight occur for each element.

The calcium value was converted to equivalent Ca(OH)=. As can be seen, the quality of the

sorbents did not fluctuate appreciably.

Particle size distributionswere determinedfor the various sorbentsduringthe project.

Figures 17 to 22 present plots of these distributions. Ali the limes were much finer than the two

more coarse limestones. The size distributionof the finest grindof limestone, however,

approachedthat of the limes, and is thought to be at least partly responsiblefor its greater

reactivity. Those of the two finPr limestonescompare well with the distributionsgiven in the

supplier's literature.

TABLE E. TYPICAL SORBENT ANALYSES

i ii

Smb_l Time Period Ce(OH)_, wt % Co, wt % MO, _'_t% C8C03, wt % •

Cdcitic 07/09/111 Average 94.72 NA" NA NA
Hydrwte¢lLime to Sltmdwd Deviation x 2 1.78

08/02/91 Nund_ of A_y'Ne 7

LignoLime 03113/91 Averege 94.21 NA NA NA
to Stmdud C_iation x 2 1.28
06124/91 Number of AnelyBm 13

Dolomitic 08124/90 Average NA 34.17 18,78 NA
Hydratm:lLime to Stmdwd Deviation x 2 0.83 2,22

11112/90 Number of AnalyNe 18 18

CdctOc Um'mat¢¢4 06131/90 Average NA NA NA 86.01
to Stmd_d Devi_on x 2 4.08
06128/90 Number of Atmlye_ 33

and
01/08/91
to
02/01/91

i

NA - Not anldy'zed.
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As briefly describedin Section 5, the variabilityof the coal sulfurcontent generally

decreased between the truck and bunker samplingpoints, and again between the bunker and the
burnercoal pipe. This improvedvariability is attributed to the mixingthat occursas the coal is

progressivelymoved through the yard and bunker, and eventually in the pulverizerjust before

entering the burner. In addition, the coal sulfur content itself dropsbetween the bunkerand the

burner pipe samplinglocations (one on the dischargeof each pulverizerwith an analysisof a

composite sample beingthe norm). This is believedto be due primarilyto the effectiveness of the

pyrite traps that are part of the B&W "E" pulverizerdesign. The automatic samplersinstalledon

the burner pipes were specificallyplaced in that location so that the samples would reflect the "as-

burned" condition, rather than just what was loaded to the bunker. These trends are evident in

analyses provided in Table_ 6, 7, and 8 for the truck, bunker, and burnerpipe samples,

respectively. Table 9 similarly providesthe data demonstratingthe agreement in sulfur content

between the CTECo analyses of burnerpipe samplesand those determined on site usingthe Leco

analyzer.

SO2 REMOVAL EFFICIENCY

The constant supply of sorbents and coals of known quality was essential to the project

goal of demonstrating the generic applicabilityof the LIMB process. The experimental effort
Ifocused on quantifying the effects of the primary parametersto be c:__4sideredby a utility

contemplating use of the technology. These includedcoal sulfurcontent, type of sorbent,

limestone particle size, injection level, and flue gas humidification. Since the degree of SO2

removal desired might easily span a fairly broadrange dependingon the utility's overall compliance

strategy, ali were characterized over a range of Ca/S molar ratios.

As noted at the beginningof this section, a secondorder correlation between removal

efficiency and stoichiometry probably best describesthe overallresult of a diminishingincrease in

removal as stoichiometry increases. Although much more sophisticated models3._more properly

describethe interrelated kinetics of the simultaneouscalcination, sintering, and sulfation reactions

taking place, the second order correlationmight be thought of as representing a simplercontracting

sphere or cube model that correspondsto a reactingsorbent particle whose surface gradually

becomes coated with the reaction product. Diffusionof an increasinglylower concentration of SO2

through the product layer and into the inner pores of the sorbent leads to an ai3p_rentlower

reactivity of the sorbent overall. For the reasons describedearlier, however, first order fits are
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)
TABLE 8. SUMMARY OF COAL ANALYSES - TRUCK SAMPLES (Ohio Edison Analyses)

i illl i i i

Nomimd Cold Add-, Sulfur; Heating Value, SO_ Index,
S, wt % wt _" wt 56 Utudb" lh/10 e Btu

= 3.8 Averqe 11.60 3.78 12878 5.88

Standard Deviation x 2 4.10 1.46 684 2.30

Numbw of Andyom 146 146 146 146

3.0 Average 10.91 2.96 12998 4.66

Standm'd Oevi•_n x 2 4.27 1.20 620 1.93

Numbew of Analy_8 223 223 223 223

1.0 Avwoge NA t NA NA NA

Stondafd Deviation x 2 NA NA NA NA

Number of Andymm NA NA NA NA
i

_, rna'fur, _and huting vMue me on • dry barn.
I NA - Not _valiable; _ new detivewkm waw• Intewmm01ed with 8tock_ktd compliance cool, bunker amaiym

m _ es the irdt_ roforonoo p4_t.

)
T,NSLE 7. SUMMARY OF COAL ANALYSES - BUNKER SAMVLES (Ohio Edimm Analy_4)

ii li

Nondnel Cod Ash. Sulfur, Heating Value, SO2 Index,

8, wt % wt %" wt %" Btu_" lbl10* Dtu

3.8 Avwe0e 12.60 3.97 12001 o.20

Standard Deviation x 2 2.14 0.99 426 1.62

Numbw of Analylm8 48 48 48 48

3.0 Avers0• 11.04 2.89 12843 4.60

Standard Deviation x 2 3.90 1.26 362 1.20

Number of Amdyuo 60 80 60 60

1.6 Avereoe 11.82 1.79 12866 2.78

Standard Deviatmn x 2 2.26 0.62 403 0.81

Number of AnolyNe 271 271 271 271

eulfur, a_l hating vakm are on • dry barn.
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d
TABLE 8. SUMMARY OFPULVERIZEDCOAL ANALYSES - BURNERPIPE SAMPLES (CTECo AnalyNe) i

,I,,,., , i i

Nomm_ HsetJn0 VdatJl, Rxed
Cod S, Ash, Sdfur, V41hJe, SO_Index, Cafb<m, Hydro0en. Nitrogen, Oxygen. MitteN', Carb4n,
wt % wt %" wt % BtuJlb lh/10' Btu wt % wt % wt % wt % wt % wt %

3.8 Av_a0e 12.08 3.44 12826 6.38 71.11 4.83 1.41 7.12 37.82 60.08

Sten,a,..",J 1.73 0.84 287 1.29 1.37 0.18 0.18 0.98 3.17 2.57
Oev_km _ 2

Nundmr of 35 36 35 38 36 35 35 35 36 36

3.O Averago 11.12 2.58 12900 3.86 72.09 4.89 1.48 7.87 36.32 62.58

stond_d 1.70 0.42 448 0,83 1.48 0.23 0.13 1.OO 1.94 1.74
O_tkDn x 2

Numb_ of 62 62 82 62 62 62 62 62 62 82
An_ylm

1.8 Av_a0e 11.57 1.48 12942 2.24 72.88 4.78 1.60 7.83 34.48 83.78

9tandud 2.58 0.31 460 0.48 2.45 0.29 0.17 0.82 2.14 2.85
_x2

Numlx_ of 212 212 212 212 212 212 212 212 212 212

i, m., , ,.,,

All on,dy_, i_ on. my iNi..

4o

TA,_.E e. SUMMARY OFCOAL SULFUR(L_.CO)ANALYSES - BURNERPIPE SAMPLES _ad_n Andye_)
r[[

Nommel Cod Sulfur;
S, wt% wt%

3.8 Aw,r_ 3.37

stonderd Deviation x 2 0.97

Numberof An41y_e 42

3.O Avwa0e 2.82

stondud Deviation x 2 0.40

Number of Andymm 63

1.6 Av_s0e 1.63

Standard Doviation x 2 0.39

Number of Analyl;_ 216

C_ to • dry bmM by a_umino the mime moisture m determined by CTECo on the composite mmwie.



used in the graphs for the purpose of comparingthe relationshipover the stoichiometry range

actually tested. The nominal sulfurcontents, referringto the "as delivered" rather than the "as
burned" conditions, are used in discussingcomparisonsamong the coals. A Ca/S ratio of 2.0 is

similarlyemployed as a commonreference point, unlessnoted otherwise.

CoalSulfur/Inlet S07 Concentration

Coal sulfur content translatedinto inlet S02 loading. As the sulfur increased, the inlet S02

concentration seen by the LIMB sorbentsincreasedproportionately. For 1.6, 3.0 and 3.8 percent

sulfurcoals correspondingto the typical analyses indicatedin Table 8, the flue gas would contain

approximately 1180, 2090, and 2830 ppmv (dry), respectively, at an excess air condition

representedby 3.0 vol % 0=, a value which can be expected near the point of sorbent injection.

S02 removal by the lime sorbentsat any given set of conditionsincreasedwith the sulfur

content of the coal being fired. This can be seen in Figures23 and 24 for the calcitic and ligno

limes, respectively, when they were injected at the 181 ft elevation. Similarresults appear in

Figures25 and 26 for the dolomiticlime at the 181 and 187 ft injectionelevations, respectively.

These figures show that the SO=reduction increasedapproximatelyseven percent absolute (at the
_

Ca/S reference point of 2.0) when the coal beingfired changed from 1.6 to 3.8 percent sulfur.
Removalefficiency for the 3.0 percent sulfurcoal generallyfell between the removal efficiencies

achievedwhile burningthe two other coals.

The conclusionthat the higher SO=concentrationsactually led to higher removal

efficiencies was not easily reached. Since earlierresearchhad indicatedsuch might be the case,

the data was examined for evidenceof the effect. As might be expected from the differencesseen

inthe figures, no strong correlationwas immediatelyevident. For any two sets of conditionsfor

one sorbent, one might argue that the overlap is within experimentalerror. Nevertheless, the

accumulated data repeatedly pointed to higher removal when the higher sulfurcoals were in use.

This, coupled with at least sometheoretical explanation of the phenomenon,1=led to the overall

conclusionthat the effect is real, at least for the limes.

This conclusionwas not as easily reachedfor limestone, especiallysince data were not

availablefor the 3.8 percent sulfur/limestonecase (Figure27). Limestonetests with both the 1.6

and 3.0 percent sulfur coals producedlower, and approximatelyequivalPnt, S02 reduction for this
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comparatively unreactivesorbent. Perhapsthis reflected a lower sensitivity of this sorbent to the

concentration, though experimentalerror just readily be used to explain the observed
SO= may as

results.

Sorbent Choice

The differences in reactivity obtained duringthe LIMB Extensionare representedin Figures

28, 29, and 30 for injection of the various sorbentsat elevation 181 while using the 3.8, 3.0, and

1.6 percent sulfur coals, respectively. Ligno lime had shown itself to be the most reactive sorbent

duringthe EPA test program. During the LIMB Extension,commercial calcitic hydrated lime

performed equally weil, followed by type-'N" dolomitic hydrated lime. Limestoneyielded the

lowest removal, though more finely pulverizedmaterial increasedremoval as will be describedin

the next subsection.

Table 10 liststhe SO=removalsfor each of the major types of sorbentunder the specific

conditions of injectionat a Ca/S ratio of 2.0 at the 181 ft plant elevation, and with minimal

humidification. The valuesobtained for the commercialcalcitic hydrated and lignolimes duringthe

EPA LIMB Demonstration while burning a 3.0 percent sulfurcoal are included. Examinationof the

i) values in this table suggeststhat, with ali else beingequal, the use of dolomitic lime results in
roughly six or seven percent (absolute) lower removalthan when calcitic lime is injected.

Limestone is even less effective with approximately30 percent (absolute) lower removal. The

values in the table also make it evident that the increase in coal sulfur from 1.6 to 3.0, and from

3.0 to 3.8, percent resultedin a three to four percent (absolute) increasein removal with each

step.

TABLE 10. SOz REMOVAL EFRCIENCIES FOR INJECTION AT 181 ft LEVEL AT A 2.0 Ce/S RATIO WITH MINIMAL HUMIDIRCA11ON
ii i.ll i i • i ii , i i ii

Nom_nd¢ C_ Sulfur Con_ _t, wt %

3.8 3.0 1.8
i,|,l

Liono Lkne 61 63" 63

Commemai Cdc_lc Lm_ 68 66" 61

Do4omitic Lkne 62 48 46

_one (B0% < 44#m) NT ! 26 22

i,,i, i
j. i ii i ,

Determk_d durmo the EPA UM6 Demon_retion.

! NT ,, Not relied.
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The 3.0 percent sulfur coal/ligno lime combinationwas run early during the LIMB Extension

to verify system performance when the equipment was returned to a configurationfor furnace
injectionfollowing the Cooisideduct injectiontests. The runsmade indicatedperformance on the

order of 60 to 65 percent at a stoichiometry of 2.0. Since this was quite comparableto that found

duringthe EPA LIMB Demonstration,testing of the 3.0 percent sulfur/limestonecombinationbegan

soonthereafter in May 1990. Lignolime was not used again until February 1991 when tests were

conducted while burningthe 1.6 percer_tsulfurcoal. By this time, the lower sulfur coal was

expected to produce a reducedremoval efficiency,though the 53 percent obtained was somewhat

less than expected. Potential reasonsfor the differenceswere investigated, but none were

identified. Subsequent tests with the 3.8 percent sulfur coal at the 2.0 stoichiometry yielded about

61 percent SO=removal, several percent lower than might otherwise have been expected.

There are several possibleexplanationsfor the apparent difference in performance of the

lignolime between the LIMB Demonstrationand the LIMB Extension,none of which have been

proven. They are describedhere becausesome are alreadythe subject of on-goingresearch, while

others might be explored in the future. One possiblereasonis that there were subtle changes in

porosity and/or surface area of the sorbent, both of which are known to be quite important in

reaction kinetics. Another may be that the lower efficiency was relatedto a variation in the

calcium lignosulfonateused to prepare the ligno lime. Variationsin compositionand/orconcentration may have altered its intendedeffect. No readilyimplementedanalytical techniques

have been developed for either the raw material or for determiningits actual concentration in a lime

sample. There was no substantialdifference evident in the chemicalanalyses or particle size

distributionsof the sorbent _;amplestaken duringthis period.

A third possible explanationfor the lower-than-expectedS02 removal with the ligno lime is

mechanical in nature. The tests run while burningthe 3.8 and 1.6 percent sulfurcoals were

completed using the solidspump installeddownstream of the feeders. The tests run while burning

the 3.0 sulfur coal were completed usingthe original rotary valve configurationdownstream of the

feeders, lt is envisionedthat the sc3idspump would have a greater tendency to agglomerate the=

lime physically. Since there was no opportunity to try to observea similar effect with the other

limes, this question remains unresolved. One final explanation is simply that the relativelysmall

number of tests duringthe originaldemonstration producedan average that would have been a few

percentage points lower had more tests been run. This couldonly have been answered definitively

at the time of the originaldemonstration.
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Limestone Particle Size Distribution

l
Tests with a commercial, pulverized, calcitic limestoneas the sorbentwere first run in May

1990. The material used at the time had a particle size distributionsuch that 80 weight percent

was less than 44prn (325 mesh; Figure 20). This stone had been chosenbecause it was

representative of readily available material from commercial suppliers,and was similarto what

some utilities have used in wet FGD applications. SO=removal efficiencies on the order of 22

percent were obtained while injectingthis sorbentat a stoichiometry of 2.0, and burning 1.6

percent sulfur coal. Although pilot plant studies had produceda fairly broad band of efficiencies,a

reduction of approximately 35 percent had been expected.='4 The reason was not readily apparent

at the time since there were any of a numberof differencesamong the various pilot studies and the

full-scale unit which could have producedthe effect either individuallyor in combination with each

other.

Of the various parameters which mi3ht have caused the low removal with limestone, only a

significant change in particle size distrib_!_,n w_s consideredworth trying at full scale becauseof

its inherent simplicity. The opportunityto test _1finer grindof limestoneoccurred in January 1991.

A pulverized limestone with 100 weight percent of the particles less than 44pm (325 mesh;

Figure21) generated removal efficienciesof approximately32 percent at a stoichiometry of 2.0.
't

This indication of the importance of size on S02 removal efficiency led to the selection of an even "

finer material for further tests.

The sorbentselected was one for which the size distributionshowed virtually ali particles to

be less than 10/nn (Figure22). For this limestone, the removal efficiency was about 40 percent for

the conditions specified above. The relationshipsbetween Ca/S stoichiometry and SO=reduction

for each of the different grinds of limestone are presented in Figure 31 and clearly show how the

finer materials improve efficiency. This increasedremoval is attributed in part to the greater

surface area available as the size decreases, lt is noted that the finest grindof limestone is almost

as fine as any of the lime sor_nts tested (Figures17 to 19), indicating that the reactivity of the

limes is not due to particle size alone, even though they produce a calcine of the same chemical

formula. A reduced tendency of the limes toward sinteringhas been suggestedas the reason.=°'=1
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Ali limestones used were obtained in truckloadquant.;*.ies,wizh the two more coarse

materials being approximatelyequal in cost. The very fine material was the finest found available i
,q

in this large a quantity. This fine a limestone, however, may not be considereda viable alternative

for LIMB applicationat this time. Its cost, on a truckload basis, is on the order of four times that of

the other two. Long term contracts for largerquantities may make the economicsmore

competitive, though the gap is consideredsubstantialat present.

Iniection Level

A preface to this subsectionon the effect of injection level is necessary, as the effect is

really due to the combined effects of diffsrencesin temperature and in the degree of mixing and

dispersionof sorbent within the flue gas. Since neither could be rigorouslyquantified on a routine

basis in the full-scale unit, a short review of issuesconsideredduringthe originaldr,...._) phase of

the EPA project providessome insi{,lhtworth rememberingduring the discussionof the results.

The fact that pilot studies had ali shown the existence of a sulfation temperature window

of approximately 2300 to 1600OF for the various sorbents was fundamental to the design of the

LIMB system. Temperature and flue gas velocity measurementsai full load in the Edgewater boiler

indicated that the window roughlycorrespondedto that area of the upper furnace between the
_t

noae and the secondary superheater. In addition, the complex gas flow patterns that result as the

gas passesthe nose into the upper furnace cavity, while at the same time cooling as it turns to

enter the convective pass, were ali taken into account. To a lesser extent, operation at lower

loads, changes in excess air, and/or placingspecific burnersin service were also recognizedas

having potential eff_cCson temperatures and mixing.

The final desiqn included provisionfor injectionports located at the three plant elevations of

181, 187, and 191 ft as shown in Figure 5, with elevation 181 ft correspondingto the upperend

of the sulfation temperature window at full load. The lower two levels were initially recommended,

with the ports at _ievi_tion 191 ft added in light of concernthat a lower temperature might still be

desirable, even though mixing and dispersionwere more difficult to achieve at this level. Longer

residence times were thought to compensate for lower temperatures associatedwith either

operation at lower loads or injection 8_the uppermostelevation. While it was impractical to

measure the actual temperatures at the upper two locations,a drop of approximately200°F in the

average temperature was estimated across each of the two gaps between elevations.
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In order to make the installedsystem at least somewhat adjustableto the conditionsthat

_) would be encountered, the injectionnozzleswere designedfor manualtiltir',"through a 30 ° arc.
However, tests duringthe EPA LIMB Demonstrationrevealed that the tilting featur_ did not lead to

any significant changes in the performancerealized. For this reason, no tests were conducted

duringthe LIMB Extensionon the effects of nozzle tilt.

In comparisonto the LIMB Extension, the relatively small amount of data obtained during

the EPA LIMB Demonstrationtests had shown that injection at elevation 181 ft resulted in greater

SO=removal than that achievedat elevation 187 ft. Although the same general assessmentis

derived from the more extensive data obtainedfor the limes in this project, the evidence is not

regardedto be as conclusiveas o iginallyhad been anticipatedfor the reasons describedabove.

Moreover, the results with the limestoneperhapsshow that the middleelevation is favored for that

sorbent.

The first series of tests at the three injectionelevationsduring the LIMB Extensionwere

conducted with coarse limestonesorbentand 3.0 percent sulfur coal (Figure32). These tests

appeared to show that injecting at elevation 187 ft producedthe highest removal, elevation 191 ft

the lowest, and 181 ft an intermediate value. This was not unexpected in light of the pilot tests

__ that showed limestone to be more proneto sintering. Subsequenttests while burning 1.6 percent
sulfur coal indicatedcomparable resultsat elevations 181 and 191 ft (Figure33). Unfortunately,

circumstancesrequired that the tests move on to dolomitic lime before tests with limestonecould

be conducted at elevation 187 ft. At the time this was not a concern, since it was thought that

there would be another opportunity to test this condition. The later decisionnot to pursuetests

with the coarse limestonebecause of its overall low reactivity leaves one with the conclusionfrom

the one set of tests with the 3.0 percent sulfur coal indicatingthat the 187 ft elevation was

optimal. Nevertheless, experiencewith the other sorbents, as describedbelow, suggeststhat this

conclusionbe consideredsubject to further investigation.

As the tests with the limes were in progress,differences amongthe elevations, particularly

between elevations 181 and 187 ft, were not immediatelyobvious, though removals achievedfrom

injection at elevation 191 ft always appeared lower. Once ali the data were plotted, however, the

generaltrend pointed to slightly, though consistently, higher removalsfor injectionat elevation

181 ft (Figures34 to 38) when comparedto that at elevation 187 ft. The only exception to this

appears in Figure 34 for dolomitic lime injection while burningthe 3.0 percent sulfur coal. The
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differences in removal between the two levels are regarded as real, though probably insignificant

_) when compared to the difference between either and that obtained at elevation 191 ft. At this
elevation, temperatures several hundred degrees cooler and flue gas flow patterns unfavorable for

adequate dispersion of the sorbent combine to result in decreased SO= removal efficiency.

Beyond this, the relative importance of the individual variables that constitute "injection level"

cannot be determined from the data at hand.

H_midification

The installation of the humidification chamber capable of achieving a 20°F approach to the

adiabatic ,_aturation temperature of the flue gas provided the opportunity to enhance SO2 removal

of the LIMB system and to permit demonstration of the Coolside process. Since the flue gas

saturation temperature for the coals used during the LIMB Extension was approximately 125°F,

"close approach" operation typically meant controlling the humidifier outlet (ESP inlet) flue gas

temperature at approximately 145°F. The humidifier was also frequently run in a "minimal

humidification" mode where the outlet temperature was usually set in the 250 to 275°F range,

depending on the identity and feed rate of the sorbent, as required to maintain ESP performance.

Close approach tests were run with the majority of the coal/sorbent combinations tested.The most extensive tests were run using the ligno lime sorbent injected at the 181 ft elevation

while burning 1.6 percent sulfur coal. Figure 39 presents the stoichiometrylS02 removal data

obtained at close approach with comparable results with minimal humidification. These plots give

rise to an approximate 17 percent absolute increase in SO= removal efficiency at a stoichiometry of

2.0. Similarly derived summary data for ali the tests run are presented in Table 11 which shows

the increase in efficiency predicted at that common reference condition for ali the coal/sorbent

combinations tested at close approach. As a result of the statistical nature of the reduction, the

values in this table perhaps represent a somewhat broader range than might otherwise be

expected. In actual practice the loss of enhancement realized by simply closing the valve to reduce

humidification water flow, typically resulted in the immediate loss of about 10 percent in removal

efficiency for most of the conditions tested. About the same performance was observed during the

original EPA demonstration.
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TABLE 11. INCREASE IN ABSOLUTE SO T REMOVAL EFfiCIENCY POSSIBLE WITH HUMIDIFICATION TO CLOSE APPROACt-I TO SATURATION"

Nomin4i Co-a Sulfur. wt %
Sorbent 1.0 3.0 3.8

Cetattl© Hydrmed Urn• NTf 10 5 NT

Ugh• Lime 17 9 10

Oolomitic Hydroted lime 17 10 NT

LimeS•no (80% < 44_m) 7 NT NT

Sxmmnt _ et elevstion 1111 het • Ce/S ratio of 2.0.
t NT .. Not tem_l.

S l)mammln_ durin0 the EPA LIMB Dem_wU_on.

NO=EMISSION CONTROL

During the LIMB Extension, plant personneloperated the B&W DRB-XCLTM burnersin the

same manner as would be typical st any commercialfacility. The twelve burnersinstalled replaced

circularburners that producedNO=emissionsof 0.79 to 0.94 lbl10 e Btu at full load duringbaseline

tests conducted in ! 986 for the originalLIMB Demonstration.1 As was the case duringthat

project, the NOsand 02 analyzersin the CEMS providedthe concentrationsof these gasesthat

were used to convert the emissionsto a lbl10 e Btubasis as describedin Section 5.
Close to the 0.48 Ib/10e Btu NOsemissionaverageobserved duringthe originalLIMB

Demonstration, the overall average value of 0.43 Ib/10e Btu continuedto surpassthe original

performance goal of 0.5 Ib/1011Btu. This simpleaverage representsthe whole rangeof boiler

operating conditions duringthe entire LIMB Extension. As was true in the earlierwork, no evidence

could be found that sorbent injection had any effect on NO=emissions. More detailed evaluations

took the form both of weighted averagingof ali this data and of attempts to correlate some

specific, shorter term NOx emissionvariations with operationalparameters.

As a weighted rollingaverage is commonly requiredfor compliancereporting, both 24-hour

and 30-day averages were calculatedfrom the individual10-minute averages stored in the System

140 TM. Coal firing rate was used as the weighting factor. A seriesof graphs present the

progressionfrom the individual10-minute averages used as "raw" data from the CEMS (Figure40),

through the 24-hour weighted rollingaverage (Figure41), to the 30-day weighted rolling average

(Figure42). (While the weighted rolling averages are plotted for the entire LIMB Extensionperiod,
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computer memory limitationsmade it impossibleto place ali of the individual10-minute averages in

one graph. The April to August 1991 shown is representativeof the data from earlieroperation.)
Boththe 24-hour and 30-day weighted rolling averages determinedduringthe Extension

themselvesaveraged 0.44 lbl10 e Btu. These compare to values of 0.47 and 0.49 lbl10 e Btu,

respectively, found during the originaldemonstration.

During the EPA LIMB Demonstration,there appearedto be somewhat regularvariations in

the individualNO=emissionsthat suggestedfurther reduction might be possibleif the controlling

variablecould be identified. Pilot tests of an individualburnerhave typically shown that NOx

emissionsvary with load and excess combustionair, as reflected in flue gas 02 concentration. At

the time of the originaldemonstration,the stack emissionresultingfrom the array of DRB-XCLTM

burnersappeared to be insensitiveto these two operatingfactors. There was, however, some

variationwithin the scatter that suggestedcontrol might be possibleif the cause couldbe

determined. Such variation continuedduringthe LIMB Extensionand providedan opportunityto

explore potential sources with much more data. This took the form of attempts to correlate NO=

emissions,not only with load and flue gas O=concentration, but also with the identity of

pulverizers/burnersin service, coal fineness, and even what can be a related dependent variable,

carbon monoxide (CO) emissions. Unfortunately, no consistentrelationshipcould be found

between NOx emissionsand any of these variables.

PARTICULATEEMISSION CONTROL

As was found early in the EPA LIMB Demonstration, sorbent injectioncan dramatically

affect particulate emission controlby an ESP for three reasons. These include the increased

particulate loading caused by the sorbent introduced, the finer size of this material, and the higher

resistivityof the resultant ash. Ali three factors tend to degradeESP performance.TM Althoughthe

large (612 ft=/10s ACFM) SCA of the ESPhad been expected to permit adequate performance and

meet emissionsand opacity requirements, such was not the case in the first trials in September

1987, primarilybecause the high resistivityof the LIMB ash gave rise to a back corona condition

which renderedthe ESPvirtually incapableof dust collection. Fortunately, planningfor

humidificationhad already begun and includeda realizationof the potential benefits for ESP

performance.
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Duringthe balance of the EPA project and continuinginto the DOE LIMB Extension,

humidificationof the flue gas proved to be a very effective method of maintaining ESP

performance. Opacity was generally in the one to three percent range during injection of each of

the sorbents, similarto what had been observed duringthe EPA project. Only two differences

were noted, the first being that the calcitic limestonedid not seem to require as much

humidification. This is thought to be due either to its larger particle size making particulate

collectioneasier, and/or to the fact that the cooler air heater outlet flue gas temperature required

relatively little humidification water to maintainthe temperature of the gas entering the ESP. The

second difference was noted when the injectionof dolomitic lime seemed to requirea somewhat

lower humidifieroutlet temperature setpoint (250°F vs. 275°F) to maintain the desiredopacity.

This was thought to be due at least in part to the higher particulate loadingassociatedwith this

sorbent for an equivalent Ca/S stoichiometry.

Particulate emissioncontrol was continuouslymonitored duringthe LIMB Extensionby the

opacity monitor located between the ID fan downstream of the ESPand the stack. The System

140 TM took a signalfrom this monitor once a minute in the same way as it did other signalsfrom

the CEMS. When used for actual compliancepurposesby Ohio Edison,much more frequent

readingsare required. Nevertheless, the large numberof individualdata collected, representingthe

full range of boiler operating conditions,are consideredto be at least a semiquantitative indication

of the particulate emission control realizedduring LIMB operation, especiallywhen comparedto

similarly-gathered opacity measurements taken when no sorbent injection was taking place.

There were several reasonsfor relyingon opacity measurementsto characterize particulate

emissioncontrol. One of these is that ESPtechnology is regardedas a mature technology for

which the effects of changing the independentvariables are well established. Another is that the

costs of maintainingsteady-state conditionsfor the one to two weeks requiredto develop truly

meaningful data became prohibitive. This was particularly true when viewed against the emphasis

on characterizing z_e S02 removal with much more frequent change in operating conditions.

Continuous opacity data was consideredto be a reasonablealternative as an indicator of the

general impact of the technology on particulate emissions.

Table 12 summarizesthe resultsobtained from averaging the opacity values over

representative periodsof the project, both with and without sorbent injection. The average opacity
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indicated is the average of ali the ten-minute averages scanned over the designated time periods,

both when sorbent was being injected and when it was not. As can be seen, sorbent injection
appears to have no effect on opacity. This, of course, is intimately related to an appropriate

degree of flue gas humidification, especially when the lime sorbents were in use.

Perhaps the most important data in the table are the maximum ten-minute average values

for each of the periods of sorbent use and non-use. These data, along with the average values,

suggest that there was little difference between the two in opacity, and therefore particulate

emissions, over both short and extended periods of time. Compliance under normal operating

conditions requires that a six-minute average opacity value be less than 20 percent, although

higher values can be permitted under certain transient conditions such as occur during start-up and

pulverizers going in and out of service (trips). As can be seen in the table, the number of instances

of high opacity is extremely low relative to the number of averages included. The single highest

ten-minute average recorded during sorbent injection within these periods was 12.27 percent while

ligno lime was in use. Even this value may not be totally associated with injection, since the

opacity monitor does not distinguish among types of particulate. Of the seven occurrences when

the ten-minute average value exceeded 10 percent opacity, including the two over 20 percent, ali

were associated with three instances of a pulverizer coming on-line.

)
TABLE 12. OPACITY WHILE INJECTING DIFFERENTSORBENTS
iiii ' i iii , , , ,,,, i | I

Maximum

Time _ _mdwd Numb_ of Number of TecH_inum Ton-mlnmo

IFull_ wlth_R A_e0. Dovilm_ TOrHTW_U¢0 AVOrOiI_ with OPeci_ X_wi_o
S4doent dme within perkxl]" IN•orion Opacity, % x 2 AvoraOi" > 10 % >20 % Opacity, %

CaJcitJcHydkrate¢lLime 07/09/91 - 08/26/91 On 1.87 1.81 1481 0 0 3.63

1201 Off 1.27 2.01 1978 0 0 4.08

Lion• Lime 03/22/91 - 06/28/91 On 1.26 2.04 1618 2 0 12.27

1381 Off 1.78 2.98 1417 6 2 26.24

Dolondtk:Hydtmed Lime 08/20/90 - 10/07/90 On 2.90 1.92 428 0 0 5.02

117i Off 3.21 2.61 2268 0 0 6.86

Limestone (80% < 44#m) 06/28/90- 07/06/90 On 1.41 0.88 803 0 0 7.16

101 Off 1.64 1.21 207 0 0 6.73
i ,,, , , , ,, H

• Av_a0oe wore. of courlm, ¢slculotedonly (Tomdata t•ken while the bo_erand instrumentation wore on-hrm. Weekend idlutdowno end outages acc•tmr for •

significant portion of the time not reflected in the "Number of Ten-minute Averages'.
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SECTION 7

OPERATINGRESULTS

The sorbent injectionand humidificationequipment operated throughout the LIMB Extension

without any major problems, thoughthe use of previouslyuntestedsorbents and/or more extensive

tests did have notable effects on plant operations. Injectionof large quantities of the lime sorbents

continuedto cause elevated temperatures at the air heater outlet. When the more coarse limestone

was being injected, the increase in air heater temperatures was negligible. At equivalent

stoichiometries, the higher proportionof quicklime in the ash produced by the limestonesorbenta

caused more steam to be producedat the ash unloadingfacility than did the lime sorbents.

Dolomitic lime could requirelarger storage and transfer capacities, due to the unreactive MgO

component that must be handledduringdelivery, use, and ash unloading. Each of these aspects

are discussed more completely in the following subsections.

FURNACE

The greatest impact of sorbent injection into the furnace is decreased heat transfer caused

by increasedash build-upon convective tube surfaces. The material that does accumulate is easily

removedby sootblowing. Limitationsarise, however, when the sootblowingsystem is unable to

handle the increased ash loading caused by sorbent injection. The system's inability to handle this

increasedloading can be related to inadequatecoverage of affected tube areas, and/or to

insuft'mientcapacity of the system for the frequency of blows necessaryto keep the tubes clean.

The originalsootblowing system on the Unit 4 boiler at the Edgewater Station used

compressedair as the blowing medium. Forthe EPA LIMB Demonstration, analysis of the

sootblower system led to the decisionto install four new steam sootblowers near the reheat and

primary superheat banks of the convective pass. Other areas appearedto be well covered.

Despite these additions, air heater outlet temperatures consistentlyran in the 350°F range while

lime sorbents were being injected at the higher stoichiometries. Because the sootblowers had to

operate in an almost continuouscycle to maintain this temperature, it was concludedthat capacity,

rather than location, was the more important limiting factor of the compressedair system.

In light of the apparent capacity limitation of the existing system, ali but the four air heater

sootblowers were converted to steam before beginningthe LIMB Extensionproject. The air-to-
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steam conversion was done in an effort to maintain a more normal air heater outlet temperature of

about 300°F. These sootblowers had a design requirement of 5,700 Ib/hr of steam if operated in a
continuous sequence. Actual steam consumption would vary depending upon the degree of

sootblowing required which, in turn, varied with load, sorbent feed rate, sorbent type, and other

considerations not readily quantified, most of which had to do with operator preferences regarding

what was required for the overall safe and efficient operation of the boiler. After the conversion,

the sootblowers could be cycled five to six times a shift, where previously it had been once or

twice per shift with the compressed air system. Unfortunately, the air heater outlet temperature

remained well above 300°F whenaver the lime sorbents were injected at Ca/S ratios greater than

about 1.5. As a result, future LIMB applications should address even more thoroughly both the

capacity and effective coverage of the existing or expanded sootblower system to be used.

