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I ntroduction

Nitrogen oxides(NO, ) aregaseouspollutantsthat are primarily formed through combustion
process. Whilefluegasiswithin the combustion unit, about 95% of theNO, existsintheform of
nitric oxide (NO). Thebalanceisnitrogen dioxide (NO,), whichisunstableat high temperatures.
Oncethefluegasisemittedinto the atmosphere, most of theNO, isultimately convertedto NO,,
NO, inthe atmosphere reactsin the presence of sunlight to form ozone (O,), oneof thecriteria
pollutantsfor which health-based National Ambient Air Quality Standards have been established.
Since ozone formation requires sunlight and high temperatures, ozoneformationisgreatest in
summer months.

NO, isgenerated in one of threeforms; fuel NO,, thermal NO_, and prompt NO, . Fuel
NO, isproduced by oxidation of nitrogeninthefuel source. Combustion of fuelswith highnitrogen
content such as coa and residual oils produces greater amounts of NO, than those with low
nitrogen content such asdistillate oil and natural gas. Thermal NO, isformed by thefixation of
molecular nitrogen and oxygen at temperatures greater than 3600° F (2000°C). Prompt NO_
formsfrom the oxidation of hydrocarbon radical s near the combustion flame and producesan
insignificant amount of NO,.

Selective Noncatal ytic Reduction (SNCR) and Selective Catal ytic Reduction (SCR) are
post-combustion control technol ogies based on the chemical reduction of nitrogen oxides(NO,)
into molecular nitrogen (N,) and water vapor (H,0). The primary difference between thetwo
technologiesisthat SCR utilizesacatalyst toincreasetheNO, remova efficiency, whichalowsthe
processto occur at lower temperatures. Thetechnol ogies can be used separately or in combination
withother NO, combustion control technologiessuch aslow NO, burners(LNB) and natural gas
reburn (NGR). SNCR and SCR can be designed to provide NO, reductionsyear-round or only
during summer months, when ozone concernsare greatest.

This section presents design specifications and a costing methodol ogy for SNCR and
SCR applicationsfor largeindustrial boilers(greater than 250 MM Btu/hr). Itsprimary purposeis
to provide study-level cost estimates. These estimates can be used to compare the approximate
costsof SNCR, SCR, and dternative NO, control technologies. The costing methodologiesare
based on cost estimationsfor SNCR and SCR gpplicationsto utility boilers, which were devel oped
by the Office of Research and Development (ORD), U.S. Environmenta Protection Agency (EPA),
Research Triangle Park, NC.

As a prelude to the cost methodology, the section describes the process chemistry,
performance parameters, and system componentsof SNCR and SCR. In addition, impactstothe
boiler performance and facility operationsresulting fromtheinstallation of SNCR and SCR are
presented. The section al so estimatesimportant underlying design parametersincluding the
normalized stoichiometric ratio, catalyst volume, and reagent consumption. Lastly, it presents



assumptionsand equationsfor estimating capita costs, annual operation and maintenance costs,
and annualized costs. SNCR and SCR are discussed in separate chapters, however, the chapter
on SCR buildson the concepts discussed in the SNCR chapter.

Information on key aspects of the design of SNCR and SCR systemsis considered
proprietary by vendors, including methodsfor estimating certain design parametersand costs.
Thisinformationisnot availableto devel op cost methodol ogiesfor SNCR and SCR. Inorder to
obtain estimates of the proprietary design parameters and costs, it is necessary to develop
mathematica correlaionsfrom available datausing regress on and curvefitting techniques. These
expressionsarederivedin EPA reports prepared by The Cadmus Group, Bechtel Power, Inc. and
SAICIin SNCR and SCR References| 1, 2 and 3] from documented comprehensive SNCR and
SCR performance dataand costs based on quotations provided by suppliersand facilities.
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1.1 Introduction

SNCRiscurrently being used for NO, emission control onindustrid boilers, eectric utility
seam generators, therma incinerators, and municipa solid wasteenergy recovery facilities. Itsuse
onutility boilershasgenerally been limited to unitswith output of lessthan 3,200 MM Btu, but
large-scal e applications of SNCR have been successfully tested such asCardinal Plant Unit 1, a
600 MW (5,700 MM Btu/hr) utility boiler located in Brilliant, Ohio [11]. SNCR canbeapplied as
astand-aloneNO, control or with other technol ogies such as combustion controls. The SNCR
system can be designed for seasonal or year-round operations.

SNCR canachieveNO, reduction efficienciesof upto 75 percent (%) in selected short-
term demonstrations[5]. Intypical field applications, however, it provides 30% to 50% NO,
reduction. Reductions of up to 65% have been reported for somefield applicationsof SNCRin
tandem with combustion control equipment suchaslow NO, burners(LNB) [11]. SNCR systems
appliedto large combustion units (greater than 3,000 MM Btu/hr) typically havelower NO, re-
duction efficiencies (lessthan 40%), dueto mixing limitations[11]. Figure 1.1 presentstheNO_
reduction efficiency of SNCR for various utility boiler sizes.
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Figurel.1: SNCRNO, Reduction Efficiency for VariousBoiler Sizes[8]

The hardware associated with an SNCR ingtalationisrelatively smpleand readily avail-
able. Consequently, SNCR applicationstend to havelow capital costscomparedto LNB and
SCR. Ingalation of SNCR equipment requires minimum downtime. Though smplein concept, it
ischdlenginginpracticeto design an SNCR systemthat isreliable, economica, smpleto contral,
and meetsother technica, environmental , and regulatory criteria Practical applicationof SNCRis
limited by the boiler design and operating conditions.
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The costing algorithmsin thisreport are based on retrofit applicationsof SNCRtoexisting
coa-fired, dry bottom, wall-fired and tangential, balanced draft boilers. Thereislittledifference
between the cost of SNCR retrofit of an existing boiler and SNCR installation on anew boiler
[10]. Therefore, the cost estimating procedureissuitablefor retrofit or new boiler applications of
SNCRonal typesof coa-fired electric utilitiesand largeindustrid boilers.

1.2 Process Description

SNCRisbased onthe chemical reduction of the NO, moleculeinto molecular nitrogen
(N,) and water vapor (H,O). A nitrogen based reducing agent (reagent), such asammoniaor urea,
isinjectedinto the post combustion flue gas. The reagent can react with anumber of flue gas
components. However, theNO, reduction reactionisfavored over other chemical reaction pro-
cessesfor agpecific temperaturerange andin the presence of oxygen, therefore, itisconsidered a
selectivechemica process.

The SNCR process occurswithin the combustion unit which actsasthe reaction chamber.
Figure 1.2 showsaschematic of abailer interior with SNCR. Reagent isinjected into thefluegas
through nozzles mounted on thewall of the combustion unit. Theinjection nozzlesaregeneraly
located in the post-combustion area, the upper areaof the furnace and convective passes. The
injection causesmixing of thereagent and fluegas. The heat of the boiler providesthe energy for
thereduction reaction. TheNO, moleculesare reduced and the reacted flue gasthen passes out of
theboiler. Moredetall onthe SNCR processand equipment isprovided in hefollowing sections.
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1.2.1 Reduction Chemistry

SNCRisardatively ssimple chemical process. The process beginswith anammonia-
based reagent, ammonia(NH,) or urea(CO(NH,),), being vaporized either beforeinjection by a
vaporizer or after injection by the heat of thebailer. Within the appropriate temperaturerange, the
gas-phase ureaor ammoniathen decomposesinto freeradicalsincluding NH, and NH,,. After a
seriesof reactions, theammoniaradicalscomeinto contact withtheNO, and reduceittoN, and
H,O. Theglobal representation of thesereactionsisgiven below for both ureaand anmonia. Note
that theNO  isrepresented asNO sinceitisthe predominant form of NO, withintheboiler. The
ammoniareaction equationisgiven by:

2NO + 2NH, +,0, — 2N, +3H,0 (1.1)

Thereactionfor ureaisgivenby:

2NO + CO(NH,), +,0, - 2N, +CO, +2H,0 12

The primary byproduct formed during either ammoniaor ureaSNCR s nitrousoxide (N
,0). N,Oisan ozone depletor and agreenhouse gas but is currently not regul ated. Ureabased
reduction generatessignificantly more N, O than ammonia-based systems. Up to 30% of theNO,
can betransformedinto N, O. Proprietary additivesare available for the urea-based SNCR pro-
cessto reducetheformation of N,O. [10]

1.2.2 Reagents

Both ammoniaand urea have been successfully employed asreagents. The cost of the
reagent isalarge portion of theannua costsof operating an SNCR system. Ammoniaisgenerally
lessexpens vethan urea. However, the choice of reagent isbased not only on cost but on physical
propertiesand operational considerations. The properties of ureaand ammoniain aqueous solu-
tionsareshownin Table1.1.

Ammoniacan be utilized in either aqueousor anhydrousform. Anhydrousammoniaisa
gasat normal atmospheric temperature. It must betransported and stored under pressurewhich
presents safety issues. Aqueousammoniaisgeneraly trangported and stored at aconcentration of
29.4% ammoniain water. At concentrations above 28%, storage of ammoniamay require aper-
mit, therefore some recent applications of SNCR areusing a19% solution [1]. Decreasing the
concentration, however, increasesthe required storage volume. Ammoniaisgeneraly injected as
avapor. Providing sufficient ammoniavapor to theinjectorsrequiresa vaporizer, eventhough the
29.4% solution has substantial vapor pressureat normal air temperatures. Theinjection system
equipment for vapor systemsis more complicated and expensive than equipment for agueous
systems (see Section 1.2.4 SNCR System)
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Tablel1l.1: Ureaand AmmoniaReagent Properties, [6]

Property Urea Solution Aqueous Ammonia
Chemical formula CO(NH,), NH,
Molecular Weight of reagent 60.06 17.03
Liquid or gas at normal air Liquid Liquid

femperature

Concentration of reagent
normally supplied

50% by weight

29.4% by weight

Ratio of NH, to solution

28.3% by weight of NH

3

29.4% by weight of NH,

Density of solution @ 60° F 71 Ib/ftd 56 Ib/ft3

(58 Ib/ft® for 19%)
Vapor pressure @ 80° F <1 psia 13.9 psia [8]
Crystallization temperature 64°F -110°F

Flamability limits in air

Non-flammable

Lower explosion limit = 16%
NH, by volume; Upper explosion
limit = 25% NH, by volume.

