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11 Roleof Cost in Setting of Regulations

Cogt hasanimportant rolein setting many state and federal air pollution control
regulations. Theextent of thisrolevarieswith thetype of regulation. Sometypesof regulations,
such asMaximum Achievable Control Technology (MACT) standards, explicitly usecostsin
determining their stringency. Thisusemay involveabaancing of costsand environmental
impacts, costsand dollar val uation of benefits, or environmenta impactsand economic
consequencesof control costs. Other typesof regulations(e.g., National Ambient Air Quality
Standards), use cost anaysisto choose among aternativeregul ationswith the sameleve of
stringency. For theseregulations, theenvironmental god isdetermined by someset of criteria
which do notincludecosts. However, regul ators use cost-effectivenessanalysisto determine
theminimum cost way of achievingthegod.

For someregulations, cost influences enforcement procedures or requirementsfor
demondtration of progresstowardscompliancewithanair quality standard. For example, the
size of any monetary penalty assessed for noncompliance as part of an enforcement action must
includethe cost of the controlsthat were not installed by the noncompliant facility. For
regul ationswithout afixed compliance schedul e, demonstration of reasonable progresstowards
thegoa issometimestied to the cost of attaining the goal on different schedules.

Costisalsoavita input to the EPA’s standard setting and regul atory processes.
Through various Executive Ordersand acts, EPA has been charged with performing anumber
of detailed economic and benefit-cost anal yses on each proposed rulemaking to assesstheir
economic efficiency and assurethe public the best possibl e regul ation has been chosen from
among aternativeregulations. Cost dso playsan input rolein determining the economic impact
of eachregulatory aternative on senstive popul ations, small businesses, employment, prices,
and market and industry structure.

ThisManua provides up-to-date information on point source and stationary area
sourceair pollution controlsfor volatile organic compounds (VOCs), particulate matter (PM),
oxidesof nitrogen (NO, ), and some acid gasses (primarily SO, and HCI). Itisnot asource of
information for non-stationary area(e.g. emissionsfrom fugitive dust sources, agricultura
sources) and mobile sources. Furthermore, thisManual doesnot directly addressthe controls
needed to control air pollution at electrical generating units (EGUS) because of the differencesin
accounting for utility sources. Electrica utilitiesgenerally employ the EPRI Technical Assistance
Guidance (TAG) asthebasisfor their cost estimation processes.! Finaly, new and emerging
technol ogiesare not generally within the scope of thisManual. The control devicesincludedin
thisManual aregeneraly well established deviceswith along track record of performance.

This does not mean that this Manual is an inappropriate resource for utilities. In fact, many power plant
permit applications use the Manual to develop their costs. However, comparisons between utilities and
across the industry generally employ a process called “levelized costing” that is different from the
methodology used here.



1.2 Purpose of the Manual

Theobjectivesof thisManual aretwo-fold: (1) to provideguidancetoindustry and
regulatory authoritiesfor the development of accurate and cons stent costs (capital costs,
operating and mai ntenance expenses, and other costs) for air pollution control devices, and (2)
to establish astandardized and peer reviewed costing methodol ogy by which al air pollution
control costing analyses can be performed. To perform these objectives, thisManual, for the
last twenty-fiveyears, hascompiled up-to-dateinformation for “add-on” (downstream of anair
pollution source) air pollution control systemsand provided acomprehensive, concise,
congistent, and easy-to-use procedurefor estimating and (where appropriate) escal ating these
costs. Over time, the accessability of thisManual and itsease of use hassignificantly increased.
Itsearly editionswereonly availablein hard copy by request, mailed from the EPA’s Office of
Air Quality Planning and Standardsin Research Triangle Park, North Carolina. Later editions
becameavailableeectronicaly; first through the EPA's Technol ogy Transfer network (TTN)
bulletin board inthe early nineties, later asafully accessi ble series of documentson the Internet
through the Agency’sClean Air Technology Center. TheManual isaliving document, evolving
continuously to meet the changing needs of its customers, and now, with supporting programs
for the personal computer such asthe CO$T-AIR spreadsheetsand the Air Compliance
Advisor that streamlineand smplify theinput of site-specificinformation, theManual iseven
more access ble and important.

Asdways, to achieveitsobjectives, theManual providesdetailed engineering
information that reflectsthelatest innovationsin theindustry and costing information that isup-
to-dateand relevant. Theaccuracy of theinformationinthe Manual worksat two ditinct levels.
From aregulatory standpoint, the Manua estimating procedurerestsonthe notion of the
“study” (or rough order of magnitude- ROM) estimate, nominally accurateto within = 30%.
Thistypeof estimateiswell suited to estimating control system costsintended for usein
regulatory development becausethey do not require detail ed site-specific informati on necessary
for industry level analyses. Whilemoredetailed dataare avail ableto theregul ator, those data
aregenerally proprietary in nature (which limitstheir ability to be published), costly to gather,
and too time consuming to quantify. Therefore, for regulatory analyss purposes, study estimates
offer sufficient detail for an assessment whileminimizingitscosts. The Manua and itssupporting
programsarea so well suited to customization by industrial sourcesto provide moreaccurate
assessmentsof control cost sizing and cost that can be used for scoping level decision making
and planning purposes. Whilesuch customized analysesare by definition of greater accuracy
than the generic study level analysisof theregulator, the Agency doesnot makeany clamfor a
greater accuracy than the study level’snominal 30 percent.

TheManua offersan additional, benefit toitsusers. When industry usesthe Manual and
itssupport programsto determineits control costsfor permitting purposes, and the regul ator
usesthe Manual (and itssupport programs) to validateindustry’s permit, the approval process
can befaster and lessexpensive. With acommon peer reviewed costing methodol ogy used by



all parties, regulatorsand permitting authorities can minimizethetimeit takesto performa
permit review because the honest application of the methodol ogy set out inthisManual by both
industry and the regul ator should provideresultsthat areroughly smilar. Differencesin
conclusionsare reduced to acomparison of input parameters, rather than aprotracted debate
ontheveracity of alternativemodels. Thisinterna consistency adlowsindustry and theregulatory
community towork in partnership to bring industrial growth onlinefaster and produce needed
pollution abatement sooner.

1.3  Organization of theManual

ThisManual isarevision of thefifth edition of the OAQPS Control Cost Manual, [1]
which, inturn, wasarevision of the edition completedin 1990. Thissixth edition of theManual
includes sizing and costing procedures and datafor the same eight types of add-on control
devicesand threekindsof auxiliary equipment availablein thefifth edition, but beyond the
necessary revisions, updates, and expansions of each of these chapters, the Manua hasmadea
number of revolutionary changes.