As noted earlier, injection of the more coarse limestone sorbent had almost no effect on the

air heater outlet temperature, lt typically remained near 300°F, even when the higher

stoichiometries were employed. Attempts to uncover why this was the case have been

unsuccessful. Since there was perhaps some evidence of increasing temperatures in the

convective pass while the very fine limestone was being injected, some sort of particle size effect

is suspected. No definitive conclusion is claimed, however, since only very limited amounts of this

material were used. Although a somewhat greater quantity of the fine limestone was used,temperature increases were not readily apparent.

The tests run were designed primarily to characterize SO= removal, rather than to establish

a quantitative relationship between sorbent injection and air heater outlet temperature. To

accomplish the latter, much more stringent controls would have to have been placed on achieving

equilibrium starting temperatures throughout the unit. In addition, a much more well-defined

sootblowing regimen, taking into account such considerations as the differences in molecular

weights and the order and frequency with which individual units blow, would have been required to

assure the use of equivalent, reproducible conditions. While desirable in theory, such criteria were

beyond practical implementation in the full-scale unit.

In spite of these difficulties, Table 13 is presented to provide at least some indication of the

upper end of the range of air heater outlet gas temperatures experienced at Edgewater. The data

are taken from tests representing each sorbent injected at elevation 181 ft at a Ca/S stoichiometry

of 2.0 while burning 1.6 percent sulfur coal. Since the highest lime feed rates were used while
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TABLE 13. AIR HEATERGAS OUTLET TEMPERATURES,eF, DURING SORBENTINJECTION"

I,__ sc_ #,e_ sc_
Number of Numbw of

Ten-mlnute Ten-mlnute

S4rbilJt TInq_erMum'o Av_ T_wotuNm Avi'_

CalctttcHyckoted Lime 334 4 362 6

Li0no Lime 324 23 344 3
321 6

Hydrllld Lime :170 17 378 11
371 12

LJmemcmo(80% < 44#m) 307 13 NT I NT

Lkmeot(mo(lOOSE < 44#m) 310 14 NT NT

Limmtcmo (100% < 1OMre) 301 16 NT NT
lit ii

See rut fw dmcdpckm of b W_etlng r._ndlticmo.
! NT ,, Not tilted.

burning the 3.8 percent sulfur coal, temperature data are included for these conditions as weil.

The main steam flow for the selected tests is about 600,000 Ib/hr (approximately80 to 85 MWe).

The reason for this is that this was the one load for which data was available for ali the sorbent

combinationswith the high and low sulfur coal cases under somewhat comparable conditions.

While sootblowing was generallykept in "continuous" operation duringthe tests with the limes,

individualoperator preferences imposedsome variation on the degree of continuity employed. _B_
IISince the system capacity had been greatly increasedby the conversionto steam, the high air

heater outlet temperatures suggest that the limitation of the sootblowingsystem was not so much

the capacity, as it was the numberand location of the sootblowers themselves.

BOILERTUBE THICKNESS TEST RESULTS

UltrasonicTesting Descriotion

As part of the original LIMB project, plans includedprovisionfor ultrasonictesting (UT) to

examine the effects of furnace sorbent injection and use of the Iow-NOx burners on the boiler's

internal water tubes. UT is a nondestructivetechnique basedon the transmissionof sound waves

through a material and is routinely used to measure metal thickness in the industry. The increased

particulate loading presentedthe possibilityfor accelerated erosion of the tubes' exterior surfaces,

while the tendency of the burnersto form longerflames increasedthe potential for a less oxidizing

environment which might lead to tube corrosion on the north (rear) wall of the relatively shallow
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furnace. The test plan therefore sought first to determinethe pre-LIMBthickness of the metal

tubes in those areas of the boiler most likelyto have the highest potential for erosionand/or
corrosion. UT was then to be repeated at the end of the LIMB programto determineabnormal

wear by comparisonwith the earlier data.

The UT program began in August 1986 when scaffoldingpermitted extensive baseline

measurements on the furnace water-wall and convective passtubes. In June 1989, "sky climbers"

suspendedfrom the furnace roof were used to allow measurementof tube thicknessesonly on the

furnace water-wall opposite the burnersduringthe relatively brief outage between the EPA and

DOE projects. The specific locationsfor these measurementswere chosen to match those of the

1986 locationsas closelyas possible. Finally,scaffoldinginstalled again in October 1991 at the

conclusionof the LIMB Extensionpermitted the collectionof more extensive UT data throughout

the boiler.

Measurements were generally made on that portion of each tube directly facing the flue gas

flow or, in the case of the furnace wall tubes, the furnace cavity. A predeterminedportion of ali

the tubes at any given location were chosenfor measurement. Table 14 summarizesthe areas of

the boiler where measurements were made duringeach UT period. The table also provides the

percentages of the total numberof tubes tested each time.

Resultsand Discussionof Tube Thickness Measurements

The results obtainedfrom the ! 986, 1989, and 1991 UT programsarc _resented and

compared in terms of the average thicknessesdeterminedfor the various areas (Table 15) and

locations (Table 16) in the boiler. A more detailedcomparison,for example, on individualtubes, is

not warranted as it was virtually impossibleto repeat readingsat preciselythe same, small UT

points on each of the hundredsof tubes from one test periodto the next. Nevertheless, most

repeat test locationsare thought to be within a few inchesof the earliermeasurement(s). This is

particularly true for the waterwall tubes where elevation measurementscould be made more easily,

especially during the 1986 and 1991 test programswhen scaffolding was installed throughout the

furnace.

Most of the comparisonsare made on the data collected in the 1986 and 1991 test

periods. As originallyplanned, the measurementswere intended to provide a data base in case
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TABLE 14, BOILERTUBE ULTRASONICTESTING LOCATIONSAND PERC_J_ITAOEOF TUBES TESTED
i i i ii

Tot"aNo. Tubee Tinted. %
of TuNe et

UT Aree UT I,_ L,ocetion 1980 1089 1091
ii ii

Norm FurnooeWoN Elevatkm 116 ft 121 100
BevINdon123 h 121 100
ElevetJ(m120 fl 121 33 17 100
Bevamlon132 ft 121 33 17
Bevotlon 136 ft 121 33 17 100
Elevation 13S ft 121 33 17
Bevoi_m 144.6 ft 121 33 17
Elevaihm 147 ft 121 33 17 100
Beva4km 1110ft 121 33 17
El_otton 183 ft 121 33 17 100
Bivatkm lids ft 121 33 17 100
Bova_km 172ft 121 100

llde FurmmeWMIo Elovett441120 ft SS 33 100
(Eli a_d Wit) Bovaition 132 fl SO 33

Elevaitkm1SISft SO 33 100
Elevoelen138 ft ilo :13
iDi_mmdon144.6 ft IS 33
Elevation 147 ft 88 33 100
BovaU_m160 ft es 33
Elovai_m 163 ft tO 33 100
Eleva4km160 ft II 33 100
Elevotion 172 ft 100

South FurmmoWoN BievotJon116 ft 12t 100
Ekwotion 172 ft 121 100

PIndar_I_ _I _ _ky_I_ope 30 60 100
8upmtm4t_ 102 in m akme 30 60 100

40 in ebeve adme 30 60
45 in ebovo m 30 100

OuSt _ 8ank 390 in above e_pe 6O lO0

103 in drove dope (kP 60 100
43 in 14ve M4me SO 60
3't row m vNid 100

inlet RohmmwBank 31 in m Mqse O0 60

HodsonUdSecondary 33 in hem well 90 60
$upemNm' 16 in fv(m woN O0 60

ioo_doww 90 1O0

Primary Supa_oamr 24 in from weil 110 60

Ec4momiNr 10 in from west wd 60 60 °
01.76 infrom weet wdl 60 60"
103.6 infrom wmt wdi 60 60"
276.26 in_rom wmt well 60 60"
SI4 in frem were wd_ IO 60"

Ik_w eut _ 60 6O
Below weet eooedower 60 60

TNcknem wm lo meomaW m p4k_ 46e to the left end rlgh( of me center po_ focino the OU flow.
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TABLE 16. ULTRASONICTESTING AREA AVERAGES
ii , i

Avwmge Tube Thicknme, rollUT Area 1000 1989 1991 DaadgnTube Thlckne_, mlJ

North FumaoeWell 272 ± 16" 279 ,b 14 260 ± 20 286 • 27

FurmmeWeil 271 ± 15 NT 267 * 19 286 * 27

Fun._ W_ 270 • 10 NT 260 • 21 206 ± 27

8outh r.umeoeWell NT1 NT 262 ± 24 266 ± 27

Pend4_ 8econdarv St4:ed_e4m, 3_.4 .:.66 NT 307 ± 03 :.300

Outlet Rehuter Bank 243 ± 48 NT 207 ± 100 ='220

Inlet _ Bm_k 22( ± 17 NT NT ='203

Hortzonud 8econdsry 361 s 32 NT 342 ± 28 ='300
Supemo4_r

Pmn4ry S_iwtmauw 258 * 24 NT NT ="240

E_ 257 ± 20 NT 258 :k 17 =.240
i i

Vwi_on is twioe the mmdud dovi_on of me measuredthicknem, end the Jlowmbis tok.ence in the dmkln thickness.
! NT -, Na tamed.

extensive erosion/corrosion occurred. This was not the case, however, as most of the 1991

averages appear to be only slightly lessthan the 1986 averages. This is what might be expected

as a result of five years of additionaloperation.

) .
The precision of measurements within a test period is lower for the convective pass UT

locations. This is true for both the baselineand concludingtest periodsfor several reasons. The

pendant secondarysuperheat and reheat banks, in particular, are exposed to the highest

temperatures and pressuresin this area of the boiler. Becauseof this, tubes in these areas are

most prone to failure, repair, and replacement. This made measurementsmore susceptibleto

variations, since test engineerswere occasionallyforced to modify test locationsup or down a few

inches acrossthe planned elevations. In addition, the limited accessibilityand complexity of these

tube banks generally make it more difficult to take readings in these areas.

The limitations of UT for assessinglong term wear are evident when comparisonsare made

with the 1989 data, which appear to show an impossibleincrease in tube thickness. The use of

similar,though not identical, test equipment by different personnelat slightlydifferent points, are

thought to be responsible,at least in part, for the variation in the data amongthe three test

periods, even though instrumentcalibrationswere thought to reducethis to being a negligible
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TABLE 18. ULTRASONICTESTING LOCATION AVERAGES
,i

Avm'a0e Tube Thlckn_e, n_i

UT _lvee UT _ 1080 1989 1991i

North FurnooeWaN Elevation116 ft NT NT 243 ± 33
Elevotlon123 ft NT NT 249 ± 29
Igevotkm129ft 270 • 18 270 ± 10 203 ±' 10
ElevMion132ft 273 ± 18 273 • 18 NT
Blevakm 136ft 272 • 10 272 * 19 270 ± 19
EIovMMn139 ft 272 ± 13 272 • 13 NT
Eiovatlon144.6 ft 273 ± 14 273 ± 14 NT
Elevetion147 ft 271 ± 10 271 ± 16 268 ± 16
ElevMion160ft 271 ± 10 271 ± 10 NT

t
EMvlkm 103 ft 274 ± 10 274 • 10 293 ± 13
BevMJonlrdlft . 273 * 18 273 ± 19 .. 264 ± 17
EMvetiafl 172ft NT NT 284 ± 10

VVomFum_o Wldlo BevM_on 129ft 271 _: 13 NT 200 ± 14
Blovetlon132 ft 290 ± 16 NT NT
BevMkm 136ft 271 2 14 NT 267 * 21
Elevoikm 190 ft 200 * 10 NT NT
Ebvlltion 144.§ft 271 ± 16 NT NT
ElevMJon147 ft 274 ± 12 NT 261 ± 16
Elevotion 16Oft 271 ± 16 NT NT
Bevo_m 163ft 271 ± 16 NT 290 ± 11
Elevation 160 ft 209 • 16 NT 268 _: 21
Elevation 172ft NT NT 261 ± 21

East r-urno_ Weil Elevation 129 h 270 * 16 NT 263 _: 17
EMvotkm 132 ft 2'/2 ± 19 NT NT
Elevstlon 136 ft 2'/0 ± 18 NT 292 ± 19
Elevotkm 130ft 271 _: 13 NT NT
Bevotlen 144.6 h 260 :t 10 NT NT
Elevation 147 ft 289 ± 13 NT 269 ± 22
Eieva_m 160 ft 2'/2 ± 10 NT NT
Eleveb4mt63 ft 269 ± 17 NT 260 ± 19
ElevMkm 158 f_ 269 ± 16 NT 260 :t 23
Elevation172ft NT NT 264 ± 17

South FurneoeWall Bevlltion 116 ft NT NT 239 ± 24
ElovMkm 172 ft NT NT 268 ± 10

Pemlam Iboendary _ In m elope 329 4, 41 NI" 30:1 _: 27
SUpwtt_W 102 in m elope 321 ± 68 NT 282 :t 69

48 in m Mope 363 ± 28 NT NT
43 inob4ve Mope NT NT :126 ± 43

OuUo(RehNtw B4mk 2001flmMope NT NT 210 ± 111
103 in oboveelope 234 ± 60 NT 237 :t 29
43 in above oleae 262 ± 12 NT NT
_i'row oboveweid NT NT 1811± 80

Iniot RehNem Bonk 31 inmoiope 226 ± 17 NT NT

Hm_entd 9eoondlrv 33 in _om well 367 :t 34 NT NT
Supadlslmw 16 Infrm wail 344 * 23 NT NT

B4iow N44blower NT NT 342 ± 28

_ 24 in Wereweil 209 • 24 NT NT

Econonie, 18 in from _ well 262 • 17 NT NT
91.76 infrom wwr win 268 ± 29 NT NT
183.6 infrom wmt weil 269 ± 14 NT NT
276.26 in from wmt w_ 269 * 16 NT NT

394 in from west w_ 268 • 18 NT NT
Bek_w uot oo¢_lklwer NT NT 264 z 19
Bek)w were oo_Mower NT NT 282 ± 13

VorklCkmII twlee Itw IltendBd de_llkm 04 thiom_mlred thieknlm.
! NT - Nm Um_l.
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factor. Unfortunately, there was no way of determining which set of data was more likely to

contain the error if there was one. The fact that the values in ali three periods generally fall within
each other's 95 percent confidence intervals (defined by twice the standard deviation) suggests

that tube wear was nowhere nearly as bad as had been thought possible in the early stages of the

project. This is supported by the finding thatthemeasurements in ali but the pendant secondary

superheater and reheater were very close to, and sometimes exceeded, the original design tube

thicknesses even after ali these years of service. Quantifying finer distinctions, such as the extent

to which tube loss was due to "normal" wear, increased particulate loading, or increased

sootblowing, of course, turned out to be impossible.

In summary, the UT conducted on the boiler water tubes in 1986, 1989, and 1991

demonstrated that no significant tube erosion or corrosion took place during the period in which

lime and limestone sorbents were injected into the furnace. The data also indicate that the general

condition of the tubes remains excellent, and that no abnormal tube replacement or repair has been

necessary as the result of using LIMB technology. Moreover, the favorable results of the 1991

tests of the north furnace water-wall, in particular, supported Ohio Edison's decision to continue

use of the DRB-XCL TM burners at the Edgewater Station after the demonstration concluded.

ASH HANDLING

As long as an appropriate level of humidification was used, the conser4atively designed

(SCA of 612 ft2/103 ACFM) ESP at the Edgewater facility was capable of collecting the increased

particulate loading that resulted from sorbent injection. For the nominal 10 percent ash coals

burned, there was up to a two- to threefold increase in ash loading depending on the stoichiometric

ratio and the specific sorbent being used. When upsets or problems occurred in the precipitator

ash removal system, however, it was common to reduce or sometimes interrupt sorbent injection.

Since the types of leaks and plugs were no different than those found in conventional ash systems,

they were not a reflection of the operability of LIMB technology, lt was just that instances of

plugged hoppers or vacuum leaks, with the additional quantity of ash, began to strain the overall

capacity of the existing system, leaving little, if any, margin for error.
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ASH UNLOADING

l,
Fly ash collected in the Unit 4 ESP at Edgewater is pneumatically conveyed to the storage

silo as described in Section 4. Water is added to the ash in a pug mill situated beneath the silo and

over a truck bay in order to provide dust control in the ash unloading and disposal process. F_r the

LIMB system, this operation was expected to result in steam evolution as a result of the highly

exothermic reaction of water with the quicklime component of the ash. Since no large scale

byproduct use could be arranged at the time, dry ash disposal was rejected from a safety

standpoint, and there was no water source readily available for alternative treatment at the disposal

site, the plan for the original, one-year LIMB Demonstration called for use of the existing system.

This consisted of increasing the water pumping capacity, addition of a large, reversible fan that

was expected to draw or blow the condensing billows of steam out of the truck bay, and other

relatively minor upgrades equipment. The wetted LIMB ash discharged from the pug mill drops into

a truck waiting below.

During the LIM3 Extensir_n, the amount of steam generated depended primarily on the

sorbent being used and the stoichiometry at which it was injected. While it was effectively

impossible to determine the amount of water lost as steam accurately, qualitative observations

were made. Ash from the limestone sorbents seemed to steam worse than that from the lime
I.sorbents. This was attributed to the lower utilization of the limestone, resulting in a higher

concentration of reactive CaO in the ash. Ash from the dolomitic lime, on the other hand,

appeared to steam less than the other limes, presumably because the MgO component does not

hydrate appreciably at atmospheric conditions, lt also appeared that ash generated during close

approach operation produced less steam as the result c the rehydration reaction taking place in the

humidifier.

In actual practice, the steam evolved made it difficult to fill the trucks properly because it

obstructed the operator's line of sight. As a consequence, early operations were characterized by

under- and overfilled trucks. The latter caused the additional problem of ash spills which raised the

pH of the water s_nt to the drain when the area was washed down. A neutralization system

installed and upgraded during the original LIMB Demonstration adequately adjusted the pH of the

water sent to the ash pond.

After failure of attempts to make the fan originally installed work, one moderately effective
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method of dealing with the difficulty consisted of lowering a hanging thermocouple to the desired

fill level of the truck. The unloader would be stopped when the thermocouple readout showed that
the hot ash had reached the desired level in the truck bed. While this worked for dump trucks with

smaller beds, this procedure could not be used on larger trucks with tarpaulin supports spaced

along the bed. These supports would have caught the thermocouple and its support wire

whenever the truck was repositioned under the pug mill discharge chute during the filling process.

A multiple component exhaust system employing two large fans and three blowers was

eventually used during the latter portions of the LIMB Extension to keep the operator's sight path

clear. These were definitely more effective than the single fan system, though large amounts of

steam combined with certain wind conditions in the vicinity of the bay occasionally required that a

second operator assist in unloading.

Finally, it is noted that the steaming never stopped sorbent injection. Much of the diffic_dty

stemmed from the site-specific conditions at Edgewater, particularly since i_ was decided e_rty on

that the relatively short term demonstration did not justify the expense that would have incurred b_"

installing a known technology. A more permanent system /ould likely consist of dry unloading and

transport to the disposal site, where installatic:_ of a water line _nd ,_ radial stacking sys(om would

_1_ easily have avoided the difficulties caused by steaming altogether.

SORBENT STORAGE AND FEED SYSTEM

This system worked very well following modifications made mostly during the original LIMB

Demonstration. Discussed in detail in Section 4, these included if'creasing the size of the baghouse

on top of the feed silo and changing the filter medium of the bags, resheaving the solids Cutup

below the storage silo, and installation of a solids pump to replace a rotary valve downstream of

the differential weight loss feeders. There was also a redesign o;f the injection system that

included removal of ali dense phase air lines and related equipment, increasing line sizes both from

the pick-up point to the distribution bottle, and from the distribution bottle to the injection nozzles.

The result was a system that, except for some routine mechanical problems, provided the

capabilities expected of it.

On those occasions when lines between the distribution bottle and the injection nozzles

plugged, more frequently than not it seemed to occur upon restart of the system after a shutdown
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of a few hours or more. Many times the pluggage was ascribedto incompletepurgingof the lines

as part of the shutdown process. Whatever the cause, service air connectionsinstalled in each line

between the distributionbottle and the injectorsprovideda simplesolution. This connection was

used to attach a service air line to blow out the accumulatedmaterial quickly and effectively.

There were a couple of instancesof sorbent line failures. The most significantof these

involved one of the 4 in lD rubber hoses between the feeder dischargeand the distributionbottle.

When it was decidedto change to the largerdiameter lines, the originalcarbon steel pipe was

changedto hose because it could be quickly and inexpensivelyinstalled. The failure was believed

to have been due to a combination of wear and pressure. The hose was spliced back together and

the system restarted, though the spliced connection itself failed less than a day later. Replacement

of the hose solved the problem for the balanceof the demonstration. Commercial installations

would normally use carbon steel pipe, and use hose only as a temporary measura as was done at

Edgewater. There were no failures of any carbon steel pipe duringthe demonstration.

The only other significant equipment failure occurredonce when the baghouseon top of

the feed silo pluggedduringthe transfer of sorbent from the storage silo. Caused by a failure of

. the silo weigh cell, the silo overfilled and the baghousehad to be cleaned out manually. After the

weigh cell was recalibratedand another interlock added, there were no further overfills of the silo.

HUMIDIF;ER

_nspreeof the potential for major problemsassociatedwith the formation of large deposits

a,shad been observed in similartechnologies, the humidifierpresentedfew difficultiesin the course

of the LIMB Extension. The humidifier was cleaned out three times duringthe 16 months of total

elapsed time. In ali but one of these cases, the build-upwas fluffy ash that was easily removed by

an industrial vacuum truck. For the one remainingoccasion, a large deposit formed in the chamber

after a period of extended operation with poor water atomization. As one might expect, the build-

up grew exponentiallyon itself once unevaporated water droplets began impacting at the wet/dry

interface. This build-up was hard enough that it first had to be broken up before it could be

vacuumed out.

The formation of this one large deposit pointsto the need to monitor humidification

performance carefully. Data indicated that before the build-up was found, some of the diagnostic
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thermocouplesin the chamberhad been running "cool" and very close to the saturation

temperature. The poor atomization was traced to a combinationof a small amount of a scalethat
had slowly and imperceptiblyformed over precedingmonths in the atomization air and water

supplylines. Moreover, the "scale" only became a more significantproblemafter a more lengthy

shutdown for an outage, during which it dried out. The suspectedcause is the formation of a

"hard water" type scale which may have been aggravated by the use of caustic duringthe Coolside

tests several months earlier. Upon restart of the system, the now dry and crackedmaterial slowly

began to spell off, pluggingthe small passageways in the atomization nozzles. In the ensuingweek

or two of operation, the atomization quality slowly deteriorated, forming the deposit from the outlet

end of the humidifier with gradualgrowth toward the inlet. This was unlikethe few early

difficulties where, for example, an improperlyassemblednozzle would leak and immediatelyform

an easily observed deposit which could then go on to cause coalescenceof droplets and further

depositformation in the vicinity of the sprayzone. Thoroughflushingof both the air and water

pipingcleared the pluggages. In the ten remainingmonthsof operation, this kind of build-up never

occurredagain.

The two fluid atomizing nozzlesthemselves were maintainedto assure continued

acceptable performance. When the boilerwas down and time permitted, the faces of the nozzles

were cleaned with wire brushesto remove any wet/dry build-upthat had started to grow on them.Their atomization performance was also checked on the same boiler outage basis.

Occasionally,an individualnozzle would have to be removedfrom a lance and cleaned. This

process was not complicated, involvingremoval and a check for the pluggedorifice(s). When

pluggage was found, it usually was in the form of very small piecesof scale or rust that had fallen

off from inside the air line and blockedor partially blockedan opening. Although a!most ali of the

air lineswere stainless steel, there was one carbon steel piece in the lance assembly downstream

of any filters because there was no alternate availableat the time. This would not be the case in a

permanent, commercial installation.
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SECTION 8

MAINTENANCE AND RELIABILITY t

The LIMB processis easy to operate and maintain. No major maintenance or reliability

problemswere encountered during the LIMB Extension. In the following discussionon maintenance

and reliability, the reasonsfor forced outages are separated accordingto whether they were

mechanicalor process-related. Similarly,availabilityof the LIMB and humidificationsystems are

categorized separately.

The LIMB system at Edgewater operated over the 16-month period with relatively few

occurrencesof process-related downtime. Such downtime was consideredacceptable, as it caused

the LIMB system to be unavailableless than two percent of the time. LIMB Extensiontests

commenced on April 27, 1990 and ended on August 30, 1991. Over that time, a total of 11,784

pcssible hours, the boiler operated 7,709 hoursor 65 percent of the time. Sorbent was injected

into the boiler 46 percent of the time the boilerwas on-line (3,521 total hours). The LIMB injection

equipment was available over 95 percent of the time, and the humidifierand related equipment

were available over 96 percent,of the time. The percent time availablerelates to the total time the

boilerwas on-line. If the boiler was off-line and work was beingdone on the LIMB system, LIMB

was not considered unavailable. Basically, LIMB and humidificationwere consideredunavailable i_
q¢

whenever the boiler was operating and they couldnot.

The LIMB system, which includesthe sorbent storage and feed subsystems, was

unavailablefor a total of 344 hours. If the humidifier was out of service, and humidification was

necessaryto inject sorbent, this counted toward both LIMB and humidifier unavailability. Forthe

purposeof this discussion,the LIMB system beingunavailable relates to the inability to inject

sorbent into the furnace. When low sulfur coal was being burned, there was no need to inject

sorbent to maintain emission limits. On these days, the equipment was operated for the sole

purpose of obtaining test data. The off-time duringthese periods is not counted as unavailable

time since the equipment was, in fact, available,but not being run to conserve sorbent for test

purposes.

PROCESS-RELATEDUNAVAILABILITY

The downtime most critical to the successof the demonstration was the process-related
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downtime which refers to time when the system was unavailabledue to failures such as plugging

_1_ of sorbent lines or humidifierclean-up. The two percent of the boileroperating time noted earlier
equated to 149 hoursof process-relateddowntime over the courseof the project. These 149

hoursare further broken down as follows:

• 99.5 hr of downtime associatedwith the humidifier. Clean-up crews worked no more

than 12 hr per day, but if they had to come backthe next day, ali 24 hr were counted.

The humidifier neededto be cleanedthree times in the 16 month period, the worst of

which was described in more detail in the precedingsection.

• 33 hr of forced outages due to pluggedsorbent lines. Most of the six occurrenceshad to

do with lines between the distributionbottle and the nozzles. Service air connectionsto

blow pluggageout were installed about half way throughthe project. After that time,

there was only one pluggage in these lines which requiredabout 1.5 hr downtime.

• 16.5 hr of unavailabilityto balance humidificationlance flows. After the humidifier was

cleaned out the secondtime, one day was spentbalancing lance flows to producean

even temperature profilethroughout the humidifier. The whole 16.5 hr is attributable to

this one occurrence.

MECHANICALLY-RELATEDUNAVAILABILITY

Mechanical problemsare inherent with any equipment or process. Although counted

toward unavailability,the downtime associatedwith mechanicalproblemswas not LIMB-specific.

lt includes outright equipment failures unless they couldbe directly attributed to the process.A

more detailed listing of these mechanical failures is as follows:

• 138.5 hr of unavailabilitycaused by the compressorthat suppliedthe atomizingair for

the humidifier.

• 99.5 hr of downtime due to the sorbent feed pump. This solidspump was purchased

secondhand,which may have contributedto this downtime as there was no downtime

attributable to a larger size of the same pump used to transfer sorbent from the storage

to the feed silo.
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• 48 hr caused by problemswith the weigh cell on the feed silo. As noted in the preceding

section, malfunction of this device caused the silo to overfillwith so_bent, pluggingthe -,m,_
baghouse. A redundanthigh level transmitter was added to shut down the transfer

equipment on alarm.

• 16 hr of unavailabilitydue to hose failures. This would not be a problemin a commercial

installation with carbon steel piping.

• The balance of the downtime was attributable to minorelectrical and mechanical

problems with the various pieces of both LIMB and humidificationequipment.

MAINTENANCE AND RELIABILITYSUMMARY

The numbers presentedin this subsectionwould tend to be higherthan expected for a

commercial unit operating to maintain air quality. When a piece of equipment failed, no more than

eight hours per day were spent on the problem, and there was little if LIMB equipment maintenance

done on weekends. If a piece of equipment could not be fixed in an eight hour day, 24 hours of

unavailability were still attdbutad to the problem. This was true as the objective of the

demonstration focused on obtaining operating data, while minimizingthe amount of money spent
on equipment repairs.

Appendix E contains a complete log of the hoursof unavailabilityand what caused them.

As previouslystated, if the humidifierwas down for any reasonand this halted sorbent injection,

both the LIMB and humidifier systems were labelled unavailableas weil. Also contained in this

appendix is a log of the time the boiler and LIMB system were on-line.
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SECTION 9

_l ECONOMICS

INTRODUCTION

This section addressesthe economiccomparisonof SO2removal with the LIMB, Coolside,

and LSFO FGD technologies. The evaluationis based on the capital and annual levelizedcosts for

each of the three. Technical and economicpremiseswere developed utilizingthe DOE Program

Opportunity Notice (PON) DE-PS01-88FE61530, EPRI's TAG TM Technical Assessment Guide,22the

design and operating experience from the LIMB project, CONSOL's topical report on the Coolside

process,2 and a review of stats-of-the-art technology being utilized in the designof wet limestone

FGD systems.

The base LIMB system evaluated is an optimizedcommercial system utilizinghydrated

calcitic lime as the sorbent to achieve 60 percent S02 removal efficiency. No credit is taken for

NOx emissioncontrol with LIMB, and no costs are includedfor burnersand associatedhardware.

Equivalent NOx emissionsare assumedin the economicevaluations,and only the costs associated

with S02 removal are used in the analysis. The Coolsidesystem evaluated is an optimized

commercial system utilizingcommercialhydrated calcitic lime to achieve an S02 removal efficiency
of 70 percent. The LSFO system evaluated is a typical commercialsystem utilizingcommercial

limestoneto achieve 95 percent S02 removal,

The goal of this analysisis to providea comparisonof the three FGD processesover the

range of the economic and technical premiseschosen. The analysisreviews the economicsof the

three processesfor power plants with generatingcapacitiesfrom 100 to 500 MWe, while they

burn coals with sulfur contents rangingfrom 1.5 to 3.5 weight percent. The results of this

analysis is intendedto assist utility and industrialboiler owners in decidinghow to comply with

current emissioncontrol legislation.

In the following discussion it is important to keep in mind that the LIMB and Coolside

processeswere conceived as low capital cost technologies for moderatelevels of SO2 removal. As

such, they are generallytargeted for use on relatively small, older plants for which wet scrubbers

would be especiallyhard to justify. This is in contrast to LSFOFGD which normally is designedfor
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high levels of SO=reduction. Guaranteed removalsof 95 percent or more have been common for

the state-of-the-art LSFO technology since passageof the CAAA in 1990. Its higher capital cost _/f
with notably greater reagent utilizationmake it the choice usuallypreferredfor newer, largerplants

burning higher sulfur coals. At least as importantly, site-specific considerationsinfluencethe

economics of ali three processes, as is commonly recognizedin the industry.

For the reasons above, direct comparisonsof LIMB and Coolsidewith LSFO FGD must be

interpreted with care. Several alternatives were evaluated in order to try to overcome the inherent

differences. One included operation of the LSFO system at lower levelsof performance, essentially

equal to that of the other two technologies. Another examined partial flue gas bypassfor the

overall removal desired, while still operatingthe LSFO processat 95 percent removal effi_;iency.

Arguments against making such assumptionswere thought to be at least as validas pre_._enting

each technology in its own realm of applicability. The end result was a decision to presenteach of

the technologies in its own best light. When viewed in the light of the caveats in the preceding

paragraph, the limitationsof comparisonwith the LSFOprocess are readily apparent.

Since the differences between LIMB and Coolsideare less pronounced,greater significance

may be placed on their comparative economics. Nevertheless, site-specificconsiderationsbecome

especially important. Whereas Coolsidedemands humidificationto a close approachto the flue gas
ILsaturation temperature, LIMB can requirelittle to none dependingon the nature and quantity of

sorbent injected. EnhancedSO= removal is, of course, possible underclose approach conditions.

The site-specific concern arisesout of the greater amount of space requiredto permit essentially

complete evaporation to achieve close approachoperation. The other fundamental difference

between these two technologies, sorbent injection in the furnace for LIMB, and in a downstream

location for Coolside, becomes a matter of preference for the individualoperating utility.

ECONOMIC EVALUATION RESULTS

For base load boiler operation (65% plant capacity factor) the Coolsideand LIMB processes,

with design SO2 removal requirements of 70 and 60 percent, respectively, were found to be

competitive with a LSFO FGD process on a S/ton of S02 removed basis. Examined under sets of

operating conditions described later in this section, the LIMB and Coolsidetechnologiesappeared to

be generally applicablefor three coals of varying sulfur content (1.5, 2.5, and 3.5 weight percent),

fired in the following unit sizes:
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Coal Sulfur, wt % Coolside LIMB1.5 < 500 MWe > 500 MWe

2.5 < 220 MWe < 450 MWe

3.5 < 100 MWe < 240 MWe

In comparison with LSFO, Coolside and LIMB economics also become increasingly favorable

with both decreasing plant capacity factor and book life. As might be expected, variations in

reagent cost have a much greater effect on LIMB and Coolside than on LSFO because of the lower

utilization realized as stoichiometry increases. Conversely, the availability of a low cost reagent

supply can significantly improve LIMB and Coolside economics.

BASIS OF EVALUATION

Similar technical and economic assumptions were used to provide as common a basis for

the three fundamental process designs in order to make comparisons as valid as possible. Four

reference plant capacities of 100, 150, 250, and 500 MWe were selected. Eastern bituminous

coals were chosen which essentially differed only in that they had different sulfur contents of 1.5,

2.5, and 3.5 weight percent. An economic evaluation, effectively consisting of a budgetary

estimate targeted to be accurate to within 10 to 20 percent, was then made for each FGD process

for each reference plant/coal sulfur combination. This type of accuracy is expected to result from

the detailed design-estimate efforts used as outlined in TAG TM. These resulted in twelve separate

evaluations for each FGD process, or a total of thirty-six separate evaluations.