Threshold limit value (health
effects)

Not Specified

25 ppm

Odor

Slight (ammonia-like)

Pungent odor @ 5 ppm or more

Acceptable materials for
storage

Plastic, steel, or stainless
steel (no copper or copper-
based alloys or zinc/aluminum

fittings)

Steel tank, capable of handling
at least 25 psig pressure (no
copper or copper-based alloys,

etc.)

Ureaisgeneraly utilizedina50% aqueoussolution[1]. At thisconcentration, theurea
solution must be heated and circulated in cold climatesdueto itslow freezing point, 17.8EC
(64EF). Higher-concentrationsof ureasolutionsare avail ablewhich decrease the storage volume
but require extensive heating to prevent freezing. Ureaisinjected into the boiler asan agueous
solution and vaporized by the heat of theboiler. Ureacan aso betransportedin pellet formwhich
minimi zestransportation requirements. However, to produce aqueousureafor useinthe SNCR
system, theureamust then bemixed with water at thefacility. Thismixing processisgenerally cost
prohibitive except for remotesites, largefacilities, or facilitieswhere chemica mixing processes
arealready being performed [13].

Ureabased systems have several advantages over ammoniabased systems. Ureaisa
nontoxic, lessvolatileliquid that can be stored and handled more safely than ammonia. Urea
solution dropl ets can penetratefarther into theflue gaswheninjected into theboiler. Thisenhances
mixing withthefluegaswhichisdifficult onlargeboilers[1]. Because of these advantages, ureais
more commonly used than ammoniain largeboiler gpplicationsof SNCR systems.
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1.2.3 SNCR PerformanceParameters

Therateof the reduction reaction determinestheamount of NO, removed fromtheflue
gas. Theimportant design and operational factorsthat affect thereductionof NO,_by an SNCR
syseminclude:

. Reactiontemperaturerange;

. Resdencetimeavailablein the optimum temperaturerange;

. Degree of mixing between theinjected reagent and the combustion gases
. Uncontrolled NO, concentrationlevel;

. Molar ratio of injected reagent to uncontrolled NO, ; and

. Ammoniadip.

Temperature

TheNO, reduction reaction occurswithin aspecific temperature range where adequate
heat isavailableto drivethereaction. At lower temperaturesthe reaction kineticsare slow and
ammoniapassesthrough the boiler (ammoniadip). At higher temperaturesthe reagent oxidizes
and additional NO, isgenerated. Thetemperaturewindow isdependant on the reagent utilized.
Figure 1.3 showsthe NO, reduction efficiency for ureaand anmonia SNCR at various boiler
temperatures. For ammonia, the optimum temperatureisfrom 870EC to 1100EC (1,600EF to
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Figure 1.3: Effect of Temperature on NO, Reduction
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2,000EF) [1]. Itsoptimum temperaturerange can be reduced by injecting hydrogen gaswith the
ammonia. For urea, the optimum temperaturerangeis between 900EC to 1150EC (1,650EFto
2,100EF) [1]. Additivesto the ureareagent may be used to widen the effective temperature
window. These additivesaregenerally proprietary (see Section 1.2.4 Other Considerations).

Thereagentisinjected into theboiler inregionswhere the combustion gastemperatureis
within the specified range. Sincereaction temperaturesare high, theinjection takesplaceinthe
boiler itself. In genera, thereagent isinjected within the boiler superheater and reheater radiant
and convectiveregions, wherethe gppropriatetemperaturerangeistypically available[1]. Proper
placement of theinjection portsresultsin higher NO, reduction efficiency.

Flue gastemperature within the boiler depends on the boiler design and operating condi-
tions. Thesearegeneraly set to meet steam generation requirementsand are not awaysided for
the SNCR process. Flue gastemperaturesin the upper furnace through the convective pass may
vary by £150EC (300EF) from oneboiler tothe next [1]. In addition, fluctuationsin the boiler
load profileaffect thetemperaturewithintheboiler. Atlower [oad profiles, thetemperature within
theboiler islower. Variationsin the flue gas temperature make the design and operation of an
SNCR systemmoredifficult.

ResdenceTime
Residencetimeistheamount of timethe reactantsare present within the chemical reactor,

the upper areaof thefurnace and convective passes. Beforethe reactantsexit the boiler, all the
stepsinthe SNCR process must be complete, including:

. Mixing of theinjected ureawiththefluegas;

. Evaporation of water;

. Decomposition of ureato NH,;;

. Decomposition of NH, to NH, and freeradicals; and
. NO, reduction reaction chemistry.

Increasing theresidencetimeavailablefor masstransfer and chemicd reactionsgenerdly
increasesthe NO, removal. In addition, asthetemperaturewindow for thereactionislowered,
greater residencetimeisrequired to achievethe same NO, reduction level. Residencetimecan
vary from 0.001 to 10 seconds|[1]. However, thegainin performancefor residencetimesgreater
than 0.5 secondsisgenerally minimal [10]. Figure 1.4 showsthe effect of residencetime and
temperatureon NO, reduction.
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Figure 1.4: Effect of Residence Timeon NO_Reduction

The amount of residence time depends on the dimensions of the boiler gas path and the
volumetric flow rate of theflue gasalong the boiler gas path. These design parametersare opti-
mized for boiler operations, not the SNCR process. Theboiler residencetimeisset to meet steam
generation requirementswhile maintaining aflue gasvel ocity to prevent erosion of thewatertubes
intheboiler. Because of theseboiler design requirements, theresidencetimein the boiler isnot
alwaysideal for the SNCR process.

Degreeof Mixing

For thereduction reaction to take place, the reagent must be di spersed and mixed throughout
thefluegas. Thedispersion must occur rapidly dueto thevolatility of ammonia Themixing re-
quirementsaregeneraly boiler specific and dependant ontheair flow profilesthrough theboiler
[1]. Areas of stagnation or high flow must be accommodated. Dispersion and mixing of the
reagent and flue gasismoredifficult onlargeboilersdueto their szeand flow patterns.

Mixingisperformed by theinjection system. Theinjectorsatomizethereagent and control
the spray angle, velocity, and direction of theinjected reagent. These systems are boiler and
reagent specific. Numeric modeling of theflue gasand reagent flow optimizesthe design of the
injection system. (See Section 1.2.5 Other Considerations).
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Toassst indispersion of agueousurea, thereagent isatomized into dropletsby specialy
designed nozzleswhich optimizethe droplet sizeand distribution. Evaporation timeand trgjectory
areafunction of thediameter of thedroplet. Larger dropletshave more momentum and penetrate
farther into theflue gas stream. However, they requirealonger timeto volatilize, increasing the
required residencetime. [1]

Inadequate mixing resultsininsufficient NO, reduction. Mixing patternscan beimproved
by severd methods:

. Increasethe energy imparted to the droplets,

. Increasethe number of injectors,

. Increasethe number of injection zones; and

. Modify the atomizer nozzledesignto improvethe solution droplet Size, distribu-

tion, spray angle, and direction.

Uncontrolled NOA

The concentration of the reactants also affectsthe reaction rate of the NO, reduction
process. Thereaction kinetics decrease asthe concentration of reactantsdecreases. Thisisdueto
thermodynamic considerationswhich limit the reduction processat low NO, concentrations[1].
For lower NO, inlet concentrations, the optimum temperaturefor thereactionislower, hence, the
percent NO, reductionislower. Figure 1.5 showsthe NO, reduction efficiency asafunction of
temperaturefor severa uncontrolled NO, levels.
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Figure 1.5: Effect of Uncontrolled NO, Level onNO, Reduction Efficiency
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Normalized Stoichiometric Ratio

The Normalized Stoichiometric Ratio (NSR) definesthe amount of reagent needed to
achievethetargeted NO, reduction. Based onreaction equations(1.1) and (1.2), theoretically
two molesof NO, can beremoved with one mole of ureaor two molesof anmonia. In practice,
morethan the theoretical amount of reagent needsto beinjected into the boiler fluegasto obtain
aspecificlevel of NO, reduction. Thisisdueto thecomplexity of theactual chemical reactions
involving NO, and injected reagent and mixing limitations between reagent and flue gas (rate
kinetics). Typica NSR valuesare between 0.5 to 3 moles of anmoniaper moleof NO, [10].
Because capital and operating costsdepend on the quantity of reagent consumed, determining the
appropriate NSRiscritical. Thefactorsthat influencethevalue of NSRinclude:

. Percent NO, reduction;

. Uncontrolled NO,_concentrationinthefluegases;

. Temperature and residencetimeavailablefor theNO, reduction reactions,
. Extent of mixing achievableintheboiler;

. Allowableammoniadip; and

. Ratesof competing chemica reactions.

Section 4-1.1.3 Design Parameters providesfurther discussion of theseinfluencesand amethod
for estimatingthe NSR.