Aswith earlier editions, thisedition hasbeen issued in self-contained chapters. Each
chapter addressesalogically separatetopic, which can beeither of agenera nature (e.g., this
introduction) or of amore specific, equipment-oriented nature (e.g., fabricfilters). Tofully
assessthesizing and cost of aparticular air pollution control device, you only haveto access
onechapter - with one exception. For auxiliary equipment common to many different pollution
control devices, that information has not been repeated in each chapter. Instead, auxiliary
equipment ishandled asaseparate set of chaptersinthe sectionimmediately followingthis
introduction. The chapterswhich comprisethisportion of theManual arelistedin Table 1.1,
alongsidethe portionsof the 1990 Manual they replace.

Each of these stand-al one chapterscontainsa:

. Processdescription, wherethetypes, uses, and operating modesof the
equipment itemand (if applicable) itsauxiliariesare discussed;

. Sizing (design) procedure, which enables oneto use the parametersof the
pollution source (e.g., gasvolumetric flow rate) to size the equipment item(s) in
question;

. Capital and annual costing procedure and datafor the equipment and suggested
factorsto usein estimating these costs from equipment design and operationa

(e.g., operating hours) parameters. These costsare presented in both graphical
and equationformswherever possible.

. Exampleproblemstoillustrate the sizing and costing procedures presented in
the chapter.




Table1.1: Comparison of thethe OAQPS Control Cost Manual (5th Edition)
andthe EPA Air Pollution Control Cost Manual (6th Edition)

Sixth Edition Fifth Edition
Section/Chapter Title Chapter
Section 1 Introduction

Chapter 1 Background 1
Chapter 2 Cost Estimation: Concepts and M ethodol ogy 2
Section 2 Generic Equipment and Stacks

Chapter 1 Hoods, Ductwork, and Stacks 10
Chapter 2 Fans, Pumps, and Motors 2

Chapter 3 Permanent Total Enclosures?

Chapter 4 Monitors *

Section 3 VOC Controls

Section 3.1 VOC RecaptureControls

Chapter 1 Carbon Adsorbers 4
Chapter 2 Refrigerated Condensers 8
Section 3.2 VOC Destruction Controls

Chapter 1 Flares 7
Chapter 2 Incinerators 3
Section 4 NO, Controls

Section 4.1 NO, Combustion Controls

Chapter 1 Fuel Switching?

Chapter 2 Low NOx Burnersand other Combustion Controls?

Chapter 3 Steam/Water | njection?

Chapter 4 Natural Gas Reburn?

Section 4.2 NO, Post-Combustion

Chapter 1 Selective Non-Catalytic Reduction*

Chapter 2 Selective Catalytic Reduction*

Chapter 3 Non-Selective Catalytic Reduction?

Section 5 SO, and Acid GasControls

Section 5.1 Pre-Combustion Controls

Chapter 1 Fuel Substitution 2

Section 5.2 Post-Combustion Controls

Chapter 1 Wet Scrubbersfor Acid Gas 9
Chapter 2 Wet and Dry Scrubbers for SO, 2

Section 6 ParticulateMatter Controls

Chapter 1 Baghouses and Filters 5
Chapter 2 Wet Scrubbers for PM 2

Chapter 3 Electrostatic Precipitators 6
Chapter 4 Inertia Impactors?

Section 7 Mercury Controls?

New Chapter

?Planned Chapter



Finally, each chapter issupported by supplementa programsthat streamlineand expand upon
theinformationintheManud:

. for control cost analyses, we devel oped a series of Lotus spreadsheets
(filename: COST.AIR.ZIP), that have beeninstalled onthe CATC website,
allow theuser to sizeand cost any of the control devicescovered intheManual,
plusseverd others(e.g., venturi scrubbers) that are planned for futureinclusion
intheManud; and

. further automating the costing procedure and offering important engineering
information, we havea so devel oped ahighly automated program, the Air
Compliance Advisor, which, following theinput of detailed site-specific
information onthefacility, offerssizing and costing informationon all potentia
controls.

The scopeof theManua hasa so changed over time. Initidly, theManual provided
information onasmall number of volatile organic compound (V OC) pollutantsthat were of
primary interest to the abatement of ozone and hazardousair pollutants (HAPS). Over time, the
Manual grew toinclude particul ate matter (PM) and some acid gasses. Asnew pollutantsand
new deviceswere added, they were ssimply added on to the end of the chapter list, which
resulted in an unsystematic approach to the discussion of pollution control. Now, inthislatest
edition of the Manual, we have branched out even farther with new chapterson NO, post-
combustion control devices, planned chapterson NO, combustion controls, expansion of the
acid gasscrubber chapter toinclude SO, more explicitly, and anew chapter for fine particulate
controls. To accommodate these new chapters, we have a so changed thelook of the Manual,
rearranging chaptersintological pollutant groupingsand restructuring the numbering systemto
allow for new chaptersunder each of these pollutant headings. Further discussion of these
changes can befound in the next section, bel ow.

1.4 I ntended Users of the M anual

TheManual providescomprehensive proceduresand datafor sizing and costing control
equipment. Some of these procedures are based on rigorous engineering principles, such asthe
material and engineering balancespresented for Thermal Incinerators (Section 3, Chapter 2). To
fully appreciate and correctly apply these proceduresthe user must be ableto understand them.
Moreover, the user hasto be ableto exercise” engineering judgement” on those occasionswhen
the procedures may need to be modified or disregarded. Typically, engineersand otherswith
strong technical backgrounds possessthiskind of knowledge. Hence, thisManual isoriented
toward thetechnical not the non-technical user.



1.5 “Uniqueness’ of the Manual

TheManua presentsauniqueapproach to estimating air pollution control systemsizing
and costing methodol ogiesfrom other cost-oriented reports, such as:

. The Cost Digest: Cost Summariesof Selected Environmental Control
Technologies[2]

. A Standard Procedurefor Cost Analysisof Pollution Control Operations|[3]
. Handbook: Control Technologiesfor Hazardous Air Pollutants[4]

Although thesereports (aswell asmany of the MACT Background Information
Documentsand other standards-supporting documents) contain costsfor add-on control
systems, they do not duplicate the Manual for one or more of thefollowing reasons: (1) their
costs have been based either wholly or partly on datain the previousManuals; (2) they apply to
specific source categories only, whereasthe Manual datamay be applied generadly; (3) their
estimating proceduresand costsare of lessthan study estimate quality; or (4) they are not
intended for estimating costs used in regul atory development. The Cost Digest, for example, is
designed for use by non-technical personnel, contains proceduresfor making “ order-of -
magnitude’ estimates (+ 30% accuracy or worse). A Standard Procedure, conversely, was
primarily intended for estimating costsfor R& D cases(e.g., demonstration projects), where
somesite-gpecific dataareavailable. Further, althoughthelatter report containsathoroughlist
of equipment installation factors, it containsfew equipment costs. Thereport, Handbook:
Control Technologies, used dataand estimating proceduresfrom the 1990 Manual to provide
sound generalized proceduresfor estimating costsfor varioustypesof control equipment. This
edition of theManua supplementsthisinformation. Also, sinceitsinception, the Manual has
been extensively used to support Agency regulatory devel opment, State permitting programs,
and other activitieswhere current, cons stent, and comprehensive control cost dataarerequired.