The basic LIMB system design is assumed to use commercial calcitic hydrated lime as the

sorbent. Use of other sorbents in the process can have a substantial effect on annual levelized

costs, as is discussed later in this section. While capital costs that result from _he differences in

molecular weight and/or bulk densities would be affected somewhat, the differences are expected

to be within the accuracy of the estimates. The major impact on annual levelized costs due to

changing sorbent is the result of lower utilization in the case of limestone, and the unreactive MgO

component in the case of dolomitic lime. There would also be an effect on ash disposal costs, but

this would be expected to have an even lower impact on the levelized costs. The costs for LIMB

operation at close approach to saturation are considered to be close to those for similar application

of the Coolside technology.
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The Process Engineering Group of B&W's Environmental Equipment Division (EED)

generated the material balances for the 12 LIMB and 12 LSFO cases, while CONSOL's Research

and Development Group developed those for the 12 Coolside cases. These material balances were

used to size the equipment necessary for each design case. The equipment included silos, tanks,

vessels, pumps, fans, compressors, buildings, and the related process equipment and structures

required for each FGD system. Structural steel, electrical, instrumentation, and control

requirements were developed in B&W's mechanical and electrical engineering departments.

Costs were then estimated for each design case. Budgetary vendor quotes were obtained

for the process equipment. EED's Mechanical Engineering and Estimating Groups determined the

costs for silos, tanks, absorbers, structures, and accessory equipment. B&W's Electrical

Engineering Group determined costs for the electrical equipment, wiring, instrumentation, and

controls. CONSOL's Research and Development Group assembled cost information from

appropriate suppliers for those portions of the Coolside process humidifier and sodium addition

systems not covered by B&W. Construction cost factors were developed from B&W's

Construction Company's experience in the installation of FGD and power plant equipment.

REFEREr_CE POWER PLANT DESIGN

I
The economics presented are based on reference plants with nominal capacities of 100,

150, 250, and 500 MWe (net). The plants are base loaded (65 percent capacity factor) and

located in the state of Ohio near the Ohio River. Other pertinent design and performance

assumptions are listed in Table 17. The site plan is assumed to be similar to those in the DOE PON

noted earlier in this section. For the purposes of the LIMB, Coolside, and LSFO process layouts, ali

boiler sizes are assumed to be equipped with two parallel air heaters, each of which handles half of

the flue gas flow. The flue gas exits each air heater and flows through parallel ducts to separate

ESPs. Table 18 presents the fuel specifications for each of the eastern bituminous coals containing

1.5, 2.5, and 3.5 weight percent sulfur, as received.

The potential application of the LIMB and Coolside technologies to other coals such as

lignites and western subbituminous fuels is not considered to have a significant enough impact on

costs to warrant separate evaluation. The primary effect would be one associated with the

generally lower sulfur content of such coals, and as such, is represented in the 1.5 weight percent

sulfur case here. While the ash of these coals is frequently high in alkaline components that
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provide some degree of inherent S02 capture, the effect is again one which can be thought of as

relating to an "effective sulfur content" for the purposes of process design. In similar fashion, the

generally higher moisture and ash content of such coals would be taken into account in the design

stage. Such differences would tend to lead to slightly lower costs, but ones that do not appear to

warrant separate treatment in this analysis.

Flue gas compositions and rates depend on boiler design, fuel composition, and operating

conditions. The assum_:_ flue gas compositions and rates used in this report are based on

combustion of pulverized coal with 40% excess air, reflecting the higher degree of air infiltration

that might be expected in an older unit. This includes excess air to the boiler and air in-leakage

from the duct and air heaters. The flue gas compositions and rates are also presented in Table 18.

This information is included since the flue gas flow rate, moisture content, and temperature define

the humidification water flow requirements for the LIMB and Coolside processes, as well as the

evaporation water requirements for the LSFO process. The flue gas flow rate, S02 concentration,

and required Ca/S mole ratio define the hydrated lime rate for the LIMB and Coolside processes,

and the scrubber tower diameter, recycle pump capacity, and limestone feed rate for the LSFO

system.

)
TABLE 17. REFERENCE PLANT DESIGN INFORMATION

m,,

Rent locetion Ohio, nak the Ohio River

Plant elevation 600 ft above sea level

Seismic zone 1

Bdder type Pulveri:ed coaHired, radiimt boiler

cmacity f_ctor e5 parcvnt

ESP: Emiemon rate 0.1 lbl10 e Btu

Specific ccdlecticm area 400 fIJ/10 = ACFM

lD fans: LIMB Adequate

Cml4ekle Adequate

LSFO Suppiementea fens riKl_rid

Plant rottMit fetich: LIMB 1.0

Coollide 1.3 for the humidifier, 1.0 for other eq_pment

LSFO 1.3

Plant _te. MWe (nat) 100 160 250 500

Coal flow ratc, _ 82,000 123,000 205,000 410,000

Mean etearn flow, lh/tr 634,000 961,000 1,685,000 3,170,000
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TABLE 111. DESIGN FUELAND FLUE GAS SPECIfiCATIONS
' ,, ,,|,, ii , . ii

Fu_ type Eltern Bitumin_m

Coal uul/ur, wt q&(amreceived) 1.8 2.6 3.6

High h_tin 0 velum(HHV), Btu/ii) ii re_4ved) 11,872 11,872 11,872

Proximate endym, wt % I,- reoeived)

MoRturo 8.01 8.01 8.01

VelmWemm 31 .es 31.06 31.06

carbon (by _) 49.67 49.67 40.67

10.77 10.77 10.77

Ultimm ,n_yi., wt % ldry bmm)

Cerbon 72.16 71.71 7! .27

Hydrogen 4.82 4.82 4.82

Nitrogen 1.62 1.62 1.62

Sulfur 1.63 2.72 3.80

CN(wlne 0.14 0.14 0.14

Oxy_m (by different) 8.03 7.30 8.74

Al_ 11.71 11.71 11.71

HHV 12,006 12,80@ 12,806

H_O, vM % 7,7 7.7 7.7 i

CO_, vol _" 12.1 12.0 11.9

Oz, vol % 6.0 6.e 6.8

SOz, ppmv 1022 17')0 2376

Flumgeeflow rra, ACFMI

100 MWe 347,274 348,069 348,783

160 MWe 620,911 622,088 823,176

260 MWe 800,184 870,147 871,058

600 MWe 1,738,369 1,740,206 1,743 816

_; 1% of coel_ I_t to ¢erb<mmmh end flue Om CO.
I At 1 etm lhd 3OOeF.
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FGD SYSTEM DESIGN

)
Commercial designs were developed for each of the three FGD processes utilizing the most

current technology considered applicable. Detailed system descriptions, technical premises,

equipment scope of supply lists, and process flow schematics are presented in the following

sections for each of the throe FGD processes. A comparison of the major process and equipment

design parameters is shown in Table 19. The designs were kept as similar as possible in order to

provide as _:_:_,i:a comparison as possible among the three processes. For example, the drainage

sumps for ali cases compared are the same size and have the same sump pumps and mixers. This

was done even though it is realized that scale-up of certain operations and equipment from the 100

to the 500 MWe size would necessitate design changes for economic and/or practical reasons.

Thus, for the purposes of the evaluation, assuming truck delivery of lime for ali four plant sizes was

considered preferable to trying to account for cost differences for rail or barge delivery for the

larger size plants. Individual LIMB, Coolside, and LSFO system design criteria are summarized in

Tables 20, 21, and 22, respectively.

TABLE I0. FGD PROCESS/EQUIPMENT DESIGN ASSUMPTIONS
i i i

LIMB Cm)leide LSFO

SO_ removal, % eO 70 96Sml:ent Clllcitic hydrllted lime Caiciti¢ hydrlted lime Limeetone
md e_le mh

Ce/S Stoichiometry, tool Ce/tool S _ 2.0 2.0 NA"

Ce/S St_chi(m_etry, tool Ce fed/tool S removed NA NA 1.05

Na/Ce St__, mollm(d NA 0.2 NA

Total r/Item AP, in WC Negligible 1.5 10

ID farm Adequate Adequate Supplemental f_ requured

Rue gm reheat No No No

Rum g_ by-pm NA Yes, 100 % Ym, 100 %

leoiaticMndampem NA 5 3

New wet eteck No No Ym

Total e_x'bent etorege, day 7 7 31

W_te woduct components Fly esh, lime. Fly lh, lime, Dm_ub_ gypeum l
gypeum c4dcium end lOdium

sulfites and sulfites

Syltem outlet teml_reture, OF 275 145 125

Tot ,a aclditionad ol)er_ing manpower re¢l_red 0 4 I 8

NA - Not el_cadu4e.

! Am _ to wallboud-Clualtty gypeum.
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TABLE 20. UMB FGD SYSTEM DESIGN CRITERIA
i i [ ill ii iii i

SO_ removel efficiency, _ 80

Ce/S Stoichiomotry, inel Ce/mo4 S inlot 2.0

Tot4d mr'otem AP, in WC Negligible

_ pO_t tMtlperottme, OF 2300

Humldiflc4Kion cooling r_l_ement, °F 25

Humldlfler momlzlnO elf, Ib elrilb wetw 0.45

Humldlfmr duct Om velocity, fVoec 60

Re_"tive lime purity, wt % 93

Total llme otoreOe, dw 7

ESP (_Oleotlon iqfl_nay, % oo.e

ESP particulote omission, Ib/10 e Btu 0.1

ESP SCA. frj/10 a ACFM ood:mnt otorege, doy 400

Moteriete of con_ruction fw flue ON contect:

Humldifl_ eWey lanceo 316L eteinlem oteel
ii iii ii i ,

TABLE 21. COOLSIDE FGD SYSTEM DESIGN CRITERIA
:ill ' i

SO t romovel effh:len_, % 70

CW_ Stoichiometry, moi Cs/moi S inlet 2.0

INe/Co Stoichiometry, moi/moi 0.2

recycle retio, lib 0_1/1D frmh lime:
1.6 % S coal 2.60

2.6 % S coal 0.71

3.6 % S coal 0.00

Total _rotem AP, in WC 1.6

Humidificoti_ cooim0 reqtarement To 20°F AT,."

HumidifW otomizino eir, Ib oir/Ib water 0.46

HurnldlfW duct OU voi_city, ft_ec 20

Humidifier roeidcnee time, eec 3

Reactive _ purity, wt % 93

Total lime otoro0e, day 7

ESP coileotion efficiency, % 99.6

ESP puticulm emi_lmon, lh/lO' Btu 0.1

ESP SCA, f1_/102 ACFM eoqbenf oto_oOe, doy 400

kloteri_ of cormtruction for flue ON contsct:
HumldifkN tnlot ond outlet ducts Carbon steel

Humidifier Carbon _eel

Humidifle_ spray lar14_-ee 316L ot4unk_e steel
nnnnnli , i

AT m - A4N_roech to the _diabotic saturation tompareturo of the flue ON.



TABLE22. LSFO FGD SYSTEM DESIGN CRITERIA

: ,,, ] , ,
SO2removal efficiency. % 95

Cs/S St_chi_m.y, mol Ca fed/tool S removvd 1.06

Oz St_chiometry f_ g9 percentoxidation, 1.5
tool O_ f_I/rnol S rem(wed

Total m/wtemAP, inWC 10

Ab_xtxw:

Deeign type Tray tower
Number of modules One 100 % capa_ty
Rue Om veloc_y, ft/m_ 10
Reaction tank solidsconcentration, wt % 15

Re_tJon tank rmidence _ uc 8
LXluid-to-Om (L/G) retio. Od/lO= _-tud ft_

For 1.6 wt % S coal 88
Fm 2.5 wt % S coal 100
Fw 3.5 wt % S coal 120

Reactive limeetc,_ purity, wt % 90

Totd Immetoneetora0e, clay 31
_cx_ durry m_ege tank capacity, Iv 12
Lkn_tone particieme 95 % < 325 rneeh(44pm)

Wrote slurrytm_kcapac_, Iv 1e

Rechlim water etore0etank capacity Eqmdto water volume of
wrote tdurrytamk

Primary dewaterm0:
Nundew of hydrodone ctueten; Two 50 % capacity
Hydre,d_ underflow _ concenuation, wt % 36

Secondary dewaqxlng:
Number of vacuum fdtera Two 100 % cipl_ty
Vacuum filter cake _, wt % 85

UpQtreemESP coltecUonefficiency. % oo.eMaterials M constru_-tion

for flue gis co,lact:
Inlet duct CKbon steel
BYlMmduct CarbonsteeJ
Abe4rberenUence nc_zlo Alloy C-27e
Abudxw module Rubi)er4inedcmbon =teel
Outlet duct 317LMN eteirdea eteel

i. i,, . i l

l_ommercipl LIMB Sv#tQm Design

The scope for the LIMB system begins with truck delivery of dry hydrated calcitic lime to

the site and ends with removal of a water-conditionedLIMB ash in trucks. The design consistsof

four process areas: the lime unloading,storage, and feed system; the furnace injection system; the

humidificationsystem; and the ash collection, storage, and removalsystem. A listing of the scope

of equipment and a LIMB system schematicare presentedafter the detailed descriptionsin

Table 23 and Figure 43, respectively.
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Lime Unloading, Storage, and Feed System--

Lime is delivered to the site by pneumatictrucks, two of which can unloadlime into the

storage silo at the same time. The silo can hold a seven-daysupply of lime when the unit is

operating at its maximum continuousrating (MCR). A baghouseis located on top of the silo to

prevent lime from escapingto the atmosphereduringunloading. A mechanical level detection

device is providedto prevent overfillingthe silo.

Lime dischargeat the conical bottom of the silo is aided by internal air slides on the sloping

sides. A fluidizingair system consisting of a fluidizingair blower, air dryer, and the interconnecting

piping, valves, and instruments is providedto supply air to the air slides. A 100 percent spare

fluidizing air blower is included. The air dryer can be by-passed when maintenance is being

performed.

There are two discharge pointson the bottom of the silo, each of which can be isolated

with a manual slidegate. From each dischargepoint, lime can be fed to a variablespeed rotary

feeder, whose speedcan be controlledto supply the required amount of lime to the system. The

rotary feeder prevents flooding and feeds at a controlledrate into a solidspump. Sorbent is

compacted as it is pushed through the pump barrelby the screw, sealingagainst the transport line
,JgB¢

back-pressure. The lime is then fed into the pump mixing chamber where it is fluidized with /
transport air and conveyed to the distributionbottle through the transport line. Transport air is

provided by one of two 100 percent air blowers. The lime is split at the distributionbottle into

several smaller streams and continues on to the furnace injection system.

Furnace Injection System--

Basedon furnace gas temperature ranges, lime is injected into the upperfurnace, generally

at a level close to the screentubes and entranceto the superheater. Here the hydrated lime reacts

with the S02 in the flue gas to form CaS04. An array of equally spaced injection nozzles, similarto

the Edgewater design, penetrate the front wall carrying air-transportedhydrated lime from the lime

distribution 'Jottle. Additional"booster" air is injectedthrough annularopenings surroundingthe

lime nozzles to aid penetration and mixing with furnace gases. Boosterair is suppliedby a

centrifugal fan located as close to the injectionpoints as possible,to reduce the distribution

ductwork. The booster air fan and ductwork is insulatedfor noise protection. A video camera and

monitor system is provided for continuousobservationof the lime flow into the furnace by the

boiler control room operators.
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Humidification System--

The humidifier for the LIMB processas describedhere is designedto providegas
conditioningsufficient to restore ESP performance. This representsan approximate 25°F reduction

in the air heater outlet temperature. Humidificationtakes place in the flue after the air heater, and

ahead of the ESP. Humidificationlanceswould be installed in an existing, preferably vertical, duct,

between the air heater outlet(s) andthe ESP inlet, with the longestpossible length of straight duct

after them. High pressureair is used in dual-fluidatomizingnozzlesto produce very fine water

dropletswhich evaporate quickly and cool the flue gas.

An enclosed heated, ventilated, and insulatedplatform is requiredon each side of the duct

to monitor the operation and maintainthe spray lances. These enclosureswould contain

atomization air and water headers, distributionpiping, and the associatedvalves, filters, and

instruments, lt would not be necessaryto enclose these platforms in warmer climates.

Compressed air and water for humidificationwould require new equipment, which, if space

is available, would be located as close to the humidifieras possible. Forthe purposesof this

comparison, it will be assumed that space is not available,and that the equipment will be located in

a buildingunder the lime storage silodescribedbelow. Air compressors(spared), water pumps

(spared), duplex water strainers, air receiver, and water tank would be with the
ag a suppliedalong

associatedpiping, valves, instruments,and control,s.

Costs to perform flow model testing for optimizationof the final humidification system

design are also included. This would be necessary becauseeach installationwould be unique.

Ash Collection/Storage/Removal System--

LIMB ash fall out/collection will occur in three areas, namely, the air heater, economizer,

and ESPhoppers, lt was found at Edgewater that only a minimalamount of LIMB ash falls out in

the air heater and economizer hoppers. The majority of the LIMB ash is collected by the ESP and

falls out in the ESP hoppers, lt is assumedthat the existing ESPhas sufficient SCA,

transformer/rectifier (T/R) set capability,and rappingcapabilityto handlethe increasedLIMB ash

loading. The existing ESP equipment must be evaluated underthe increased loading conditionsto

determine if stack particulate emission limits can be maintained. No modificationswere necessary

to the Edgewater ESP which had a design SCA of 612 ft2/103 ACFM to achieve 99.38 percent

- particulate removal efficiency.
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For the conditions studied, the applicationof LIMB to a boiler can increasethe total ash

collected in the ESP by a ratio up to about 3:1 when operating at 2.0 Ca/S ratio. For this

evaluation it has been assumedthat, similarto the Edgewater installation,the existingash removal

system can collect and transport the additionalash by more frequent emptying of both the ESP

hoppersand those under the air heater and convection pass. The ash storage silo capacity is

assumedto be adequate and capable of storing four days's productionof LIMB ash, as was the

case at Edgewater. Costs are providedfor upgradingthe system to handlethe increasedsolids

flow better, lt is noted, however, that some plants would not have this margin available, and

would find it necessaryto increase the capacity of ali or part of the ash handlingsystem.

Ash Collection and Storaae Svstem--The existing ash collectionsystem is assumed to be

the dry vacuum type, which utilizeseither a hydraulic exhauster or mechanicalexhausters to effect

the flow of conveying air. For the purposesof this comparison, it will be assumed that the

reference plants utilize mechanical exhausters. An existing primarycyclone type collector and a

secondary pulsejet bag filter, both mounted on the top of the ash silo, collect the conveyed ash

and empty it into the silo through double-dumpdischargegates. This existing system will be

upgraded in order to handle the increasedsolidsflow as follows:

• The vacuum source will be replacedwith one of greater capacity source.

• The pulsejet bag filter will be replaced with a greater capacity bag filter(s) fitted with

Gore-Tex" bags.

Ash Removal System--lt is assumedthat the reference plants presently utilize an ash

conditioning/unloadingsystem consistingof ash silo fluidizers,an ash dischargeslide gate, a rotary

feed valve, and a pad(tie-type ash conditionerwhich wets the ash for dischargeinto trucks for

transport to a landfill, in order to handle the increasedLIMB ash loading,this system would be

upgraded as follows:

• A new variable speed rotary feed valve of double the originalcapacity would be installed.

• A new plastic-lined,paddle-type ash conditioner of doublethe originalcapacity would be

installed.



• A new plastic-lined discharge chute would be installed and fitted with wash-out

capability.

• The water feed to the unloader would be made adjustable.

• The truck unloading bay would be fitted with four reversible exhaust fans to prevent the

steam generated by wetting the LIMB ash with water from disrupting the unloading

operator's view of the truck filling process.

The operation of the ash _ischarge slide gate, rotary feeder, ash conditioner, and water

supply would be automatically sequenced, with ash and water rates manually adjustable from a

panel. The loaded trucks would normally wait about 15 min for the steaming to subside, and then

proceed to the plant scales and on to the disposal site.

LIMB Equipment Enclosure--

Those items and groups of equipment that could not be located in the existing boiler

building and associated structures would be brought together and housed in a single separate

structure, called the "LIMB equipment enclosure'. This enclosure would be located below the lime

silo and would and/or enclose:
storage support

• The lime storage silo truck unloading, bin discharge, and feed equipment

• Atomization water tank, feed pumps, and two sets of strainers

• The atomization air compressors, air receiver, and instrument air conditioning equipment

• A room for electrical switchgear and motor control centers

• Noise abatement enclosures for the centrifugal air compressors.

Pipe Rack--

The design includes a 150 ft long pipe rack for supporting pipe runs between the LIMB

equipment enclosure and the boiler structure. The support elevation wi" be 20 ft above grade to

clear roadways. The rack will carry interconnecting piping, and electrical wiring in cable trays.
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Instrumentation and Controls--

The LIMB system will be controlled from the boilercontrol room by the boileroperators. /
Subsystem, and individualequipment, start/stop operationswould befrom the boilercontrol room.

Localstart/stop capability will also be providedfor the rotating equipment. The design includes

computerized processcontrol and an operator interface console. Required instrumentationfor local

or remote status indication is included,with recordingand alarms for critical conditions.

Annunciationof trouble spots are highlightedon computer graphics, lt is assumed that the plant

will have a CEMS in place, lt is recognizedthat each plant will have its own control philosophy,

and that any final design would have to make accommodationsfor its unique facilities and

requirements.

Electrical Equipment--

lt is assumedthat the plant can provide a power lead from its 4160 VAC bus. The design

would includethe necessarytransformer and switchgear to power the LIMB equipment. The

electrical equipment room is located in the LIMB equipment enclosureand will house the 4160 and

480 VAC load centers, motor controlcenters, and lightingpanel. A groundinggrid, 120 VAC

utility outlet and control power system, electrical heat tracing, and indoor and outdoor lightingare

also included. The interconnectingwire, conduit, and cable trays between the LIMB equipment

and the electrical equipment room is included. The 4160/480 transformer is locatedjust outside /
the LIMB enclosure.

Sootblowers--

For the purposesof the economic evaluation, new steam sootblowers were added in the

convection pass. These, plus more frequent blowing cycles, are expected to keep the pendant

section and convection pass surfaces clean when injecting lime. The existing controls will be

upgraded to add the new blowers in the blowing sequence. Although the need to take into

account the combined effect of capacity and more effective coverage were not as well understood

early enough for the Edgewater system, it is believedthat proper placement of sootblowers with

adequate capacity will result in maintaining air heater outlet temperatures close to a more normal

300°F. lt is also noted that additional sootblower requirementswill be especiallysite-specific.

Heating, Ventilation, and Air Conditioning--

The LIMB equipment enclosure and the humidificationenclosureswill be heated and

ventilated. The electrical equipment room will be heated and air conditionedto support the control
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system hardware.

)
Miscellaneous--

A sump is located in the LIMB equipment enclosure to collect ash and lime truck spill wash-

down water, atomization water tank overflow, and miscellaneous drip and floor drains, but not

including sanitary, roof downspouts, or storm drains. Two 100 percent vertical sump pumps will

pump the ash/lime waste water into a disposal system by others. A mixer will be located in the

sump to provide off-bottom suspension of solids.

Both LIMB ash and lime truck spill wash-down water will be highly alkaline, lt will,

therefore, be necessary to neutralize this alkaline water before pumping it to disposal. A

neutralization system consisting of two pH meters, a sulfuric acid tank in containment, and an acid

metering control valve is included. The acid tank will be located just outside of the LIMB enclosure,

as close to the sump as possible. The pH meters will monitor sump water pH and forward the

signal to the control system which will maintain the sump pH at 7.0 by gravity addition of sulfuric

acid to the sump.

An instrument air conditioning system will be included to dry, filter, and condition a portion

of the atomization air for use as instrument air throughout the LIMB system. The plant's existing
instrument air system will be a back-up to this system.

LIMB Operating Manpower--

Based on the experience at Edgewater, it is expected that no additional operating

manpower would be required to start, operate, control, and shut down a commercial LIMB system.

Lime truck unloading is performed unsupervised by the truck drivers. The boiler control room

operator will start/stop remotely operated equipment, set process flow control conditions, monitor

process operation, and respond to alarm conditions. The boiler auxiliary equipment operator will

start/stop locally operated equipment, walk down and monitor equipment operation, and respond to

alarm and upset conditions as requested by the boiler control room operator. Ash hopper

evacuation will proceed in the same manner as before LIMB, although more frequent evacuation

will be required. Ash unloading to trucks will also proceed in the same manner as before LIMB, and

will be performed more frequently and/or a greater number of trucks will be filled during each

unloading operation.
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Commercial Coolside System Desian _j

The Coolside processdesign is basedon current FGD industry practice and the results of

the Edgewater Coolsideprocessevaluation. The scopefor the Coolsidesystem beginswith truck

delivery of dry hydrated calcitic lime to the site and ends with removal of a water conditioned

Coolsideash in trucks. The design consistsof four processareas: the lime unloading,storage, and

feed system; the sodium addition system; the humidificationsystem; and the ash collection,

storage, recycle, and removal system. A listing of the scope of equipment and a Coolsidesystem

schematic are presented after the detailed descriptionsin Table 24 and Figure 45, respectively.

Lime Unloading, Storage, and Feed System--

Lime is deliveredto the site by pneumatic trucks, two of which can unloadlime into the

storage silo at the same time. The silo can hold a seven-day supply of lime when the unit is

operating at MCR. A baghouse is located at the top of the silo to prevent lime from escapingto

the atmosphere during lime truck unloading. A mechanical level detection device is providedon the

silo.

Lime dischargeat the conical bottom of the silo is aided by internal air slideson the sloping

sides. A fluidizingair system consistingof a fluidizingair blower, air dryer, and interconnecting

piping, valves, and instruments is providedto supply fluidizing air to the air slides. A 100 percent

spare fluidizingair blower is included. The air dryer can be by-passedwhen maintenanceis being

performed.

There are two dischargepoints on the bottom of the lime silo, each of which can be

isolated with a manual slidegate. From each dischargepoint, lime can be fed to a variablespeed

rotary feeder whose speed can be controlledto supply the required amount of lime to the system.

The rotary feeder prevents flooding and feeds at a controlledrate into a solids pump. Sorbent is

compacted as it is pushed through the pump barrelby the screw sealing against the transport line

back-pressure. The hydrated lime is then fed into the pump mixing chamberwhere it is fluidized

with transport air and then conveyed to the distributionbottle throughthe transport line. Transport

air is provided by one of two 100 percent air blowers.

The hydrated lime is split at the distributionbottle into several smallerstreams. The

hydrated lime is then distributed into the humidifier throughan array of injector pipes located in the
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plane of the humidificationnozzles. In the humidifier, the hydrated lime reacts in the presenceof

high humiditywith the SO=in the flue gas to form calcium sulfite and some calcium sulfate.

SodiumAddition System--

1he Coolsideprocess usessodium compoundsto increase SO=removal and lime utilization.

In the design shown, the sodium is stored as an aqueoussolution. Dry soda ash is pneumatically

unloadedfrom trucks into a 30-day, wet soda ash storage and supply system. The soda ash feed

system is a packagedunit which maintainsa saturated solutionof sodium carbonate. The

saturated soda ash solution is metered, dependent upon the hydrated lime feed rate and the Na/Ca

molar ratio setpoint, to an in-line mixer in the humidificationwater supply line. The soda ash

supply system comes with a small dust scrubberto control dust emissionsduring unloading

operations.

Flue Gas Humidifier--

Boilerflue gas from the air heater(s) is conveyed to a singlehumidificationchamber. In the

humidifier, water containing the sodium additive is fed to an array of atomizingnozzles. High

pressureair is used in dual-fluidatomizingnozzles to produce very fine water droplets which

evaporate virtually completely and quickly cool the flue gas. The rate of water additionis

controlledto maintain a design humidifieroutlet temperature 20°F above the adiabatic saturation
temperature of the flue gas.

The atomizers selected for the Coolsideprocessdesign are B&W Mark XII nozzles or the

equivalent. Eachnozzle is designedto operate at 0.8 to 1.0 gpm throughput with an atomizingair-

to- humidificationwater ratio of 0.45 Ib/Ib.

Two key humidifier design parametersare the humidifier residencetime and the inlet flue

gas temperature. Basedon the Edgewater demonstration, the flue gas humidifierresidencetime

was chosen to be three seconds. To minimize the humidifierlength, the humidifiercross-sectional

area is set to maintain a 20 ft/sec flue gas velocity in the humidifier. To minimizethe potential for

solidsbuildup within the humidifier,the designis vertical downflow as shown in Figure44. A

hopper is provided at base of the humidifierto collectand remove any wall scale, atomizer deposit

debris, and ash which may drop out of the flue gas. The designincorporatesturning vanes in ali

ductwork bends to minimizepressuredrop and to insurea uniform gas flow profile at the humidifier

inlet.
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Figure 44. Vertical humidifier conceptual design for a commercial Coolside system
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An enclosed, heated, ventilated, and insulated platform is required on each side of the

humidifier to monitor the operation and maintain the spray lances. These enclosures would contain

atomization air and water headers, distribution piping, and associated valves, filters, and

instruments, lt would not be necessary to enclose these platforms in warmer climates.

Compressed air and water for humidification would require new equipment, which would be

located as close to the humidifier as possible. Because a relatively large area is required, it will be

assumed that space is not available for the purposes of this comparison. The equipment will

therefore be located in an equipment building under the lime storage silo described below. Air

compressors (spared), water pumps (spared), duplex water strainers, an air receiver, and a water

tank would be supplied along with associated piping, valves, instruments, and controls.

Other equipment includes five guillotine dampers supplied to isolate the humidifier from the

existing flue gas duct. A rotary lump grinder is also supplied at the discharge of the humidifier

hopper to grind any large material before sending it to the ash removal system.

Costs to perform flow model testing for optimization of the final humidification system

design are likewise included. This would be necessary to assure proper design of the humidifier for

operation at close approach to saturation.

Ash Collection, Storage, Recycle, and Removal System--

Coolside ash fall out/collection will occur in the humidifier hopper and the ESP hoppers,

although only a minimal amount is expected to accumulate in the former. Most is collected by the

ESP and falls into the ESP hoppers, lt is assumed that the existing ESP has sufficient SCA, T/R set

capability, and rapping capability to handle the increased Coolside ash loading. The existing ESP

equipment must be evaluated under the increased loading conditions to determine if stack

particulate emission limits can be maintained. No modifications were necessary to the Edgewater

ESP which had a design SCA of 612 ft2/103 ACFM to achieve a particulate removal efficiency of

99.38 percent. [Post-Coolside inspection of the Edgewater precipitator revealed doughnut-shaped

ash build-up on many wires of the first field of the ESP, however, this was attributed to several

upset conditions which occurred during the early stages of testing.]

For the conditions studied, the application of Coolside can increase the total ash collected

in the ESP by a ratio up to about 3:1 when operating at 2.0 Ca/S ratio (recycle was assumed to be
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employed to a lesser extent as the coal sulfur content increased). For this evaluation, it has been

assumed that, similar to the Edgewater installation, the existing ash removal system can collect (_

and transport the additional ash by more frequently emptying of the ESP hoppers. The ash storage

silo capacity is assumed to be adequate and capable of storing about four days' production of

Coolside ash, as was the case at Edgewater. Costs are provided for upgrading the system to

handle the increased solids flow. lt is noted, however, that some plants would not have this

margin available and would find it necessary to consider increasing the capacity of ali or selected

parts of their ash handling system.

Ash Collection and Storaao SYStem--The existing ash collection system is assumed to be the dry

vacuum type, which utilizes either a hydraulic exhauster or mechanical exhausters to effect the

flow of conveying air. For the purposes of this comparison, it will be assumed that the reference

plants utilize mechanical exhausters. An existing primary cyclone type collector and a secondary

pulse jet bag filter, both mounted on the top of the ash silo, collect the conveyed ash and empty it

into the silo through double-dump discharge gates. This existing system will be upgraded in order

to handle the increased solids flow as follows:

• The humidifier hopper will be tied into the existing plant fly ash vacuum system.

• The vacuum source will be replaced with one of greater capacity.

• The pulse jet bag filter will be replaced with a greater capacity bag filter(s) which has

bee;J fitted with Gore-Tex" bags.

Ash Removal System--lt is assumed that the reference plants presently utilize an ash

conditioning/unloading system consisting of ash silo fluidizers, an ash discharge slide gate, a rotary

feed valve, and a paddle-type ash conditioner which wets the ash for discharge into trucks for

transport to a landfill. In order to handle the increased Coolside ash loading thi,_ system would be

upgraded as follows:

• A new variable speed rotary feed valve of double the origina, capacity will be installed.

• A new plastic-lined, paddle-type ash conditioner will be installed to handle the increased

capacity.
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= A new plastic-lined discharge chute will be installed and fitted with wash-out capability.

)
• The water feed to the unloader will be made adjustable.

The operation of the ash discharge slide gate, rotary feeder, ash conditioner, and water supply will

be automatically sequenced, with ash and water rates manually adjustable from a panel.

(_oolside Ash Recycle Svstem--To increase the sorbent utilization, a portion of the collected _;olids

is recycled. Coolside ash is discharged from the ash silo to a variable speed rotary feeder

controlled to supply the required amoun; of recycle ash to the system. The rotary feeder prevents

flooding and feeds at the desired rate into a solids pump. Recycle ash is compacted as it is pushed

through the pump barrel by the screw sealing against the transport line back-pressure. The

Coolside ash is then fed into the pump mixing chamber where it is fluidized with transport ai_rand

conveyed to the distribution bottle through the transport line. Transport air is provided by one 100

percent air blower. The Coolside ash is split at the distribution bottle into several smaller streams,

and then directed to an array of injector pipes located in the plane of the humidification nozzles.

The ash recycle equipment is not spared because loss of this system would only affect lime

utilization, ar,,J not the capability of the Coolside system to meet emission requirements.

Coolside Equipment Enclosure--

Those items and groups of equipment that do not fit in the existing boiler building and

associated structures will be brought together and housed in a single separate structure called the

"Coolside equipment enclosure'. Located below the lime storage silo, it will support and/or

enclose:

• The lime storage silo truck unloading, bin discharge, and feed equipment
=

• Atomization water tank, feed pumps, and two sets of strainers

• The atomization air compressors, air receiver, and instrument air conditioning equipment

• A room for electrical switchgear and motor control centers

• Noise abatement enclosures for the centrifugal air compressors.
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Pipe Rack--

The designincludes a 150 ft long pipe rack for supportingpipe runs between the Coolside I

equipment enclosure and the boiler structure. The support elevation will be 20 ft above grade to

clear roadways. The rack will carry interconnectingpiping, and electrical wiring in cable trays.

Instrumentation and Controls--

The Coolsidesystem will be controlledfrom the boiler controlroom by the Coolside

operator. Subsystem and individualequipment start/stop operationswould be from the boiler

control room. Local start/stop capability will also be provided for the rotating equipment. The

design includescomputerized processcontrol and an operator interface console. Required

instrumentation for localor remote status indicationis includedwith recordingand a_armsfor

critical conditions. Annunciation of trouble spots are highlightedon computer graphics, lt is

assumed that the plant will have a CEMS in place, lt is recognizedthat each plant will have its

own control philosophy,and any final design would have to make accommodationsfor the plant's

unique facilities and requirements.