Figure 1.6 showsthe NO, reduction as afunction of the NSR. Note that asthe NSR
increases, the NO, reduction increases. However, asthe NSR increases, theincrement of NO_
reduction decreasesexponentialy. Ratekineticslimit the possible NO, reductionto muchlessthan
thetheoretical value. Increasing the quantity of reagent does not significantly increasetheNO,
reduction for NSR valuesover 2.0.
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Figure1.6: Effectof NSRonNO,_ Reduction
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AmmoniaSip

Typical NSR vauesrequire significantly morereagent to beinjectedin practicethanre-
quired by thetheoretica stoichiometricratio. Inaddition, theamount of NO, removedisgeneraly
much lessthan theamount of uncontrolled NO, . Thisleavesalarge portion of theinjected reagent
unreacted. Most of the excessreagent used in the processis destroyed through other chemical
reactions. However, asmall portionremainsinthefluegasasammoniadip. Figure 1.7 showsan
exampleof theNO,_ reduction efficiency which can be achieved for an uncontrolled NO, level of
120 ppmand variousammoniadiplevels.

Ammoniaintheflue gasstream has several negativeimpacts. AsshowninTable1.1,
ammoniahasadetectable odor at levelsof 5 ppm or greater and posesahealth concern at levels
of 25 ppmor greater. It can causeastack plumevis bility problem by theformation of ammonium
chlorideswhich occur when burning fuel s containing chlorine compounds. Furthermore, ammo-
nium bisulfate and ammonium sulfate form when burning sulfur-cotaining fuels. Ammonia-sulfur
saltscan plug, foul, and corrode downstream equipment such asair hegater, ducts, and fans. Lastly,
the ability to sell thefly ash asasecondary product isaffected by itsammoniaconcentration.
Ammoniadipimpactsarediscussed further in Section 4-1.1.2.4 Other Considerations.
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Figure 1.7: NOy Reduction for Various Ammonia Slip Levels

Limitson acceptableammoniadip, imposed by ether regulatory limitsor by designrequire-
ments, place constraints on SNCR performance. Injection of ureaat higher NSR values can
improveNO, reduction, but may alsoincreaseammoniadip. Inaddition, variationinthetempera:
ture profileof the boiler during operations canincreaseammoniadip. Ingenera, current SNCR
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systems control ammoniadip between 5to 10 parts per million (ppm) [12]. Instrumentation for
monitoring ammoniadipiscurrently being developed but not commercialy available[11]. One
method to quantify ammoniadipisto determine theammoniaconcentrationin collected fly ash.

124 SNCR System

Therearetwo basic designsfor the application of SNCR. Thefirstisan ammoniabased
systemknown as Thermal DeNO, ® that was devel oped and patented by Exxon Research and
Engineering Company in 1975. The second system wasdevel oped and patented by TheElectric
Power Research Institute (EPRI) in 1980. It isaurea-based process known by the trade name
NO, OUT®. Thetechnology waslicensed to Fuel Tech, which holdsseveral additional patents
that claim improvements and enhancementsto the basi ¢ process. Fuel Tech has several sub-
licenseesauthorized to supply and install SNCR technology in several industrial sectors.

An SNCR system hasfour basic stepsto accomplish:

. Receiving and storage of thereagent;

. Metering, dilution, and mixing of thereagent;

. Injection of diluted reagent at appropriatelocationsin theboiler; and
. Mixing of thereagent with fluegas.

These stepsare common to both ureaand amoniaSNCR. However, the design and equipment
specificationsfor thetwo systemsare different, snceammoniaisinjected asavapor whileurea
isinjected asan agueoussolution. Ureaistypicaly usedinlargeboiler gpplicationsof SNCR
becauseit issafer to store and has better dispersion properties. A discussion of the SNCR
equipment isgiven below. Figure 1.8 presentsasimplified systemflow schematicand Table 1.2
liststhe equipment requirementsfor ur ea-based SNCR.

Urea-based systemstypically employ amodular designto allow for boiler-specific
designrequirementswhileminimizing capital costs. Modular shopsassembly of pumps, valves,
internd piping, instruments, and controlsreducesfield insallation time and relatied costswhile
providingflexibility for futureexpansion[1]. Thecomponentsare assembled into functional
unitsand mounted on stainless stedl skid modules. These modules can then betransported o
thesiteandinstalled directly. Theskid modulesshownin Figure 1.8 will bediscussesfuther in
the next sections.
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Tablel.2: Urea-Based SNCR System Equipment

Iltem

Description/Size

Urea unloading skid

Centrifugal pumps with hoses to connect to rail tank car or truck

Urea storage tanks

Vertical, insulated fiberglass reinforced plastic (1 or more tanks)
(vinyl ester resin) tank, atmospheric pressure design, and equipped
with a vent, caged ladder, manway, and heating pads

Circulation module

Skid-mounted circulation module consisting of:

- Circulation pumps,

- Electric heaters,

- Insulated/heat traced piping

- Isolation valves for pumps and heaters,

- Instrumentation for flow, pressure, temperature, and a
control panel

Injection zone metering (IAM)
modules (1 to 5 modules)

Skid mounted metering modules consisting of:

- Metering pumps, hydraulic diaphragm type equipped with a
variable speed motor drive,

- Water booster pumps, turbine type,

- Insulated/heat traced piping

- Isolation and control valves for pumps,

- Instrumentation for flow, pressure, temperature, and a
control panel

Air compressor
Distribution modules
(1 to 5 modules)

Rotary type

Urea solution distribution module consisting of:

- Valved connections for urea and atomizing air,

- Isolation valve and a pressure control valve for the air/urea
supply to each injector,

- Pressure indicator for air/urea supply to each injector,

- Flow indicator for urea supply to each injector

lIinjectors (4 to 12 per distribution

Wall-type: Dual-fluid type wall injector, with modules) furnace wall
panels, and hoses for air and urea supplies

Lance-type: Dual-fluid type lance injector, with furnace wallpanels,
and hoses for air and urea supplies

Piping

Between urea unloading skid and urea tank; urea tank and circulation
module; and circulation module and 1ZM modules(s). Insulate/heat

fraced piping, stainless steel

Piping

Between 1ZM module(s) and distribution modules. Insulated/heat
traced tubing. stainless steel

Tubing

Between distribution modules and injectors. Insulated/heat traced
tubing, stainless steel

Dilution water piping

Insulated/heat traced piping, carbon steel, with isolation and pressure
reducing valves

Miscellaneous piping

Piping/tubing and valves for flushing water, atomizing air, and
control air

Piping supports

Structural support steel, including a pipe bridge, for supporting all
piping

Economizer outlet emission monitors

Monitor NO and O in the flue gas and provide a feedback signal for
urea injectidn control

Instrumentation and controls

Instrumentation and stand-alone, microprocessor-based controls for
the SNCR system with feedback from the plant controls for the unit
load, NO_emissions, etc.

Enclosures

Pre-engirieered, heated and ventilated enclosure for the circulation
and metering skids

Foundations

Foundations and containment walls for the tank and equipment skids,
enclosure, and piping support steel, as required

Platforms/stairways

Platform/stairway_modifications _and _additions for access to_injectors

Asbestos removal

Asbestos removal and reinsulation, for a retrofit installation
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from 10,000 to 20,000 gallons per tank to maintain sufficient volumefor 1 to 3weeksof SNCR
operations. A closed top, flat bottom, vertical tank isused for ureastorage. Thesetanksareusually
constructed of fiber- reinforced polyester and have acorrosion barrier coating ontheinsdemade
of premium-gradevinyl ester resin. Thetanksare equipped with level and temperatureindicators,
amanway, vent, and access|adder, and other appurtenances. The applicability of heat tracing,
insulation, and seismic design criteriaare determined based on site-specific conditions. Thetank
should be mounted on aconcrete pad and surrounded by aspill containment structure such asa
dike.

CirculationModule

Thecirculation module maintains continuouscircul ation of the stored ureaand supplies
high-flow, high-pressure ureato theinjection system. Thecirculation module pumpsthe ureafrom
thestoragetank to the componentson themodule. Theureasol utionisfiltered to avoid clogging of
theinjectorsand heated to prevent the sol ution from freezing. The ureaisthen returned to thetank
or sent to theinjection system. Themodulea so providesalocal/remote control and monitoring
station for the storagetank and circul ation system. Thismodul e contains multistage stainlesssted!
centrifugal pumps, in-lineduplex strainers, e ectric heaters, and instrumentation and control sfor
reagent pressure, flow, temperature, and quantity. [ 1]

Dilution, metering, and mixing of thereagent

Dilution Water Pressure Control Module

Thedilutionwater pressure (DWP) control module providesfiltered plant water at the
proper pressurefor reagent dilution. The plant water isfiltered to lessthan 50 milligrams per liter
(mg/l) of suspended solidsand low dissolved solids. The DWPtypically consistsof two full-flow
multistage stainlesssted centrifugal pumps, anin-lineduplex strainer, pressure control vaves, and
therequired pressure/flow instrumentation. Through the use of backpressure controllersand mul-
tistage pumps, this system maintainsaconstant supply of dilutionwater, at thedesign pressure, in
responseto the changing SNCR processdemand signals. [1]

Injection ZoneMetering Module

Theinjection zone metering (1ZM) modul e metersand control sthe reagent concentration and flow
toeach zoneof injectionintheboiler. Theagueousureageneraly requiresdilution beforeinjection
to achievethe correct NSR between the reagent and fluegasNO . Thereagent isdiluted using
filtered plant water from the DWP module. Each1ZM modul eincludesachemica metering pump,
awater pump, anin-linestatic mixer, aloca control panel, zoneisolation valves, and magnetic flow
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metersand control valvesfor chemicalsand water. The module design generally incorporates
independent chemical flow and zone pressure val veswhich respond to signalsfrom the control
systems, the master control module and local programmablelogic controller (PLC). Throughthe
control system, the modul e adjusts sol ution flow ratesand activates or deactivatesinjection zones
inresponseto changesin outlet NO, concentration, boiler load, or fuel quality. Urea-based SNCR
systemstypicaly employ oneto fivelZM modules, depending ontheboiler sze, configuration, the
uncontrolled NO, concentration, and desired NO, removal efficiency. Several IZM modulescan
be combined onto one skid-mounted system. [1]