Oneadditiona characteristic of the Manual must also be considered: the Manual is
free. While other pollution control cost reports can costs hundredsof dollars, the EPA has
alwaysprovided thisManual at no cost. Thisisespecialy important when we consider the
increased usethe Manual hasreceived from academicinstitutionsfor master’sand doctora
work by engineers, environmenta engineers, and economists. In summation, theManual remains
auniquely available, uniquely comprehensive, and uniquely accepted standard inthefield of
environmental pollution control Szing and costing.
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2.1 Introduction

Thischapter presentsamethodol ogy that will enablethe user, having knowledge of the
source being controlled, to produce study-level cost estimatesfor acontrol system applied to that
source. The methodol ogy, which appliesto each of the control systemsincludedinthisManud, is
general enough to be used with other “add-on” systemsaswell. Further, the methodol ogy can
apply to estimating the costs of fugitive emission controlsand for other non-stack abatement
methods.

2.2 Types of Cost Estimates

Asmentioned in Chapter 1.1, the costs and estimating methodol ogy inthisManual are
directed toward the“ study” estimate with anominal accuracy of + 30% percent. According to
Perry’s Chemical Engineer’ sHandbook, astudy estimateis*®... used to estimate the economic
feasbility of aproject before expending significant fundsfor piloting, marketing, land surveys, and
acquigtion... [However] it canbeprepared a rdaively low cost withminimum data” [ 1] Specifically,
to devel op astudy estimate, thefollowing must be known:

. L ocation of the sourcewithinthe plant;

. Rough sketch of the processflow sheet (i.e., therdativelocations of theequipment
in thesystem);

. Preliminary sizesof, and materia specificationsfor, the system equi pment items;

. Approximate sizesand typesof construction of any buildingsrequired to house
thecontrol system;

. Rough estimatesof utility requirements(e.g., eectricity);

. Preliminary flow sheet and specificationsfor ductsand piping;

. Approximatesizesof motorsrequired.[1]

In addition, the user will need an estimate of thelabor hoursrequired for engineering and
drafting activitiesbecausethe accuracy of an estimate (study or otherwise) depends ontheamount
of engineering work expended on the project. Therearefour other types of estimates, three of
which are more accurate than the study estimate. Figure 2.1 below, displaystherel ative accuracy
of eachtype of cost estimation process. Theother processesare:[1]

. Order-of-magnitude. Thisestimate provides*arule-of-thumb procedure applied
only torepetitivetypesof plant ingtdlationsfor whichthereexissgood cost history”.
Itserror boundsare greater than £ 30%. (However, according to Perry’s, “... no
limitsof accuracy can safely beappliedtoit.”) Thesoleinput required for making
thislevel of estimateisthe control system’s capacity (often measured by the
maximum volumetric flow rate of the gaspassing through the system).

2-3



. Scope, Budget Authorization, or Preliminary. Thisestimate, nominaly of £ 20%
accuracy, requiresmore detail ed knowledgethan the study estimateregarding the
site, flow sheet, equipment, buildings, etc. Inaddition, rough specificationsfor the
insulation and instrumentation are a so needed.

. Project Control or Definitive. These estimates, accurateto within+ 10%, require
yet more information than the scope estimates, especially concerning the site,
equipment, and e ectrical requirements.

. Firmor Contractor’sor Detailed. Thisisthemost accurate (+ 5%) of the estimate
types, requiring completedrawings, specifications, and Stesurveys. Consequently,
detailed cost estimatesaretypically not availableuntil right before construction,
snce“timeseldom permitsthe preparation of such estimatesprior to an approval
to proceed with the project.”[ 1]

ACCURACY

+0% +5% +10 % +20 % +30 %

t t { ¢ t —
Post- Detailed Project Scoping Study  Order of Magnitude
Construction Control
Reports

Figure2.1: TheContinuum of Accuracy for Cost Analyses

Study-level estimatesare acceptablefor regul atory devel opment becausethey represent a
compromise between theless accurate order-of-magnitude and the more accurate estimate types.
Theformer istoo impreciseto be of much value, whilethelatter are not only very expensiveto
make, but require detailed site and process-specific knowledge that most Manual userswill not
have. Over time, thisManud hasbecomethe standard for air pollution control costing methodol ogies
for many regulatory agencies. For example, Virginiarequiresthat the Manua to beusedinmaking
cost estimatesfor BACT and other permit applications, unlessthe permit applicant can provide
convincing proof that another cost reference should be used.*

When used by industry to plan for theingtallation of apollution control device, thisManua
offerstheuser an opportunity for greater accuracy than that used by regulaors. Sincetheindustrial
user will necessarily havemuch moredetalledinformation than thegeneric cost and s zinginformation
used in astudy estimate, the methodol ogy employed by thisManual can provide cost estimates

! Correspondence with William Vatavuk, former editor and author of the Manual, 12/24/01.



that approach those of a scoping study. However, the EPA does not claim cost estimates for
industry at agreater than study level accuracy for industrial users, even though the anecdotal
evidencefrom most testimonial svolunteered by industrid usersindicateamuch greater than £30
percent accuracy can be attained.

2.3 Cost Categories Defined

Theterminology usedintheearlier editionsof thisManua were adagpted fromthe American
Association of Cost Engineers[2]. However, different disciplinesgivedifferent namesto thesame
cost components and the objective of thiseditionisto reach out to abroader scientific audience.
For example, engineersdetermineaseriesof equa paymentsover along period of timethat fully
fundsacapita project (and its operations and maintenance) by multiplying the present value of
those costsby acapital recovery factor, which producesan Equivaent Uniform Annua Cash Flow
(EUAC) vaue. Thisisidentical to the process used by accountantsand financial anaysts, who
adjust the present value of the project’s cash flowsto derive an annualized cost number.