ElectricalEquipment--

lt is assumedthat the plant can providea power lead from its 4160 VAC bus. The design

necessary transformer and switchgear to power the Coolsideequipment /
would includethe

enclosureand Coolsideequipment. The electrical equipment room is located in the Coolside

equipment enclosureand will house the 4160 and 480 VAC load centers, motor control centers,

and lighting panel. A groundinggrid, 120 VAC utility outlet and control power system, electrical

' heat tracing, and indoorand outdoor lightingare also included. The interconnectingwire, conduit,

and cable trays between the Coolsideequipment andthe electrical equipment room are included.

The 4160/480 transforn;leri_ located just outsidethe Coolsideequipment enclosure.

Heating, Ventilation, and Air Conditioning--

The Coolside_quipment enclosureand the humidificationenclosureswill be heated and

ventilated. The electrical equipment room will be heated and air conditionedto support the control

system hardware.

Miscellaneous--

A sump is located in the Coolsideequipmentenclosure to collect water from ash and lime

truck spill wash-down water, atomization water tank overflow, and miscellaneousdrip and floor
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drains,but not includingsanitary, roof downspouts, or storm drains. Two 100 percent vertical

sump pumpswill transfer the ash/lime waste water into a disposalsystem by others. A mixer will

be located in the sump to provideoff-bottom suspensionof solids.

BothCoolside ash and lime truck spillwash-0c.wn water will be highly alkaline. Therefore,

it will be necessary to neutralize this water before pumping it to disposal. A neutralizationsystem

consistingof two pH meters, a sulfuricacid tank, a tank containment, and an acid metering control

valve is included. The acid tank will be locatedjust outside of the Coolsideenclosureas closeto

the sump as possible. The pH meters will monitor sump water pH andforward the signalto the

control system which will maintainthe sump pH at 7.0 by the gravity additionof sulfuric acid.

An instrument air system will be includedto dry, filter, and conditiona portion of the

atomization air for use as instrumentair throughout the Coolsidesystem. The plant's instrument

air system will be the back-up to this system.

Coolside Operating Manpower--

lt is expected that four additionaloperatorswould be required to start, operate, control, and

shut down a commercial Coolsidesystem. Lime truck unloadingis performed unsupervisedby the

control room operator per shift will start/stop remotely operated
lime truck drivers. One Coolside

equipment, set processflow control conditions, monitorprocess operation, and respond to alarm

conditions. The boiler auxiliary equipment operator will start/stop locally operated equipment, walk

down and monitor equipment operation, and respond to alarm and upset conditionsas requested by

the Coolsideoperator in the control room. Ash hopperevacuation will proceedin the same manner

as before Coolside,however, more frequent evacuation will be required. Ash unloadingto trucks

will also proceed in the same manneras before Cqolside,and will be performed more frequently

and/or a greater number of trucks will be filled during each unloadingprocess.
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TABLE 24. COMMERCIAL COOLS_DESYSTEM SCOPE OF EQUIPMENT
I ii ,i ,, i ,,, i , r , T ,,

Lime Storeoe lind reed System Ash Recycle System

Lkne_le 1 Verieblespeedrotary feeder 1
Limetruck urdoed_0 equ_n_em 2 SOl_ pump 1
Limeeilo beohota_ 1 Tramqxx't_r blower 1
_In0 elr blower 2 Dietdbution boffie I

I:kak_ino atr dryer 1 In_cter ill:ev Lot
I.Wneeilo dlac_mlle alrMidm Lot Interconnectingpiping, valvm, end in_ruments let
VI_eble 8peedrotary _ 2

Imlkle pump 2 .CQoh;ideEncl_urs and Electricsle
Treneport airMower 2

Limedietrlbutkm bott_ 2 Coole_leequipment enclosure Lot
Ir_Icter plpN Lot Foundationsend concrete work Lot

Imor©onnectJngpiping, volvo, and |rmrunw_ Lot Support meel, ot_rways, end plstforme Lot
HeotJng,ventilation, endJr conditioning Lot

Sodium AdditionSystem 4160 VAC tr4mMermer I
480 VAC load centem Lot

Sode uh _oraOv tank 1 Motor control centers Lot

Tank cont_ 1 Lighting_ 1
Truckunloedinoeystun 1 ConUol power eystem includingl_K:k,.uppow_ 2
Duetac_04xw 1 Heat trace panel and heat tzacing 1
Heater 1 120 VAC utility _ I
Recyde pump 2 Communicetionequipment Lot

Feed pump 2 Groundinggrid Lot
In-linemixer I HobOsend trolleys Lot
Irlter_ piping, vMv_, lind irwtr_ Lot Intercervlectingwire, conduit, _ cM)kDtreys Lot

Humidification Symt.ern .Miacellameoum;

Humidification chlmlber 1 Piperack 160 h
Humidification wmrw lm Lot Computerizedcontroleystem Lot
LJlCe replNN'_ Lot Operator interface console 1
Air end water distribution he4ders Lot Inetrurmmtalreysmm Lot
Humidification Motfoeme with enci_xe 2 Sump 1

Atomizationek _ 2 Sump _ 2
Airreceivm 1 Mixer 1
Winter tank I pH meters 2
Duplex winter_relrma 3 Acid tank 1

Atomlzet_n woter pumpe 2 Acid tank containment 1
Outletho_xw I EyswmWufety ohowere Lot
SUpportsteel let Fire wetection oyoteme Lot
Tie-in ductwork Lot Interconnectingpll_ng, vadv_, end instrumentl LOt
O_ dampers 6
Rotary lumpOr_nder 1

Interconmctk_Opiping, valves, andtnsmmm_ Lot
Raw model Uwttno Lot

__ co_-._onsy_om

Humi41fier hopper tle-in Lot
Mechanical exhawtem Lot

jet I_g f_ter with Gom-Tex" bags lot
Verlable speedrotary feed valve 1

Ai_ conditionerlurdo_r (pug mi_) 1
Aeh dk._._ chute 1
IntercorvlecUngI_p/_i, vah/el, and instruments lot





Commercial LimestoneForced Oxidation FGD _vstem DQsign

The LSFO FGD processwas selected for comparisonwith LIMB and CoolsideFGD Systems

because its design is consideredto be the state-of-the-art wet scrubbingsystem that would be

purchased by an electric utility to meet current and future stack emissionrequirements. The design

consists of four processareas: the limestone storageand preparationsystem; fans and ductwork;

the absorbersystem; and the dewatering system, lt is assumed that the existing lD fans are not of

great enough capacity to overcome the additional pressuredrop of the LSFO system, and new

supplemental lD fan(s) will be required. Rubber-linedcarbon steel was chosen as the material of

construction for the absorbertower, although it is realizedthat varying chlorideconcentrationsand

other site-specific conditionsmay dictate the use of stainlesssteel alloys or other materials. A gas

distribution/SO=absorption tray is utilized in the absorbertower in this evaluation. A design

without a tray would require an additional spray level(s) and a greater liquid-to-gasratio (L/G). In

this design the gypsum product is consideredto be of disposalgrade, rather than being washed to

a higher quality for use as wallboard. Flue gas reheat is not includedas there is provisionfor a new

wet stack. A listing of the scope of equipment and a LSFO FGD system schematic are presented

after the detailed descriptionsin Table 25 and Figure46, respectively.

Limestone Storage and PreparationSystem-- a
Limestone is deliveredto the site by trucks which unloadinto a receiving bin located near •

the limestone bulk storagefacility. A conveyor elevates the limestone into this facility which holds

a 31 day supply of limestonefor the unit operating at MCR. A transfer conveyer elevates

limestonefrom the bottom of the bulk storage facility to the limestoneday silo which holds a 24 hr

supply of limestone. The limestonebulk storage facility is enclosedfor weather protection. The

limestoneday silo has two dischargepoints, each of which is fitted with a manual slidegate for

isolation, and with a vibratingbin bottom to facilitate the flow of limestone to the limestone

preparationsystem. From each dischargepoint, limestonecan be fed to a weigh belt feeder which

is controlled to supply the required amount of limestoneto a wet ball mill. There are two 100

percent capacity, rubber-linedball mills supplied. The mills grindthe limestone to a particle sizo of

95 percent passing 325 mesh (44 pm). The resulting30 percent solidslimestone/water slurry is

fed to the its storage tank which has a 12 hr storage capacity at MCR.

Each ball mill has one mill product tank with a mixer, two 100 percent mill product pumps,

cyclone classifiers(spared), two bearing lubricationoil systems, and a gear lubricationsystem
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included. The limestone slurry storage tank has one mixer and two 100 percent feed slurry pumps

_J_ which pump fresh slurry to the absorber system. The limestone slurry preparation equipment is

located in an enclosure which contains the necessary stairways and platforms for access to the

equipment, heating and ventilation, lighting, control panel, overhead maintenance hoists, an electric

roll-up equipment access door, and a drainage sump. The sump is fitted with two 100 percent

sump pumps and a mixer.

Fans and Ductwork--

Flue gas exiting the existing ESP is directed to two 50 percent lD fans by a section of

carbon steel ductwork. The lD fans are sized to overcome the pressure drop of the absorber

module and the ductwork. From the lD fan outlets, a carbon steel duct directs the flue gas to the

absorber module entrance nozzle. The absorber module entrance nozzle is constructed of 3/16 in

thick C-276 alloy. After exiting the absorber tower, the flue gas is directed to the stack by a 3/16

in thick 317 LMN stainless steel outlet duct. A carbon steel 100 percent absorber bypass and

three guillotine isolation dampers are included.

Absorber System--

Flue gas from the lD fan outlet is directed to the SO= absorber system, which utilizes a

single 100 carbon rubber-lined absorber module 95 of
percent capacity steel, to remove percent

the SO=. Removal is accomplished by a countercurrent spray absorption process occurring in the

absorber module. By spraying limestone slurry into the flue gas, calcium carbonate (CaCO_) reacts

with SO= in the flue gas to form hydrates of calcium sulfite (CaS03) and calcium sulfate (CaSO4).
°

The reacted slurry collects in the absorber module recirculation tank. Air is blown into the

recirculation tank through a sparge ring at a stoichiometric ratio of 1.5 mol 02/mol SO2 absorbed to

convert 99 percent of the sulfite to sulfate. The recirculation tank is sized for 8 rain retention time.

Mixers provide off-bottom suspension of the slurry solids. Large slurry pumps take suction from

the recirculation tank with each feeding an individual spray header. A perforated tray, located

below the spray zone, acts as a gas distribution device. A froth of recycled slurry develops on the

tray as flue gas passes through it, assuring optimum gas/liquid contact and promoting the

absorption of SO=.

Before exiting the absorber module, the flue gas passes through two sets of mist

eliminators where entrained slurry droplets are removed. A mist eliminator wash system

periodically removes any collected solids from the mist eliminator. The pH of the recirculation tank
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slurry is monitored, with fresh limestoneslurry added to maintain the optimal pH for the SO2

absorption/oxidationreactions. The density of the recycle slurry is controlledby the addition of

reclaim water to the recirculationtank. Spent recirculationslurry is pumpedto the dewatering

system, as required, to maintain proper level in the recirculationtank. The cleaned flue gas exiting

the absorber tower is exhausted througha new wet stack.

Dewatering System--

The spent slurry is dewatered to a concentrationof 35 percent solids by two 50 percent

capacity hydrocloneclusters. Each cluster consistsof several cyclones (spared) with carbon steel

housingsand snap-in rubber liners. The thickened underflow slurry is collected in a rubber-lined

launderand fed by gravity to a waste slurry tank. The waste slurry tank is sized for 16 hr storage

and fitted with an off-bottom mixer. One of two 100 percent waste slurry feed pumps directs

waste slurry to the vacuum filters. The overflow from the hydroclonesis directed to a clarifierfor

removal of the fine solids. A polymericflocculant added to the clarit_r assists the gravity settling

of fines. The solidssettle to a dischargecone at the center of the clarifier where one of two

100 percent clarifier underflow pumpsdirectsthe solidsto the waste slurrytank. Clarified reclaim

water overflows the clarifier and is directedto a reclaim water storagetank which is sizedto equal

the clear water content of the waste slurrytank. One of two 100 percent reclaim water pumps

returns reclaim water to the absorber, limestonepreparationsystem, and other processequipment.

Two 100 percent capacity rotary drum vacuum filters dewater the waste slurry to an

85 percent solids filter cake. The filtrate is directed to the clarifier for removal of the fine solids.

Conveyors transport the gypsum filter cake to the stack-out area where it is stored until it can be

trucked to a disposal site. For this evaluation,the disposalsite is assumedto be an unlined landfill

located one mile from the gypsum stack-out area.

Absorber Area Enclosure--

An enclosure will be located at the base of the absorbertower, lt will support and/or

enclose:

• The absorberrecirculationpumps

• The oxidation air blowers

• The absorber tank mixers

• The absorberarea sump
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• pH and density monitoringequipment

• Heating and ventilation
• Hoists and monorails

• Water strainers

• A control room with heating, ventilation, and air conditioning(HVAC)

• A room for electrical switchgear and motor controlcenters with heating and ventilation

• Equipmentaccess roll up doors

• An instrument air system

• Restroomfacilities

• Lighting

• Heat trace panels

• Elevator.

Vacuum Filter Enclosure--

The vacuum filters and related processequipment will be located in an enclosurewhich

contains the necessarystairways and platforms for access to the equipment, heating and

ventilation, lighting, a control panel, overhead maintenancehoists, an electric roll-upequipment

access door, and a drainagesump fitted with two 100 percent sump pumpsand a mixer.

)
Pipe Racks--

The design includes two 150 ft pipe racks for supporting pipe runs between the limestone

preparation system and the absorber system, and between the vacuumfilter system and the

absorbersystem. The support elevation will be 20 ft above grade to clear roadways. The rack will

carry interconnectingpiping, and electrical wiring in cable trays.

Instrumentation and Controls--

The absorber system will be controlled and monitoredfrom the scrubbercontrol room

located in the absorberenclosure by scrubberoperators. Absorberarea equipment start/stop and

process control operationswill be from the scrubbercontrolroom. The limestonepreparation

system and the vacuumfilter system will be started from local control panels. These systems will

be monitored from the scrubbercontrol room where full start/stop capability will also exist. The

controlsystem design includescomputerizedprocesscontrol and an operator interface console.

System processstatus and annunciationof trouble spots are highlightedon computer graphics, lt

is assumedthat the plant will have a CEMS in place, lt is recognizedthat each plant will have its
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own control philosophyand that any final design would have to make accommodationsfor the

plant's uniquefacilities and requirements. (_

Electrical Equipment--

lt is assumed that the plant can provide a power lead(s) from its 4160 VAC bus. The

design would includethe necessarytransformer(s) and switchgear to power the LSFO system

equipment. The electricalequipment room is located in the absorberarea enclosureand will house

the 4160 and 480 VAC load centers, motor control centers, and lightingpanel. A groundinggrid,

120 VAC utility outlet and control power system, electrical heat tracing, and indoorand outdoor

lighting are also included. The interconnectingwire, conduit, and cable trays between the LSFO

system equipment and the electrical equipment room are included.

Heating, Ventilation, and Air Conditioning--

The absorberarea, limestonepreparationsystem, and vacuumfilter enclosureswill be

heated and ventilated, as will the electrical equipment room. The control room will be heated,

ventilated, and air conditioned.

Miscellaneous--

Two 50 percent instrumentair systems complete with air dryers, filters, and air receivers /

are included. Eyewash/safety showers are providedthroughout the system as required. A seal

water system is provided. Service water and service air stations will be provided as required

throughout the system, lt is assumedthat the plant will be able to supplyseal water, service

water, and _ervice air to the LSFO system.

LSFO FGD Syst_';_ Operating Manpowe_--

Additionaloperating manpower will be required to start, operate, control, monitor, and shut

down the LSFO system. One control room operator per shift will start/stop remotely operated

equipment, set processflow conditions, monitor processoperations, and respond to alarm

conditions. One outside operator per shift (two on day shift) will start/stop locallyoperated

equipment, walk down and monitor equipment operation, and respondto alarm and upset

conditions as requested by the control room operator. One full-time laboratory technician will

monitor scrubberchemistry and critical process parameterssuch as limestonequality, pH, density,

and fresh slurry grind size. Two full-time instrumentationand control (I&C) technicianswill

troubleshoot and maintain the LSFOsystem controls and instruments. Four full-time mechanicswill
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perform maintenanceon the system equipment. One full-time yard equipment operator will operate

a front end loaderto fill gypsum disposaltrucks and move limestoneinto the unloadingbin. One
full-time supervisorwill have responsibilityfor the optimum operation of the LSFO system and

provide supervisionfor the operating personnel. These requirementsare summarized as follows:

Job Des_riotioq Coverage NO,Reauired

LSFO system supervisor Day shift-5 day/wk 1

Control room operator 24 hr-7 day/wk 4

Outside operator 24 hr-7 day/wk 4

Outside operator Day shift-7 day/wk 2

Lab technician Day shift-5 day/wk 1

I&C technician Day shift-5 day/wk 2

Mechanics Day shift-5 day/wk 4

Yard equipment operator Day shift-5 day/wk 1
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TABLE 26. COMMERCIALLSFO FGD SYSTEM SCOPEOF EQUIPMENT

Umutone _tozloe _ Pmp_It!.on, System l.+meltone At,+l Enclo_.,,ure

LJmmtonl reoaivlnli bin 1 I tmMtone lM'le enclosure 1
Bulk _oroge trormfw conveyor 1 Support steel, ltSlrWeys, _d platforms Lot
LJm4Monl biJikotWllOe eml enclolurt 1 Hilling end ventilltJon Lot
Lkne_ono bulkstorage tronMor bin 1 Lighting Lot
Day ailo umefer conveyor 1 Control panel Lot
I.kn4mtonoday silo 1 Holem endUolleye 2
Vilmretlngbin bottom 2 Roll-UPdoor 1
Weigh belt feeder 2 Draina0e eump 1
BMI mill feed chute 2 Foundltl-- _mdconcrete work Lot
BMI mill 2

Mill woduct trek 2 Dewoterino System
Mill product tank mixor 2
MHI product pumps 4 Hydroolone dusters 2
Cyclone delaifkm; 2 Wrote Ilurry tank 1
Lulxlcl_on oll _ 4 Wells Idurry tankmixer 1
Gear lubrication mmteme 2 Ver.uum filter feed pump 2
Limemone durry otorqe tonk 1 Cleriflor Lot
Limestone durry storage tonk mlxw 1 Flocculontleed eystom 1
Feed slum/puml)l 2 CIKIfW underflow pump 2
Dr4_nmoe_ 1 Reclaim water otorogetank 1
Sump mixer 1 Reclaim woter pumps 2
Sump purn_ 2 Vacuum filler with pumps, receiver, and air oep_otor 2
Inter(_nnectmg _, vaival, end _ Lot Collecting conveyor 1

FonNerdlngconveys+ 1

F_me_nd D_Jctwork Radial stsck4t I
Gypsum etm?.kout area Lot

Booster lD fern: for 100 end 160 MWe CeNO 1 Sump ix+mpe 2
for 260 Irv:l 60tDMWe cmea 2 Sump mixer 1

lD fen outlet duct Lot Interconnecting piping, wlvu, md tmuuments Lot
By-tMm duct LOt
Abeorb_ enUence no_le 1 .DewoteflnoAzea Enclceure
Absorber outJot dust 1

Guillotine dampem 3 Vecuum filter enciceufe Lot

SUPl_rt otmd, etekWWlm,end plotfo_ne Lot Foundations end concretewmk Lot
Irdulotion and legging Lot Supl_rt eteel, etairwaye, and platforms Lot

Foundotionl I_1 conorote work Lot Heating ind ventilation Lot
Lighting Lot I1AInqorber Sy_em Drainage oump 1
Holem lhd mo_xMie 2

AI3eol'b_ module with i114agraireaction rink 1 Control pan_ 1
Almmq_ hNdem, mr4w nozJIm, end tray Lot Roll-up door 1
Mist olimin_om Lot

Mixem 3 Electricel Equil:m1_
Abeod=errec/wcul_InOpumpe Lot

Abeod:_ rockculM_0 pump, pipln0, and valve Lot 4160 VAC tremlorrnor 2
Miut oliminotor wmh tank 1 480 VAC load _ntere Lot
MM oliminetor wmh _ 2 Motor control centers Lot
Miot olknknotorw_h water otrainm I UghUngpmol 3

Wmlm Murryblowdown pumps 2 Control power IWotom tnoluding beck-up p_ver 1
Oxidotion air compreooom 2 Heet uece panel 3
Sp4rge tin0 1 Heot tracing Lot
Sump pumps 2 120 VAC utility penal 3
Sump mixer 1 Grounding grid Lot
Int_ng piping, rH, end in_rumente Let Outdoor lighting Lot

otoel, otairwoYs, and plstfofl_rm Let Communicotiono system Lot
Row modeltinting Lot Int_connec_r_ wire, conduit,and cable treys Lot

Ablorber Area Encloeu.r.• Miscelllneous

Aboofoer enclosure Lot Pipe reck 300 h
Foundotionemd concrete work Lot Computerized control system Lot

Support steal, otairw_m, end plotforrne Lot Operotm interfeee como_ 2
Heotin0, ventil_on, lhd air conditioning Lot Inotrument air system 2
Lighting Lot Sell water oyatem Lot
Drainage eump I Service water eyotem Lot
Holet_ end trolleys 2 Service air eystwm Lot
ConUol room 1 Fire protection system Lot
Electricalequipment room 1 Eyewmh/eefoty ehowm Lot
Rt4mUoomfedllti_ Lot Wet oter.k I
RoM-updoor 2 Stock foundation 1
Elevator 1 ,,
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ECONOMIC EVALUATION

Followingon the design, installation, operation, and technical evaluation of the LIMB and

Coolsidetechnologies, the economicanalysis is the last step of the demonstration projects. In

keepingwith the project goal to show generic applicability,the analysisattempts to present a

comprehensivesummary for both processes. The perspective is one developed by those who both

participated in each of the precedingsteps and have direct access to correspondinginformation on

the LSFOtechnology with which the two are compared.

The costs of the LIMB, Coolside,and LSFO processesfor each of the three coals and four

plant sizes used the same overallapproach. Wherever possible,this includeda level of engineering

typical of that used to provide actual budgetary estimates to customers in commercial applications.

Although the number of casesexamined precludedabsolutely unique analysisof each, individual

material balancesestablishedthe basisfor sizing and developingequipment lists. Whenever

necessary,new vendor quotations were obtained to supplementthe current B&W equipment cost

data base which reflects costs on utility systems sold within the past year or two after passageof

the CAAA in late 1990. The reference plant and processdesign information includedearlierin

Tables 17 through 22 establishedthe basesfor the scopesof equipment in Tables23 through 25

from which costs were individuallydetermined. Becauseit probablyreflects the most widely /

accepted methodology, EPRI's TAGTM was used as a guide for the analysis, with the vendor

quotations or pertinent costs from the current data basebeing insertedwhenever they were

consideredto be more representativethan more generic estimatingtechniques.

The discussionto follow tries to present the analysisin a format that a utility might use in

determining the applicabilityof the processesas part of an overall compliancestrategy, rather than

as a detailed listing of ali the specific assumptionsand costs made for each and every case. Such

an approach recognizesthe uncertaintythat arisesfrom any of a number of site-specific

considerationsthat require individualanalyses in the final decision-makingprocess. General, rather

than explicit, justification is used for choosing variousfactors for such things as construction and

maintenance because these factors are usually closely coupled with site-specificity. The summary

curves permit the individual reader to superimposehis or her own immediate concerns and make a

preliminary judgment regardingfeasibility of a potentialapplication.



Costs are divided into the three major categoriesof capitalcost, variablecosts, and fixed

operatingand maintenance (O&M) costs. The capital costs, or total capital requirement (TCR),
consistof the total plant investment (TPI), preproductioncosts, inventory, land, and interest during

construction(IDC). Variable costs includemajor consumablesand disposalcosts. Maintenance

costsfor both labor and materials,operating mc .Jowercosts, and administrationand overhead

casts constitute the fixed O&M costs. Annual levelized requirements,expressedin terms of S/ton

SO2removed, and operating costs, expressedin units of mill/kWh, were also determined. A

constantdollar levelization technique, as outlined in TAGTM, was used on the capital carrying

charges and operating costs in order to account for only real, and not inflationary,escalation.

Table 26 summarizesthe economicpremises. The costs for consumables,utilities, labor, and

disposalwere derived from TAGTMand converted to 1992 dollars.

Capital Costs

The installed equipment costs (IEC) are calculatedusingthe individualequipment costs (EC)

and constructionfactors (CF). The latter are discrete multipliersfor each item in the scope of

supply and r_present that percentage of each EC needed to cover both direct and indirect

constructioncosts. Direct constructioncosts includesuch thingsas field labor, factory equipment,

and field materials and supplies. Indirect constructioncosts are for such items as supervision,

payrollburden, tools, field engineering,and facilities. The constructionfactors were derived from

B&W Construction Company's historicalinformation, and are basedon their wide range of

experienceinstalling FGD and power plant equipment. As appliedhere, the constructionfactors

includeso-called retrofit and site-factorsand varied accordingto the specificrequirements of

installingeach piece of equipment.

The TPI is the sum of the IEC, engineering,general facilities, and processand project

contingenciescosts. Engineeringcosts includethe costs of engineeringand home office overhead.

A factor of ten percent of the IECis used, as this is the amount consideredrepresentative of the

FGD industry.

General facilities costs are the funds used to construct the general facilities, including

roads, buildings,shops, and laboratories. A factor of 5 percent of the IEC, at the low end of the 5

to 20 percent range found in TAGTM, is used since the cost for ali of the buildings associated with
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TABLE 29. PREMISES FORTHE ECONOMIC EVALUATIONS
iii_ i

UMB CoolMde LSFO

Roference date of coat estimate April 1992 April 1992 April 1992

Ur_ booklife, yr 16 16 lE

Tax lifo,yr 16 16 15

L_e4izino factor for 16 yr carrying charges 0.139 O.139 0.139

Cormtructionperiod, yr 1 1 2-3"

Indirect coem ampercent of total direct c,hpital

General facilities 5 6 6

enointe4_ 1o 1o 1o

Project c_ 18 18 16

Procme contingency 6 6 2.6

Coneumal:deeI utilttkmI teborI enddispooalco_s

Water, 0/103 gad 0.69 0.09 0.69

Umr, (;/ton delivered 64 64

i.i_ont, $./ton detivorod 17

Soda mh, S/ton dallv_od 167

Sulfuric _ (93 %), O/ton delivered 102.40 102.40

Coal coot, t/ton 34.09

R41_ecerllentpower, ¢_VVI_ 6.8 6.0 S.8 g

Steun, S/10= It) 0.10

Solidsdlopomd, t/ton (dry) 9.20 9.26 9.43

Fly mh uedit, S/ton (dry) 9.20 9.26

Labor rote, $Ohr - 23.16 23.16

Lind, S/acre - 7410
i i i i

The conotruction periodio dopondontul_onp4ontJzo

each of the processes was included in the IEC already.

The process contingency factor takes into account the capital costs associated with the

uncertainty inherent in _ new technology. TAG TM values span the range of 0 to a high of

10 percent for processes that are in the commercial phase. A factor of 5 percent is assumed here

for the LIMB and Coolside processes, and a factor of 2.5 percent for the LSFO process. Process

contingency cost is calculated by multiplying this factor by the sum of the IEC, engineering, and



general facilities cost.

}
The project contingency cost is similarly calculated according to the TAGTM proceduresto

cover possiblecost deficienciescaused by a less-than-finaldesign/estimate. The project

contingencyfactor is multiplied by the sum of the IEC, engineering,general facilities, and process

contingencycosts to arrive at the project contingencycost. The factor itself can range from 5 to

50 percent, correspondingto a design/estimate rangingfrom finalized through preliminaryto

simplified• Those preparedin this study fall into the preliminarycategory, which generallyare

assignedvalues of 15 to 30 percent. Since the LSFO design/estimatesatisfied ali of the criteria for

a preliminary rating, the 15 percent factor was used. An 18 percent factor was chosen for LIMB

and Coolsidesince slightly less detail was used in developingthese designs.

Once the TPI has been determined, the costs for preproduction,inventory, land, and IDC

are added to arrive at the TCR. In the case of LSFO FGD, the cost of land was also added since

this technology is known to have certain space requirements. Those for LIMB and Coolside, on the

other hand, are regardedas insignificant. The procedureused to arrive at the costs for

preproduction,inventory, and IDC follow those outlined in TAGTM.

]_ Variable Costs

Variable operating costs are those associatedwith the major consumablesand the disposal

of waste products. These costs are dependent on flow rates and plant operating time. To arrive at

the yearly cost for any given consumable, the full-load, hourly rate of consumptionis multipliedby

the unit cost, the plant capacity factor, and 8,760 br/yr. The cost of disposalof waste productsis

calculated in an equivalent manner from the feed rates and removal efficiencies. The total

representsthe annual variableoperating cost. Appendix F containsa summary table of consumable

usageand waste disposal quantities for ali the cases, as well as motor lists specifying the quantity

of each, the horsepower rating of the motors, and the associatedoperating power in kW.

Fixed Costs

Fixed costs are those associatedwith operating labor, maintenance, and administrative

overhead. Operating labor costs are determined by multiplyingthe number of jobs required to
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operate the plant by the average hourly labor rate and by 8,760 hr/yr. Annual maintenance costs

are calculated as the product of the TPI and a maintenancefactor related to the severity of the

service environment. The range in TAGTMrunsfrom 1 percentfor abrasive conditionsto over 10

percent for very corrosive conditions. In this study, a common value of 4 percent was selected

based on the assumptionthat the potential for abrasive conditionsin LIMB and Coolside is no more

expensive than the potential for corrosionin LSFO. Forty percent of the total is ascribed to

maintenance labor and the balanceto maintenance materials. Administrativeand overhead costs

are assumed to be 30 percent of the maintenance labor and operating labor costs.

Appendices G, H, and I contain examples of the detailed summariesresuhingfrom the

economicanalyses of the LIMB, Coolside,and LSFO processes,respectively. The data are

presentedfor the 150 MWe cases with 1.5, 2.5, and 3.5 weight percent sulfur coals and using

commercial hydrated calcitic lime as the LIMB sorbent.

ECONOMIC COMPARISON OF LIMB, COOLSIDE, AND LSFOFGD

The comparisonof LIMB, Coolside,and LSFO capitaland annuallevelized costs are

summarizedin Tables 27 and 28, respectively, for each of the 36 casesevaluated. The same

informationis presentedin a series of figures, discussedin sets of three, which depict the costs as q

a function of size expressedin terms of the unit's nominalgeneratingcapacity. The effect of

increasingcoal sulfur content from 1.5 to 2.5 to 3.5 weight percent is shown within each set of

three graphs. Total capital requiredis expressedon a S/kW basis. The annual levelizedcost,

calculatedin terms of S/ten SO2 removedwith a basic assumed book life of 15 yr, accountsfor the

operating and maintenance costs associatedwith each case. Operating costs in particular are also

presentedon a mill/kWh basis.

TABLE 27. CAPITAL COST COMPARISON, S/kW
,li i i, i i i i i i iii i , - , , i i

Coal I O0 MWe 150 MWe 250 MWe 500 MWe

Sulfur,
wt % LIMB Coolside LSFO LIMB Coolside LSFO LIMB Coolside LSFO LIMB Coobide LSFO

1.5 03 150 413 88 116 312 46 96 228 31 69 103

2.5 85 154 421 71 122 310 50 101 235 36 76 109

3.8 102 180 426 73 127 324 54 105 240 40 81 174
, , i ,'., ,ii



TABLE28. ANNUAL LEVEUZED COST COMPARISON, I/ton SO_ removed

) ,
L ii lm

Coal 100 MWe 150 MWe 250 MWe 600 MWe

Sulfur,
wt % UMB Cooh_kl LSFO UMB Cm)leide LSFO UMB Co4_de LSFO UMB Cooteide LSFO

1.5 781 943 1418 863 797 1088 549 704 831 480 888 823

2.6 606 708 806 520 824 802 468 887 530 410 502 411

3.8 626 820 066 481 670 627 418 828 413 392 482 321
,.

i ii iii i

16 yr b<)oklife mmxned.

Following the discussion of the basic capital and levelized costs, the concluding portion of

this economics section presents figures depicting the sensitivities of the LIMB and Coolside costs to

changes in those conditions most likely to affect costs in actual applications. These sensitivities

include the effects of plant capacity factor, unit book life, and reagent cost. LIMB-specific

sensitivitiesto sorbentchoiceand sootblowingrequirementsconcludethe discussionof economics.

Capital Cost Comparison

The capital costs of the optimizedLIMB, Coolside,and LSFO processesfor coal sulfur

contents of 1.5, 2.5, and 3.5 weight percent appear in Figures47, 48, and 49, respectively. The

plots reflect the economy of size, droppingquickly between the 100 and 250 MWe cases, and
then leveling off between boilerscapable of 250 and 500 MWe. As would be expected, the LSFO

capital costs are significantly higher than those of LIMB and Coolsidein ali cases, primarilybecause

of the amount of equipment required.

Forthe cases studied, LSFO capital costs are 4.3 to 5.4 times LIMB capitalcosts, and 2.3

to 2.8 times Coolsidecapital costs. Coolsidecapitalcosts are 1.6 to 2.3 times LIMB capitalcosts,

mainly because of the humidificationrequirement. A LIMB system designed for operationat close

approachto the adiabatic saturation temperature of the flue gas would have costs similarto those

of Coolside. Overall, capital cost economicsfavor the LIMB and Coolsideprocessesfor those

applicationswhere high SO= removal efficiency is not required.

Annual LevelizQdCost Comoarison

Colrespondingto the capita:cost comparisonsabove, Figures 50, 51, and 52 show the
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annual level/zedcosts in terms of S/ton of SO=removed. These graphs again depict a drop in cost _B
as the unit size increases,with the greatest decrease occurringbetween the 100 and 150 MWe I
sizes. For the cases studied, the annual level/zedcosts of LIMB and Cools/dewere found to

decreaseas the coal sulfur increases,even though operating costs (discussedin the next

subsection)increase. However, the lower utilization of sorbent with these technologiescausesthe

differenceto become less pronouncedas the size increases.

For the 1.5 weight percent sulfur coal case, both LIMB and Cools/deshow favorable

economicscompared to LSFO for ali unit sizes examined. The fact that LIMB economicsare lower

than those of Cools/defor ali cases is again attributed to a significantextent to the cost of

humid/x/cationto a close approachtemperature. For the 500 MWe case, LSFOcosts are nearly

equal to those of Cools/de, indicatingthat LSFO economicsbegin to become favorable for unitsthis

large and larger, even for the relatively low sulfurcoal. For the 2.5 weight percent sulfurcoal,

LIMB maintains favorable economicsin comparisonto those of LSFO up to about 450 MWe, and

Cools/deup to about 220 MWe. LIMB continuesto show favorable economics in comparisonto

Cools/defor ali cases, though the reader is remindedthat site-specificcircumstancesmight easily

make the difference less significant. Forthe 3.5 weight percent sulfur coal, LSFO is the preferred

choiceover Cools/de except for the 100 MWe case, and over LIMB for units larger than about 240

MWe in size. LIMB economics remain lower than those of Coolsideover the whole range for the /
same reasons mentioned above.