I njection of diluted reagent at appropriatelocationsin the boiler

Reagent Digtribution Module

Themixed and diluted ureasolutionistransported from the 1ZM to thedistribution
modules, which aretypically |ocated adjacent the bailer. Thedistribution modulescontrol theflow
of the solutionto eachinjector. Each of thedistribution modulescons stsof flow meters, balancing
valves, and regulators connected to an automatic control system. The control system accurately
controlsand displaysthereagent and atomizing air or steam flow to eachinjector. Themodules
alsoincludeManual bal valves, gauges, and stainless stedl tubing to adequately control the urea
injection process. Thereisonedistribution modulefor each 1ZM module providing reagent to
multipleinjectors.[1]

Injection Locations

Theureasolution flowsfrom agiven distribution moduleto aset of injectors. For large
boiler applications, multipleinjectorsarelocated within severa different zonesof theboiler and
can be operated independently or in groups (sub-zones) viathel ZM. Controlling theamount and
location of reagent injection givesthe system flexibility to respond to variationin the boiler oper-
ating conditionsandto maintainammoniadiplevels.

Thenumber and location of the zonesisdetermined by the temperature and flow pat-
ternsof the boiler. Thelocations are optimized using numeric modeling of flow and chemical
reactions(see Section 1.2.5 Other Congderations). Typica designsemploy between oneandfive
injectionzoneswith 4to 12 injectorsper zone[1]. Injectorsarelocated in open areas of the boiler
such astheregion between the superheater and reheater sections. Figure 1.2 illustratesthiscon-
figuration. For SNCR retrofit of existing boilers, optimal locationsfor injectorsmay be occupied
by boiler equipment such asthewatertubes. Remova or rel ocation of thisequipment increasesthe
installation costs. Installationin sub-optimal boiler areas decreasesthe NO, reduction efficiency
which can be achieved by the system while maintaining therequired ammoniadipleve.
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Mixing of thereagent with flue gas and reduction of NO«

Injectors

Theinjectorsassi st in dispersion and mixing of thereagent with thefluegas. Thereare
two typesof injectors, wall and lance.

Wall injectorsare attached to theinner wall of the boiler at specified locations.
Thereisgeneradly onenozzlefor eachinjector location. Wall injectorsareusedin
smaller boilersand ureabased systems, where short-rangeinjectionissufficient to
mix the reagent with theflue gas. They have alonger operating lifethan lance
injectorssincethey arenot directly exposed to hot flue gas.

Lanceinjectorsconsist of asmall pipewhich protrudesfrom theboiler wall into
theflue gas pathway. Nozzles arelocated along the pipedirectly inthefluegas
pathway. Lanceinjectorsare used for anmoniagassystemsandinlargeboilers
where mixing of theflue gasand reagent ismoredifficult. In somedesigns, the
lance extends acrossthe entire width of the boiler pass. Lanceinjectors can be
sngleor multi-nozzle designs. Multi-nozzlelances are more complicated design,
therefore, they are more expensivethan single-nozzlelanceor wall injectors[1].

SNCR systems may employ oneor both typesof injectors.

Injectorsare subject to high-temperatures and to flue gasimpingement which cause ero-
sion, corrosion, and structura integrity degradation. Therefore, injectorsare generdly constructed
of stainless steel and designed to bereplaceable. In addition, injectorsare often cooled with air,
steam, or water. Lanceinjectorsand somewall injectorsare also designed to beretractablewhen
not inuse. Thisminimizestheir exposureto the hot flue gaswhen the SNCR systemisnot being
operated because of seasonal operations, boiler startup or shutdown, or other operational rea-
sons.

Thereagent isinjected under pressure and atomized by specialy designed nozzletipsto
createdropletsof the optimum sizeand distribution. The spray angleand velocity of theinjection
control thetrgectory of thereagent. Ureasystemsofteninject acarrier fluid, typically air or steam,
along with the ureathrough adual-fluid atomizer nozzle. Thereagent can beinjected withalow
energy or high energy system. A low-energy system useslittle or no pressurized air whileahigh-
energy system useslarge amounts of compressed air or steam to inject and vigorously mix the
solutionwiththefluegas. Lanceinjectorsinlargeboilerstypicaly use high-energy systems. High
energy systemsare moreexpensiveto build and operate Sincethey requirealarger compressor, a
morerobust injection system, and consume more el ectric power.
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Thereagent injection systemsused for ammonia-based systemsare generally more com-
plicated and expensivethan those used in urea-based systems|[ 1]. These systemsinject gasphase
ammoniarather than an aqueous sol ution. For thisreason, ammonia-based systemsoften usehigh-
energy lance systemswith multipleinjectors. Thelancesare placedinagrid formation acrossthe
width and height of the boiler passes.

1.25 Other Considerations
Retrofit

Thedifficulty of SNCR retrofit on exiting large coa-fired boilersisconsidered to bemini-
mal. Theprimary concernisadequatewall spacewithintheboiler for instdlation of injectors. The
injectorsareinstalled in the upper regionsof theboiler, the boiler radiant cavity and convective
cavity. Movement and/or removal of existing watertubes and asbestosfrom the boiler housing
may berequired. Inaddition, adequate space adjacent to the boiler must be availablefor the
distribution system equipment and for performing maintenance. Thismay require modification or
relocation of other boiler equipment such asductwork. Retrofit installation of the SNCR system
generaly callsfor additional expendituresintherange of 10% to 30% of the SNCR system cost.
[10]

Ammonium Sulfate Deposition

Sulfur trioxide (SO,) formsduring the combustion of fuelswhich contain sulfur. It reacts
withammoniainthefluegasdownstream of theboiler (ammoniadip) toformammonium bisulfate
and ammonium sulfate. The amount formed depends on the sulfur content of the fuel and the
amount of ammoniadip. Ammonia-sulfur saltscan plug, foul, and corrode downstream equipment
suchastheair heater, ducts, and fans. Depending on therate of ammonia-sulfur salt deposition on
downstream equipment more frequent acid washing of thisequipment may bewarranted. I1n-
creased acid washing generates additiona wastewater which must be disposed or treated by the
plant. Ammoniadip limitsaregenerally imposed as part of the design requirementsto avoidim-
pacts on downstream equipment.

Ammoniasulfatesaso deposit onthefly ashthat iscollected by particulateremova equip-
ment. Theammoniasulfatesare stable until introduced into an aqueous environment with ael-
evated pH levels. Under these conditions, ammoniagas can rel easeinto the atmosphere. This
resultsin an odor problem or, in extremeinstances, ahealth and safety concern. Plantsthat burn
akali cod or mix thefly ashwith dkai materidscan havefly ashwith highpH. Ingenerd, fly ash
is either disposed of as waste or sold as a byproduct for use in processes such as concrete
admixture. Ammoniacontent in thefly ash greater than 5 ppm can result in off-gassing which
would impact the salabilty of the ash asabyproduct and the storage and disposal of the ash by
landfill.[10]
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Computationa Fluid Dynamicsand Chemica KineticModeling

Each boiler unit hasaunique temperature and flow gradient with areas of high flow and
stagnation. In addition, temperature and flow profilesvary according to theload capacity under
whichtheboiler isoperating. A mathematical mode isdevel oped to describethisstratification and
variation of important speciessuch asNO, and SO, intheflow stream. To develop themode!, the
flue gastemperature and vel ocity within the boiler are measured at many locations. These mea:
surementsare used in acomputational fluid dynamics(CFD) model for the convective passes of
theboiler. Themodd predictsthetemperature and gasflow within theboiler for variousoperating
conditionsand injection scenarios.

The residence times and temperatures predicted by the CFD model are input into a
chemical kinetic model (CKM). CKM definesthe chemical reactionsassociated withthe SNCR
processintheboiler. Analysisof thefuel and flue gas constituentsare required to develop this
model. Themodel predictsthereactionsand rates of reactionswithin theboiler in order to esti-
matesthe NO, reduction along theflue gas pathway.

Modeling optimizesthe SNCR design for the boiler of concernto obtain the maximum
NO, reductionwithinacceptableammoniadiplimits. It determinesdesign parameterssuch asthe
NSR, injector locations, and optimum droplet sizeand distribution. In general, SNCR vendors
obtain the required measurements and devel op the models. The cost of model development is
generaly included inthe purchased equipment cost for SNCR. [1]

AdditivesEnhancers

Additivesto thereagentsare called enhancersand can be used to lower thetemperature
rangeat whichthe NO, reduction reaction occurs. During low-load operation, thelocation of the
optimum temperatureregion shiftsupstream withintheboiler. Thisshift requirestheinjection point
of the reagent to be moved upstream. The use of an enhancer reducesthe need for additional
injection locationswhich arerequired to compensatefor variableload operation. Fewer injection
locationsdecrease capital costsand the need for modificationsto the boiler. In addition, thelarger
temperaturerange availablewith enhancersincreasestheavail ableresidencetimefor thereduction
reaction, further reducingNO, emissions.