2.3.1 Elementsof Total Capital | nvestment

Total capital investment (TCI) includesall costsrequired to purchase equipment needed
for the control system (purchased equipment costs), the costs of |abor and materia sfor instaling
that equipment (direct installation costs), costsfor site preparation and buildings, and certain other
costs (indirect installation costs). TCI also includes costsfor land, working capital, and off-site
fadlities

Direct installation costsinclude costsfor foundationsand supports, erecting and handling
the equipment, el ectrical work, piping, insulation, and painting. Indirect installation costsinclude
such costs as engineering costs; construction and field expenses (i.e., costs for construction
supervisory personnel, office personnel, rental of temporary offices, etc.); contractor fees (for
congtruction and engineering firmsinvolvedin the project); start-up and performancetest costs(to
get thecontrol systemrunning and to verify that it meetsperformance guarantees); and contingencies.
Contingenciesisacatch-all category that coversunforeseen coststhat may arise, suchas”...
possi bleredesign and modification of equipment, escaationincreasesin cost of equipment, increases
infield labor costs, and delays encountered in start-up.” [ 2] Contingenciesare not the samething
asuncertainty and retrofit factor costs, which aretreated separately in thischapter.

Thedementsof total capitd investment aredisplayedin Figure2.2. Note that the sum of
the purchased equipment cogt, direct andindirect install ation costs, Site preparation, and buildings
costscomprisesthebattery limitsestimate. By definition, thisisthetota estimate”... for agpecific
jobwithout regard to required supporting facilitieswhich areassumed to dready exis...”[2] at the
plant. Thiswould mainly apply to control systemsingtalled in existing plants, thoughit could dso
apply tothosesystemsingtal led in new plantswhen no specia facilitiesfor supporting the control
system (i.e,, off-sitefacilities) would berequired. Off-sitefacilitiesinclude unitsto produce steam,



electricity, and treated water; |aboratory buildings, and railroad spurs, roads, and other trangportation
infrastructureitems. Pollution control systemsdo not generally have off-gtecapita unitsdedicated
to them since pollution control devicesrarely consumeenergy at that level. However, it may be
necessary—especialy inthe case of control systemsinstalledinnew or “grassroots’ plants—for
extracapacity to bebuilt into the site generating plant to servicethe system. (A venturi scrubber,
which often requireslarge amounts of € ectricity, isagood exampleof this.) Note, however, that
thecapita cost of adevicedoesnot include utility costs, evenif thedevicewereto requirean off-
sitefacility. Utility costsare charged to the project as operating costs at arate which coversboth
theinvestment and operating and maintenance costsfor the utility. Operating costsarediscussedin
greater detail below.

Total Capital Investment

Total Depreciable Investmant Total Non-Depreciable Investment
| |
I | Land °
Off-She Faciities “Baftery L.Jrriila‘ Cost
| ' ]
Total Direct Cost Total Indirect Cost®
| |
Buildings"
Sie Preparation= b
Direct | istion Cost® indirect Instalation Cost
Purchasad Equiprment Cost
| I |
= Primary Cortrol Devica = Fourddations = Engineaing
= Auxiliary Equipment and Suppons * Conatruction and
(including ductwork) * Handiing and Erection Field Expanses
# |nstrurnentation® + Elactrical & Contractor Feas
* Sales Tax® = Piping » Star-up
= Fraight* * |nsulation * Performance Test
# Painting * Contingencies

aTypically factored from the sum of the primary control device and auxiliary equipment costs.

bTypically factored from the purchases equipment cost.

cUsually required only at “grassroots’ installations.

dUnlike the other direct and indirect costs, costs for these items usually are not factored from the purchased
equipment cost. Rather, they are sized and costed separately.

®Normally not required with add-on control systems.

Figure2.2: Elementsof Tota Capital Investment



AsFigure 2.2 shows, theingtdlation of pollution control equipment may alsorequireland,
but sincemost add-on control systemstake up very little space (aquarter-acre or less) thiscost
would berdatively smal. Certain control systems, such asthose used for flue gasdesulfurization
(FGD) or selectivecatalytic reduction (SCR), requirelarger quantitiesof land for the equipment,
chemicals storage, and waste disposal. I n these cases, especially when performing aretrofit
ingtalation, space congtraintscan significantly influencethe cost of ingtall ation and the purchase of
additiond land may beasgnificant factor inthedevel opment of the project’ scapitd costs. However,
land isnot treated the same as other capital investments, sinceit retainsitsvalueover time. The
purchase price of new land needed for siting apollution control device can beaddedtothe TCl,
but it must not bedepreciated, Snceit retainsitsva ueforever. Ingtead, if thefirm plansondismantling
the device at somefuturetime, then theland should be either excluded fromtheanalysis, or the
vaueof theland should beincluded at the disposa point asan“income’ to the project to net it out
of the cashflow analysis(more on cash flow analyseslater, in section 2.4.4.1).

Onemight expect initial operational costs(theinitial costsof fuel, chemicals, and other
materials, aswell aslabor and maintenancerel ated to start-up) should beincluded in the operating
cost section of the cost analysisinstead of inthe capital component, but such an alocationwould
beinappropriate. Routine operation of the control doesnot begin until the system hasbeentested,
balanced, and adjusted to work withinitsdesign parameters. Until then, dl utilitiesconsumed, all
labor expended, and all maintenance and repairs performed areapart of the construction phase of
the project and areincludedinthe TCl inthe* Start-Up” component of the Indirect Installation
Costs.

2.3.2 Elementsof Total Annual Cost

Total Annual Cost (TAC) hasthreeelements: direct costs(DC), indirect costs(1C), and
recovery credits(RC), which arerelated by thefollowing equation:

TAC =DC +1C -RC (2.1)

Clearly, thebasisof these costsisoneyear, asthisperiod alowsfor seasond variationsin
production (and emissionsgeneration) and isdirectly usablein financia analyses. (See Section
2.3.) Thevariousannual costsand their interrelationshipsaredisplayedin Figure 2.3.