Ooeratino and Maintenance Co#t Comp6rison

Sincethe annual levelizedcosts represent the overall combined costs, utility personnelfind

it instructive to examine the operating costs alone on a mill/kWh basis. Table 29 contains this

information for ali36 cases. Fixed and variableoperating costs are separately listed, along with

the total of the two. The costs presentedare first-year costs and are based on net kWh and a 65

percent capacity factor. As noted earlierin this section, the fixed operatingcosts include operating

labor, maintenance labor and materials,and administrationand overhead. The variable operating

costs includereagents, power, water, and steam usage, and waste disposalcosts.

Becausethese operating costs constitute a substantialportion of the level/zedcosts, they

exhibit the same types of trends, except that lower utilizationdrives up the cost per kilowatt-hour

as coal sulfur increases for a given unit size. LIMB and Cools/deoperatingcosts are generally I_wer

176 /



TABLE 29. fiRST YEAR OPERATING COSTS, mill/kWh

) ' ,Coal 100 MW_ ,!ri?OM w , 250 MWe 600 MWe
Sulfur,
wt % UMB Coolelde LSFO UMB Coolelde LSFO UMB Coohdde LSFO LIMB Cookzide LSFO

Rxad Operstlno Goers"

1.6 O.BB 1.67 4.37 0.48 I. I 8 3. I 8 0.33 0.89 2.20 0.22 0.80 1.42

2.5 0.89 1.58 4.42 0.61 1.20 3.20 0.35 0.91 2.24 0.25 0.64 1.45

3.6 0.73 1.01 4.45 0.61 1.22 3.28 0.37 0.93 2.28 0,27 0.66 1.49

Verleb_e Operstini] C_ 1

1.5 2.82 2.88 2.11 2.67 2.86 2.02 2.64 2.81 1.84 2.61 2.77 1.86

2.6 4.30 4.80 2.72 4.16 4.77 2,66 4.03 4.76 2.61 3.98 4.70 2.41

3.6 6.81 7.11 3.29 6.86 7.09 3.19 6.62 7.06 3.12 6.49 7.02 2.98

Total Operstinll Coete

1.5 3.60 4.46 6.48 3.15 4.01 6.20 2.87 3.70 4.14 2,73 3.37 3.28

2.6 4.99 0,38 7.14 4.60 6.97 6.76 4.38 6.66 4.76 4.24 6.34 3.86

3.6 6.64 8.72 7.74 6.17 8.31 6.45 6.89 7.98 6.40 6.70 7.68 4.47
,.

Indud4m Ol0ereting labor, meintenonce labor and material, and adminisustion end overhead.

1 Indudeo rerloen_, power, water, lind steam taeOe, end w_te di_po_d coets.

than those for LSFO for smaller units burningthe lower sulfurcoals. As boiler size and coal sulfurcontent increase, the LSFO operatingcosts graduallyswing the economics in favor of this

technology.

COST SENSrl"IVITIES

EffeCt of Plant Caz)acityFactor

The base case economics discussedabove assumeda 65 percent unit capacity factor, a

figure used in TAG" for a base-loadedplant. The LIMB and Coolsidetechnologiesare viewed as

being particularlyapplicablein retrofit situationsfor smaller,older plants. Since this populationof

boilersundoubtedlyoperate over range of capacity factors, cost sensitivityto this variable is

thought to be especiallypertinent. As a result,the economicsat 40 and 75 percent capacity

factors were also determined. Figures53, 54, and 55 present the annual levelizedcosts for ali

cases at a plant capacity factor of 40%. The resultsshow that lowering the plant capacity factor
I

shifts the economicstoward LIMB and Coolside. Coolsideis favored over LSFO for the 1.5 weight
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percent sulfur coal case, up to about 400 MWe for the 2.5 weight percent sulfur coal case, and up

to approximately210 MWe for the 3.5 weight percent sulfurcoal case. LIMB is favored over LSFO

in ali 1.5 and 2.5 weight percent sulfur coal cases, and up to about 500 MWe in the 3.5 coal sulfur

case. LIMB is favored over Coolsidein ali cases. Includingprovisionfor operating a LIMB system

close to the saturation temperature to improveSO= removal would be expected to min|mizeor

eliminate this advantage.

Figures56, 57, and 58 presentthe annual levelizedcostsfor ali cases at the higher plant

capacity factor of 75 percent. As would be expected, the resultsshow that increasingthe plant

capacity facto_ limits the applicabilitythe LIMB and Coolsideprocessesirmcomparisonto LSFO.

Underthis assumption, Coolsideis favored over LSFO up to about 450 MWe for the 1.5 weight

percent sulfur coal case, and up to 180 MWe for 2.5 weight percent sulfur coal case. The

advantage goes to LSFOfor the 3.5 weight percent sulfurcoal case for ali unit sizes. LIMB is

favored over LSFO in ali casesfor the 1.5 weight percent sulfurcoal case, up to 340 MWe for the

2.5 weight percent sulfur coal sulfur case, and up to 175 MWe for the 3.5 weight percent sulfur

coal case. The unit sizes favored by the technologiesare summarizedin Table 30.

D THOLE 30. UNIT SIZES (MWe) FAVORING LIMB AND COOLSIDE AS A FUNCTION OF CAPACITY FACTOR - RELATIVE TO LSFO ECONOMICS
Unit Cepacity Factor, %

C_i Sulfur, wt % 40 B5 75

LIMB vs. LSFO

1.5 UMB favored" UMB favored" UMB favored"

2.6 UMB favored" s 450 =;340

3.5 =;500 s 240 S 175

Cooiside vs. LSFO

1.5 Coo_ekle favored =;500 _;450

2.5 s 400 _ 220 s 180

3.5 s210 < 100 LSFO favored"

Indicatm the technology is generally favored up to et lelt the meximum of 500 MW evdueted.

EffQctof Unit;Book Life

Base case economicswere determined with an assumed 15-yr plant book life. For actual
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retrofit installations, this may vary significantly or change as time passes. In order to provide some

estimate of the effect on the economic analysis, additional annual levelized costs were determined

for each case for book life spans of 5, 10, 20, and 30 yr. The results presented in Table 31 show

that LIMB and Coolside tend to have the economic advantage over LSFO as the plant book life is

lowered. Reducing the book life favors the lowest capital cost option because capital costs

increase proportionally for each case, while the operating expenses remain constant. As a result,

older plants will tend to be sites where application of the lower capital cost LIMB and Coolside

processes will be favored.

TABLE 31. EFFECTOF UNIT BOOK UFE ON ANNUAL LEVELIZEDCOSTS, Shon SOaremoved
, i i

U_t Book Ufe, yr

U_t Cog 5 10 20 30
Size, Sulfa,
MWe wt % LIMB Cootside LSFO LIMB Coolside LSFO LIMB Coolside LSFO LIMB Co_=ide LSFO

100 1.5 1093 1356 2257 885 1044 1623 758 897 1326 726 854 1238

100 2.5 779 960 1408 840 768 1020 675 678 838 556 852 785

100 3.5 886 818 1038 569 678 756 509 608 624 495 689 586

160 1.5 887 1118 1732 70b 875 1253 029 761 1027 607 728 902

160 2.5 668 826 1077 564 673 78fl 505 602 650 491 581 610

150 3.5 581 720 809 485 BOB 586 450 553 496 440 537 467

250 1.5 689 970 1294 586 789 944 532 675 780 516 647 732

250 2.5 552 734 825 479 608 609 445 548 507 435 531 478

250 3.5 454 651 622 437 557 464 411 613 390 403 600 368

500 1.5 583 781 _65 505 638 704 48_ 588 588 458 548 552

500 2.6 485 828 616 433 533 461 408 488 388 401 475 366

500 3.5 447 578 473 405 505 358 386 471 304 380 461 288

EffQCt of Chanaina Reagent Cost

For the base case analysis, the hydrated calcitic lime cost was assumed to be 64 S/ton for

LIMB and Coolside, while limestone cost was assumed to be $17/ton for LSFO. The values were

costs suggested in TAG TM (adjusted for escalation). Reagent costs can vary significantly with
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geographiclocation, transportationmethods and distances,and market demands. The effects of

lower and higher reagent costs on the annual levelizedcosts were determined. The change in q

reagent cost was expressed in t_ermsof a percentage, as shown in Figure 59. A 10 percent

reduction in reagent cost effects correspondingdecreasesoF$4, $18, and $26 per ton of SOz

removedfor LSFO, Coolside,and LIMB, respectively. A 5 percent higher reagent cost results in

increasesof $2, $9, and $14 per ton of S02 removedfor LSFO, Coolside,and LIMB, respectively.

Overall, this portion of the analysisis another indicationof the greater sensitivity of LiMB and

Coolsideto sorbent utilization.

Effect of Sorbent Choice on LIMB Economics

Related to the effect of changing reagent cost, the choice of sorbent for LIMB applications

in particular affects the annual levelizedcosts of this technology. Costswere examined for the

three commercially available materials- hydrated calcitic lime, type-N hydrated dolomitic lime, and

calcitic limestone. As mentioned early in this section, the major impact of changing sorbent is on

the operating costs. Some differences in the capital cost requirementswould be expected for

reasons related to density or purity (e.g., somewhat larger silosor transfer equipment capacities).

However, these are consideredminimal in comparisonto the impact on operating costs.

II
The changes in operating costs would come about not only as a result of the cost of the

sorbent itself, but also becauseof the tonnage that must be injected, the change in removal

efficiency, and the cost of ash disposal. For the purposesof this evaluation, the delivered cost of

dolomitic lime and calcitic lime are assumed to be equal at $64/ton, and the cost of limestoneto be

$45/ton delivered. The cost for lime is an escalated value from TAGTM, and that for limestone is

derived from B&W vendor information. This limestone cost was assumed for supply of pulverized

(100 percent passing through 325 mesh [44 pm]) material by an outside vendor. While the

possibility exists that a utility would choose to buy coarse material and grindit on site, this

variation was not expected to be sufficiently likely to warrant the more detailed analysisthat would

be requiredfor this one variation. Though it may be off by some amount, the $45/ton figure is

probablya reasonablyequivalent cost for the utility to grind its own limestone.

The impact of choosingdifferent sorbents on the annual levelized costs of LIMB is shown in

Figures60, 61, and 62 as a function of unit size. The SO2 removal efficienciesfor the three
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Figure 59. Sensitivityof annual levelized costs to reagent cost changes for LIMB, Coolside,
and LSFO "
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sorbentswere set at 60 percent for calcitic lime, 55 percent for dolomitic lime, and 30 percent for

calcitic limestone, with one plot for each of the three coals examined. For ali cases, the limestone

costs are higher than those for calcitic lime, with the cost differencebeing on the order of $450 to

600/ton S02 removed for any given plant size while burning any of the three coals. The calcitic

lime appearsto have about a $200/ton SO=remov_ _dvantage in the comparisonwith dolomitic

lime for the rangesof both plant size and coal sulfur evaluated While these figures clearlypoint to

calcitic lime as the sorbentof choice, site-specificdeliveryand ash hauling costs can influencethis

particular segment of the economicsdramatically.

Effect of Soo_blowinaReauir_ment¢on LIMB Economics

A key _actorin maintainingboiler efficiency with the LiMB system is the properdesign of

the sootblowingsystem, lt is generallyexpected that additionalsootblowers would be required in

most applications, especiallyin the convectionpassarea of the boiler. The base case economic

analysisassumed the need for four additionalsootblowersfor the 100, 150, and 250 MWe cases,

and six for the 500 MWe case. The actual numberof additional sootblowers required would be

very site-specific, and would depend upon the basic boiler design, coal and ash characteristics,and

reagent characteristics, in anticipation of the possiblevariationsthat might be encountered, the

effects on capital and annual levelizedcosts for the reference plants are presentedin Figures63

a_-_d64, respectively. The resultswere determinedper pair of sootblowersthat couldbe added

since such modificationstend to follow symmetric patterns more often than not.
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SECTION 10 ,JB

SUMMARY AND CONCLUSIONS

The DOE LIMB Demonstration ExtensionProgramshowed that substantial reductionsin SO=

and NOx emissionsare possible, usingfurnace sorbent injection to reduce S02 and low NOx burners

to reduce NOx. The SO2was reduced by as much as 70 percent while injectingligno lime at a

stoichiometry of 2.0 and humidifying to a 20°F approachto adiabatic saturation. Removal

efficienciesof 61 percent were demonstrated while injecting the same sorbentat a stoichiometry

of 2.0 with the humidifier operating only to maintain ESPperformance. NO_levels were reducedto

an averageof 0.43 Ib/lO e Btu over the demonstration,well below the goal of 0.50 Ib/106 Btu.

The demonstrationof the generic applicabilityof LIMB technology, coupled with similar

success with Coolsidetechnology, more than met the project's objective of buildingupon the

knowledge base gained duringthe originalEPA LIMB demonstration. With regardto the LIMB

process,system operation succeededin characterizingsystem performance of the four sorbents.

The LIMB Extensionportion of the demonstrationtook place between April 1990 and August 1991,

while three coals with sulfur contents of 1.6, 3.0, and 3.8 weight percent were burnedin the 105

MWe boiler at Ohio Edison'sEdgewater Station in Lorain, Ohio. The sorbentstested were
_BB

commercial calcitic hydrated lime, the same lime with a small amount of calcium lignosulfonate /
added, a type-"N" atmosphericallyhydrated dolomitic lime, and calcitic limestone. Three

increasinglyfiner grindsof pulverizedlimestonewere tested. With the exceptionof the

limestone/3.8 weight percent sulfur coal, ali the basic coal/sorbent combinationswere tested

between the originalLiMB Demonstration and the LIMB Extensionprojects. Tests with this one

combination were not attempted becausethe relatively low SO2removal efficiency of this sorbent

would have made it unnecessarilydifficult to obtain data within a reasonabletime period and still

maintain compliancewith the plant's 30-day weighted rolling average SO2 emissionlimit of 3.4

lbl106 Btu.

RESULTSSUMMARY

The SO2removal capabilitiesof the sorbents were characterized over a range of Ca/S

stoichiometrieswhile firing each of the different coals. Ali of the sorbents tested were found to be

capable of SO= removal. Ligno lime offered the greatest reduction in SO2, followed in order by

hydrated calcitic lime, hydrated dolomitic lime, andcalcitic limestone. The removal efficiencies
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with limestonewere about 30 percent, absolute, lessthan the calcitic lime. A summary of the S02

removal efficiencies obtained is presentedin Table 32.

The calcitic limes were found to be somewhat more effective than the type-"N" dolomitic

lime on a Ca/S basis. The unreactive MgO component of the dolomiticlime makes it necessary to

feed and remove material at higher rates for any given Ca/S ratio. Site-specific conditions,

particularlythose related to the possibilityof low-cost, localsupply, may still make this sorbent

economicalfor some applications.

Contrary to resultsobtained with ligno lime duringthe originalLIMB Demonstration,tests

here indicated, at best, only a slight advantage in its use as comparedto the commercial hydrated

calcitic lime from which it is made. The possibilityexists that the apparent lack of reproducibility

aroseout of manufacturing or handlingdifferences, but neither could be proven from the tests

conducted.

The resultsalso showed that the finer the limestone,the greater the reductionin SO=

emissions. The sizes tested included80 percent through325 mesh (44 pm), 100 percent through

325 mesh, and 100 percent less man 10pm. At a commonreference Ca/S molar stoichiometry of

D 2.0 while burningthe 1.6 sulfur the fine material reduced emissions
weight percent coal, very SO=

by 38 percent, the midsizeby 31 p_rcent, and the coarse material by only 22 percent. "

More extensive tests were run duringthe LIMB Extensionthan in the originalproject to

determinethe effect of injectionlevel on removal efficiency. Sorbent injection points in the

Edgewater boiler were located at plant elevations of 181, 187, and 191 ft. Test resu!/csindicate

that SO2 removal was about 5 absolute percent lower at 191 ft as compared to that obtainedat

the lowest level. Injection at elevation 187 ft appeared to fall in between the two. Given the

much wider variationsthat had been observed in pilot tests, the resultssuggest that ali three levels

were close to optimal for this unit. lt is noted, however, that the effect is intimately connected

with propermixing and dispersionof the injected sorbent into the temperature window required for

maximumremoval.

Humidification of the flue gas to within 20°F of its adiabatic saturation temperature

continuedto show about an absolute 10 percent increase in SO2removal with any of the sorbents

tested. This is similarto what had been observed duringthe originalLIMB Demonstration project.
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TABLE 32. SUMMARY OF SO_ REMOVAL EFRCIENCIES ACHIEVED AT A CI/S RATIO OF 2.0 WITH INJECTION AT THE 181 ft ELEVATION

4Coal Sulfur, wt _,

Sorbent/Humidification Conditions 1.6 3.0 3.8

Calctttc Hyckoted Lime without Cloee Apla'oech 51 65" 58

Additional Removal with Cloee Ai:Woach NT T 10" NT

IJgno Ume without Cim Approach 63 63" 61

Addittom_ Removal with CIoN ARNo_h 17 9" 10

Dolomtttc Lime without Cloee Apwoech 46 48 62

kddklo_d Removal with Clol kis_oech 17 10 NT

LJmltono (80% < 44#m) witho_ CIoN Aplxoach 22 26 NT

Addlttonai Removal with Cloee Al_xoa_ 7 NT NT

_one (100% < 44pm) without Cloee ApWolbch 31 NT NT

_one (100% < lOpra) without Clew Aislmroach 38 NT NT

Tooting took ple_ durln0 the EP_ _o_'t.
t Not tinted.

4
The only other correlation found was that between removal efficiency and inlet S02

concentration (coal sulfur). Results indicated that higher concentration tended to result in slightly

higher S02 removal for any given set of conditions. For the range studied, the effect is not a

strong one, however.

Examination of the NOx emission data showed that the B&W DRB-XCL TM burners continued

to perform as they had during the original demonstration. The overall average NOx emission of

0.43 Ib/lO e Btu translated into 24-hour and 30-day weighted rolling averages of 0.44 Ib/lO e Btu,

where coal firing rate was the weighting factor. Attempts to correlate minor variations in NOx

emissions with load, excess air, the identity of pulverizers/burners in service, and coal fineness

were unsuccessful. Since tests on individual burners have shown that each of these can affect

NOx emissions, it is suspected that the results in the full-scale furnace at Edgewater reflect a

commingling of all, with the added influence of individual preferences of the operators.

Particulate emission control, as monitored in the form of continuous opacity measurements,
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indicated that minimal humidification was effective in maintaining ESP performance throughout the

LIMB Extension. The fact that little or no humidification was needed when the coarse limestone

was in use was in sharp contrast to its being essential when the limes were injected. Since air

heater outlet temperatures also remained relatively low during injection of this limestone, one must

question what the relative effects of size, particulate composition, flue gas water concentration

(both in liquid and gas phase), and temperature are on ESP efficiency. Resolution of these effects

was far beyond the scope of the project. Evaluation of the opacity data with that obtained during

periods without sorbent injection became the primary means of comparison when time and cost

constraints precluded the more intensive inlet/outlet loading tests that would have been necessary

to assess performance directly under ali the conditions tested.

OPERATIONS SUMMARY

Operation of the LIMB system over the course of 16 months showed it to be available

about 95 percent of the time the boiler was operational. Roughly half of the outage time was

associated with mechanical failures of the atomizing air compressor, the solids pump, and a weigh

cell on the feed silo -- failures not specific to the technology. Plugged sorbent lines were a

process-related problem early in the testing, though proper purging of lines before shutdown and

connections soon reduced this to a negligible concern. The remaining
the installation of service air

downtime is primarily accounted for by two process-related incidents that included one major

cleaning of harder deposits in the humidifier, and rebalancing of the humidifier lance flows following

the formation of these harder deposits. The experience points to the need for careful design of the

hLimidification system, especially when close approach to saturation temperatures is desired. In the

latter case, a downflow humidifior with a hopper at the bottom would be the preferred

configuration if spac._ _ermits.

Reduced heat transfer, as evidenced by elevated air heater outlet temperatures, continued

to be the most noticeable effect of sorbent injection on the operation of the boiler itself. The

grreater the rate of sorbent injection, the more heat transfer was reduced until an equilibrium

condition is established with sootblowing. Fortunately, there was no indication of any substantial,

adherent deposits on the tube surfaces in spite of the substantial increases in particulate loading.

Sootblowing easily removed the accumulation of ash on the tubes, though the need for careful

planning of both the coverage and capacity of the system was identified. Some reduction of air

heater outlet temperatures was realized by increasing the capacity of the existing sootblowing
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system in the changefrom compressedair to steam. Experiencegained duringthe LIMB Extension ,=lr

suggestedthat more effective coveragewould have reducedthese temperatures to normal levels. I

Somewhat surprisingly,almost no effect on the air heater outlet temperature was seen

during injection of the more coarse limestonesorbent. Even when higher feed rates were used, the

temperature remained near 300°F. Although a particle size effect is suspected becausethere was

some indicationof increasingtemperatures in the short time when the very fine limestone was

injected, no specific reason(s)have been identified.

Alternate methodsof unloadingthe quicklime-ladenLIMB ash are seen as eliminatingthe

difficultiesencounteredat the Edgewater facility. These stemmed from release of steam as a result

of the exothermic reaction between quicklime in the ash (from excess sorbent) and water added

both to rehydrate the quicklime and to control fugitive dust duringdisposal. At Edgewater, fans

added to keep the steam from blockingthe operator's line of sight proved to be '_ss than fully

effective, and at times depended on wind directionand the amount of steam beingevolved. Off-

site hydration with radialstacking to allow steamingto subside, though impractical for the

Edgewater demonstration, would have avoided the problem entirely. Totally dry removal as a

byproduct is another possibility,as on-goingstudiescontinue to evaluate the potential for

byproduct use associatedwith the cementitiousproperties of the ash for such purposesas soil /
stabilizationand use as a synthetic aggregate.

ECONOMICS SUMMARY

The economics of flue gas desulfurizationby the LIMB, Coolside, and LSFO technologies

were determined in the form of what essentiallyconstitutes budgetary cost estimates for twelve

cases each. Processdesignswere basedon optimized, commercial, retrofit installationswith

assumed SO=removal efficienciesof 60, 70, and 95 percent, respectively. The basic sets of

reference plants were assumed to burn 1.5, 2.5, and 3.5 weight percent sulfur coal in units of

nominal 100, 150, 250, and 500 MWe capacities. Comparisonsmade includedthose of capital

costs on a S/kW basis, annual levelized costs on a S/ton SO= removed basis,and fixed and variable

operating costs on a mill/kWh basis. Sensitivitiesof the economicsto capacity factor, book life,

and reagent cost were determined for ali three processes. The effects of sorbentchoice and

sootblowing on the LIMB processwere examined separately because of their particular influenceon

the economics of this technology.
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Averaged over ali the cases studied, the total, installed, capital cost of LSFO was found to

D be roughly 2.5 times that of Coolside, and about 4.8 times that of the LIMB process. The installed,

capital cost of the Coolside process was found to be approximately 1.9 times that of the LIMB

process with minimal humidification. Inclusion of the capability to operate LIMB at close approach

to the saturation temperature, to improve SO= removal, is expected to minimize or eliminate this

advantage.

Similar comparison of the annual levelized costs show LIMB to be economically favored

over LSFO for ali unit sizes studied while burning 1.5 weight percent sulfur coal, for those up to

450 MWe while burning 2.5 weight percent sulfur coal, and for those up to 240 MWe while

burning 3.5 weight percent sulfur coal. Coolside is favored over LSFO for sizes up to 500 MWe

while burning 1.5 weight percent sulfur coal, for those up to 220 MWe while burning 2.5 weight

percent sulfur coal, and for units up to 100 MWe while burning 3.5 weight percent sulfur coal.

The sensitivity analyses show that lower plant capacity factors favor the LIMB and Coolside

processes, as does shorter book life. Varying the reagent costs has a greater effect on LIMB and

Cootside economics than it does on the LSFO process economics, primarily because of lower

sorbent utilization. The results of these sensitivity analyses reflect what would be expected

because of the relatively higher operating costs for the LIMB and Coolside processes when
compared to LSFO.

Finally, the economic analyses highlight the fact that further optimization of the

technologies should focus on improving sorbent utilization. Such studies are in progress, notably

within laboratories at EPA, several universities under sponsorship of OCDO, the Illinois Clean Coal

Institute (formerly the Center for Research on Sulfur in Coal), and private industry. Advances in

these technologies are expected to offer increasingly more cost effective options for older, smaller

plants to reduce emissions simply and reliably.
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APPENDIX A: METRIC CONVERSIONTABLE

TO qonvQrtfrom I.q Mult;iolvby

micron m 1.000 x 10e

in m 2.540 x 10.2

ft m 3.048 x 10"1

mil m 2.540 x 10.6

mile km 1.609

Ib kg 4.536 x 10"1

ton kg 9.072 x 10=

Btu J 1.055 x 103

HP W 7.460 x 102

acre m2 4.047 x 103

gal m3 3.785 x 10.3

ft3 m3 2.832 x 10"=

D ft/sec mis 3.048 x 10"1
cfm (actual - acfm, stand;rd - scfm) m3/s 4.719 x 104

ft2/1000 cfm m=/1000 m_/s 1.968 x 10"=

gr/dscf (68°F) kg/m3 (273 K) 2.288 x 10.3

lb/ft 3 kg/m3 1.602 x 101

in WC (39.2°F) Pa 2.491 x 10=

lbl10 e Btu ng/J 4.299 x 102

°F C C = (5/9)(°F-32)

OF K K = 273.15 + (5/9)(°F-32)

psig Pa (absolute) Pa = 6895 (psig + 14.7)
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APPENDIX B: DETAILEDSYSTEM DESIGN

Sorbent Storage and HandlingSystem

1. Storage Silo Baghouse

a). General Information

Service

Number of Collectors One (1)

Type Inl;ermittent

Manufacturer Fuller Company

Model Unifilter Model #4

b). Sizing Information

Air Flow, ACFM 180Q N0minal/2400 Maximum

Collected Material Density, Ib/ft3 75 for Limestone

30 for Hydrated Lime

Air to Cloth Ratio, ACFM/ft 2 3.0 Nominal/4.0 Mi_ximum

PressureDrop Across Bag, in WC 6,0 N0min_l/7.1 Mi_ximum /

Operating Frequency,hr/day

c). Bag Cleaning

Type of Fystem Shaker

2. Storage Silo

a). Design Information

Design Pressures

Maximum Positive, in WC

Maximum Negative, in WC 7.6

Design Material Density

Structural, Ib/ft_ 75

Volumetric, Ib/fts 30

b). Sizing Information

Storage Capacity at Design Conditions,hr 43. Hydrated Lime/73 Limestone



3. Aerator

a). General Information

Type Aer_t0r

Make Fuller Company

4. Storage Silo Blower

a). General Information

Service Storage Sii0 Blower

Number Supplied One (1)

Manufacturer Sutorbilt

Type Rotary PositivQ

b). Sizing Information

Rated Transport Capacity, Ib/hr 1027 (227 CFM)

Rated Discharge Pressure, psig _6

Discharge Temperature, °F 200

c). Motor InformPtion

Manufacturer ReliancQ EIQ_l;riq

Voltage/Phase/Cycle 460/230 / 3 / 60

Horsepower 1__0.

Speed, rpm
Enclosure Type

Frame Size 21.5-T

5. Fluidizing Air Dryer

• a). General Information

Service Dry Fluidizina Air

Number Supplied One (1)

Manufacturer Pioneer

Type Refrigerant

b). Sizing Information

Rated Transport Capacity, SCFM 24.__55

Rated Pressure Drop, psig :3

Ratea Outlet Dewpoint, °F 50

Rated Discharge Temperature Within 25°F of Inlet Air

Water Flow, gpm 1.__22

D 205



6. Storage Silo Feed Pump

a). General Information /
Manufacturer FullerComDanv

Model Number 300M

b). Sizing Information

Capacity, ton/hr ,50 Limestone/50 Hydrated Lime

c). Motor information

Manufacturer RelianceElectric

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 75

Speed, rpm

EnclosureType TEFC

Frame Size 4.0.5oT

Service Factor 1.15

7. Storage Silo Feed PumpCompressor

a). General Information

Service Transo0rt Air to_SorbentFeed Pump

Number Supplied One (1)

Manufacturer FullerCompany /

Type Single Stage Rotary Vane

b). Sizing Information

Design Transport

Capacity, CFM 1230

Design Discharge Pressure,psig 15

DischargeTemperature, °F 200 - 250

Maximum Transport Distance, ft 350

c). Motor Information

Manufacturer RelianceElectric

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 12_...55

Speed, rpm 600

EnclosureType OD__..PP

Frame Size

Service Factor 1.15
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8. Feed Silo Baghouse

a). General Information
Service Feed Silo

Number of Collectors One (1)

Type !ntermittenl;

Manufacturer FullerCompany.

Model Unifilter Model #3

b). Sizing Information

Air Flow, ACFM 1200 Nominal/1600 M_ximvm

Collected Material Density, Ib/ft3 75 Limestone/30 Hydrated Lime

Air to Cloth Ratio, ACFM/ft = 3.0 Nominal/4.0 Maximum

PressureDrop AcrossBag, in WC 1_.9N0minal/7.5 Mi_ximum

Operating Frequency,hr/day 6 Lime_tone/$.5 Hydrated Lime

c). BagCleaning

Type of System PulseJet

9. Feed Silo

a). Design Information

Design Pressures

D Maximum in WC
Positive, 61

Maximum Negative, in WC 3

Design Material Density

Structural, Ib/ft:3 7__5_

Volumetric, Ib/ft3 .3_0.

b). Sizing Information

Storage Capacity at DesignConditions,hr ..5,2Limestone/3.0 Hydrated Lime

Feed System

1. Feed Silo Bin Vibrator

a). General Information

Service Feed Silo Hopper

Type Vibra_;ingBin Discharger

Manufacturer Vibranetics, Inc.

Model Number VBD-3
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2. Sorbent Differential Weight Loss Feeder

a). General Information

Manufacturer Acrison, Inc.

Model Number 403-24000-7500-BDF4-R

Quantity Two (2)

b). Sizing Information

Capacity - Each, rain to max ton/hr 2-11 LimesT0ne/2-11.Hydrated Lime

3. Rotary Feeder

a). General Information

Service Feed Silo to ConveyingLin9

Manufacturer Bei_vm0ntFeeders, Inc.

Model Number _TT M_rk II Type R2

b). Sizing Information

Pocket Efficiency, % 50

Design Capacity, Ib/hr 22,000 (Hydrated Lime)

Numberof Pockets

Sealing Capacity, psig 45

4. Feed Silo Feed Pump /
a). General Information

Manufacturer FullerCompany

Model Number 200M

b). Sizing Information

Capacity, ton/hr 2-1_..._22

c). Motor Information

Manufacturer Reliance Electric

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 75

Speed, rpm 1800

EnclosureType .TEFC-XEX

Frame Size 365"1"

Service Factor 1.15



ConvevinoAir Sv_tQm

1. Conveying Air Compressors
a). General Information

Service ConveyingAir

Number Supplied One (1)

Manufacturer Sullair Corporation

Type R01;arySqrew

b). Sizing Information

Design TransportCapacity, SCFM 77:3

Design Discharge Pressure,psig 60

DischargeTemperature Within 15 oF of Ambient

c). Motor Information

Manufacturer Linqoln, Inc.

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 125

Speed, rpm 1770

EnclosureType ODP

Frame Size 405-TS

D Conveying Dryer
2. Air

a). General Information

Service ConveyingAir Dryer

Number Supplied One (1)

Manufacturer Pure Aire, Inq.

Type Refrigerated

b). Sizing Information

Rated Transport Capacity, SCFM 790 at 100 psig

Rated Outlet Dewpoint, °F 50

3. Conveying Air Receiver

a). General Information

Service Conveying Air Reqeiver

Number Supplied One (1)

Manufacturer Brunner,Inc.
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3. Conveying Air Receiver (continued) ,mB

b). Sizing Information I

Design Pressure, psi

Volume, gal 400

4. Conveying Air Filter

a). General Information

Service Conveying Air Receiver

Number Supplied One (1)

Manufacturer PurQ AirQ, Inc.

Type Coalescing

b). Sizing Information

Rated Transport Capacity 790 SCFM at 100 DsiQ

Minimum Particle Size, micron 0.3

Booster Air System

1. Booster Air Fan

a). General Information

Service Booster Air

Supplied .0..qe(!) g
Number

Manufacturer Garden City Fan Comoanv

Type

Arrangement One (1)

b). Sizing Information

Design Transport Capacity, SCFM 11,700

Design Discharge Pressure, in WC 4_..0

Discharge Temperature 15°F above Ambient

c). Motor Information

Manufacturer Siemens

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 125

Speed, rpm 1800

Enclosure Type TEFC

Frame Size 444.____T
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DH Control System

D 1. Acid Storage Tank
a). General Information

Height, ft 1...22

Diameter, ft 8.5

Tank Material Carbon Steel

Lining Plasite3066

LiningThickness,mil 6-9

Covered Yes

Overflow No

b). Sizing Information

Capac;ty, ft3 681

3. Acid Transfer Pump

a). General Information

Service Storage Tank to Day Tank

Type Centrifugal

Manufacturer Chem Pump

Model Ja 1 - 1/2K

D Material A-20
PumpSpeed, rpm

b). Sizing Information

Capacity, gpm 5-50

Total Head, ft 4__4

c). Motor information

Manufacturer General Electric

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 2

Speed, rpm 3450

EnclosureType TE Severe Duty
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4. Acid Metering Pump _B
a). General Information

Service Acid Metering

Type Metering

Manufacturer Milton RQy

Model FR-165-144

Material

Stroke Speed (per min) 144

Quantity 2

b). Sizing Information

Capacity, gpm Relian_;_

Discharge Pressure,norm/max psig 20/400

c). Motor Information

Manufacturer Relian(;e

Voltage 230/460

Horsepower

Speed, rpm

EnclosureType Terr0 - $XE j
II

.HumidificationSystem

1. Humidification Air Compressor

a). General Information

Service Air SuDplv tO Atomizers

Manufacturer Ingersoll-Rand

Type Centrifugal - Three Stage

b). Sizing Information

Design Transport Capacity, CFM 4_.5_.0_0.