Additional reagent isinjected with the enhancer to maintain the same NO, reduction effi-
ciency since some of the reagent reacts with the enhancer as opposed to the NO,. This can
increase the reagent usage by up to 10%. In addition, enhancerscanresultinincreased level s of
COand N, Ointhestack effluent. Enhancersrequire additional storage, distribution, and control
system equipment. Theincreaseinannua cost from the usage of additional reagent and enhancer
canbesignificant. Enhancer formulationsaregenerally proprietary. [ 10]
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Energy Consumption

An SNCR processreducesthethermal efficiency of aboiler. Thereduction reaction uses
therma energy from thebailer, which decreasestheenergy availablefor power or heat generation.
Asaresult, additional energy isrequired for the boiler to maintain the same steam output. Pre-
treatment and i njection equi pment, pumps, compressors, and control systems, also require elec-
tricity. Thisincreased usage of fuel and electricity increasestheannual costsrequiredto operate
theboiler [1]. Section 1.4.2 Total Annual Costspresentsamethod for estimating the additional
fuel and electricity usage.

1.3 Design Parameters

SNCR system designisaproprietary technol ogy. Extensive details of the theory and
correlationsthat can be used to estimate design parameters such asthe required NSR are not
published inthetechnical literature[5]. Furthermore, thedesignishighly site-specific. Inlight of
thesecomplexities, SNCR system designisgeneraly undertaken by providing al of theplant- and
boiler-specific datato the SNCR system supplier, who specifiesthe required NSR and other
design parameters based on prior experience and computational fluid dynamicsand chemical
kineticmodeling. [1]

The procedure given below in Section 1.3.1 Design Parametersfor Study-L evel Esti-
matesisastep-by-step approach to estimate design parameters based on a procedure devel oped
inthedraft EPA report Selective Noncatalytic Reductionfor NO, Control on Cod-fired Boilers
[1]. Thisprocedure assumes SNCR system size and cost are based on three main parameters. the
boiler sizeor heat input, therequiredlevel of NO, reduction, and thereagent consumption. Data
requirementsfor obtaining vendor cost estimates based on design specificationsor performance
specificationsareoutlinedin Section 1.3.2.

1.3.1 Design Parametersfor Study L evel Estimates

Boiler Heat [nput

Theprimary cost estimation parameter in the methodology presented in Reference[1] is
the maximum potential heat released by the boiler or heat input rate, Q, expressed asmillion
British thermal unitsper hour (MM Btwhr). It isobtained from thehigh heating value, HHV, of the
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fud in Btu per pound (BtwIb) multiplied by themaximum fuel consumption ratein poundsper hour
(Ib/hr),
QB = HHV r‘nfuel (13)

whereTable1.3 givestheHHV for variouscoalsand aconversion of 10° MMBtWBtu isreequired.

Table1.3: HighHeating Valuesfor Various Coals

Type of Coal Energy Content (Btu/Ib)
Lignite 5000-7500

Subbituminous 8000-10,000

Bituminous 11,000 - 15,000
Anthracite 14,000

If the boiler produces el ectricity, thenitsheat input can be estimated using the boiler net plant heat
rate, NPHRin Btu per kilowatt-hour (BtwkWh):

Qs = B,y NPHR (14)

where B, isthe boiler megawatt (MW) rating at full load capacity. Notethat if NPHRisnot
known (e.g., acogeneration unit), ava!S ueof 9,500 Btw/kWh can be used asareasonable estimate
conversionsof 1,000 KW/MW and 10 MM Btu/Btu arerequired. Using thisvalue, the heat input
rate, Q,, is:

QB(M'\:er) = 9'5(MMM\A?QU)BMW(MW) (1.5)

System Capacity Factor

Thetotal system capacity factor, CF,__, isameasure of the average annual use of the
boiler in conjunctionwiththe SNCR system. CF_ | isgivenby:

CFiota =CFpiant *CFsycr (1.6)
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For industria boilers, the capacity factor of theboiler, CF et Istheratio of actual quantity of fuel
burned annually to the potential maximum quantity of fuel burned annually in pounds (1bs). CF
isgivenby:

actual m

CF = ,
plant maximum m (1.7

SNCR can be operated year-round or only during the specified 0zone season. The capacity facor
for the SNCR system, CF ., istheratio of the actua number of SNCR operating days, t
thetotal number of days per year, 365 days:

SNCR’ to

t
CE - SNCR
SNCR 365 days (1.8)

Uncontrolled NO« and Stack NO«

Uncontrolled NO,, represented asNO, , istheNO, concentrationinthefluegasafter any
reductions provided by combustion controls, but prior to the SNCR system. The uncontrolled
NO, concentration, obtained from anayzing theboiler fluegasstream, isgenerdly givenin pounds
per MMBtu (I/MMBtu) of NO, [2].

The stack NO,, represented asNO, | isthe required NO, emission limit at the stack
outlet. Itisgeneraly set by the plant or regulatory limitsand aso givenin poundsper MMBtu (Ib/
MMBtu) of NO,.

NO«Removad Efficiency

TheNO, removal efficiency, represented as 7, ., is determined from the uncontrolled
NO,_level of theboiler at maximum heat input rate, CF vent = 10, and therequired stack emission
limit using thefollowing equation:

NO, - NO

Xin Xout

Mo, = - NO. (1.9

Normaized Stoichiometric Ratio

TheNormalized Stoichiometric Ratio, NSR, indicatesthe actual amount of reagent needed
toachievethetargeted NO, reduction. Theactua quantity of reagent isgreater than thetheoretical
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quantity dueto reaction kinetics (See Section 1.2.3 Performance Parameters). The NSRisdefined
&

moles of equivalent NH 5 injected
moles of uncontrolled NO,

NSR =

(1.10)

For estimating purposes, themoles of NO,_are equivalent to the molesof NO,. Notethat the
molesof equivalent NH, in Equation (1.10) arethe moles of NH, that will bereleased fromthe

reagent.

Theactua stoichiometricratio, ASR, isdefined as;

_moles of reagent injected

ASR moles of uncontrolled NO, (1.11)
AR can dso be cal culated from the NSR using thefoll owing equation:
_NSR
AR, (112)

where R, istheratio of equivaent molesof NH, per moleof reagent injected. Fromthechemical
formulafor ammonia(NH,) and urea(CO(NH,),) giveninthereaction equations(1.1) and (1.2),
SR, is1forammoniaand 2 for urea.

Reagent utilizationistheratio of molesof reagent reacted to themolesinjected. Thisindicates
how much reagent isbeing reacted versus how much reagent is passing through asammoniadip.
Utilization of reagent can be cal culated from the NSRand the NO, reduction efficiency asfollows:

Mo

Utilization = —=2 (1.13)
NSR

Thederivationfor thisequationispresented in Reference[1].

Methodsfor estimating NSRare considered proprietary. A smplified NSRestimation proce-
dure was devel oped by The Cadmus Group, Bechtel Power, Inc. and SAIC in the EPA draft
report, Selective Noncatalytic Reductionfor NO, Control on Coal-fired Boilers[1]. Thisproce-
dure was developed using linear regression and NSR datafrom References[2] and [3]. The
values of NSR derived using this approach should not be used for equipment design or guarantee
purposes.
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TheNSR estimation equation isvalid from 0to 50 percent NO, reduction[1]. Theequation
used to estimatethe NSR for ureareagentiswhereNoiuisgivenin lb/MMBtu.

NSR

2NO, + 07| Nyo

NO

Xm

(1.14)

Figure 1.8 providesagraphical representation of thisNSR estimation method. Generally, the
vaueof theNSR rangesbetween 0.5and 2.0inindustrid and utility boilerswith utilization ranging

between 25 and 50 percent.
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In adesign devel oped by asystem supplier, the NSR would be adjusted to account for several
parametersthat arenot included in the NSR estimation equation. Thefollowing parametersare
used by the system supplier to more accurately predict the NSR for agiven boiler:

Reaction temperature range availablewithinthe boiler superheater (radiativeand
convective section) and primary reheater (convectivesection or cavity) region. If
therequired temperature window occursin theradiant section of the boiler, the
NSR could decrease. However, if thetemperaturewindow occursin the convec-
tive section, the NSR may increase.

Res dencetimeavailableinthe desirabletemperaturerange. Therequired NSR decreases
astheavailableresidencetimeincreases.

Degree of mixing between theinjected chemica and theflue gases. The NSR decreases
asthedegree of mixingincreases.

Ammoniadipvsrequired NO reduction. Tighter constraintsonammoniaslip would
dictatelower NSRs, thereby limiting the achievable NO, reduction.

Estimating Reagent Consumption and Tank Size

Oncethe NSRis estimated, the rate of reagent consumption or mass flow rate of the
reagent, Mregent €XPressed as pounds per hour (Ib/hr), can be cal culated using:

Noxm QB Ino, NSR M reagent

m =
reagent M o, SRT (1.15)

wherethe M cagent isthemolecular weight of the reagent (60.06 grams per molefor urea, 17.07
grams per molefor ammonia) and M, , isthemolecular weight of NO, (46.01 grams per mol€).
Themolecular weight of NO, isused becausetheNO, emissions, NO,, , aregiveninllb/MMBtu of
NO,. Asstated previously, R istheratio of equivalent molesof NH, per mole of reagent (1 for
ammoniaand 2 for ureq).

For ureaor ammonia, themassflow rate of the agueousreagent solutionisgiven by:

_ rhreagent
sol T Csol (116)

where C_, isthe concentration of the agueous reagent sol ution by weight.

m
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Thesolution volumeflow rate qsol, generaly expressed asgalons per hour (gph), isgiven
by:

rﬁsol

qsol - E (117)

wherep_, isthe density of the agueousreagent solutioninl b/ft’ A conversion of 7.4805 gd ft'is
required to correct theunits. givenin Table 1.1, 71.0 Ib/ft® for 50% ureaand 56 | b/ft® for 29%
ammonia

Thetotal volume stored in the tank, or tanks, is based on the volume that the SNCR
system requiresfor operating aspecified number of days. Thevolume stored on sitefor the
number of operating days, t IS:

‘storage’

Vtank = qsol tstorage (118)

whereV isingalons, g | isingph and aconversion of 24 hr/day isrequired.

tank

Notethat thetank volumeistypically based on the maximum annual hest input rate, so the capacity
factor isnot included in Equation 1.18. A common on Site storage requirement isfor 14 daysof
SNCR operation.