Direct costs arethosethat tend to be directly proportional (variable costs) or partialy
proportional (semi-variable costs) to some measure of productivity - generally the company’s
productive output, but for our purposes, the proper metric may be the quantity of exhaust gas
processed by the control system per unit time. Conceptually, avariable cost can begraphedin
cost / output space asapositive d oped straight line that passesthrough the origin. Thedopeof the
lineisthefactor by which output ismultiplied to derivethetota variable cost of the system. Semi-
variable costs can be graphed asapositive doped straight line that passesthrough the cost axisat
avauegreater than zero - that value being the* fixed” portion of the semi-variable cost and the
dope of thelinebeing ana ogousto that of the variable cost line discussed above.
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Total Annual Cost
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Figure2.3: Elementsof Total Annua Cost

Inthe graphical representation of variableand semi-variable costsin Figure 2.4, the blue
line(lower line) indicatesavariable cost function, with al of itsva uedirectly related to thelevel of
output onthe X-axis. At zero output, the variable cost function returnsavariable cost of zero, as
well. Alternatively, theupper, red linein Figure 2.4 showsasemi-variable cost, whereeven at an
output level of zero, the systemwill still incur acost of $50. Thekey difference between thetwo
typesof variable cost isthat at an output level of zero, asemi-variable cost will still exist. An
examplewould beaboiler producing process steam for only sixteen hoursaday. During thetime
theboilerisidle, it costslessto keep theboiler running at someidlelevel thantore-hest it at the
beginning of the next shift. Consequently, that idlelevel operation cannot beattributed to production
and should be considered the fixed component of the semi-variablefuel cost of theboiler. Direct
costsinclude costsfor raw materia s (reagents or adsorbers), utilities (steam, eectricity, process
and cooling water), waste treatment and disposal, maintenance materials (greases and other
lubricants, gaskets, and sedls), replacement parts, and operating, supervisory, and maintenance
labor. Generally, raw materials, utilities, and wastetreatment and disposal are variable costs, but
thereisno hard and fast rule concerning any of thedirect cost components. Each Situation requires
acertainleve of insght and expertiseon the part of the anayst to separate out the cost components
accurately.



Capital isdepreciable, indicating that, asthe capital isused, it wearsout and that lost value
cannot berecovered. Depreciation costsareavariable or semi-variable cost that isalso included
inthecal culation of tax credits (if any) and depreciation alowances, whenever taxesare considered
inacost analysis. (However, taxesare not uniformly applied, and subsidies, tax moratoriums, and
deferred tax opportunitiesdistort how the direct application of atax works.
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\
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Figure2.4: Graphical Comparison of Variableand Semi-variable Costs

Therefore, thisManua methodol ogy doesnot consider incometaxes.) Noticethat when 100% of
the system costs are depreciated, no salvage val ue can betaken for the system equipment at the
conclusonof itsuseful life. Thisisareasonableassumption for add-on control systems, asmost of
the equipment, which is designed for a specific source, cannot be used elsewhere without
modifications. Evenif it werereusable, the cost of disassembling the systeminto itscomponents
(i.e.,, “decommissioning cost”) could beashigh (or higher) thanthesdvagevaue. If asdvagevaue
existsand will be recouped at the end of the useful life of the control, then that value must be
includedintheanaysis. Theexercisediscussed later inthis chapter employsasavagevaueto
illustrateitsproper use.

Indirect, or “fixed”, annual costsareindependent of theleve of production (or whatever
unit of measure servesasthe analytical metric) and, infact, would beincurred even if the control
systemwere shut down. Indirect costsinclude such categoriesasadministrative charges, property
taxes, insurance, and capital recovery. A fixed cost function added to Figure 2.4 would be a
horizontal lineappearing at theleve of thefixed cost.



Findly, direct andindirect annua costscan beoffset by recovery credits, tekenfor materids
or energy recovered by the control system, which may besold, recycled to the process, or reused
elsewhereat the site. An example of such creditsisthe by-product of controlling sulfur with an
FGD. Asthelimeor limestone reagent reactswith the sulfur in the exhaust gas stream, it becomes
transformed into CaS0O4 - gypsum - which can belandfilledinexpensvely (adirect cost) or collected
and sold to wallboard manufacturers (arecovery credit). These credits, must be cal culated as net
of any associated processing, storage, transportation, and any other costsrequired to makethe
recovered materia sor energy reusableor resalable. Great careand judgement must be exercised
inassigning valuesto recovery credits, since materialsrecovered may beof small quantity or of
doubtful purity, resulting intheir having lessva uethan virgin material. Likedirect annual costs,
recovery creditsarevariable, inthat their magnitudeisdirectly proportional tolevel of production.
A morethorough description of these costsand how they may be estimatedisgivenin Section 2.4.

2.4 Financial Concepts

Engineersuseardatively smdl set of financia toolsto assessdterndtive capitd invesments
andtojustify their selectionsto upper management. M ost often, the engineer’ s purposeisto show
how the recommended investment will improvethe company’sprofitability. Toagreat extent, this
sort of decisionisvoluntary. Adding anew assembly line or changing from onetype of gasket
materia to another can be postponed or even regjected. Thisisnot the casewith pollution control
devices, which arenecessary for compliancewith Stateand Federa pollution Sandardsand generdly
have adeadlineattached to their instal | ation. Consequently, adecisontoinstall device X may not
originate with the engineer. Instead, the process may actually work backward, relativeto the
profitability motivated assessment of the engineer: the company’senvironmental manager could
identify the need for pollution control equipment and then pass that decision on down to the

engines.

When air quality regulationslimit the source' schoiceto only onecontrol type, (e.g., when
theregulation specifiesthe technology to be used), thisManual servestwo functions. First, it
ensures as complete acost profile as possible has been taken for planning purposes. Second,
identification of theappropriate control technology doesnot include site-gpecific requirementsthat
need to beidentified and costed out. ThisManua providesengineering datafor the proper sizing
and design specification of the control. When the environmental manager can choose between
aternative control technol ogiesto achievethe same pollution abatement requirement, thisManua
performsathird function by “normalizing” thefinancia datafrom each dternative sothat awell
reasoned sel ection can be made.

Tofully assessthe cost of apollution control device, the reader must understand severa
financid analysisconcepts. Thissection of theManua discusseshow these conceptsfit together to
providetheandyst withingght into the cost and selection of dternative pollution control equipment.
Earlier editionsof theManud focused ontheassessment of financid informationfromanengineering
perspective. However, EPA haslearned the audiencethat usesthe Manual extendswell beyond
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the engineering discipline. Consequently, one of the key changesin this edition of the Manual
involves adjusting the financial and economic datato reach that broader audience. Wherever
earlier editionsinc uded engineering-specific namesfor financid terms, theengineering nameremains,
but thetechnical term from afinancia perspective hasbeenincluded, aswell.

Section 2.4.1 discusseshow the val ue of money changesover timeand how that led to the
derivation of interest and discount rates. Section 2.4.2 discussesthethreekindsof interest rates
that areimportant to thisManual, and how to select theright interest ratefor your analysis. Section
2.4.3 describeshow persstent increasesin thegenera level of prices(inflation) arehandledinthis
edition of theManua and how to select and useapriceindex to trand atethe pricesinthisedition
(2001 dollars) to your future analyses.