Design DischargePressure, psig 15

c). Motor Information

Manufacturer Reliance Electric

Voltage/Phase/Cycle 4000 / 3 / 60

Horsepower 1250

Speed, rpm

Frame Size E5810S
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2. Atomizing Water Pump

a). General Information
Service Water Supply to Atomizer_

Manufacturer Worthington

Model D-10 ! 1

Size .3 x 1-1/2.x 1.0

b). Sizing Information

Design TransportCapacity, gpm 150

Design DischargeHead, ft 350

c). Motor Information

Manufacturer Reliance

Voitage/Phase/Cycle 460 / 3/60

Horsepower 30

Speed, rpm 360

EnclosureType

Service Factor 1.15

RQheaterSystem

1. a). General Information
Manufacturer Asr0fin Corooral;i0n "

Airflow Horizontal

Construction 1" 0D x 0.065" Avg. Wall Welded

SeamlessCarbon S_.:_

b). Sizing Information

Design Pressure,psig 300

Design Temperature 40°F from 150°F
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CoolsideCaustic Feed System ii
IB

1. Caustic Holding Tank with Spill Containment

a). General Information

Service Caustic Storage

Height x Diameter, ft 8.75 x 13

Type Carbon Steel Shell-Flat Bottom

Fabricator Milan Steel Fabricator#,In_;.

b). Sizing Information

Tank Capacity, gal 8.700

Working Capacity, hr 40 @ 2.8 (]Dm

Working Capacity, gal 6,700

Steel Containment 18 ft x 20 ft Area

with 42 in high W_II

c). Construction

Tank Bottom Plate 0.5" Thick A235

Tank Shelland Cover 0.375" Thiqk A2_5

Steel Containment 0.25" Thick Carbon StQelPlatQ

2. Caustic Pump /
a). General Information

Service C_ustic SUDDIvtO

Atomizing W_ter Tank

Manufacturer Ingersoll-Rand

Model Voc. 2 X 1-1/2 X I_

b). Sizing Information

Design TransportCapacity, gpm 50

Design DischargeHead, ft 300

c). Motor Information

Manufacturer R_lian_;e

Voltage/Phase/Cycle 460 / 3 / 60

Horsepower 20

Speed, rpm 3.600

Service Factor 1.15

EnclosureType
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Coolside Recycled Ash Feed System

D
1. Rotary Feeder

a). General Information

Service FIvash Feed to Transport Hose

Manufacturer _moot Company

Model FT-14

Type Fall Throuah, Rotarv Airlock Feeder

Quantity 2

_). Sizing Information

Capacity, Ib/hr 20,000

Density of Ash, Ib/ft s _0-60

Rotor Displacement, ft3/rev 0.96

c). Motor Information

Horsepower 1.5

Enclosure Type TEFC

2. Transport Hose

a). General Information

D Ash Feed tO Distribution
Service Bottle

Manufacturer (_0odyear

Model Tan Flextra, MKFH-2Q

Type Reinforced. Inner Lined

b). Sizing Information

Inner Diameter, in 6

3. Transport Air Compressor

a). General Information

Service Ash Transporl; Air

Type Rental Compressor
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9
APPENDIX C: QUALITY ASSURANCE/QUALITY CONTROL

INTRODUCTION

A comprehensivequality assurance (QA) and quality control (QC) program was an integral

part of the LIMB and Coolsidetest programsand essentiallyconsisted of a continuationof the

program begun underthe original EPA-sponsoredLIMB Demonstration Project. Radian Corporation

was again retainedto providevirtually ali the analytical support under the Quality Assurance Project

Plan (QAPP) prepared in accordance with EPA guidelines. The goal of the QA/QC effort was to

ensurethat the data collected were of known accuracy and precision,and that they were as

complete and representative as the instruments and proceduresused would permit.

The entire scope of the QAIQC program includeda wide variety of flow, temperature, and

pressure measurementsthroughout the boiler and sorbent feed systems, in additionto those of an

analytical nature. Since this report is directed primarilyat emissioncontrol aspects, the focus in

this summary focuses upon the analyzers that constituted the CEMS operated by Radian

Corporationat the ESP outlet location, q

The concentrationsof SO2, NOx, 02, CO2, and CO monitoredby this system were the basis

for determining the resultspresented in the main body of the report. The balance of this appendix

presents a brief descriptionof this samplingand analytical system, followed by a summary of the

main QA/QC measuresemployed in the course of the project.

Continuous EmissionsMonitoring System

The CEMS probe was located in the 11.5 x 11.5 ft ESP outlet duct approximately

8.5 equivalent diameters downstream of the lD fan and 1.5 diameters upstream of a 90 ° bend. No

significant S02/02 or NOx/02 stratification was experiencedat this location becausegood gas

mixing occurred in the lD fan. This was verified by S02/O2 and NO,lO2 concentrationprofiles

determined for the ESP outlet duct duringthe baselineperiod of the originalLIMB Demonstration,

prior to installationof the CEMS probe. No significantstratification was found; therefore, the

CEMS probe was located in the centroidalarea of the duct. Stratification was consideredto be a
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condition identified by a difference in excess of 10 percent between the average concentration in

the duct and the concentration at any point more than 1.0 ft from the side of the duct.

A schematic of the CEMS sample acquisition system after the probe is shown in Figure 14

in Section 5 of the report. The sample stream for the CEMS was acquired using a heat-traced

sample line maintained at a temperature of at least 120°C to prevent condensation of water in the

sample line. To ensure representative measurements, ali calibration and QC gases were introduced

at the inlet of this sample line. A gas conditioner, consisting of a chilled knock-out trap, provided a

dry gas stream for analysis. Data from the CEMS instruments were collected and recorded by the

microprocessor-based data acquisition/reduction system. A hard copy of the reduced data was

printed continuously and raw data was stored on disc.

Carbon Monoxide and Carbon Dioxide Analyses--

A Beckman Model 865-11 analyzer was used to measure CO concentrations in the flue gas.

This instrument is a non-dispersive infrared (NDIR) analyzer which measures the concentration of

CO by infrared absorption over a broad spectrum. A Beckman Model 865-23 NDIR analyzer

provided CO2 concentration data. The typical instrument ranges used were 0 to 1000 parts per

mi,ion by volume (ppmv) for CO and 0 to 20 percent by volume (vol %) for C02.

)
Oxygen Analysis--

A Thermox WDG-III 02 analyzer continuously measured flue gas 02 concentrations. This

analyzer utilizes an electrochemical cell to produce a linearized voltage signal that is proportional to

the ratio of 02 concentrations of a reference gas (usually ambient air) and the 02 concentration of

the sample. The typical range used was 0 to 25 vol %.

Nitrogen Oxides Analysis--

A Teco Model 10AR analyzer was used for NOx measurement. This instrument determines

NOx concentrations by converting ali nitrogen oxides present in the sample to nitric oxide and then

reacting the nitric oxide with ozone. The reaction produces a chemiluminescence proportional to

the NO concentration in the sample. The chemiluminescence is measured using a high-sensitivity

photomultiplier. The typical range used was 0 to 1000 ppmv.

Sulfur Dioxide Analysis--

A DuPont Model 400 analyzer measured S02 concentrations during early Coolside tests, but
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was replaced by a Western Model 721A analyzer on September 27, 1989. This monitor was used

for the balance of the Coolsidedemonstrationand for ali LIMB Extensiontesting. Both analyzers g

are based on the absorptionof ultraviolet (UV) light in the 280 to 313 nanometer (nm) range. The

typical concentration ranges used were 0 to 2500 and 0 to 5000 ppmv for the Dupont and

Western analyzers, respectively.

SUMMARIES OF QUALITY ASSURAIJCE/QUALITY CONTROL MEASURES

The principalelements involved in the implementation of the QAPP consistedof an initial

certificationperiod, periodic performanceand technical system audits, and daily instrumentdrift

checks and calibrations. Each is summarizedin the following subsections.

Certification Tests

The continuousNOx, S02, CO=, and 02 monitors were certified accordingto procedures

outlined in the Code of Federal Regulations." The proceduresrequirethat the relative accuracy and

calibration drift are within prescribedlimits. Relative accuracy was determinedby comparingthe

average CEMS concentrationsfor each gas with the concentrationsmeasuredby EPA reference

methods. These manual measurements were made at the ESP outlet samplinglocation about 20 ft _!
upstream of the CEMS sample probe. The tests with the DuPont S02 analyzer were completed in

August 1989 along with the other instruments. The new Western SO=analyzer was certified in

September 1989 prior to its replacingthe DuPont equipment which had become increasinglydiffi-

cult to keep in calibration. The resultsof the relative accuracy tests are summarized in Table C-1.

TABLE C-1. SUMMARY OF THE GEMS RELATIVEACCURACY TESTRESULTS

Analyzer EPA Reference Number Reletive Relative Accurecy

Method Numbw of Telte Accurecy, % Limit, %

SOz IDuPont) O 9 6.33 20

SO_(Wut_n| 6 9 6.17 20

NO. 7D 9 NA" 20

O_ 3 9 9,64 20

CO= 3 9 3.42 20
,, ,,,,

NA - Not svalable.

' Performance Specifications 2 and 3, Code of F_der.alRegulations40, Part 60, Appendix B,
July 1984, pp. 682-689.
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The calibration drift checks were conducted over a 168 hr (7 day) certification test period.

The magnitude of the drift was determined once each day at 24 hr intervals. The drift was

determined at both the low- (zero) and high-level calibration gas concentrations by comparing the

CEMS response with the calibrated or adjusted response recorded at the previous 24 hr calibration

cycle. The differences were recorded as a percent of instrument span for the S02 and NOx

monitors, and as absolute percent by volume for the 02 and CO2 monitors. Table C-2 summarizes

the results.

TABLE C-2. SUMMARY OF THE CEM$ CALIBRATION DRIFT TEST RESULTS"

St=nclard Mcximum M=ximum Cldil_etton

Analyzw Mean, % Deviaticm, % Positive Drift, % Negative Drift, % Drift Limit, %

SO= (DuPont) 1 .Be 3.42 3.88 -3.00 2.6

SOz (Western) .0.10 0.53 1.18 - 1.22 2.6

NO. -0.04 0.39 0.80 -1.00 2.5

O_ -0.04 0.07 0.00 -0.20 0.5

CO_ 0.09 0.14 0.40 -0.10 0.G
iii lllll

FItctcltll_m me percent of aplm fo_ SO z end NO., end IbeohJte I:_rcent by vc4ume fm O_ and CO_.

Systems and Performance Audits

D
Audits conducted during the project were of two types, a systems audit and a I;erformance

audit. A systems audit is an on-site, qualitative review of the vari_u_ aspects of the total sampling

and analytical sys'cem to assess its overall effectiveness, lt represen,,_ an objective evaluation with

respect to strengths, weaknesses, and potential problem areas. !_ is used to determine the

adequacy of the system in providing data which are sufficien*,, in terms of quantity and quality, to

meet project objectives. Checklists are used extensively to review and document such record

keeping and data handling activities as:

• Calibration records

• (.;ompleteness of data forms and notebooks

• Data review and validation procedures

• Data storage and filing procedures

• Sample logging procedures

• Fisld laboratory custody procedures
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• Documentation of quality control data JB

• Documentation of field maintenanceactivities I

• Review of malfunctionreportingprocedures

Although the systems audits found occasionallapses in proceduralmethods and techniques, none

were judged seriousenough to warrant the more formal "Recommendationfor Corrective Action."

A performance audit providesa quantitative assessmentof data quality by challengingthe

instruments with representative referencestandards. Most importantly for the CEMS, this

consisted of comparingthe analyzer responseswhen gasesof certified (accordingto EPA

Traceability Protocol Number 1") concentrationswere introducedto the samplingsystem. The

performance audits also includedchecks on other analyzers used in the processevaluation, though

these were not required to meet the more stringent criteria imposedon those in the CEMS. In

addition, balances and dry gas meters used in the course of project execution were also subjectto

the audit process. With the exception of finding one dry gas meter in need of repair, and one

instance of the humidificationchamber's C02 monitor beingout of calibration, the performance

audits of the devices other than those in the CEMS showed ali to be well within the ranges

consideredacceptable.

II
Systen_sand performance audits were conducted concurrently, first at the start of the

project in August 1989, once duringthe Coolsidedemonstrationin December 1989, and again

duringthe LIMB Extensionin September 1990. The criteria that appliedto the _'EMS analyzers

called for the _elativeerror of the measured values (except for the zero gases) to be within 15

percent of the certifi_d concentrations, and for the absolute error to be less than or equal to 2.5

percent of the span value (later changed to 1.25 percent for the Western SO=analyzer becausethe

span value wa_ twice that of the DuPont monitor).

A summary of the resultsof the CEMS performance audits in Tables C-3, C-4, and C-5

show that the analyzers generallymet the criteria. Forthose that did not, corrective actions were

made as soon as possible, andthe accuracy reestablishedas part of the daily calibration procedure.

The excessive values found for the CO analyzer in the two 1989 audits and the back-up Dupont

' Quality Assurance Handbook for Air Pollution Measurement Systems, Volume III, Stationary Source
Specific Methods, EPA-600/4-77-027b, August 1977.
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TABLE C-3. SUMMARY OF THE RESULTS OF THE AUGUST 1989 CEMS PERFORMANCE AUDIT

D ll: iii,,,, r ,
Analyzer Cylinder Number Span and Units Certified Value Meuured Vldue Relotivo Error, % Abe_ute Error, % of open

SO_ (DuPont) AAL- 19029 2500 ppmv 497 611 2.8 0.68
AAL-16310 1010 1058 4.8 1.92

A_d.- 18049 1287 1321 2.6 1.38

NO AAL-18049 1000 Remv 638 630 -1.6 0.80

NO 2 2 NF" NF NA
NO, 6401 NF NF NA

NO AAL- 9960 1000 Is_nv 64 83 -1,0 0.10

NO_ 22 NF NF NA

NO, 88 ! NF NF NA

NO ALM- 1722 I000 ppmv 203 212 4.4 0.90

NOz 71 NF NF NA

NO, 2741 NF NF NA

Oj AAL-10029 26 vol % 6.14 4.8 -4.7 0.96

AAL-10310 8.76 8.5 -2.9 1.00

AIM- 4366 9.06 9.0 -0.8 0.20

CO_ ALM- 4366 20 vcd % 7.01 7.3 4.1 1.46
AAL-18049 10.98 11.3 2.9 1.60

AAL- 8002 14.76 16.2 3.1 2.26

CO AAL- 8002 1000 ppmv 286 NA t NA NA

AAL-17919 551 493 -10.6 6.60
..l li ii i ,

NF - Not functional _ the en4iyzor'| NO_-to-NO converter wl inoperetive ot the tkno of the audit.

! Tak4n m the wJm of NO mhd NO_.
t NA .. Not av41ilM_ becaum of on en41yzer faiiuro in the counm of thio madit.

SO2 monitor in the December 1989 audit were more of an inconvenience, and in no way

p jeopardized the integrity of the SO2 and NO= measurements that were of primary concern. The two

failures of the NO2-to-NO converter in the NOx analyzer is considered to have had a minimal impact

since NO generally accounts for about 95 percent of the total NOx in the flue gas. The second

failure, however, did prompt the only formal "Recommendation for Corrective Action" issued in the

course of the project. This resulted in a more thorough examination and repair of the catalytic

conversion unit to assure more reliable operation thereafter.

Daily Calibration

The CEMS analyzers were normally calibrated on a daily basis (5 working days/week), and

more frequently when test conditions made it advisable. The procedure for the SO2, NO=, O=, CO2,

and CO analyzers followed the general pattern of first passing each certified QC gas (containing a

mid-range concentration of each of the five gases) through the entire sampling and analytical

system in order to determine QC bias (drift from the preceding value at the measured

concentration). This was followed by similar use of the zero and span calibration gases to

221



TABLE C-4. SUMMARY OF THE[RESULTSOF THE DECEMBER1888 CEMSPERFORMANCEAUDITS

' j i i iii _d-

qlAnalyzer Cy,nder Number ban and UrVlM Certified Value MeeeurodValue RelotivoError,% Abe•lute Error, % of open

SO_ (DuPont)" ALM- 1722 2600 ppmv 0 35 NA t 1.40
AJ_L-19029 487 660 10.7 2.12
AN.-18310 1010 1042 3.2 1.28
AN.-18049 1287 1310 1.e 0.92
,ed.M. 3043 2828 2680 -4.8 6.62

SO_ (We•torn) ALM. 1722 6000 ppmv 0 -40 NA 0.80
/_ad.-19028 497 500 0.6 0.06
AAL-18310 1010 1010 0.0 0.00
A,4d..18049 1287 1230 -4.4 1.14
AL.ld- 3043 2828 2780 -1.7 0.86

NO, A,tL-16310 1000 ppmv 0 -6 NA 0.60
NO AAL-18049 638 662 2.6 1.40
NOj 2 NF $ NF NA
NO, 640"" NF NF NA

NO kAL- ooee 1000 ppmv 64 60 -6.3 0.40
NO2 22 NF NF NA
NO, 86"" NF NF NA

NO ALM- 1722 10OOppmv 203 178 -12.3 2.60
NOz 71 NF NF NA
NO, 274"" NF NF NA

O= ALM- 1722 26 vo4% 0 0.2 NA 0.80
AAL-11K)29 6.14 4.9 -4.7 0.0O
AAL-16310 8.76 8.6 -2.9 1.00
ALM- 4366 0.06 8.9 -1.7 0.80

CO z ALM- 1722 20 vot % 0 0 NA 0.00
ALM- 4366 7.01 7.1 1.3 0.46
AJ_.-16049 10.98 10.9 .0,7 0.40
ALM- 3043 17.67 17.6 -0.4 0.36

CO ALM. 1722 1000 ppmv 0 -6 NA 0.64)
AJM.-17010 661 489 -14.0 8.20 qli ii ii i i .., i i i ' itlt ii iii

Analyzer •erred ee • beck-up for eeveral month• until the We•tem eneJyzorwee conokSerodpr•vera.
1 NA - Not ep_icM)kJ.
t NF - Not functionaJbecaueothe en4iy'xer'eNOb-to-NO convorl_rwt Inoperetivo81 the tJrneof rho oud_t.•tj

Token amthe oum 04 NO and NOz.

determine the drift at the two calibration points. Acceptable calibration drift was defined as less

than 2.5 percent of the span for SO2,NO,, and CO (and later 1.25 percent for the Western S02

analyzer), and 0.5 absolute percent by volume for the 02 and C02 instruments. Adjustments were

required whenever values were outside of these ranges,or when the QC bias values were in excess

of 5 percent of span for SO2, NOx, and CO, or 1.0 absolute volume percent for O2and CO=.

Examplesof the adequacy of these QA/QC control proceduresare presentedin FiguresC-1

to C-15 which record calibration data for October 1990. Used as the basisfor the weekly,

monthly, and quarterly reporting scheme, they representa typical month's data. Such procedures

not only permitted on-site personnel to correct for any excessive calibration drift immediately, but

also identified trends that suggested the need for more than routine maintenance.
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TABLE C-E. SUMMARY OFTHE RESULTSOF THE SEPTEMBER1990 CEMS PERFORMANCEAUDITS

D ,: i r i i i i
Armlyzor CylinderNumber Span end Units Certified Velum Memured Velue Relative Error,% Absolute Error,% of epen

SO2NVo_ern) ALM- 1722 5000 ppmv 0 -1 NA" 0.02
AAL-18029 497 491 -1.2 0.12
ALM- 4355 0 6 NA 0.10
AJ_L-18049 1287 1278 -0.8 0.16
A,t4.-17919 0 -3 NA 0.08
ALM- 3043 2828 2793 -1.2 0.70
AAL- oee6 0 2 NA 0.04

NO, AAL-18310 1000 pwnv 0 -6 NA 0.60
NO AN.- 18049 538 637 -0.2 0.10

NO2 2 NM t NA NA
NO, 540 $ 652 2.2 1.20

NO AAL- 9968 1000 ppmv 64 60 -8.3 0.10
NO2 22 NM NA NA
NO, 88; 75 -12.8 1.10

NO ALM- 1722 1000 ppmv 203 178 -12.3 2.60
NO2 71 NM NA NA
NO, 274 t 257 -6.2 1.70

02 ALM- 3043 26 rot % 0 0.10 NA 0.40
AAL-19029 6.14 6.0 -2.7 0.68
ALM- 4356 9.05 8.9 -1.7 0.80

CO2 AIM- 4355 20 vel % 7.01 7.5 7.0 2.45
AAL-18049 10.98 11.2 2.0 1.10
AIM- 3043 17.67 17.3 -2.1 1.86

CO ALM- 4366 1000 I_mV 0 4.6 NA 0.46
AAL-18049 0 7.2 NA 0.72
ALM- 3043 0 14.8 NA 1.48
A.4kL.1"_919 551 667 2.9 1.80

| i ' r ,

NA " NOt OPI_.
t NM " Not me_ured.

D S Token I U'mm,,m of NO md NO2"
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Figure C-1. SO2calibrationdata - zero response
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Figure C-4. NOx calibrationdata - zero response
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Figure C-6. NOx calibration Data - QC response
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APPENDIX D: TEST RECORD

Toot
Humid. _ Number
Outlet Humid. As Deta of Ten-

Cs/S Set On, Off, Nominal Point, minuto

Moist Point, or Injection Coal S, Yu or Averages
Tem Dote Ratio °F Minlmj Level, ft wt % Sorbent No inTest Comments

, ,m,. ,, ,

LE-1 04127/90 1.0 276 MINIMAL 181 3.0 LIGNO N Mill trip et 12:O0 lut zero

LE-2 06/01/90 1.3 276 MINIMAL 181 3.0 LIGNO N Mill changein test, zero changed

LE-3 06/02/90 1.2 276 MINIMAL 181 3.0 LIGNO Y 7

LE-,4 06/04/90 1.6 275 MINIMAL 181 3.0 LIGNO Y 28

LE-4s 06/04/90 1.0 275 MINIMAL 181 3.0 LIGNO Y 14

LE-6 06/16/I)0 1.6 276 MINIMAL 181 3.0 LIGNO N Zero qumttonable

LE-O 06117/80 0.8 276 MINIMAL 181 3.0 LIGNO Y 11

LE-6e 05/17/90 0.8 276 MINIMAL 181 3.0 LIGNO Y 11

LE-7 06118/90 1.0 275 MINIMAL 181 3.0 LIGNO Y 26

LE-8 06/21/90 1.0 275 MINIMAL 181 3.0 UGNO N Dot==not found on =myLIF diek

LE-ii 06/22/80 2.0 276 MINIMAL 181 3.0 LIGNO N Mill trip efter ,me start, bed teet

LE-10 06/24/90 1.3 146 ON 181 3.0 UGNO Y 5

LE-11 06126/90 1.3 145 ON 181 3.0 LIGNO Y 8LE-I 2 06126/90 1.4 146 ON 181 3.0 LIGNO N Run by OE on night ahlft

LE-13 06126/90 2.0 276 MINIMAL 181 3.0 UGNO N LIF dlek dstoIhowe =ere

LE-14 06/30/90 1.4 275 MINIMAL I 81 3.0 LS Y 18

LE-16 06/30/90 1.4 276 MINIMAL 181 3.0 LS N P_t-t_t zero off in the mooning

LE-16 06131/90 2.0 276 MINIMAL 181 3.0 LS Y 32

LE-166 05131/90 1.0 276 MINIMAL 181 3.0 LS Y 10

LE-16b 06/31/90 1.0 275 MINIMAL 181 3.0 LS Y 4

LE-10c 06/31/90 1.0 275 MINIMAL 181 3.0 LS Y 4

LE-Iikl 06/31190 1.0 275 MINIMAL 181 3.0 LS Y 30

LE-17 06/04/90 1.9 250 MINIMAL _81 3.0 LS Y 17

LE-176 06/04/IK) 1.ii 250 MINIMAL 181 3.0 LS Y 6

LE-18 00/04/90 1.4 260 MINIMAL 181 3.0 LS Y 24

LE-1ii 06/04/90 1.8 250 MINIMAL 181 3.0 LS Y 36

LE-20 00/06/90 1.0 250 MINIMAL 181 3.0 LS Y 31

LE-21 00/00/90 1.4 250 MINIMAL 181 3.0 LS N Poet-twt zero o4t in the morning

LE-22 O0/06/IK) 1.0 260 MINIMAL 187 3.0 LS Y I 6

LE-226 06/00/90 1.5 250 MINIMAL 187 3.0 LS Y I 0

LE-23 00/00/90 1.I 260 MINIMAL 187 3.0 LS Y 11
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Humid. Umld Nurnl_r
Outlet Humid. As Data of Ten-

Cs/S Set On. Off, Nominal Point, minute
Malaw Point, or Irqlection Coal S, YIm or Averages

Test Date Ratio °F Minimal Level, ft wt % Sorbent No inTest Comments

LE-23a 06/07/90 1.0 260 MINIMAL 187 3.0 LS Y 30

LE-24 06/07/90 2.0 300 MINIMAL 187 3.0 LS Y 27

LE-26 06/07/90 2.0 300 MINIMAL 181 3.0 LS N Poet-teat zero off in the morning

LE-26 06/07/90 2.0 300 MINIMAL 187 3.0 LS N Poet-met zero off in the momln0

LE-27 06/08/90 2.0 276 MINIMAL 187 3.0 LS N Removal wly off, poor-tmr zero
jumpy

LE-28 08/09/90 2.0 275 MINIMAL 187 3.0 LS N Data not on LIFdiek

LE-29 08/11/90 1.0 NIA OFF 181 3.0 LS Y 31

LE-30 08/11/ilo 1.0 N/A OFF 181 3.0 LS N Poet-teat zero off in the morru_g

LE-31 06/12/90 2.0 N/A OFF 191 3.0 LS Y 32

LE-32 00112/90 2.0 NIA OFF 191 3.0 LS Y 19

LE-33 00/13/90 2.4 NIA OFF 191 3.0 LS Y 24

LE-34 00114/110 2.0 N/A OFF 191 3.0 LS N Romovd keq]o rleing

LE-35 08/15/90 2.0 N/A OFF 191 1.0 LS Y 16

LE-3@ 00118/90 1.5 M/A OFF 1i) 1 1.6 LS Y 12

LE-37 00120/I)0 1.8 N/A OFF 191 1.8 LS Y 13

LE-38 O8121/lM) 1.0 N/A OFF 1ii 1 1.6 LS N No good zero j

'1LE-30 00/21/90 2.0 N/A OFF 1B1 1.0 LS N Coal sulfur changing, rezero
st 13:30

LE-40 Oe122/00 0.8 NIA OFF 1II1 1.@ LS N P ecrdgMzero held, romoval
,umpy

LE-41 08/22/90 2.0 145 ON 181 1.6 LS N Removal keege ciimblng

LE-42 08/25/90 2.0 N/A OFF 181 1.0 LS Y 28

LE-43 00/20/90 _ .8 NIA OFF 181 1.0 LS Y 9

LE-43e oel2e/oo 1.8 146 ON 101 1.0 LS Y 15

LE-44 00127/90 2.0 NIA OFF 181 1.O LS N Urut Iii over the piame

LE-46 07/02/90 1.6 146 ON 181 1.0 LS Y 26

LE-46o 07/02/90 0.8 NIA OFF 181 1.6 LS Y 17

LE-46b 07/03/90 0.8 NIA OFF 181 1.0 LS Y 11

LE-40 07/03/90 2.0 N/A OFF 181 1.0 LS Y 16

LE-480 07/03/90 2.0 146 ON 181 1.6 LS Y 7

LE-47 07/O5/110 1.2 N/A OFF 181 1.0 LS N Coal sulfur rm_ng

LE-48 07110/90 1.0 N/A OFF 181 1.8 LS Y 19

LE-411 07118/IK) 2.0 235 MINIMAL 181 1.0 OOL N One port pluggedali day

LE-60 07119/90 2.0 260 MINIMAL 181 1.0 DOL N Good zero, removal jumpy

LI:-61 08/24/90 1.3 N/A OFF 181 1.6 DOL Y 10
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D Test

Humid. Used Number
Outlet Humid. As Data of Tm_-

Ca/S Sat On, Off, Nominel Point, minute
Moiw Point, or Inaction Coal S, Yes or Average=

Test Data Ratio °F Minimal Level, ft wt % Sorbent No in Test Comments
i

LE-E2 00120/I)0 2.7 NIA OFF 181 1.0 DOL Y 5

LE-E2e 08130/90 1.1 N/A OFF 181 1.0 DOL Y 10

LE-63 08/30/_O 1.1 N/A OFF 181 1.0 DOL N Questionablezoro

LE-E4 08/31/90 1.8 N/A OFF 181 1.6 DOL Y 13

LE-E6 09/04/90 1.4 N/A OFF 181 1.6 DOL Y 12

LE-6e 09/O7/110 1.8 N/A OFF 181 1.8 DOL Y 8

LE-E7 09/11/110 3.6 N/A OFF 181 1.8 DOL N Short test for feed c_acity check

LE-68 09/12/110 6.O Nh_ OFF 181 1.6 DOL N Good zero, end met ixecip
problem

LE-Ell 0t)__3/90 1.0 _:/A OFF 181 1.6 DOL N Removal droppingtoo much

LE-60 09/14/il0 1.0 N/A OFF 181 1.0 DOL N Good zwo, loadchange during
tellt

LE-01 09/17/I)0 0.8 J ", OFF 181 1.0 DOL N Bed zero

LE-62 00/18/90 0.8 N/A OFF 181 1.6 DOL Y 18

LE-83 09/10/90 1.0 N/A OFF 181 1.8 DOL Y 21

LE-64 0BI20/90 I .C NIA OFF 101 1.8 DOL N Good zero, one nozzleMugged

LE-BE 00/21/90 1.2 N/A OFF 1li 1 1.6 DOL Y 10

t LE-66 09/28/IK) 1.3 N/A OFF 1I) 1 1.6 DOL Y 10
LE-87 00/27/90 1.E NIA OFF 191 1.6 DOL N Coel S chenging,poet-test zero

off

LE-E8 10/04/00 2.0 27E/ MINIMAL 181 1.6 DOL N Nozzle,,plugged?
260

LE-Oil 10/06/110 2.0 250 MINIMAL 181 1.8 DOL N Three nozzkmfound plug0ed
lt 11:16

LE-70 10/1 O/110 1.2 250 MINIMAL 101 3.0 DOL Y 24

LE-71 10/11/110 1.4 260 MINIMAL 181 3.0 DOL Y 18

I.E-7le 10/1 1/90 1.0 250 MINIMAL 181 3.0 DOL Y 14

LE-72 10/12/90 1.6 250 MINIMAL 181 3.0 DOL Y 12

LE-73 10/10/60 2.2 260 MINIMAL 181 3.0 DOL N 2 nozzlee plugged ,,t 14:00,
unpluggedat 14:30

LE-74 10/17/90 2.1 250 MINIMAL 181 3.0 OOL Y 13

LE-76 10/22/110 1.8 280 MINIMAL 181 3.0 DOL N Good zero°date mleeingon LIF
disks

LE-7e 10/23/10 1.2 280 MINIMAL 181 3.0 DOL Y 7

LE-76e 10/24/I)0 1.O 250 MINIMAL 181 3.0 DOL Y 15

LE-77 10/24/I)0 1.8 250 MINIMAL 181 3.0 DOL Y 31

LE-78 10126t00 2.0 255 MINIMAL 181 3.0 DOL N No etomh number coming through

LE-76 10126/90 2.1 260 MINIMAL 181 3.0 DOL Y 19
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*" (I
Humid. UNd Number
Outlet Humid. ,4_ Deto of Ten-

Ce/S Set On, Off, Nominal Point, ndnute
Molar Point, or Ir_ectlon Cod $, Ym o_ Averagee

Twt Dote Ratio °F Minimal Level, h wt % Smbent No in Toot Commqmla
i i .. i

LE-79e 10/28/90 1.4 260 MINIMAL 181 3.0 DOL Y 13

LE-79b 10/20/00 1.3 260 MINIMAL 181 3.0 DOL Y 0

LE-79c 10/28/90 1.4 260 MINIMAL 181 3.0 OOL Y 10

LE-79¢1 1012011K) 1.4 260 MINIMAL 1II1 3.0 DOL Y 10

LE-7h 101211/90 1.4 200 MINIMAL 1il1 3.0 DOL Y E

LE-70f 10/28/110 1.3 260 MINIMAL 181 3.0 DOL Y 14

LE-80 10130/90 2.O 240 MINIMAL 191 3.0 DOL Y 16

LE-80s 10130/90 1.3 240 MINIMAL 191 3.0 DOL Y 10

LE-8Ob 10/30/90 1.5 240 MINIMAL 101 3.0 DOL Y 14

LE-Bl 10/31/90 2.2 260 MINIMAL 191 3.0 DOL N Toot ondeM)tuptly ao F-K pump
tripe

LE-82 10/31/90 2.1 260 MINIMAL 191 3.0 DOL Y 3

LE-82e 10/31/90 1.7 260 MINIMAL 101 3.0 DOL Y 11

LE-I2b 11/O1/90 1.0 260 MINIMAL 191 3.0 DOL Y 19

LE-03 11/O0/I)O 1.O 200 MINIMAL 187 1.8 DOL Y 20

LE-83e 11/00/90 O.9 260 MINIMAL 187 1.8 DOL Y 2e

LE-B3b 11/O6/90 O.9 260 MINIMAL 187 1.6 OOL Y 36 8

ILE-lM 11/O7/90 1.6 260 MINIMAL 187 1.8 DOL Y 29

LE-IMe 11/07/90 0.8 260 MINIMAL 187 1.8 DOL Y 31

LE-BE 11/08/90 1.9 260 MINIMAL 187 1.@ OOL Y 33

LE4e 11/12/90 1.8 200 MINIMAL 1B7 1.8 DOL N One nozzlep4uoged,Krq_ped rut

LE-87 11/13/90 1.9 260 MINIMAL 187 3.0 DOL Y 18

LE-87 • 11/13/90 1.2 260 MINIMAL 187 3.0 DOL Y 13

LE-88 11114/90 2.0 2e5 MINIMAL 187 3.0 OOL Y 14

LE-BSo 11i14/90 2.0 266 MINIMAL 181 3.0 DOL Y 8

LE-89 11/16/IK) 1 .e 266 MINIMAL 181 3.0 DOL Y 7

LE-BSa 11I16/90 1.8 266 MINIMAL 187 3.0 DOL Y 9

LE-80b 11I16/90 0.6 286 MINIMAL 187 3.0 DOL Y @

LE-89c 11/16/90 1.1 206 MINIMAL 187 3.0 DOL Y 18

LE-89d 11/16/90 1.1 206 MINIMAL 187 3.0 OOL Y 21

LE-00 11/16/90 1.9 146 ON 187 3.0 DOL Y 4

LE-90a 11/16/110 1.9 260 MINIMAL 187 3.0 DOL Y 3

LE-gOb 11I16/90 1.4 146 ON 187 3.0 DOL Y 12

LE-91 11/le/IK) 1.4 146 ON 187 3.0 DOL N Thin0e _vet eteadled out

LE-92 11/20/90 1.8 260 MINIMAL 187 1.6 OOL Y 11
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Tut

Humid. LMed Number
Outlet Humid. AI Dme of Ten-

Cs/S Set On, Off, Nominal Point, minute

Molw Point, or Injection CmdS, Yea or Avwe_m
Tm DMe Ratio °F Minimal Level, h wt % Sorbent No inTest Comn_nts

L I' , ,i i ', i i _' , i i i

LE-02e 11120/90 0.0 280 MINIMAL 187 1.8 DOL Y 71

LE-g3 11/21/90 1.8 260 MINIMAL 187 1.6 DOL N Poor remove, urmxpl-;ned poor
date

LE-g4 11126/90 0.8 280 MINIMAL 187 1.0 DOL N Cempr_ trtl_

LE-0G 11/28/90 1.8 260 MINIMAL 181 3.8 DOL Y 6

LE-0e 11/20/90 1.7 260 MINIMAL 181 3.8 DOL Y 10

LE-90e 11/20/II0 1.3 280 MINIMAL 181 3.8 DOL Y 0

LE-g7 11/30/90 2.0 260 MINIMAL 181 3.8 DOL Y 12

LE-07o 11/30/90 1.3 280 MINIMAL 181 3.8 DOL Y 34

LE-98 12/03/80 1.e 260 MINIMAL 181 3.8 DOL Y 17

LE-gSe 12/03/90 0.0 280 MINIMAL 181 3.8 DOL Y 9

LE-B0 12/04/90 0.0 280 MINIMAL 181 3,8 DOL Y 12

LE-lO0 12/05/90 2.2 280 MINIMAL 181 1.6 DOL Y 17

LE-lO1 12/0e/90 1.2 200 MINIMAL 181 1.0 OOL Y 23

LE-lO2 12/07/90 1.3 250 MINIMAL 181 1.0 DOL N Removal climbingali day long?