1.3.2 Design Parametersfor Detailed/Per for mance Specifications

Cost Estimates Based on Detailed Specifications

Thissubsection isincluded to describe the information that must be assembled and fur-
nished to asupplier to prepare design specifications, particularly that component information with
the greatest influence on system cost. SNCR capital and operating costs can be estimated if the
magjor cost itemsareidentified and thesystemisdefinedin adequatedetail, [1]. Thefollowing data
areprovided to the system supplier for SNCR system design:

. Theboiler capacity intermsof heat input rate (MM Btu/hr);
. Boiler capacity profile—percent of timethe boiler operatesat agiven heat input
rate;

. Type of combustion unit —dry/wet bottom boiler, wall-fired, tangentially-fired,
cyclonefired, other (e.g., stoker-fired); year built, and manufacturer;
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Boiler Dimensons—sectional sideview; sectiond front view; plan sectionthrough
furnace (width x depth); furnace height (floor to furnace exit); firing zone height;
sectionsthrough radiant and connective heet transfer cavities (zones); other unique
features, e.q., divisonwall/pandls, etc., inthefurnace or backpass,

Locationsof boiler furnaceoverfireair ports,;

Locations and sizes of boiler observation ports, temperature probe ports,
sootblower openings, and other locationsfor potentia new ports;

Air preheater design and operationa data, including sootblower data;

Fuel Data— proximate and ultimate analyses and high heating value (HHV) for
primary and secondary fuels;

Fuel firing ratesat full and partial loads (e.g., 100 percent, 70 percent, and 30
percent);

Test Dataor Combustion Calculations - flue gasflow rate at design or actual
conditions; excessair rateat full and partia |oads; fluegascompositionincluding
0,,NO,, CO, SO,, and HCI;.

Hue gastemperature profilefrom furnace exit to economizer (i.e., where
temperature dropsto about 1,400°F) at various|oads;

Flue gasresidencetime—avail ableflue gasresidencetimein the upper furnace
and convective passwithin thetemperature window for ureaat various|oads;

Existing or planned uncontrolled NO, and CO emission datain ppmor lt/MMBtu
without the proposed SNCR system, including any changeinemissionsrelated to
other installed or planned technologies (e.g., low-NO, burner, gasrecirculation).
Thisshould be specified for boiler operationsat full load and selected partial
loads,

Minimum expected NO, reduction or permit requirement for stack NO, emission
level (ppm or Ib/MMBtu). Thisshould be specified for boiler operationsat full
load and selected partial loads; and

Allowablebyproduct emission ratesfor regul ated emissionssuch asammoniaand
nitrousoxide.
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Theboiler supplier/manufacturer can furnish most of thisinformationfor existing or planned new
units. For fuel data, thedesigner needstypical or design vaues, aswell astheexpectedrange. To
definethetemperature and flue gasvel ocity profilesinexisting boilers, it ispreferableto obtain
actual measurements.

To obtain arepresentative cost quotation from an SNCR system supplier, therequest
should contain sufficient detail sto minimize design assumptionsby the supplier. Therequest for
guotation (RFQ) should include thetechnical specifications, aswell ascommercial termsand
conditions.

Twoimportant partsof the specification arework included in the scope of the supplier and
work notincluded (i.e., work performed by the owner/operator). Themore preciseand detailed
the specification of thework, themoreaccuratethe overdl system design and cost. For aturnkey
scope (design, supply, and erect dl equipment, and demonstrate commercid operationwhilemeeting
al performancecriteria), theexcluded work isminimal.

Codt Estimates Based on Performance Specifications

Preparation of detailed specificationsinvolvessignificant timeand effort (for both owner
and supplier) andisnot critical for budgetary cost estimates. To ssmplify the process, aperfor-
mance specification approach may beusedinthe RFQ. Inthisapproach, thebasic required plant
and fuel dataare provided a ong with the required SNCR system performance requirements,
excluding equipment-rel ated detail s (e.g., materia s of construction, equi pment redundancy, and
level of instrumentation and controls) [1].

The performance specification should include adescription of the system and components
in enough detail to understand the type and quality of system proposed by the supplier. A cost
breakdown of major components and subsystems a so should be obtained from the supplier to
enableindependent assessment, deletion, or addition, and to compare other bidson an equitable
bass. The SNCR performance specification typicaly should request thefollowing itemsregarding
NO, emission control performance, chemical consumption, and other consumption ratesat full
and partid loads:

. Guaranteed and expected NO, emissionratesin unitsof Io/MMBtuand lb/hr with
averaging period asdefinedintheair quaity permit of thefacility;

. Guaranteed and expected NH, slip, ppm (other conditions such as dry basis,
percent O,, per theair permit);

. Guaranteed and expected N,O emissions (guarantees needed if it is a permit
condition);
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. Other emissonlimitsasspecified (or anticipated) in the permit.

. Normalized stoichiometric ratio (NSR) proposed to achievetherequired NO,
reduction;

. Guaranteed and expected reagent consumptionrate;

. Guaranteed and expected dilution air, steam, or water consumption rate;

. Atomizing and cooling air (or steam) pressure and consumption rate; and

. Guaranteed and expected el ectrical power consumption.

1.4 Cost Analysis

The cost estimating methodol ogy presented here providesatool to estimate study-level
SNCR capital and annual costs. Actual selection of the most cost-effective option should be
based on adetailed engineering study and cost quotationsfrom system suppliers. Thecostsare
presentedin 1998 dollars.

The cost estimating equati ons presented in this section are based on equations devel oped
inthedraft EPA report Selective Noncatalytic Reductionfor NO, Control on Coal-fired Boilers
[1]. Theseequationsfollow the costing methodology used by the Electric Power Research Insti-
tute (EPRI) [7]. Inthe EPRI method, both the purchased equipment cost (PEC) and direct instal-
lation cost are estimated together. Thismethodol ogy isdifferent from the EPA Air Pollution Con-
trol Cost Manua methodol ogy, which estimates equi pment costsand ingta lation costs separately.
Duetothelimited availability of equipment cost dataand installation cost data, the equationsfor
SNCR capitd costswere not reformul ated.

Thecapital and annual cost equationswere developed for coal-fired wall and tangential
utility and industrid boilerswith heat input ratesranging from 250 MM Btw/hr to 6000 MM Btu/hr.
The SNCR system design used for the cost estimateisan ur ea-based system. Anammonia
based system would have different storage, distribution and injection equipment costs. The cost
equationsaresufficient for NO, reduction efficienciesup to 50%. Allowed ammoniadip for the
SNCR system rangesfrom 2t010 ppm. [1]

The cost equationsare applicableto retrofit of SNCR on existing boilers. The cost esti-
mating procedure, however, issuitablefor retrofit or new boiler applicationsof SNCRondl types
of coal-fired electric utilitiesand largeindustrial boilers. Theincreased cost duetoretrofitis
approximately 10% to 30% of the cost of SNCR applied to anew boiler [10].
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1.4.1 Total Capital I nvestment

Total Capitd Investment (TCI) includesdirect and indirect costsassociated with purchas-
ing andinstalling SNCR equipment. Costsincludetheequipment cost (EC) for the SNCR system
itself, thecost of auxiliary equipment, direct andindirect installation costs, additional costsdueto
ingtalation such asasbestosremova, costsfor buildingsand site preparation, offstefacilities, land,
andworking capital. Ingeneral, SNCR does not require buildings, Site preparation, offsitefacili-
ties, land, and working capital. A moredetailed discussion of capital costscan befoundin Section
1, Chapter 2 of thisManual.

Direct Capital Costs

The direct capital cost equation developed in Reference[1] is based on datafor one
representative boiler. Thisdataisused to devel op an equation for theboiler szerange of interest
by applying ascaling methodol ogy from the EPRI Technical Assistance Guide(TAG) [3]. The
equation assumesthat performance parametersvary indirect proportionto theboiler size. The
costsare adjusted to 1998 dollars using the Chemical Engineering Cost Index.

Thedirect capita cost estimateincludes PEC such as SNCR system equipment, instru-
mentation, sdestax and freight. Thisincludes costsassociated with field measurements, numerical
modeling and system design. It alsoincludesdirect install ation costs such asauxiliary equipment
(e.g., ductwork, compressor), foundationsand supports, handling and erection, eectricd, piping,
insulation and painting. In addition costssuch asasbestosremoval areincluded. Table1.2 pre-
sentsalist of the equipment and installation requirementsfor aurea-based SNCR system.

Thedirect capital cost equationisafunction of both boiler heat input rate QB in MM Btu/

hr,andtheNO, removal efficiency - . Theboailer heat input rateindicatesthe size of the boiler

and thefluegasflow rate, which directly influencethesizeof the SNCR system. TheNO, removal
efficiency effects both the required ureaflow rate and associated urea-rel ated equipment. In-
creasesintheNO, removd efficiency will requirehigher ureaflow ratesand increasethesizeand/
or number of the urearel ated equi pment such asstoragetanks. The equation for direct capital cost
(DC) of urea-based SNCRindollarsis:

g MM Btu 37
$950 (MMBtu) 2375 ——¢

N
%QBH hr UB%

PC®) = MM Btu

(066 +08511,5, ) (1.19)

where 950 $/(MMBtu/hr) isthe direct capital cost for a2375 MMBtu/hr boiler at 40% NO,
removal efficiency [1].
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Indirect Capital Costs

Indirect ingtallation costsinclude costs such as; construction and contractor fees, startup
and testing, inventory capital, and any processand project contingency costs. Asexplainedin
theManual Section 1 Introduction, average valuesof indirect installation factorsare gpplied to
thedirect capital cost estimateto obtain valuesfor indirect installation costs. These costsare
estimated asapercentage of the TCI. Theequationsfor indirect installation costsare presented
inTablel1.4.