24.1 TimeValueof Money

The costsand benefitsof aninvestment occur over an extended period of timerather than
at the moment of purchase. Consequently, financial analyses and benefit-cost studies must
accommodate thefuture effectsof current decisions. If individual s placed the samevalueona
daollar inthefuturethat they placed onadollar in the present, financial andysiscould besmplified
to the summation of dl future costsand incomesderived fromtheinvestment. However, astheold
saying goes. “A birdinthehandisworth twointhebush”. Not only could the promise of afuture
dollar gounfulfilled, but the purchasing power of that dollar could decline. Furthermore, spending
thedollar inthe present offersimmediaterewardsthat haveto be postponed if thedollar iswithheld
until somefuturedate. Therefore, individual s demand compensation to offset these concerns,
thereby increasing thevalue of afuture payment to morethan adollar. Conversaly, to take payment
today onadollar promised for sometimein thefuture, that same personwill accept lessthan afull
dollar because they could enjoy its benefitsimmediately without the risks of inflation or non-
payment. Thisadjustment processiscalled the principle of thetimeva ue of money.

Adding moretimeto the delay of payment hasacumulative effect. For example, if an
investment required an adjustment of ten percent for each year the decison maker hasto postpone
collection, adollar would haveto return $1.10 at the end of thefirst year ($1.00 times 110%), and
$1.21 for the decision maker towait two years ($1.00 times 110% times 110%). Theformulafor
caculatingthefuturevaueof adollar invested today is:

FV = $1x (1+i)" (2.2)

whereFVisthefuturevaueof thedollar invested, i istheinterest rate, and nisthe number of
interest rate periods (typicaly years) beforetheinvestment hasmatured. Anaogoudly, discounting
future paymentsto the present hasthe same* accumulative’ effect. For example, if apersonwanted
to be padimmediately, rather than wait oneyear for payment of adallar, (at the sameten percent
interest rate used above), they would bewilling to accept $0.92 ($1 divided by 110%). To bepaid
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immediately for adollar promisedintwo years, they would bewilling to accept $0.83 ($1 divided
by [110% times 110%). The present value (PV) of afuture dollar realized in year n can be
cdculated by thefollowing formula:

$1

T (23)

24.2 Interest Rates

Andyssusetheinterest rateto estimate thetimevaue of money. It can bethought of asa
return on investment or the cost of borrowing. A discount rateisaninterest rate used to estimate
thevalueof current paymentsinlieu of waiting until sometimeinthefuture. Therearethreetypes
if interest ratesthat areimportant for thisManua: real, nomina, and socia. Theinterest rate stated
by lendingingtitutionsisanominad interest rate. It isthe cost of borrowing and thelender will have
includedinit afactor to account for anticipated changesinthegenera leve of prices(inflation).
Removing theinflation adjustment from thenomind interest rateyiel dsthered rateof interest - the
actua cost of borrowing. For example, say aninvestor borrows $100 at 10% from abank for one
year. At theend of theyear, theinvestor must pay back $110 dollars. However, if during that year
theinflation ratewassix percent, thebank may receive $10ininterest, but it takes $106 to equal
the purchasing power of the $100 |oaned out the previous year. Consequently, it only made$4in
redl interest. In equation form, thenomina interest rate (i) equasthered interest rate(i ) plusthe
expected rateof inflation (p°):

=i, +p® (2.4)

Theinterest rate employed in thisManual differsfrom that used in non-governmental
financia analyses. It representsasocid interest rate established by the Office of Management and
Budget (OMB) for the comparison of public policy issues. Likeanominal or real interest rate, a
social rate of interest compensatesfor the foregone benefits associated with spending adollar
today; but for dightly different reasons. Society asawholehasacollectiverate of time preference
that equatestheva ueof future benefitswith an equivaent level of benefitsenjoyed now. Thisrate
of preference (interest) would be the same asthat which themarket would assignto acompl etely
risklessinvestment. In practice, that risklessinvestment isrepresented by thelong-term interest
rate on government bonds and securities. When determined in thismanner, the social rate of
discounting should be appropriatefor the eval uation of social projects. However, the processis
not that simple. Private funds bankroll public projects, and tax effectsdistort the true cost of
borrowing. Furthermore, government securities play amacroeconomic rolein the maintenance of

This assumption introduces very little error.
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theoverall economy, fluctuating with the supply of money to stimulate and impede spending as
conditionswarrant. (For example, at thiswriting, the 30-year Treasury Bill rate of interest has
fluctuated between 4.5 and 5.5 percent within thelast 30 days.) Therefore, theinterest rate of
government securitiesmay beastarting point, but they arenot thesameasthe social discount rate.

Insocial terms, spending adollar today on pollution control equi pment meansnot making
investmentsthat could have provided immediateimprovementsto socid welfare. For instance, the
installation of afabricfilter baghouse on acod-fired boiler will reducethe amount of particulate
matter (PM) emitted into the atmaosphere, but the steel used to build the baghouse could have been
used to expand thefactory or make ambulancesor firetrucks. The social discount rate (ared
interest rate) measuresthesekindsof foregonealternative uses. Unlikethereturn oninvestment
for industry, which variesacrossindustries (and even acrossfirmswithinan industry), theforegone
socia benefitsassociated with aninvestment remain the same acrossindustries. Also, sincea
changeinthegenerd levd of pricesaffectseveryone smultaneoudy, socid ratesof interest do not
account for inflation. OMB setsthesocid interest ratefor governmenta anayses, anditiscurrently
set at seven percent.!

When State, locd, Tribal and other governmental authoritiesassesspollution control costs,
the seven percent interest rate employed inthisManua should produce estimationscomparableto
those established by the Agency when it performsitsown eva uations. However, thesocid rate of
interest isprobably not gppropriatefor industry. When choosing between dternativeair pollution
control devices, theindustrial planner must not only take into consideration the costs of each
device, they must also understand how the cost of each devicefitsinto thefinancia structure of
their business. Furthermore, anumber of air regulationsallow sources of pollution to petitionfor
extens onson deadlines, variancesfrom theregulation, or exemptionfromingtalling control devices,
based upon the economicimpact that equi pment would have upon the source. Inthese cases, the
sourcemay find it useful to apply their owninterest rateto the cal culation of control costs. Common
interest rates used by industry and accepted by the EPA for source petitionsincludethe business
current borrowing rate, the current primerate, and other acceptable industrial rates of return.
Becauseindustry may useaninterest rate different from the EPA’sseven percent socid ratefor its
calculations, EPA facilitatesthe application of acustomized interest ratein each chapter of the
Manua by providing detailed explanationsof al formulasand by alowing usersof the CO$T-AIR
spreadsheetsand the Air Compliance Advisor program with the ability to changetheir interest
ratesto suit their specific Situation.