LE-lO3 12/11/90 1.7 260 MINIMAL 181 1.e DOL N Things never m_mdiedout

p LE-lO4 12/12/110 1.7 145 ON 181 1.6 DOL Y 11LE-1040 12/12/90 1.9 260 MINIMAL 181 1.0 DOL Y 4

LE-106 12/13/90 1.4 250/ MINIMAL 181 1.8 DOL Y 15
250

LE-lO6 12/14/90 1.0 280 MINIMAL 181 1.6 DOL Y 11

LE-lO7 12/17/110 1.2 145 ON 181 1.0 DOL Y 9

LE-lO8 12/18/90 1.0 145 ON 181 1.6 DOL Y 14

LE-IO8a 12118/90 0.9 250 MINIMAL 181 1.6 DOL Y 12

LE-100 12/20/90 1.0 250 MINIMAL 181 1.0 DOL Y 8

LE-110 01/07/91 2.0 260 MINIMAL 181 1.8 FINE LS Y 25

LE-111 01/08/91 2.0 280 MINIMAL 181 1.0 FINE LS Y 14

LE-112 01/00/91 1.0 200 MINIMAL 181 1.0 FINE LS Y 8

LE-112s 01/09/91 1.0 146 ON 181 1.O FINE LS Y 0

LE-113 01110/91 1.2 N/A OFF 181 1.6 FINE LS Y 24

LE-114 01111/91 1.7 260 MINIMAL 181 1.6 FINE LS Y 11

LE-114a 01111/91 1.7 146 ON 181 1.6 FINE LS Y 7

LE-115 01112/91 0.0 N/A NIA NIA NIA FINE LS N Never run - aborted

LE-110 01/15/91 1.4 200 MINIMAL 181 1.0 FINE LS Y 17

LE-117 01/17/91 1.1 N/A OFF 181 1.8 FINE LS Y 21
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T., 9
Humid. Ueed Number
Outer Humid. /_ Date of Ten-

Ce/S Set On, Off, Nomln_ Point, minute
M_4er Point, or Ink_-tion Coal S, Yea or Avwe_e

Tmr Dme Rotlo °F Minimal Levoi, ft wt % Sorbent No inT_t Commentsi
'| , , i ,

LE-118 01/10/91 2.2 N/A OFF 181 1.0 RNE LS Y 9

LE-110 O1/21/91 2.0 N/A OFF 181 1.0 VFLS Y 16

LE-120 01/22/01 1.0 NIA OFF 181 1.0 VFLS Y 6

LE-121 01/24/91 2.0 N/A OFF 181 1.O VFLS Y 11

LE-122 O1/26/1tl 1.0 N/A OFF 181 1.0 VFLS Y 11

LE-123 01/28/91 2.0 N/A OFF 187 1.0 FINE LS Y 4

LE-124 01/29/91 1.6 N/A OFF 1117 1.6 FINE LS Y 8

LE-126 01/30/91 1.6 280 MINIMAL 187 1.8 FINE LS Y 7

LE-126 01/30/91 1.7 280 MINIMAL 197 1.0 FINE LS Y 10

LE-127 01/31/91 1.2 N/A OFF 187 1.6 FINE LS Y 9

LE-128 01/31/91 2.2 N/A OFF 187 1.6 FINE LS N Removaldropping, poet-twt zero
low

LE-129 02/01/91 2.0 NIA OFF 187 1.6 FINE LS Y 30

LE-130 02/06/91 1.9 280 MINIMAL 187 3.8 DOL N Pmm_blecoel oulfur change

LE-131 02/07/91 1.6 280 MINIMAL 187 3.8 DOL Y 20

LE-131e 02/O7/91 1.2 280 MINIMAL 187 3.8 DOL Y 11

LE-132 02/11/91 2.2 260 MINIMAL 187 3.8 DOL Y 13 _-

ILE-133 02/12/91 1.1 260 MINIMAL 187 3.8 OOL Y 7

LE-1330 02/12/91 0.7 260 MINIMAL 187 3,8 DOL Y 11

LE-133b 02/12/91 1.3 280 MINIMAL 187 3.8 DOL Y 1@

LE-133c 02/13/91 1.3 260 MINIMAL 107 3.8 DOL Y 10

LE-134 02/I 3/91 1.11 280 MINIMAL 1117 3.8 DOL Y 12

LE-134e 02/13/91 1.6 260 MINIMAL 187 3.11 DOL Y 8

LE-134b 02/13/91 1.4 260 MINIMAL 187 3.8 DOL Y 11

LE-136 02/14/91 1.3 280 MINIMAL 187 3.11 DOL ¥ 18

LE-136e 02/111/91 0.11 240 MINIMAL 1117 3.8 DOL Y 9

LE-136 02/111/91 1.11 260 MINIMAL 181 3.11 DOL N Oumthm_ zero

LE-_37 02/19/91 1.1 260 MINIMAL 1111 3.11 DOL Y 32

LE-138 02/20/91 1.2 250 MINIMAL 1111 3.8 DOL Y 20

LE-1381 02/20/91 1.5 240 MINIMAL 1111 3.8 DOL Y 17

LE-139 02/21/91 2.1 240 MINIMAL 181 3.8 DOL Y 11

LE-140 02/26/91 1.4 276 MINIMAL 181 1.11 LIGNO N Bmill

LE-140a 02/26/91 0.9 276 MINIMAL 181 1.11 LIGNO N Toot run at night, poet-tmr zero
bed

LE-141 02128/91 2.0 276 MINIMAL 181 1.8 LIGNO Y 6



D Teat

Humid. Used Number
Outlet Humid. AI Data of Ten-

Cl/S Set On, Off, Nominal Point, minute

Moist Point, or Iniection Cooi $, Yeo or Averegu
Teat Date Ratio °F Minlmel Level, h wt % Sorbent No inTut Comments

,,, ' , ,, ,

LE-142 02/27/91 1.8 275 MINIMAL 181 1,6 LIGNO Y 8

LE-143 02/28/91 1.7 275 MINIMAL 181 1.6 UGNO Y 4

LE-144 03/01/91 1.6 275 MINIMAL 181 1.8 LIONO Y 14

LE-145 03/94/91 1.2 275 MINIMAL 181 1.6 UGNO Y 7

LE-140 03/05/91 1.1 275 MINIMAL 181 1.6 LIGNO Y 19

LE-147 03/09/91 1.2 146 ON 181 1.8 LIGNO Y 0

LE-148 03/07/91 0.9 275 MINIMAL 181 1.0 LIGNO Y 12

LE-148a 03/07/91 1,9 275 MINIMAL 181 1.8 LIGNO Y 0

LE-149 03/08/91 0.8 275 MINIMAL 181 1.8 LIGNO Y 7

LE-lEO 03/11/91 2.0 275 MINIMAL 181 1.6 LIGNO N Good zero, SO_not ateody

LE-151 03112/91 1.3 275 MINIMAL 181 1.6 LIGNO N Removal still ri_ng _ t_t ends

LE-152 03/13/91 I .I 275 MINIMAL 181 1.6 LIGNO Y 14

LE-153 O3122/91 1.9 275 MINIMAL 181 1.6 LIGNO Y 9

LE-184 03/29/91 2.2 27E MINIMAL 181 1.6 UGNO N SO_ Wobien_, no data

LE-165 O4/01/91 2.2 275 MINIMAL 181 1.O LIGNO N Teat short, thtngenever ateedidd
out

LE-166 04/02/91 2.0 276 MINIMAL 181 1.6 LIGNO Y 23LE-167 04/03/91 1.4 276 MINIMAL 181 1.9 LIGNO Y 17

LE-1679 04/03/91 1.7 276 MINIMAL 181 1.6 LIGNO Y 5

LE-168 04/O4/91 1.9 27_ MINIMAL 181 1.6 UGNO N Re,novel jumpy

LE-lE0 04/06/91 2.0 276 MINIMAL 181 1.6 LIGNO Y 8

LE-leO 04112/91 2.0 275 MINIMAL 181 3.8 LIGNO Y 16

LE-181 04/15/91 1.4 275 MINIMAL 181 3.8 LIGNO Y 6

LE-102 04/17/91 2.0 27E MINIMAL 181 3.8 LIGNO Y 29

LE-183 04/18/91 1.0 275 MINIMAL 181 3,8 LIGNO Y 11

LE-le31 04/18/91 1.5 275 MINIMAL 181 3.8 LIGNO Y 7

LE-le4 04/22/91 1.2 275 MINIMAL 191 3.8 LIGNO Y 0

LE-195 04123/9 1 0.8 275 MINIMAL 181 3.8 LIGNO Y 11

LE-lee 04/24/91 1.5 275 MINIMAL 181 3.8 LIGNO Y 4

LE-lees 04124/9 1 1.5 14E ON 181 3.8 LIGNO Y 8

LE-197 06/09/91 2.1 275 MINIMAL 181 3.8 LIGNO Y 7

LE-108 05/07/91 1.E 275 MINIMAL 181 3.8 LIGNO Y 11

LE-1089 05/07/9 1 1.0 275 MINIMAL 181 3.8 LIGNO Y 12

LE-108b 05/07/91 1.3 275 MINIMAL 181 3.8 LIQNO Y 20

LE-198c 05/07/91 1.8 275 MINIMAL 181 3.8 LIGNO Y 8
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T., (IHumkl. UNd Number
Outlet Humkl, As Dote of Ten-

Ce/S Set On, Off, Nominal Point, minute

Mcder Point, or Inh_tion Coil S, Y_ ¢x Averages
Trot Date Rotio °F Minimal Level, ft wt % S_rbent No in T_t CommenW

,, Ilxl r, " ii p I.l

LE-I(lll 05/O0/111 1.2 276 MINIMAL 181 3.8 UGNO Y 17

LE-I(Illa 05/O8/91 1.7 275 MINIMAL 181 3,8 LIGNO Y 8

LE-1811b 05/08/111 1.8 275 MINIMAL 181 3.8 LIGNO Y 9

LE-170 06/14/91 2.1 275 MINIMAL 181 3.8 LIGNO Y 3

LE-170_ 05114/91 1.8 275 MINIMAL 181 3.8 LIGNO Y 4

LE-170b 05114/91 1.4 275 MINIMAL 181 3.8 LIGNO Y 5

LE-171 O5/15/I)1 1.7 275 MINIMAL 181 3.8 LIGNO Y 3

LE-171o 05/15/111 1.7 275 MINIMAL 181 3,8 LIGNO Y 8

LE-172 0511(!/111 1.2 275 MINIMAL 181 3.B LIGNO Y 4

LE-173 06123/91 1.0 14E ON 181 1.6 LIGNO Y 7

LE-174 06124/91 1.3 146 ON 181 1.O LIGNO N Coe_oulfur?

LE-176 06120/91 1.9 146 ON 181 1.6 LIGNO Y 6

LE-171I 06130/111 1.7 146 ON 181 1.6 LIGNO Y 6

LE-177 OEI31/111 1.4 14E ON 1111 1 .li UGNO Y E

LE-178 O0113/O1 0.9 146 ON 181 1.0 UGNO Y E

LE-178e 06113/111 2.0 146 ON 181 1.6 UGNO Y 7 jr

11LE-179 06/13/91 2.2 146 ON 181 1.6 LIGNO N Went to two feede_ at 13:60,
flooding, quutioneble test

LE-1BO O8114/111 2.2 14E ON 181 1.6 LIGNO N Zero nogood

LE-181 0e117/01 2.0 146 ON 181 1.6 LIGNO Y 4

LE-182 08/18/I)1 1.3 145 ON 181 1.8 LIGNO Y 11

LE-183 00110/111 1.8 146 ON 181 1.8 UGNO Y 8

LE-184 0(!124/111 2.1 2"/E MINIMAL 191 1.6 LIGNO Y 5

LE-185 08/26/91 1.8 27E MINIMAL 181 1.8 LIGNO Y 12

LE-186e 00/26/91 1.2 276 MINIMAL 1il 1 1.8 LIGNO Y 9

LE-188 00/28/91 1.0 276 MINIMAL 191 1.6 LIGNO Y 11

LE-18eo 0(_128/91 1.7 276 MINIMAL 191 1.6 LIGNO Y 3

LE-187 00/28/91 1.7 275 MINIMAL 1II 1 1.6 LIGNO Y 19

LE-1117e 0(!/28/91 1.0 276 MINIMAL 191 1.6 LIGNO Y 22

LE-188 07/91/91 1.9 275 MINIMAL 191 1.6 LIGNO Y 14

LE-1118 07/O9/01 1.8 276 MINIMAL 181 3.0 CAL Y g

LE-1111hl 07/O9/111 _ .4 276 MINIMAL 181 3.8 CAL Y 17

LE-li)0 07110/1)1 1.0 276 MINIMAL 181 3,8 CAL. Y 6

LE-100a 07110/91 0.9 275 MINIMAL 181 3.8 CAL Y 16

LE-IIIOb 07/10/91 1.3 275 MINIMAL 181 3.B CAL Y 18
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D Toot

Humid. Utmd Number

Outlet Humid. As Date of Terr-

Ca/S Set On, Off, Nominal Point, minute

Motif Point, or In_ectmn Coa_ S. Yes or Averages

Tem Dm Ratio °F Minimal Level, h wt % Sorbent No in Test Comrmm_
,, , , , ,, ,, , ,,

LE-191 07112/81 1.4 275 MINIMAL 181 3.8 CAL Y 14

LE-102 07112/91 1.2 276 MINIMAL 181 3.8 CAL Y 12

LE-103 07/16/01 2.2 276 MINIMAL 101 3.8 CAl. N Very h_h coal oulfur, ocf_,d

LE-11M 07110/91 2.0 276 MINIMAL 181 3.8 CAL Y 5

LE-196 07/17/91 1.7 275 MINIMAL 181 3.8 CAL. N Flooding

LE-19e 07118/91 1.8 275 MINIMAL 181 3.8 CAL. N Roeding

LE-197 07110/91 1.0 275 MINIMAL 181 3.8 CAL N Flooding, sulfur changed

LE-198 07/22/91 2.0 275 MINIMAL 181 1.6 CAL N Coal eulfur change

LE-196 07/24/91 0.8 276 MINIMAL 181 1.6 CAL Y 16

LE-2OO 07126/91 1.8 276 MINIMAL 181 1.6 CAl. Y 9

LE-201 08/01/91 1.0 276 MINIMAL 181 1.6 CAL Y 8

LE-202 08/01/91 1.2 276 MINIMAL 181 1.8 CN. Y 10

LE.203 08/02/91 1.4 275 MINIMAL 181 1.6 CAL. Y 8

LE-204 08/O2/tll 1.e 275 MINIMAL 181 1.6 CAL Y 13

LE-206 08/02/91 2.0 275 MINIMAL 181 1 .e CAL Y 4

LE.200 08/00/91 2.2 27S MINIMAL 181 1.6 CAL. Y 18

D LE-207 08/07/91 2 0 275 MINIMAL 191 1.6 CAL Y 12

LE.208 08/07/91 ..2 275 MINIMAL 191 1,6 CN. Y 12

LE-209 08/08/91 1.7 276 MINIMAL 191 1.0 CAL Y 10

LE.2OOa 08/O0/111 1.4 276 MINIMAL 191 1.6 CAL Y 8

LE-210 08/O9/91 0.9 276 MINIMAL 191 1.6 CAl. Y 10

LE-210a 08/09/91 1.1 276 MINIMAL 191 1.0 CAL Y 16

LE-211 08126_*01 1.6 276 MINIMAL 191 1.8 CAL N Ser opped

LE-212 08128/91 1.0 275 MINIMAL 181 3.8 CAL N Qu_tiortad_ test

LE-213 08/29/91 1.7 276 MINIMAL 181 3.8 CAL N Zero at -3.0%, qua_onalde _t

LE-214 08130/111 1.7 276 MINIMAL 181 3,8 CAL N Coal eulfur cher_ed

Total numt_

of toot= run 289 Shortmt teat in # of 10-mm average= 3

Longelt tilt in • of 10-rain =v_rlQee 71

Total numb_ of dare pc.nta 223

Avg. let_th of tut in if of 10-rain averages 13.4
1 ,
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APPENDIX E: OPERATIONALRECORD 4

UMB Humid.
Time Time Time Time

Boiler UMB Uraw_able, Unavail_le,
Dete On, hr On, Iu' Iv hr Comments

• ii i ' :m=,, ,, ,i,

04127/90 24 21

04/28/90 20.6 20.6

04/29/90 0 0

04130/90 24 12.6 Unit coming on

06/0 1/90 24 18.6

06/02/90 24 19.6

05/03/90 13 13

06/O4/90 24 21

06/06/90 22 22

06/06/90 0 0

05/07/90 0 0

05/06/I)0 0 0

06/09/90 0 0

05/10/90 0 0

06/11/110 0 0

06/12/90 0 0

06113/90 0 0

06114/90 20 10 2 Heee Leak

06116/90 24 17.6

06110/90 24 18

06117/90 24 20

06116/90 24 21

06119/90 24 24

06120/90 24 24

06/21/90 24 18.6

06122/90 24 20

061234)0 24 20

06124/90 24 17 Change F/Y,pump sheeve

06126/90 24 18.6

06/20/90 22 22

06127/90 0 0

06128/90 0 0

06129/90 22 16 Unit coming on
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UMB Humid.
Time Time Time Time

B_er UMB Unev-;lebie, Unavaileble,
Dite On, I'v On, hr hr tv Comments

i

05/30/90 24 21.6

05/31/90 24 20

00/01/90 24 18 3 F/K flapper v-ave probierrm

00/02/90 22 22

00/03/90 0 0

00/04/90 20 12 3 3 Unit coming on. Centac com_emor oil leak.

00/06/90 24 19.6

00/00/90 24 18

06/07/90 24 20

06/08/90 24 16.6 6 Lime hoee luk

00/09/I)0 24 15 9 Repaireame how lm yesterday

06/10/90 24 24

00111/90 24 20 24 Humid chamber cieen out

00/12/90 24 21

00/13/90 24 22.5

06/14/90 24 21

06/16/90 22 18

06/10/90 1 1
00117/90 24 24

06/10/90 24 19

06/10/90 16 7 8 Unpluglime lines

00120/90 18 13 Unit coming on

06/21/90 24 21.6

00/22/9O 21 16

06123/90 0 0

00124/90 0 0

00126/90 17 9 Unit coming on

00120/90 14.5 6 Unit coming on

00127/90 10 12.6 Unit coming on

06128/90 24 18.6 1.6 Unl_ug lime lines

08129/90 24 14 8 Unplug lime lir4e

00120/90 23 23

07/01/90 0 0

07/02/90 24 8.6 8 Unit coming on, unl_ug lime lines

07/03/90 24 18,5
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UMB Humid. 4

Time Time Time Time

Boiler UMB Unaveilable, Unevaileble,
Dite On, N On, hr hr hr Comn_nte......

, ,,,

07/04/90 24 20 Ash Uamspmlwystomwobieme

07/05/90 24 14

07/06/90 24 24

07/07/I)0 22 22

07/08/90 14 0 14 Iqent ur_ble to start LIMB equipment,
FJI_pump leizeq up

07/09/90 24 0 8 Pump still Nized,unabte to switch

to spare uldn due to ts0

07/10/90 24 4 9.6 Switched to spire train, seats blow
on 6-6 rotary vadve

07111/90 24 0 24 Repmrin0F/K pump

07112/90 24 0 24 RepairingF/K pump

07113/90 24 9 16 Repairing F/K pump

07/14/90 23 23

07116/90 1 0 Unit comin0 on

07/16/90 24 21

07117/90 24 19 Ramout of sorbent

07/18/90 24 7

07119/90 24 14 _l

I07120/90 4 4

07/21/90 0 0

07/22/90 0 0

07123/90 0 0

07/24/90 0 0

07/26/90 0 0

07/26/90 0 0

07127/90 0 0

07/28/90 0 0

07/29/90 O 0

07130/90 0 0

07131go 0 0

08/01/90 0 0

08/02/90 0 0

00/03/90 0 0

08/04/90 0 0

08/06/90 0 0

08/08/90 0 0
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LIMB Humid.

Time Time Time Time

Boiler UMB Uneveilebie, Unav_lable,
Dote On, hz On, hz hz Iv Comments

08/07/90 0 0

08/08/90 0 0

08/00/90 0 0

08/10/90 0 0

00/11/90 0 0

08112/90 0 0

08/13/90 24 0

08/14/90 19 4

08/15/90 10 6

08/18/90 0 0

08117/90 14 5

08118/90 0 0

08/10/90 0 0

08/20/90 1S 13.6 Unit coming on

08/21/90 24 6.§ Ran out of sorbent

08122/90 24 0 We_tingfoq dolomitic lime delivery

08/23/90 0 0

I 08/24/90 14 6
08125/90 24 0

08128/90 24 0

08/27/90 24 0 Syltem 140 m down, no tinting,
UMB aveilld_e

08128/90 24 0 System 140" down, no testing,
LIMB eveild)le

08128/90 24 2

08/20/90 24 3

08131/90 24 4.6

09/01/90 14 0

08/02/90 0 0

09/03/90 0 0

08/04/90 13 3 Ran out of sorbent

09/06/80 24 0

09/08/90 24 0

09/07/90 24 3

08/08/9O 0 o

09/08/9O 0 0
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UMB Humid. /

Time "rknl Time Time
8o_kw UMB Unavaileb¢e, Uneveileb¢e,

Dm On, iv On, iv hr Iv Comments
| m ,

00110,'90 10 0 UrVt coming on

08111/90 24 1.6

08112/90 24 0.5

09113/90 24 2.6

08/14/90 24 4

09/16/110 22 0

00110/90 12 0

00/17n;o 24 4

09/18/90 24 3.6

0011s/ilo 24 4.6

09120/I)0 24 4

08121/90 24 2.5

08122/90 24 0

08123/90 8 0

0812440 24 0

09/2640 24 1

08/26/90 24 2.6
ME

0012740 24 3 I

0912840 21 0

0012040 0 0

0013O40 0 0

10/0140 18 0

10/0 240 24 0

10/03/90 24 3.5 Lime feed stollm

10/0440 24 13.5 Lime feed stops

10/0540 24 11.5

10/0640 24 0

10/0740 24 0

10/0040 24 14

10/0940 24 24

1011040 24 I 9.5

I O/11 40 24 20

1011240 24 18.5

10/I 340 24 24

10/14/90 0 0



D LIMB Humid.

Time Time Time Time
Boiler UMB Urmv,_labie, Unavailable,

Date On, hr On, hr hr hr Comments
ii ,

10116/110 16.6 13 Unit coming on

10118/110 23 18

10117/90 le B Unit coming on

10118/90 20.5 20.8

lOI1Bn)O 10 0

10/20/90 0 0

10121/110 22 10 Unit coming on

10/22/80 24 20.8

10/23/90 24 21

10124/90 24 21.5

10/25/80 24 22

10128/90 24 21 .G

10/27/90 24 24

10/28/110 24 24

10/29/90 24 1B

10/20/I)0 24 21.6

10/31/90 24 18.6 2 F/K pump not properlylubrlceto¢l

D 11/01/IK) 24 3.5 20.6 20.6 Humid chembef ciean up
11/02/90 24 0 24 24 Humid chamber dean up

11/03/90 24 0

11/04/90 24 0

11/05/90 24 7.5 15.5 15.5 Belu_ce lence flows

11/06/90 24 20

11/07/80 24 20

11/08/90 24 12.5 Humidifier inspection

11/OI/IlO 24 0 Humidifier inspection

11110/90 21 0

11111nlO 16 0

11112/90 24 14 Unit comingon

11/13/90 24 20.5

11/14/90 24 20.5

11I16/90 24 18.5 2 1 Centac trips

11118/90 24 18.5

11117ni0 24 16

11/18/90 24 0
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LIMB Humid. q

Time Time Tin_ Time

Boiler LIMB Unevoiladde, Unavailable,
Dme On, Iv On, ht IV hr Comrnentx,, ,,

11110/90 24 12

11120/90 24 21

11121/90 22 17.6

11122/90 0 0

11123/90 0 0

11/24/90 0 0

1112Gn)O 0 0

11/20/10 10 10.6 3.6 3.6 Centec tripe

11/27/90 24 20

11/28/90 24 21

11/29/90 24 20.5

11/30/90 22 18.6

12/01/90 16 0 15 15 Un4ble to start compremor

12/92/90 12 1 11 11 UnebJeto stlrt comprmor

12/93/90 24 19

12/04/90 24 19

12/96/90 24 19 Asheystem prob4enw

12/90/90 24 11 Asheyetem pr_ 4
12/97/90 24 17.6

12/90/90 24 12

12/90n)o 0 0

12110/IK) 10 9.6 Ur_t comin0 on

12/11/90 24 17

12/12/90 24 18.6

12/13/90 24 20.6

• 2_'l4/90 24 20

.2/16/B0 21 21

12/16/90 0 0

12117/90 19 11.6 Unit coming on

12118/90 24 16 6 Acrisonchute plugs

12119/90 24 21

12/20/90 24 21

12/21/90 24 22

12/22/90 0 0

12123/90 0 0



UMB Humid.

Time Time Time Time
Boiler UMB Unlvlilabie, Unevl/leble,

Dm On, hr On, tv Iv hr Comment=
,m

12/24/90 12 0

12/25/10 24 0

12/28/90 24 0

12/27/90 24 0

12/28/90 18 0

12/2g/90 0 0

12/30/90 4 0

12/31 n)O 24 0

01/01/81 24 6 12 Booeterwatw pumpout

01/02/91 24 2 22 Feedsilo baghoueeplugs

01/03/91 24 7 17 Feed mlobaghoueeplugs

01/04/91 24 6 g Feed silo beghouu plugs

01/05/91 24 0

01/08/91 24 0

01/07/91 24 6

01/08/81 24 3

01_08/91 24 4

01/10/91 24 6
01/I 1/91 24 6

01/12/91 24 0

01/13/91 24 0

01114/91 24 1.5

01115/91 24 7.6

0111e/91 0 0

01117/91 17 3.5

01/18/91 24 2.5

01/18/91 24 0

01/20/91 24 0

01/21/91 24 3

01/22/91 24 2

01/23/91 24 0

01/24/91 24 3

01/26/91 24 2.5

01/26/91 24 0

01/27/91 24 0
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LIMB Humid. 4

Time Time Time Time
6Biter UM6 Unovaileb4e, Ur_ve, able,

Date On, hi' Bn, Iv iv Iv Commente
i. 'l i i

01/28/91 24 3

01/29/91 24 4.6

01/30/91 24 6

01/31/91 24 6.6

02/01/91 24 13.6 Runningout lint of the Ikno_one

02./O2/91 14 0

02/93/91 0 0

02/O4/91 18 7.6 Ash eilobe0houx problems

02/O6/91 24 11 Ash eilobe0houee probleme

02/00/91 24 21

02/07/91 22 19

02/08/91 0 0

02/09/91 0 0

02/10/91 0 0

02/11/91 21 16

02/12/91 24 21.6

02/13/91 24 20

02/14/91 24 21 /

02/16/91 14 g

02/16/91 24 18 4 FeederzwotJd not refill

02/17/91 24 24

02/10/91 24 21.6

02/19/91 24 21.6

02/20/91 24 21.6

02/21/91 24 21.6

02/22/91 24 24

02123/91 24 0 Ran out of embent

02/24/91 24 0

02/26/91 24 11

02/26/91 24 9

02/27/91 24 3

02/28/91 24 13

03/01/91 le 9

03/02/91 I 0 0

03/03/91 0 0



D LIMB Humid.

Time Time Time Time
Boiler UMB Unavailable, Unavailable,

Date Bn, IV On, Iv Iv Iv Comments

03/04/91 8 1.5 Unit cycling

03/06/91 24 12

03/08/91 24 B.5

03/07/91 24 7

03/08/91 24 4.6

03/09/91 24 0

03/10/91 24 0

03/11/91 24 6

03112/91 24 9

03113/91 24 B

03/14/91 24 0 lO Humid chamber clean up

03/16/91 24 0 15 Humid chamber clesn up

03116/91 17 0

03/17/91 0 0

03/18/91 0 0

03/19/91 0 0

0312O/91 0 0

D 03121/91 0 0
03/22/91 20 3

03/23/91 22 0

03124/91 0 0

03/25/91 0 0

03/28/91 0 0

03/27/91 0 0

03/28/91 14 0 6 B Cemoc breakerproblem

03/29/91 0 0

03/30/91 0 0

03/31/91 0 0

04/01/91 20 4

04/02/91 24 7

04/03/91 24 8

04/04/91 24 B

04/05/9 1 19 12.5

04/08/91 0 0

04/07/91 0 0
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UM8 Humid. 4

Time Time Time Time

Boiler UMB Uneve_leble, Unave_leble,
Dote On, hr On, Iv hr Iv Commen_

i ii

04/00/01 0 0

O4/O0/O1 0 0

04110/0 1 0 0

04111/01 24 14

04112/01 16 13.6

04113/0 1 0 0

04/14/0 1 0 0

04116/01 17 13

04/10/0 1 24 18

04117/01 24 20

04/18/0 1 24 20

04110/91 0 0

04120/01 0 0

04/21/91 0 0

04122/91 20 13

04/23/01 24 20.6

04124/0 1 16 13

04126/01 0 0 i
'qB

04/20/91 0 0

04/27/91 0 0

O4/20/91 0 0

04/20/91 0 0

04130/01 0 0

06/01/01 0 0

05/02/01 0 0

05/03/01 0 0

06/04/01 0 0

06/06/01 12 0

05/00/01 24 20.5

05/07/01 24 21

06/08/01 21,5 17

06/00/01 0 0

05110/01 0 0

05/11/01 0 0

0E/I 2/01 0 0



D LIMB Humid.

Time Time Time Time

Boiler LIMB Unavailable, Unaveileble,
Dite On, IV On, hr IV Iv Commenm

i | i i

OEI13/91 0 0

0BI14/91 17.6 13

06118/91 24 10.6

06110/91 23.8 10

05117/91 8 0

OBI18/91 0 0

0G/19/91 0 0

05/20/91 0 0

06121/91 0 0

05122/91 1e 0

05123/91 24 4

05/24/91 23 4

05/25/91 0 0

05128/91 0 0

05/27/91 0 0

05/28/91 21 0

05/29/91 24 3

D 05/30/91 24 3.5
05131/91 24 6

00/01/91 21 0

08/02/91 0 0

06/03/91 0 0

08/04/91 0 0

08/05/91 0 0

08/00/91 0 0

0e/07/91 0 0

08/08/91 0 0

08/09/91 0 0

0e/10/91 20 0

Oell 1/91 24 0 24 24 Centec Wobiemo

08112/91 24 0 18 18 Centac prot:_ms

08/13/91 24 7

08114/91 24 3

06/15/91 21 0

08/I 8/91 0 0
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UMB Humid. 4

Time Time Time Time
Boiler LIMB Unavailable, UrmvJlable,

D_ On, hr On, Iv hr Iv Commentl

00117/91 20 4

00/18/91 24 8

00110/91 14 0

00/20/91 0 0

00/21/91 O 0

08122/91 24 0

00/23/91 24 0

00124/91 24 10.6

08126/91 24 13.6

06128/91 24 6 Centec trip,
could restart but inspectiontomorrow

00127/91 24 0 Centac inepected

00/28/91 24 11

00/20/91 24 0

00130/91 24 0

07/01/91 24 13.6

07/02/91 24 0

07/03/91 24 0 j_

/07/04/91 24 0

07/06/91 24 8

07/08/91 26 24

07/07/91 24 24

07/08/91 24 21

07/08/91 24 16.6

07/10/91 24 18

07/11/91 24 20

07/12/91 23 19

07/13/91 11 11

07114/91 0 0

07/16/91 16 9.6 1.6 Unit coming on, un,dug lime lirm

07/18/91 24 20

07117/91 24 18

07118/91 24 18.6

07/19/91 24 12.6

07/20/91 24 0

07121/91 O 0
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D LIMB Humid.

Time Time Time Time

Boiler UME Unavailable, Unave_lel:4e,
Date On, IV On, iv Iv Iv Comments

07122/91 24 4.5 I 0 CentBcproblems

07123/91 24 4 24 Cents¢ problems

07124/91 24 3.5 I O Centac _ob_ems

07/26/91 24 6.6

07/28/91 12 0

07/27/91 18 0

07/28/91 24 0

07/28/91 8 0

07/30/91 0 0

07/31/91 0 0

.,)8/01/91 18 6

08/02/91 24 6.5

.," 08/03/91 0 0

08/04/91 0 0

08/05/91 0 0

08/06/91 21 5.5

08/07/91 24 12.5

08/08/91 24 5
08/09/9: 24 5.5

08110/91 22 0

08111/81 0 0

08/12/91 0 0

08113/91 0 0

08/14/91 0 0

08/16/91 0 0

08/18/91 0 0

08117/91 0 0

08/18/91 0 0

08119/91 0 0

08120/91 0 0

08121/91 0 0

08"22/91 0 0

08/23/91 0 0

08124/91 0 0

08/25/91 0 0
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UMB Humid. 4

Time Time Time Time

Bolkx LIMB Urmvallaloks. Urmv allabie,

Dote On, hr On, Iv ht ht Comrnen_
i . . ,..i r

08/20/91 18.6 1.6

08/27/91 24 9

08/28/91 24 21

08/29/91 24 21

00130/91 24 21.6

11.7lM 7.709 3,521 344 266.5 Total time, hr

- - 4.6 3.4 Total time unavailable, % of boiler time on

- - 96.6 96.6 Total time ovalleb_, % of boikw time on

66,4 46.7 - - Total time on, % of total elopeed time
iii i i
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APPENDIX F: CONSUMABLES USAGE, WASTE DISPOSAL RATES,AND MOTOR LISTS

TABLE F-1. CONSUMABLES USAGE AND DISPOSALRATES
ii i i i

100 MWe 160 MWe

Coal Sulfur, wt % UMB Cooleide LSFO UMB Cools_le LSFO

Reeoent Coneumption,ton/yr

1.6 17,082 12,384 12,709 26,923 18,682 19,068

2.5 23,413 23,987 20,890 42,820 36,549 31,291

3.6 39,868 37,324 29,014 69,787 68,000 43,619

Soda Ash Usage,t.on/yr

1.5 - 1,651 2,477

2.5 3,160 4,740

3.5 4,982 7,473

Waste Solids,ton/yr [dry)

1.6 18,270 17,614 30,748 27,404 26,422 40,080

2.6 30,417 32,946 61,246 46,626 49,134 76,703
3.5 42,702 60,669 71,832 64,063 76,862 107,310

Averq_e Power ConsumptionI kW_lv

1.6 630 1,197 2,333 642 1,726 3,266

2.6 540 1,167 2,690 672 1,689 3,466

3.6 071 1,140 2,764 722 1,689 3,877

Water Consumption,n_lvr x 10"=.