Table 1.4: Capital Cost Factorsfor an SNCR Application

Description Data or Formula
Boiler Size (MMBtu/hr) Qg

NO, Removal Efficiency N \ox

Cost Year 1998

MMBtu D0.577

0
Total Direct Capital Costs ($) $950 L2375
DC($) = wwsu QBB hr_p %)-66*' 085 nNOX %

hr @ 0

Indirect Installation Costs

General Facilities ($) 0.05 A

Engineering and Home Office Fees ($) 0.10x A

Process Contingency ($) 0.05x A
Total Indirect Installation Costs ($) B=Ax(0.05+0.1+0.05)
Project Contingency ($) C=0.15x (A +B)
Total Plant Cost ($) D=A+B+C
Allowance for Funds During Construction ($) E = 0 (Assumed for SNCR)
Royalty Allowance ($) F = 0 (Assumed for SNCR)
Preproduction Cost ($) G=0.02x (D +E)
Inventory Capital* ($) H=Vol .. (9al)xCost _  ($/gal)
Initial Catalyst and Chemicals ($) | = 0 (Assumed for SNCR)
Total Capital Investment (TCI) ($) TCI=D+E+F+G+H+I

* Cost for urea stored at site, i.e., the first fill of the reagent tanks
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1.4.2 Total Annual Costs

Total annual costs (TAC) consist of direct costs, indirect costs, and recovery credits.
Direct annual costsarethose associated or proportiona to the quantity of waste gasprodent of the
operation of the control system and would beincurred evenif it were shut down. No byproduct
recovery creditsareincluded because there are no sal vageabl e byproducts generated from the
SNCR[1]. Each of these costsisdiscussed in the sections below. A more detail ed discussion of
capital costscan befoundin Section 1, Chapter 2 of thisManual.

Design parametersare estimated using the maximum annua heet input rate of thebailer to
ensure adequate sizing of the SNCR system. Annual costsare cal culated using the average heat
input rate of the boiler and SNCR systemusing CF, . Thisensuresthat annual costsare based
ontheactuad operating conditionsrather than thedesign case.

Direct Annual Costs

Direct annual costs (DA C) includevariableand semivariablecosts. Variabledirect annual
costs account for purchase of reagent, utilities (electrical power and water), and any additional
coal and ash disposal resulting from the operation of the SNCR. Semivariabledirect annual costs
include operating and supervisory labor and maintenance (Iabor and materials).

[J Annual [ [Annual [J [JAnnual [J [Annual[] [AnnuaID [AnnuaID
DAC = @Aaintenance@@? agent@%ectncnya Clyvater L U Coal Uash U (1_20)
Cost st Cost Cost E Cost H ECost E

Operating and Supervisory L abor

Ingeneral, no additional personnel isrequired to operate or maintain the SNCR equip-
ment for largeindustria facilities. Therefore, the cost of operating or supervisory labor is
assumed benegligible.

M aintenance
The annual maintenance labor and material cost, including nozzle tip replacement

for the injectors, is assumed to be 1.5% of the Total Capital Investment, TCI, in dollars.
The equation is for annual maintenance cost in $/hr, AMC, given by:

Annual maintenance cost = 0.015 TCI (1.21)

1-33



Reagent Consumption

Theannual cost of reagent purchasein $/yr isestimated using the aqueous reagent
volumeflow rateingphd_, , thetotal operatingti met, inhours.

Annual reagent cost = (s, COSt ey top (1.22)

wereCost, . isthecost of reagent in dollars per gallon (¥/gal) andt_ in hours can be calcu-
lated using thetotal capacity fuel or CF,_:

total*
hr
top = CF yal 8760W (122&)

Utilities

Theéectrical power consumption in kilowatts (kw) estimated for SNCR operationsis
derivedin Appendix B of thedraft EPA report, Selective Noncatalytic Reductionfor NO,
Control on Coal-fired Boilers[1]. Itisbased onlinear regression of electrical power consump-
tion datacorrelated to the uncontrolled NO, concentrationinlbt/MMBtu, NO,, , theNSRand
theboiler heat inputin MMBtu/hr, Q.

047 NO, NSRQ,
= o5 (1.23)

Using the estimated power consumption, Power, theannual cost of el ectricity isestimated
fromthefollowing equation:

Annual electricity cost =P Cost . top (1.24)

where Cogt,_, isthe cost of electricity indollars per kW ($/kw) andt isdefinedinequation
1.22a ®

1-34



Water Consumption

Thevolumetric flowrate of water for diluting theureaiscal culated from the agueous urea
massflow ratein |b/hrand the concentration of the aqueous ureaduring storage, C
and the average percent concentration of theinjected urea, C
ingdlonsper hour (gph)is:

urea sol stored

Theflowrate, qwater,

urea sol inj *

msol DC urea solggeq 0
Quer = Q - 1@ (1.25)

pwater urea sol jnj

where puae ISthe density of water, 8.345 Ib/gal. For ureadilution from a50% solutionto a10%
solution, Equation (1.25) becomes:

4 rﬁsol
pwater

q water

(1.26)

Using thisestimatefor thevolumeflow rate of water (gph) theannual cost of water consumption
in$lyrisgivenby:

Annual water cost = (e COStyaer top (1.27)

whereCogt, . isthecost of water indollarsper gallon ($/gal) andt isgiven by equation
1.22a. *

Coal and Ash
Theadditional coal required asaresult of the heat used to evaporatethewater inthe

injected solution (water inthe stored ureasol ution and the dilution water) isestimated using the
following equation:

a 1q 0
Btu) _ Bt . Ib
ACoal (h—ru)— Hv (Tbu) * Mreagent (ﬁ)x t - _1§ (1.28)
urea sol inj

whereC_ _ mj isthe percent concentration of theinjected agueousureaagent and 1, reagent
isthemassflowrateinlb/hr. H, the approximate heat of vaporization of water at 310°F, is900
Btu/lb, whichisarepresentativetemperaturefor fluegas exiting theair heater.
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Although thewater from the ureasolution isevaporated inthefurnace at higher tem-
peratures (dueto ureainjectioninthefurnace zonesat over 1,500°F), thetemperature at theair
heater exit isused becauseit isthe thermodynamic end point of the combustion process. The
quantity of fuel burned intheboiler dependson theboailer efficiency, which, inturn, dependson
theair heater exit temperature and themoistureintheair heater exit gas. Theboilerisfiredto
maintain therequired steam flow (e.g., for the steam turbine). Becausethewater from theurea
solution evaporatesin the boiler, theboiler efficiency decreases. Consequently, morefuel needs
to beburned to maintain the required steam flow.

With ureaasthe reagent, injected asa10% solution and H,, = 900 1b/Btu, Equation
(2.28) in MM Btu per hour becomes:

). o) )
10°(20 ) (1.29)

MMBtu

ACOa| (MMBtu

hr

Asaresult of burning additional coal, additiona ashisgenerated. Thisash must be disposed or
sold asbyproduct. Thiscost methodol ogy assumesthat the ashisdisposed. The estimated
additiona ashto bedisposedinlb/hrisgivenby:

ACoal ash product
HHV

AAsh (1.30)

where ash product isthefraction of ash produced asabyproduct of burning agiven type of
coal toand HHV isthe high heating value of the cod in Btu/lb asgivenin Table 1.3.

Thecost of theadditional coal in $/yr required to maintain the same boiler steam output

Annual ACoal cost = ACoal Cost,, to (1.31)

where Cogt_, isthecost of coal indollarsper MMBtu (¥MMBtu) Cod isinlb/hr, andt is
givenineguation 1.22a. *
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The cost of additiona ash disposal dueto the addition fuel usageisgivenby:

Annual AAsh cost = AAsh Cost,g to (1.32)

where Cost_ isthe cost of ash disposal indollarsper ton ($/ton). Ashisinlb/hrandt is
given equation 1.22a. A conversion of 2,000 Ib per tonisrequired to convert $/tonto ¥lb.

Indirect Annua Costs

Ingenerd, indirect annual costs (fixed costs) includethe capital recovery cost, property
taxes, insurance, administrative charges, and overhead. Capital recovery cost isbased onthe
anticipated equipment lifetimeand theannud interest rate employed. An economic lifetime of
20 yearsisassumed for the SNCR system. (Theremaining life of theboiler may alsobea
determining factor)

Inmany cases property taxesdo not apply to capital improvementssuch asair pollution
control equipment, therefore, for thisanalysis, taxesare assumed to bezero [9]. The cost of
overhead for an SNCR systemisalso considered to be zero. An SCR systemisnot viewed as
risk-increasing hardware (e.g., ahigh energy devicesuch asaturbine). Consequently, insurance
onan SNCR systemisontheorder of afew pennies per thousand dollarsannually [9]. The
administrative charges, covering sales, research and devel opment, accounting, and other home
office expenses, incurred in operation of an SNCR system arenot significant for the cost
estimation procedure presented here. Finaly, there aretwo categories of overhead, payroll and
plant. Payroll overhead includes expensesrelated to labor employed in operation and mainte-
nance of hardware; whereas plant overhead accountsfor items such asplant protection, control
laboratories, and parking areas. Becausethisprocedure assumesthat no additional labor is
needed to operate an SNCR system, payroll overhead iszero and plant overhead isconsidered

negligible

Using these assumptions, indirect annual costsin $/yr, IDAC, can be expressed as:

IDAC = CRF TClI (1.33)

where TCl isthetotal capital investment in dollarsand CRF isthe capital recovery factor.
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Capital recovery factor wasdefinedin Section 1 as.