24.3 PricesandInflation
Thepricesinthe Manual were not standardized. Some chaptershad pricesdevelopedin

thelate 1990s, and other chapters had prices devel oped from asfar back as1985. Becausethese
differenceswere not explicitly discussed in these earlier additions, the Agency attempted to

1 www.epa.gov/ttn/catc/products.html#cccinfo

2 U.S. Office of Management and Budget, Circular A-94: Guidelines and Discount Rates for Benefit Cost
Analysisof Federal Programs. October 29, 1992. Prior to 1992, the OM B-determined social discount rate was
10%.
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standardizeal pricesinthissixth edition of theManual to reducethe chancefor analytical error.
Over the past two years, new va uesfor equipment costswere devel oped by re-surveying affected
industriesand vendors. Thiseffort updated all the coststo at least 1990.

To devel op the costs used in each of the chaptersof thisManual, we surveyed thelargest
possible group of vendorsto determine an industry average pricefor each cost component. In
many cases, thisinvolved contact with hundreds of vendorsand theassimilation of large amounts
of data. In other cases, the pollution control equipment was supplied by only afew vendors, which
limited theindependence of our models. And, ingtill other cases, thenumber of exigting manufacturers
or thehighly site-specific nature of their installation madeit difficult for usto develop completely
unbiased pricesfor some components.

Updating costsisan on-going effort at EPA with agoal of standardizing all coststo one
baseyear. Each chapter of the Manual fully disclosesthelimitations of the costing information
found inthat chapter. Thisalowstheanayst may makeany adjustment they deem necessary.

Real and nominal pricesact inthe sameway asreal and nominal interest rates. Nominal
pricesare actual prices(i.e., thesticker price) and represent the value of aparticular good at a
particular pointintime. Redl pricesremovetheeffect of inflation. Adjusting nominal pricestored
pricesinvolves establishing abaseyear for compari son purposes and then creating an adjustment
factor for each year’s pricesrelativeto thosein the base period. Thisadjustment factor isaprice
index (P1) that can then be used to adjust nomina pricesto an equivalent baseyear value; derived
throughthefallowingformula:

_ pricein given year
price in base year

(2.5)

TheFederd government and industry devel op avariety of indexestailored totheanaysis
of specific priceissues. The most recognizabl e of theseindexes arethe Consumer Pricelndex
(CP1) and the Producer PriceIndex (PP!), whichinvestigate the changein pricesacrosstheentire
economy. However, theseindexes are often too general for the specific needs of industry. For
pollution control purposes, OA QPS has devel oped and maintained the Vatavuk Air Pollution
Control Cost Indexes(VAPCCI) which providesan estimate of thechangein pricesfor the purchase
of pollution control devices. The VAPCCI can befound ontheInternet, at the OAQPSweb site
and the Technology Transfer Network (TTN) web site.? Other indexes are also available from
industry and academic sourcesthrough the Internet, industry publications, trade journals, and
financid institutions. When choosing theright priceindex for your analysis, employ the“ ABC
Principle” - that theindex is Accepted by industry or financia ingtitutions, itisBias-free, anditis
Conservative. Biasisadatistica sampling or testing error caused by systematically favoring some
outcomesover others. Itisareflection of the judgement and opinion of theanayst but isnot the
samethingas*professona judgement.” Biasmost commonly appearsasa’ sef-fulfilling prophesy”
that incorrectly validatesan incorrect assumption on theanalyst’spart. “ Conservative’ often gets
interpreted as“careful” - anintentiona over- or under-estimation of theactual valueto avoidthe
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negative effectsof errors. Selection of anindex employing these standardswill most likely not
cause estimation error or be challenged by personsor agencies overseeing your work.

244 Financial Analysis

Onceyou haveamassed dl of thenecessary information onthedesign, ingtdl ation, operation,
and revenue of apossiblecapita investment, what doesthat tell you about how that investment will
affecttheoverdl finanda hedth of your firm?\When comparing two different investment opportunities,
how doyou digtill dl of these datainto one comprehensive and coherent form so that aninformed
decision can be made? This section deal swith anumber of the conceptsand operationsthat will
help you answer these questions.

When alternative investment opportunitiesexist - or, for our purposes, when morethan
onepollution control devicemay beused - the sl ection of themost gppropriatedternative depends
onthat dternative seffect onthefirm’sprofitability. Consequently, financia andystshave created
aset of toolsthat provideinsight into the potential financial consequences associated with an
investment. Whileno singletool worksinal instances, applying severd of thesetoolscan provide
thefinancia manager with sufficient insight for ameaningful decisonto bemade.

Survey evidenceindicatesmost andystsusemorethan onetool to makefinancid decisons?
Theremainder of this section discusses each of thesetoolsand describestheir relative strengths
and weaknesses. Themost fundamenta analysisneeded isthat of cash flow, whichformaizesthe
expected inflows of revenue and outflows of expensesassociated with aninvestment dternative.
Pollution control devicesdo not typically generate revenues, but environmental cost accountants
il begintheir eva uation of pollution control aternativesthrough cash flow analysisasaprecursor
tothegpplication of othertools® The next section discusses cash flow analysisand how it applies
to pollution control equipment. Probably the most important tool inthe analyst’sarsenal isnet
present value (NPV) sinceit actsasthefoundation for anumber of related analyses, including
benefits/cost andyss. Thesectionsafter cash flow andys sdiscussthesecommonfinancid andysis
tools. At theend of thischapter isan exercisethat appliesthese concepts.

2441 Cash Flow

Incomesand expenditurestake place over thelifeof aninvestment (itsplanning horizon),
theamountsand timing of which congtitutethe cash flowsof the project. Pollution control system
costing alwaysincludes expenditures but may not necessarily haveincomes. For acontrol to be
incomegeneraing, it must reduce production cost (through fewer inputsor product reformulation),
or it must capture and recover apollutant with recyclable characteristics (e.g., solvent recovery).

2 ¢.f.,, R.S. Kaplan and A.A. Atkinson, Advanced Management Accounting, 2™ ed., Engelwood Cliffs, NJ:
Prentice Hall, 1989.

3 U.S.Environmental Protection Agency, Environmental Cost Accounting for Capital Budgeting: A Benchmark
Survey of Management Accounting, #EPA742-R-95-005. Washington D.C., U.S. EPA Office of Pollution
Prevention and Toxics, 1995.
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For illustration purposes, consider ahypothetica seriesof cash flowsfor aproject with an operationa
lifeof tenyears. Thedatafor thisfigurecan befoundin Table 2.1, below and will beused asthebasis
for further financia discussiontofollow.