1.6 7,420 29,942 36,872 11,130 44,742 66,004

2.6 9,607 30,994 39,630 14,411 40,665 69,446

3.6 11,820 32,101 42,706 17,730 47,981 63,887

Steam Usage#Ib_yrx 10"=

1.5 26,655 31,299

2.5 26,566 31,299

3.5 25,655 31,299

continued
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TABLE F-1. (continual)

IHI J I II I I _ ' '""" -- /

NI2SOMWa 600 M',/Ve

Coal Sulfur, wt % UMB Cooh_ LSFO LIMB Cool_kD LSFO

Reager_ Connumption,t_l/yr

1.6 42,706 30,947 31,767 86,410 61,894 63,631

2.6 71,033 69,246 62,164 142,066 118,492 104,300

3.6 98,646 03,206 72,533 108,290 180,021 146,072

Sode A_ U_;le, ton/yr

1.6 4,128 0,260

2.6 - 7,900 16,801

3.6 - 12,460 - 24,811

WeStOSolidi 4 to_t,r _dry_

1.6 46,673 44,321 78,641 91,346 88,359 153,072

2.6 78,043 lP2,079 127,616 162,007 164,168 264,686

3.6 100,760 _28,138 176,566 213,611 262,667 368,872

Average Power C_umptlonj kW/ht

1.5 681 2,743 6,130 1,437 6,183 9,663

2.6 742 2,739 6,669 1,466 6,116 10,226

3.5 771 2,667 6,181 1,681 6,041 11,106 J/

/Wrier Consumption,ad_yr x 10.3

1.6 18,661 74,890 81,660 37,101 148,716 183,118

2.6 24,016 77,049 99,070 48,037 164,967 198,161

3.5 28,660 80,076 108,692 69,099 180,499 213,183

Steam Usl_e. Ibhir x 10'=

1.6 40,407 69,393

2.5 40.407 69.393

3.5 40,407 69,393
, , , lm,i , i , ,,, , i l
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TABLEF-2. LIMB MOTOR LIST (150 MWe, 2.5 wt % S Co"u)

' , Total Instilled Normal Normal Tot,J

Lm Quantity Horlmpowor Quantity Opermting Opermtlng
No. Servlm Imtalled (emch) Opereting Time, Iv Power, kW"

1 Lime Silo Baghou_ 1 6.0 1 3 0.4

2 r-tt_dizlngAJrBlower 2 10.0 1 24 8.7

3 FtuidizingAir Dryer 1 3.0 1 24 2.0

4 Ume FeedRotary Valve 2 2.0 1 24 1.3

6 Fuller-Kiny_nPump 2 16.0 1 24 10.1

8 Trm_)ort Blower 2 100.0 1 24 87.1

7 Boo_¢: ._r ;en 1 125.0 1 24 83.9

8 Atomizing Air Cornwm 2 800.0 1 24 381.1

9 Atomizing Air Comprm CoolingWater Pump 1 20.0 1 24 8.7

10 Atomlztng Water Pump 2 16.0 1 24 9.7

11 Mechanical Exheuater 2 125.0 1 8 28.0

12 A_, Silo Bag Filter 1 5.0 1 8 1.1

13 Ash Silo Rotary Valve 1 1.6 1 4 0.1

14 Reverllt_e F.xheu_ Fen 4 2.0 4 4 0.9

15 Sootblowor 4 1.5 4 2 0.3

18 UMB AremSump Pump 2 20.0 1 2 1.0

17 UMB AreaSump Mixer 1 1.5 1 2 0.1

18 Aah Syatern Pug Mill 1 76.0 1 4 7.8

D Total 811.0
Tatal, with en edditional10 percent

for rniecellen_:u_ endm4_ort erlUiWmmt 672.1
'l | i '|'

No_mdized to • daily beta m: (Normal Quantity Operating)(Normal OperatingTime, hr)(Operating Power, kW)/24 hr.
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TABLE F-3. COOLSIDEMOTOR LIST 1160 MWe, 2.6 wt % S CoaJ)

ITotal Imtalled Nermel Nermal Total
Lira Oumntity Honmpower Quantity O_r_ng Olxw_

No. Service Irmtalled (esch) Operating Tin'm,ht Poww, kW'

I Lime Silo Be0hou_ I 6.0 I 2 0.3

2 FkddlzingAir Bloww 2 10.0 1 24 8.7

3 _ing Air Dryer 1 3.0 1 24 2.0

4 LkmeFred Rotary Vdve 2 2.0 1 24 1.3

6 Ful_-Klnyon Pump 2 16.0 1 24 10.1

6 TrermportBlower 2 100.0 I 24 67.1

7 Rotery LumpGdndw 1 10.0 1 4 1.1

8 Atomizing AkrCernw_ 2 1,760.0 1 24 1,304.2

6 Atomizing Water Pump 2 126.0 I 24 46.0

10 _ Exhatater 2 126.0 1 6 17.6

11 /tah S_loBag Rlter 1 6.0 1 6 0.7

12 Aah Silo Rotary Valve 1 1.6 1 4 0.1

13 Caustic Materir_ Pumpend Caustic Feed Pump 2 60.0 1 4 6.8

14 UMB Ares Surnp Pump 2 20.0 1 2 1.0

16 UMB Area Sump Mixer 1 1.6 1 2 0.1

18 AIh Syat_ PugMill 1 75.0 1 4 7.6

17 /mh RecycteBlower 1 60.0 1 24 40.3

18 Aah RecycleRotery Velve 1 2.., 1 24 1.3

18 _ Recycle Solids Pump 1 16.0 1 24 10.1 /

20 INet Dernper Drive 2 3.6 1 0 0.0

21 Outlet Dm_oer Drive 1 3.6 1 0 0.0

22 leoimkm Omn_tr Drive 2 3.6 1 0 0.0

23 C(mN3flmeorC_ding Wmer Pump 1 20.0 1 24 13.8

Tot_ 1,536.8

Total, with en addition_d10 percent
for rn_ecetteneoumend Bupl_rt _luipment 1680.4

T TII i i , , lit ,,, , ,,, ' , '', '"'"

Norrnald_l to mdally bmm lm: {No_nal Quantity Operatin0)(Normal OperatingTime, hr)lOperating Power, kVV}I24 hr.



TAELE F-4. LSFO MOTOR LIST (150 MWe, 2.6 wt % S Co81)

Total Irmt_led Norm_ Normal Tot_Line Quantity Horsepower Quantity Operating Operating
No. Service Inatallod (each) Operating Time, iv Power, kW"

1 LimsetoneReceiving Bin Vibrator 1 2.0 1 3 0.1

2 B_lk Store0e Trerifor Conveyor 1 15.0 1 3 0.8

3 Bulk Storege Trarmfer BinVibrator 1 2.0 1 12 0.6

4 Day Silo Transfer Conveyor 1 7.6 1 12 1.6

8 Day Silo Bin Vibrator 2 2.0 1 3 0.2

8 Ball Mill 2 260.0 1 24 166.8

7 Ball Mill Feeder 2 1.0 1 24 0.6

8 Mill ProductTank Mixer 2 2.0 2 24 2.2

9 Mill Product Pump 4 25.0 1 24 14.9

10 Lub_cation Oil I_m_l 2 1.0 1 24 0.6

11 Llmsetone SlurryStorage Tank Mixer 1 7.6 1 24 4.6

12 FeedSlurry Pumpe 2 7.5 1 24 3.7

13 IJmsetonePreperationArea Sump Pumps 2 20.0 1 2 1.0

14 LimestonePrelperationAree Sump Mixer 1 1.6 1 24 0.8

16 lD Fern 1 3,600.0 1 24 1,916.4

16 InlkltDlmrlpw 1 11.7 1 0 0.0

17 INat Oemper Sea1Air Fan 2 20.0 1 24 11.2

18 BypassDamper 1 11.7 1 0 0.0

D 19 BypeseDamper Seal Air Fan 2 20.0 1 24 11.220 OutletDamper 1 11.7 1 0 0.0

21 Outlet DamperSeel Air Fan 2 10.0 1 24 6.6

22 _ Tank Mixers 3 40.0 3 24 78.3

23 Mlat Elimlnater Wmh Pumpe 2 26.0 1 24 16.9

24 AbsorberRecirculation Pump #1 1 300.0 1 24 199.8

26 A_erbix Recirculation Pump #2 1 360.0 1 24 221.6

26 AbeoeberRecirculationPump #3 1 360.0 1 24 221.6

27 Absorber Recirculation Pump #4 1 350.0 1 24 239._;

28 _ Recirculation Pump #6 1 350.0 0 24 0.0

29 W_to Slurry Blowdown Pumpe 2 20.0 1 24 11.'_

30 Oxidation Air Comwtmeor 2 350.0 1 24 2_3.7

31 Abeorber AIse Sump Pumps 2 30.0 1 2 1._

32 Abeorb_ Sump Mixer 1 10.0 1 24 6.0

33 Weite Slurry Tank Mixer 1 16.0 1 24 7._

34 Vacuum Filter FiredPump 2 7.6 1 _ 3.7

contir_ed
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TABLE F-4. (continued)
i i i ii

qTotal Inet-'led Normel Normal Totd

I.kne Quantity HorNpower Quantity Oporeting OporMing
No. Smvioe Inltldled leech) Opereting Time, Iv Power, kW"

36 Fiocculent FoodPump 2 1.0 1 24 0.8

3e Clerifier Underflow Pump 2 3.0 1 24 1.1

37 ReeI_KI Water Purnlxm 2 20.0 1 24 12.6

38 VmcuumFiltor Drum Orive 2 1.6 1 24 0.8

38 Vecuum r-HterVacuum Pump 2 20.0 1 24 11.2

40 Voouum Filter Filtrate Puml) 2 7.6 1 24 3.7

41 Vecuum filter A01tMer 2 1.6 1 24 0.6

42 Vacuum FilterCoke Blower 2 3.0 1 24 1.6

43 Code'ring Conveyor 1 6.0 1 24 2.4

44 ForwardingConveyor 1 6.0 1 24 2.4

46 Radial Stm 1 7.6 1 24 3.4

46 Oewmering Area Sump Mixer 1 1.6 1 24 O.O

47 Dewate_ng ,_rea Sump Pumm 2 20.0 1 2 1.0

48 Imtrument Air Comprm 2 86.0 1 24 60.7

49 Irwtrument Air Dryer 2 1 24 6.6

60 Elevater 1 60.0 1 2 2.6

Total 3,464.9

Total, with en edditior_d 60 kW

for misceiiene_x_end supporteq_pment 3,614.8 _i

ql
llll i|ll i iii

Normalized to • daily b_ am:4Normal Quontlty Op_retin0)(Normal Operating Time, hr)(Op_etin0 Power, kW)/24 hr.



APPENDIX G: LIMB COST ESTIMATE EXAMPLE FOR 150 MWe ($ x 10.3 except as noted)

1.5% S 2.5% S 3.5% S

INSTALLED INSTALLED INSTALLED

DESCRIPTION QUANTITY COST QUANTITY COST QUANTITY COST

Lime Handling Syatern

Acid Tank - lined 1 1 1

BooeterAir Ductwerk Lot Lot Lot

BooeterAir Fin 1 1 1

IniectionNozzle= 8 8 8

Lime Distribution Bottle 1 1 1

Lime Hlmdling Equipment Lot Lot Lot

Lime Silo 1 1 1

Lime Silo Ases Sump 1 1 1

Lime Silo Support Steel Lot Lot Lot

pH Meters 2 2 2

Sump Mixer 1 1 1

Sump Pumpe 2 2 2

Sump Steel end LevelTrammitters Lot Lot Lot

Prime Contrector'x Coetl

D Area Subtotal 1215.6 1812.8 1853.8
Humidification Sy=tem

Air Recelvw' 1 1 1

AirANater Dkm_utton Headers Lot Lot LOt

Atomizmion Air Coml_eor 2 2 2

Atomizers 24 24 24

Atomizing Water Pump 2 2 2

Compremo¢ Coeling Water Pump 1 I I

Duplex Water Strainer 3 3 3

Flow MockdTinting Lot Lot Lot

Humidifier EnclomJreSteel Lot Lot Lot

Humidification Endcmxe 2 2 2

LanceRepp_ System Lot Lot Lot

SWay Lancal 8 8 8

Water Tank 1 1 1

Prime Contrectoc's Coats

Area Subtotal 877.8 877.9 877.8
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1.s_,s 2.6_ s 3.s_,s d

IINSTALLED INSTALLED INSTALLED

DE_" _J__I"ION QUANTITY COST QUANTITY COST QUANTITY COST

Enc,_,_uree,Site and Trtct Work

LIMB Eqtdt_mnt EncloeureSteal Lot Lot Lot

UMB Equipment ENdcmme 1 1 1

Site Work, Pikm, and Concrete Lot LOt LOt

Prime Contractor'e Coota

Area Subtotal 2008.9 2009.1 2009.0

Bedrid Eq_xnent

CommunicationEquipment Lot Lot LOt

Becffir,_l Work Lot Lot LOt

Heat TriN:ing Lot Lot Lot

I_otion lind Contr(dl Lot L,)t LOt

Prime Con_reclor'eCoots

Area Subtotal 1044.0 1044.0 1044.0

Ash Handling

AJh HmdBingSyotem Lot Lot Lot

Rev_albte Exhau_ Fan 4 4 4

/Prime Contrect¢w'sC_ts
o

Area Subtotal 687.4 687.4 687.4

Mil.:e4tmeaul

.Bd_xled _ Lot Lot LOt

A_rted Valvm LOt Lot Lot

Eyew_ end Safety Sl'mwem B B 8

Fire Protection Sy_em Lot Lot Lot

Irwtr_ Air _ 1 1 1

Pipe Rad_, 1 1 1

SootlMowm and Contr(de 4 4 4

Talevk_kmSy_em lot Lot Lot

Prime Cm_ract_'s Coets

Area Subtotal 683.9 683.9 683.9

Imteiled Equipment C_t (IEC) 6392.6 8794.7 8836.0



D 1.6_s 2.6%s 3.6_sIN STALLED IN STALLED IN STALLED

DESCRIPTION QUANTITY COST QUANTITY COST QUANTITY COST

Engineering• 10% of Total Area Capital 630.3 079.5 683.6

General FecilltieeCapital • 6% of Total Area Capital 019.6 339.7 341.8

Project Contingency • 18% of Total Area Celdtal 1388.4 1476.8 1485.8

Proclm Contingency • 6% of Total Aree Cq)ital 367.8 390.7 393.1

Total Plant Investment (TPl) 9108.4 9681.4 9740.2

PreproductionCoots • 6% of Total Pl_"wtInvemment 465.4 484.1 487.0

Inventory Caets • 0.8% of Total Plant Investment, 337.7 603.2 688.8
PlumOne Month'e Con_mlbim

TOTAL CAPITAL REQUIREMENT (TCR) 9901.8 10868.6 10896.9

TOTAL CAPITAL REQUIREMENT, S/kW net 68.01 71.12 72.64

Fixed Operoting end Maintenance Coem

Maintenance Material 218.6 232.4 233.8

Maintenance Lebor 145.7 15#.9 165.8

OperatingLabor 0.0 0.0 0.0

Admtnietrotlon end Oved_eed 43.7 46.5 4O.O

Subtotal Fixed Operating and Malntermnce Coots 408.1 433.7 436.4

Annual Verlabie OperatingCoem for ConmJmebl_

D Water (li $0.89/10 =gel 7,7 9.9 12.2Steam • $4.09/10 s Ib 128.0 128.0 128.0

Lime _ $64/ton delivered 1839.9 2727.7 3828.4

Acid @ $102.40/ton delivered 10.2 10.2 10.2

Electric cost • $O.058/kWh 212.1 222.0 238.6

LIMB mh diet.real O $9.26/ton dry 647.2 718.4 887.6

Fly ashdklc_MI credlt 0 $9.25/ton dry -293.7 -294.4 -296.0

Coot dueto 0.23% loss in boilerefficiency 27.5 27.5 27.6
O $34.09/ton coll

Subtotal Armu_ ConmJmableeCost 2278.9 3547.3 4835.3

Total Operatin0 end Maintenance Coot 2687.0 3881.1 5271.7

Cerryino Cha_ee • 13.9 % of Total CaOital Required 1378.3 1482,9 1514.5

ANNUAL LEVEUZED COST 4083.3 5484.0 6786.2

SO:Removed, ton/yr 6226 10499 14720

ANNUAL LEVELIZEDCCST, S/ton SO: removed 653 620 481
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&
APPENDIX H: COOLSIDECOST ESTIMATE EXAMPLE FOR 150 MWe ($ x 10.3 except as noted) I1_

1.5% S 2.5% S 3.5% S ,

INSTALLED INSTALLED INSTALLED

DESCRIPTION QUANTITY COST QUANTITY COST QUANTITY COST

Lime HandlingSy=tem

Acld Tank - Uned 1 1 1

Lime Distribution Bottle 1 1 1

Lime Handling Eq_wnent Lot Lot Lot

Ume Silo 1 1 1

Lime Silo AJ'eoSump 1 1 1

Lime S_o Support _, • _ Lot Let Lot

pH Mm 2 2 2

Sump Mixer 1 1 1

Sump Pumps 2 2 2

SurnpSteel & LevelTrermnitte_ Lot Lot Lot

PrimeConU&ctor'e Coets

Area Subtotel 1194.5 1024.5 2090.5

HumldlfleAIU(m

Air Rm:si_ 1 1 1

Atomi=_m Air Compre_ 2 2 2 _'-

I_Atomizm 159 164 16e

Atomizing Wmer Pump 2 2 2

Comweeao¢CoolingWinNerPump I 1 1

Dm Lot Lot Lot

Duplex Wster Streinsr 3 3 3

Expamion Joints Lot Lot Lot

Row Model TemJng Lot Lot Lot

HumidifierEn(doeureSteel Lot Lot Lot

Humidifierend Duct Steel Lot Lot Lot

Humidification Enclosure 2 2 2

Humidifier end Ductw(xt_ Lot Lot Lot

Inmulationend LaggingMetefiel Lot Lot Lot

Soda _ Sym_m Lot Lot Lot

SWey Lan¢_ 21 21 21

StpceyLanee_ 21 21 21

Water Tenk 1 1 1

Prime Contrectm'e Ccmts

Area Subtetel 5311.4 5398.2 5473.9
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1.5% S . 2.5% S 3.5% S ......
INSTALLED INSTALLED INSTALLED

DESCRIPTION QUANTITY COS..._T QUANTITY COST QUANTITY COST

Endoeuree end Site Work

Cootek_ EquipmentEndoeuro Steel Lot Lot Lot

Coolalde EquipmentEncloeure 1 1 1

Site Work, Pill, end Concrete Lot Lot Lot

PrimeConUeotor'e Coem

Area Subtotal 2171.5 2172.8 2173.8

ElectricalEquiWnem

Communication Equipment Lot Lot Lot

Electdcal Work Lot Lot Lot

Heat Tracing Lot Lot Lot

Ir_mJmentotJon and Controte Lot Lot Lot

Prime ConUactot'e Coots

AmaSubtotal 1234.6 1236.3 1236.9

/_h H,nd_k_0

Diltribution Bottle 1 1 0

Ash H#mdllngSyotem Lot Lot Lot

Ash Recycle Syotem Lot Lot 0Rotlry LumpGrlrRlem 1 1 1

Prime Contractor's Coots

Area Subtotd 863.3 888.2 879.0

MitceilmeoLm

AIorted Piping Lot Lot Lot

EyewNh _d Scf_y Showem 8 8 8

Fire Protection System Lot Lot Lot

Inltrument ldr Syotem 1 1 1

Pil_ Rack 1 1 1

.ameortedValv_ Lot Lot Lot

Prime Contr_tor'e Coets

Area Subtotal 424.4 424.8 424.8

Installed Equipment Cost (IEC) 11417.3 11885.7 12203.2
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1.5_, S 2.5% S 3.5% S _fb

IINSTAl.LED INSTALLED INSTALLED

DESCRIPTION QUANTITY COS._.._T QUANTITY COST QUANTITY COS....._T

EngineeringO 10% of ToteSArea CWteS 1141 .? 1188.6 1220.3

GencreSFecilitieeCq_tes • 5% of TotesArea Capital 570.9 593.3 810.2

I_r_,_M_-tC(mtJnoencyqP18% of Total Area Capltes 2481.5 2579.0 2852.4

Proom_eContJnoancy(li 6% of TotesArea Capites 858.5 682.3 701.7

TotesPler_ Investment (TPI) 16267.9 16908.8 17387.7

PrepreductionCosts (ii 5% of ToteSPlant Invea_ment 813.4 845.3 889.4

Inventory Coots • 0.5% of Total Plant Investment, 393.2 806.9 883.0
PhJ One Month'e Co_mJmebiea

TOTAL CAPITAL REQUIREMENT(TCR) 17474.6 18358.1 19120.2

TOTAL CAPITAL REQUIREMENT, S/kW net 118.50 122.39 127.47

Rxed Opera_0 end Maintenance Costs

Mes_anince Material 380.4 405.8 417.3

Maintenance Labor 260.3 270.5 278.2

OperatingLabor 202.8 202.8 202.8

AdmlnieUationend Overhead 138.9 142.0 144.3

Subtotal Fixed Operating and Maintenance Coe_ 982.4 1021.1 1042.8

Annud Vmieble Ol_r_ng Cootx for Coneum_

Wmer • $0.89/10 =ges 30.9 32.2 33.1 ,dr

qlLime • $64/ton deliverod 1188.0 2275.8 3684.0

Acid _ $102.40/ton delivered 10.2 10.2 10.2

Electricity com • $O.68/kWh 570.0 667.9 651.4

Cooleideeah diq_e41 _ $9.26/ton dry 621.4 732.1 979.6

Fly mh diqsoeescredit • $9.25/ton dry -277.0 -277.6 -278.0

NS:CO=c4et O $157/ton delivered 388.9 744.2 1173.3

SubtotesAnnual Cormumld)leeCoot 2432.4 4074.8 0053.0

Tot_ Operating and M,_ntenance Cost 3424.9 5096.9 7096.2

Carrying Charges O 13.9% of Totes CapiteSRequired 2429.0 2551.9 2667.7

ANNUAL LEVELIZEDCOST 6863.8 7647.8 9753.9

SO: Removed, ton/yr 7346 12256 17125

ANNUAL LEVELIZEDCOST, S/ton SO: removed 797 824 570
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APPENDIX I: LSFO COST ESTIMATE EXAMPLE FOR 150 MWe ($ x 10.3except as noted)

1.6'_ S 2.5_ S ,, 3.E_ S

INSTALLED INSTALLED INSTALLED

DESCRIPTION QUANTITY COST QUANTITY COST QUANTITY COST

_ene Storage md Prq_rotien Syotem

Lk'neotaneReoeivlngBin 1 1 1

Bulk Storage TrmBfm.Conveyor 1 1 1

Bulk Stm.e0e Area EndemJm 1 1 1

Pilingsfm. F.nctomxeWelle Let Lot Lot

Bulk stm.age Tramfm. Bin 1 1 1

D_f slle Trenlfer Conveyor 1 1 1

Line.one Day _ 1 1 1

Pi.nile fm. Day silo L_ Lot Lot

V'd_rmin0Bin Bottom 2 2 2

Cmlcmto RM_ W_ Lot Lot Lot

Bell Mltl System Lot Lot Lot

Weklh _t r-eed_

Bdl Mm reed Chutes

Bd M_ _ Chwoe

Mill I_¢NluctTanks

Mill ProductTank Mixers

MI. Product_rive=CVclenoClemifkm=

LulxlcstWt OHSylmm_

Gear Lul_c_¢m Systeme

I..ltmmt¢_ Slurrystm.oge Trek I 1 1

t.knemone SlurryStorage Mixer I 1 I

Feed slurry PumN 2 2 2

Drainage Sum(: With Enciooure With End_uro With Enclommo

Sump Mixer I I I

Suml=Pumm 2 2 2

Piping Lot Lot Lot

Velvel Lot Lot Lot

Inotrun_ntoIion With Electricele With Electricelm With Electrical=

Foundotim.tefm SlurryTank Lot Lot Lot

PrimeConmctm.'e Com

Are= Subt_tol 4130.4 4246.7 4382.0
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1.6% S 2.6% S 3.6% S j

qINSTALLED INSTALLED INSTALLED

DESCRIPTION ,.0UANTITY COST QUANTITY COST QUANTITY COST

Fanoand Ductwork

lD Fano 1 1 1

lD Fen Out_ Duct: 1/4" A36 Lot Lot Lot

6ypam Duct: 1/4" A36 Lot Lot Lot

Abeorbw EnUan_ NQctle:C-276 1 1 1

Al)omb_ Outlet Duct: 3/10" 317LMN 1 1 1

GuillotineDoml_ra - inlet 1 1 1

GuillotineDm - Bypem 1 I 1

C _liotlneDm - Outlet 1 1 1

tmulotlon endLogging L_. Let Let

Supqportend Platform Steel Lot Lot Lot

Steet F(xJndotimt Lot Lot Lot

Exp4rmionJoints Lot Let LOt

Fen Foundetlono Lot Lot Lot

Prin_ Cm_t_ractm'eCootl

A_eeSubtotot 4449.6 4450.3 4461.6

Ab_tw S_om

Admmb_ Module 1 1 1 _-

tAboods_ ReacUonTenk 1 1 1

Foundoti_nefor Towers Lot Lot LOt

PilinOe Lot Lot LOt

Int_:

SWoy Heedwmlr.RP) Lot Let Lot

Mitt Ellmlnat_ W_ Headers Lot Lot LOt

Sf)uge _ Lot Lot LOt

SWay Nozxkm Lot Lot

Di_rilx_on Tr4p_ LOt Lot LOt

SUPl_rte(CS Rubiw Coated) LOt Lot Lot

Miet EHmin_m'o LOt LOt LOt

Mixers 3 3 3

Absorber flectrc:dotir_ PumN 6 5 6

for _;id_ber I_hlcirculltionPumpe LOt Lot Lot

Mist Eliminator Wmh Timk./Linln0e 1 1 1

Miet EliminatorW4mhTankrFoundztior,m 1 1 1

Mim ElimlnatorWNH Puml_ 2 2 2

Miet _or Wmh Strainer I 1 1



l os_s 2.s_,s 3.5_ s
INSTALLED INSTALLED INSTALLED

DESCRIPTION clUANTIT¢ COST QUANTIFY COST QUANTITY COST

Nxwber System (centlnusd)

Waste SlurryBlowdown Pumls 2 2 2

Oxidotion Air Compremom 2 2 2

Overflew Pipe (FRP) 1 1 1

Abee'ber Area Sump With Endolure With Endoeure With Endmure

Su_ Puree= 2 2 2

Sum9 Mixer I 1 I

Piping Lot Lot Lot

Vdvoo Lot Lot Lot

Imtrun_mtatlon With Bectricol_ With E)ectricals With Electricde

Row Model Tinting Lot Lot Lot

Pump FoundeUone Lot Lot Lot

Prime Contrector'o Coots

_ Subto_-, 6lO0.e e18e.1 0808.4

_)4,vvm,_osystem

Hydrodene Cluetem 2 2 2

Wine SkurryTm_k 1 1 1

Wmto SturryTank FoundMien Lot Lot Lot
W_ SlurryTenk Mixer 1 1 1

Vacuum _ Fead Pump 2 2 2

C|irifier 1 1 1

Rocculmt Feed Syetem 1 1 1

C|mfhmrUnderflow Pump 2 2 2

_bm WMer _orage Tank 1 I 1

Rec_oimWater Storage Tenk Foundation Lot Lot Lot

Redaim Water Pumps 2 2 2

Vecuum Filter with Vecuum Pumpe, 2 2 2
I_:_, and Air Se_rMor

Co_¢tinO Conveyor 1 1 1

Forwarding Cmwey_ I I I

Rediel Stl_ul, 1 1 1

Oyplum Stack Out - _ Lot Lot Lot

Sump Pumm 2 2 2

Sump Mixer I I I

Piping Lot Lot Lot

Valves Lot Lot Lot

Imttumentltion With Electricels With Electricale With Electricohl

277



_._ s 2.5_s 3.s_s Jt
tINSTALLED INSTALLED INSTALLED

DESCRIPTION GUANTITY COST QUANTITY COST QUANTITY CO...._

Dcw_ering Sy_twn (_)

Pump and Miece_rte¢_ Foundationm Lot Lot Lot

Prime Contrector'e Costa

Am Subtotal 2302.8 2419.7 2662.1

Dewatering Aree Endcsure

F./_oaurlll Lot Lot Lot

PtXnge Lot Lot Lot

Prime ConUectcr's Coots

Area Subtotal 728.2 728,4 728.8

Un_Btone _zeaEm:losure

_orw Area Ertdosure 1 1 1

Cor_ate Slab end Trer,ch_ With Enclosure With Enclooure With Enclosure

Lot Lot Lot

Heatkl and Vtc_ilation lot Lot Let

_tg With Enclosure With Encloeure With Endoeuro

Holme a_l Troleyl 2 2 2 8

IRG41-UlpDoor 1 1 1

Drainage SsJmp With End(mute With _o With Endcmuro

FmJndetlcm end Concrete Work With Enclosure With Endosure With _e

Prime ConUect_'s Costs

Area Subtotal 1544. I 1844.3 1644.8

Abeod_ Area Endosuro

Abember Enclosure Lot Lot Lot

Pilinge Lot Lot Lot

Concrete Slab and Trenchm With EnclomJre With Enclosure With Enclosure

Support end Platfmm Steel With Enclosure With Enclosure With Enclosure

HVAC C(mtr(d Rob,n/FGD Area Lot Lot Lot

Lighting With Endoeure With EnclomJre With Endosure

OrJmlOe Sump With Enclosure With Enclosure With Enclosure

H(_ts lind Trolieye With Encloeure With Encloeuro With EnckmJre

ContrcdRoom With Enclosure With Enclosure With Enclosure

Electrical Equipment Room With Enclosure With Enclosure With Enda_ure

Rostfoom Fl_tlil_m With Enclosure With Enclosure With Enclosure
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INSTALLED INSTALLED INSTALLED

DESCRIPTION QUANTITY COST QUANTITY COS_...__T QUANTITY COST

Abom'blr _ Endoouro (coq_Jnuod)

t_ll-UlPDoom With Enclosure With Endoeure With Endoeure

EievNor 1 1 1

Prime CenUeator'e Com

Area Subtotal 3286.9 3287.4 3288.4

Becmcd Equipment

Controio, OporetinoIntorfaco/Conoolo, Lot Lot Lot
and R_l_d Eq,_pment

Prime Contractor's Cmfll

Area Subtot,,A 6033.4 6034.2 6036.7

Mm:eManeauo

Rpe Reck, 160ft 2 2 2

lmtrumont AkrSyetem 2 2 2

Seal Weter Sy_mwn Lot Lot Lot

Serves Warn Sy_em Lot Lot Lot

SorvtceAir Sylltlm Lot Lot Lot
Fire Protoct_ Syotqml Lot Lot Lot

Eyoweohh.-_fetyShowen_ 14 14 14

Wet Stack 1 1 1

Stack Foundetio4_ 1 1 1

Prime ConUactode Coots

Subtotal 3723.8 3724.4 3725.6

tnotdled EquipmentCoot PEC) 31663.8 31072.2 32786.0
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1.6% S 2.6% S 3.6% S _1_

IINSTALLED INSTALLED INSTALLED

DESCRIPTIO_N QUANTITY COST QUANTITY COS._._T QUANTITY COST

En0tneerin010t10% of Total AuremCapital 3166.4 3197.2 3278.8

General F_d_L_mCapital • 6% of Total Area Capital 1682.7 1698.8 1639.3

Project Contingency• 16% of Total Area Capital 6596.8 6663.1 6797.0

Proc_ Contingency• 2.6% of Total Am Capital 910.0 919.2 842.0

Total Plent Investment fTPI) 42908.7 43340.4 44443.6

Intme6t duringC_mtruction (IDC) • 3.06% of To_d 1308.7 1321.9 1366.6
Plant Inveetment, 2 yr Connructi¢,_ Period

Prewoductton Comtm• 6% of Total PimntInvmtmeot 2146.4 2167.0 2222.2

Inventory Com O 0.6% of Total Plant Investment, 435.4 487.1 671.2
IqusOne Marlth'l Cormumeblm

Land 44.6 44.6 44.6

TOTAL CAPITAL REQUIREMENT('rCR) 46842.8 47370.9 48636.8

TOTAL CAPITAL REQUIREMENT, S/kW net 312.28 316.81 324.26

Rxad Op_otin0 and Maintenance Com

Malntm Motedal 1028.8 1040.2 1060.6

Malntm Lmbo¢ 686.6 893.4 711.1

OpecmingLabor • 3 perShift 608.4 608.4 808.4

Adminiotreticmend Overhead 388.6 390.5 396.8

Subtotal Rxad Op_otlng m¢l Maintenance Coots 2713.2 2732.6 2782.0 4

Annual VmrialldeOperm_ll Costs fer Comumal_m

Wot_ • 10.69110= gml 37.9 41.0 44.1

LJmaotone• $17/tcn delivered 324.0 632.0 739.8

Electricity • $O.068/kWh 1078.3 1144.3 1280.4

Gypeum diepoeal cut Iii $8.43/ton dry 282.3 4)'0.1 067.8

Subtotal AnnualConmJmebleaCost 1722.6 2187.4 2722.1

Total Opmotin0 end Malmenence Cost 4435.7 4920.0 6604.0

Carrying Ctw0m O 13.0% of Total Capital Required 8611.1 0684.6 6700.6

ANNUAL LEVELIZEDCOST 10946.8 11604.6 12264.8

SO_Removad, ton/yr 8970 16018 23263

ANNUAL LEVELIZED COST, */ton SO_ removed 1098 682 627