(1.34)

wherei istheassumed interest rate and nisthe economic life of the SNCR system.

Total Annual Cost

Thetotal annual cost, TAC, for owning and operating an SNCR system isthe sum of direct
andindirect annua costsasgiveninthefollowing equation:

TAC = DC + IDAC (1.35)

Thetonsof NO_removed annudly are:

NO, Removed = NOXin Mo, Qg top (1.36)

whereNO isgivenaslb/MMBtu,Q asMMBtu/hr andtopin hoursand aconersion of
2,0001b/tdfisrequired. ®

Thecostindollarsper ton of NO, removed per year, cost fficiency is:

TAC
NO, Removed

Cost Efficiency = (1.37)
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1.5 Example Problem

An example problem, which cal cul ates both the design parameters and capital and
annual costs, ispresented below. Thedesignbasisisaretrofit SNCR system being appliedtoa
1000 MM Btu/hr, wall-fired, industrid boiler firing subbituminouscod. Thefollowingassump-
tionsaremadeto performthecalculations:

Fud HighHeating Vaue 10,000 Btw/lb
Maximum Fuel Consumption Rate 1.0x 10°Ib/hr
Average Annual Fuel Consumption 4.38x 1C%1b
Number of SNCR operating days 155days
Uncontrolled NO,_Concentration 0.46 Ib/MMBtu
Required Controlled NO, Concentration 0.30Ib/MMBtu
Percent Fuel AshWeight 7.5%

Stored Urea Concentration 50% ureasolution
Injected UreaConcentration 10% ureasolution
Number of Daysof Storagefor Urea 14 days

In addition to these assumptions, the estimated economic factorsrequired to performthe
calculationsaretaken from References[2] and [3]. Theseestimatesare:

Cost Year December, 1998
Equipment Life 20years

Annuad Interest Rate 7%

Cod Cost, Eastern Bituminous 1.60 $/MMBtu
AshDisposal Cost 11.28 $/ton
50% Urea Sol ution Cost 0.85%/gel

Water Consumption Cost 0.0004 $/gal
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1.5.1 Design Parameter Example

Theboiler annual heat input rate, Q,, isca culated from the High Heating Va uefor subbitumi-
nouscoa givenin Table 1.3 and themaximum fuel consumption rate, M, :

Btu Ib
_ 10,000TX100,000W _ MMBtu
B = 106 _Bu =1000 =
MMBtu

Theplant capacity factor iscal culated from the maximum and annua averagefuel consumption:

8
CF piam = 438x10° 10 _ o5 509

1><105(E)><87601
hr yr

The SNCR system capacity factor is cal culated from the months of SNCR operation, 5 months:

155 days
365 days

Fowcr = =042 =42%

Thetotd capacity factor including both plant and SNCR capacity factorsisgiven by:

CFpa =05x042 =021 =21%

TheNO _remova efficiency, n, ., iscalculated fromtheinlet NO, concentration andthe
required stack NO, concentration:

Ib

Ib
046 3375w~ 0-30 iwisw

Nyo, = = = 0.35 = 35%

046 MM Btu

Theequation derived in Reference[1] isused to estimatethe NSR for the SNCR system. The
edimateisgivenby:

Ib
%ZXOAG MMBtu)+0.7%<0.35
R = =123

Ib
0.46 MMBtu

NS
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Thereagent utilization can then be cal cul ated based on therequired NO, removal efficiency and
NSRvdueusng:

Utilization = & =0.28 =28%
123

Thevalueof thethe NSR indicatesthat 1.23 molesof NH,, are required per mole of uncon-
trolled NO, toreducetheNO  level by 35%. Thistrandatesto areagent utilization of 0.28, the
ratio of molesof reagent reacted to themolesinjected. Thisindicatesthat 28% of theinjected
reagentisbeing utilized for NO,_removal. Theremainder of thereagent isbeing destroyed or
passing through asammoniadip.

Themassflow rate of thereagent is cal cul ated using the molecular wei ght of the reagent, 60.06
g/moleand NO,, 46.01g/moleandthe SR for urea, 2. For an NSR of 1.23, the reagent mass
flow rateisgivenby:

%1000 MMBY %035 x1.23 x60.06 2
tu hr mole _ Ib
=130

2x4601- %
mole

046
M —

reagent —

Ib
MMB

Theflow rate of thediluted solution, where the concentration of the agueous solution is50%
urea, isgivenby:

The solution volumeflow rate can then be cal culated where p isthe density of the agueous
reagent solution, 71.0 Ib/ft3 for 50% agueous ureasol ution at 60°F.

Ib gal
260 Tk 7481~

ft
Osol = m =27gph
710
ft

Thetotal volume stored in thetank, or tanks, isbased on the volumethat the SNCR
system requiresfor 14 daysof operation. The on site storage requirement isgiven by:

24hr
Volume,,,, =27 gph x14 days x day

=9072 gal
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Theon sitestoragerequirement for ureais9,072gallonsper 14 days. Thisshowsthat for
alargeboiler, 1000 MMBtu/hr with 35% NO, removal efficiency thevolume of urearequired
to operatean SNCR system for155 days during summer monthsisapproximately 10,500

gdlons

An estimatesfor power consumptionisgivenby:

047 x0.46 x1000 MMBu
Power = MMgB‘S e =23 kw

Water consumption, assuming a50% ureasol ution stored and a 10% ureasolutionin-
jected, is:
260f

05
= x H2= _1H= 125 gph
Awater = 345£ 10 g ok

The estimated additional coal and ash required to maintain the same net heat output are
givenhy:
Btu

260— 900—
ACoal = b ><§'f1 —1§=2 MM Bt
106 Btu 10 hr

MMBtu

2 MM %0077 x108 B

AASh - r o MMBIU _15%
10, 000—

15.2 Codt Estimation Example

Oncethe SNCR systemissized, the capital and annual costsfor the SNCR system can be
estimated. Thedirect capital costsare estimated using:

MM Btu [?577

$950 X1OOO(MMB“‘) 3 375

D =
B0 ! @D—ooo i x[0.66 +(0.85 x0.35)] =$1,498,152

DC =
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Indirect capita costsare estimated from thedirect capital costsusing thefollowing equations:

Indirect Installation Costs

General Facilities ($) $1,498,152 x 0.05 = $74908

Engineering and Home Office Fees ($) $1,498,152x0.10 = $149,815

Process Contingency ($) $1,498,152 x 0.05 = $74908
Total Indirect Installation Costs ($) $74908 + $149,815 + $74908 = $299,630
Project Contingency ($) ($1,498,152 +$299,630) x 0.15 = $269,667
Total Plant Cost ($) $149,815 + $299,630 + $269,667 =$719,112
Preproduction Cost ($) $719,112 x 0.02 = $143,82
Inventory Capital* ($) 9072 gal x 0.85%/gal =$7,711
Total Capital Investment (TCI) ($) $719,112 + $143,82 + $$7,711 = $741,205

Annua costsare based on the economic factorslisted above. Inaddition, the SNCR
systemisassumed to operatefor 5 monthsof the year with aboiler loading of 65%, resultingin
atotal capacity factor of 27%. Theannual variable costsaregiven by:

Annual maintenancecost = 0.015x $741,205= $11118
g u]
Annual reagent cost =27gph xo,ssi x[9.21 x8760 h_fg _$42,218
gal g yrg oy

Annual electricity cost = 23kW x0.05-> %.21 x8760 " O_$2115
kw yw B oy

Annual water cost =125gph ><O.0004i x %.Zl x8760£D—$ﬂ
gal y B yr

Annual ACoal cost = 2 MBUY 160 021 xe760 ] 35887
MM Btu yr
Ib $ hr
15" x1128 % x[0.21x8760 ™
Annual AAsh cost = —— on - v _ $156
2,000 — yr

ton



Thetotal variabledirect annual cost, the sum of the cost of thereagent, el ectricity, water, cod
andash, isgivenby:

Total Variable Cost = (42,218 +2,115 +92 +5,887 +156)ir :$50,:168
vy

and thetotal direct annual cost isgiven by the sum of the maintenance and variable cost:

$31,748 +$50,468 _$82,216
yr yr yr

Total DirectAnnual Cost (DAC) =

Total indirect annual costs assumesthat the property tax factor,F _ , and the overhead factor,
F . arebothzero. Thecapita recovery factor, CRF, isdefined by:

ovhd’

007 (1+0.07)*°

CRF = 25— =009439
(1+0.07) 1
and theindirect annual costs(IDAC) arecalculated by:
IDAC = 0.09439 x$741,205 =$69'?62

Thetota annual cost isthesum of thedirect annual and indirect annual costsgiven by:

$82,216 ‘ $69,962 _ $152,178
yr yr yr

TAC =

Theannual costintermsof NO, removed can be cal culated using thetotal annua cost and the
tonsof NO, removed annualy by:

Ib

0.46 0 x035x1000 M“rfrB‘“ %.21 x867ol:5
NO, Removed = I T 2=147 tons
20002
ton
and
0.46 Mh'ﬂbbw x0.35 x1000 M“rfrB‘“ %.21 x867ol:5
NO, Removed = Y 2=147 tons

20002
ton
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