Table2.1: Hypothetical Cash Flow

Year
0 1 2 3 4 5 6 7 8 9 10
Expenses 250 -33 -30 -30 -30 -30 -30 -30 -32 -34 -39
Revenues 0 50 65 65 65 65 65 65 62 58 50
Net Cash Flow 250 17 35 35 35 35 35 35 30 24 n

Figure 2.5isthe cash flow information in graphica form. Expensesare solid red barsextending
below thelineandincomesare solid bluebarsaboveit. Figure 2.5 displaysnet cash flow - thedifference
between incomes and expenses- aswhite barson the graph. Typical of many equipment-related cash
flows, thegreatest cost occursat time zero, whenthe control ispurchased andingtaled. Inthefirst years
of operation, coststend to berelatively high for operating and maintai ning new equipment, dueto
balancing and breaking-in conditions. After that, coststend to drop and remainfairly constant until the
equipment approachesthe end of itsuseful life, when operations and maintenance coststend torise
again. Inthehypothetical example, the control generatesincomethat offsetsthe costsof operationsand
maintenanceduring thelifeof theequipment. Thisisnot thetypical Stuation for pollution control devices,
but isused in thishypothetica examplebecauseit allowsustoillustrate other financial concepts.

24.4.2 Payback

Probably the simplest form of financial analysisisthe payback period anaysis, which smply
takesthecapital cost of theinvestment and comparesthat va ueto the net annud revenuesthat investment
would generate. If net annua revenuesarethe sameevery year, therevenue can smply bedivided into
thetotal capital investment to cal cul ate the payback period. If theannual net revenuesdiffer, thenthe
vauesneed to be summed sequentially until therevenue exceedstota capital investment. The payback
decisionruleisto select that investment with the shortest payback time. For instance, consider the
hypothetical exampleabove. It hasacapita investment of $250, and costs between $30 and $39 per
year to operate and maintain. The project a so hasan expected revenue generating capacity of between
$50 and $65 per year, for annual net revenues of between $11 and $35 per year. If all revenuesand
expenseswere equal, say to the steady state values of $65 and $30, respectively, the project would
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Figure2.5: Hypothetical Cash Flow Diagram

have had anet annual revenue of $35 per year, suggesting theinvestment would “ pay itself back”
inalittlemorethan seven years ($250 divided by $35/yr). However, with uneven revenuesand
costs, we have to sum the net revenuesto determinewhen they exceed theinitial capital cost - in
year eight, for the hypothetica example.

For most pollution control devices, payback analysisisnot poss ble becausethedevice
doesnot producerevenue. However, for alimited number of devices(FGD units, VOC recovery
devices, €tc.), the device may produce a sal eable product that produces arevenue stream. In
these cases, payback isavery limited tool and offersonly the grossest of estimateswith regard to
relative profitability, for thefollowing reasons. First, payback ignoresthemagnitude and direction
of cashflowsinal of theyearsin the planning horizon beyond the payback period. A project that
paidforitself infiveyearsand produced revenuesin al yearsafter payback would havethesame
payback value as onethat paid back in the sametimeyet incurred hugelossesin al subsequent
years!

Second, payback doesnot takeinto account thetimeva ue of money. Consider theexample
above. Applyingthesocial discount rate of seven percent, the capital investment will never pay for
itself. The net revenuesfor theten years of the payback periodinreal “year zero” dollarsare
$15.89, $30.57, $28.57, $26.70, $24.95, $23.32, $21.80, $17.46, $13.05, $5.59, respectively,
leaving the payback of investment short inreal terms by morethan 20 percent! *

Next, evenif thepayback andyssisperformedinred termsrather thaninnomina terms,

L Apply the discounting factors found in Appendix A at the end of this chapter to derive these values.
2The author invites the reader to construct the appropriate cash flow analyese spreadsheets as an exercise.
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the process still failswhen comparing dissimilar projects. Payback considersall projectswith
equal payback periodsto beequally feasible, regardlessof other characteristics. Referringagain
to our hypothetical example, assumethe equipment hasauseful life of ten yearsand apayback
value of seven. Furthermore, consider asecond alternative investment, again with apayback
period of seven years, but now the equipment hasauseful life of only seven years. For smplicity
sake, assumeadll yearsfor bothinvestmentshaveanet revenue of $35.2 While payback considers
both projectsto be equal, the second project would actually cost more over theten year period
because it would have to be replaced at the end of itsuseful life. Therefore, when using the
payback method, theanalyst must be sureto standardize al of thedternativesto thelength of the
longest planning horizon among the choices.

2443 Net Present Value

Toeva uatedternative pollution control devices, theanalyst must be ableto comparethem
inameaningful manner. Sincedifferent controlshavedifferent expected useful livesand will result
indifferent cashflows, thefirst stepin comparing dternativesisto normalizether returnsusing the
principleof thetimevalue of money discussed in section 2.4.1. The processthrough which future
cashflowsaretrandated into current dollarsiscalled present vaueanaysis. When the cash flows
involveincome and expenses, it isalso commonly referred to asnet present value analysis. In
either case, the calculation isthe same: adjust the value of future money to valuesbased on the
same (generally year zero of the project) , employing an appropriateinterest (discount) rateand
then add them together. Thedecisionrulefor NPV analysisisthat projectswith negative NPV's
should not be undertaken; and for projectswith positive NPV s, thelarger the net present value,
the more attractive the project.

Derivation of acash flow’snet present vaueinvolvesthefollowing steps:

» ldentification of dternatives- for example, thechoice between afabricfilter bag house
and an electrostatic precipitator (ESP) for removing particulate matter (PM) froma
fluegasstream.

» Determination of costsand cash flowsover thelife of each aternative - each of the
subsequent chaptersof thisManual offer detailed costing information on specificair
pollution control devicesand equipment, and the supplementa programsthat support
the Manual, the Air Compliance Advisor (ACA) program, and the CO$T-Air
Spreadsheets providethe same costing information electronically.

» Determination of an appropriateinterest (discount) rate- for States, loca, Tribal, and
other environmenta management organi zations, the EPA' sseven percent socid discount
ratewill probably be the most appropriate. Industrial users of thisManual should
consult with their financia officersand/ or trade association for input. Section 2.3.2in
thischapter, discussessomeof theissuesthat governindustry’schoiceof angppropriate
interest rate. If no private defendabl e discount rate can beidentified, thentheindustry
analyst should fprobably usethe Agency’ssocia ratefor itsown analyses.

2-18



» Foreachdternative: Calculate adiscounting factor for each year over thelife of the
equipment - For example, the EPA’ s seven percent discount rate produces discount
factorsof: 0.9346, 0.8734, 0.8163, 0.7629, and 0.7130 for the 1%, 2, 39, 4" and
5"yearsof apieceof equipment’slife, respectively. TableA.1in Appendix A displays
discount factorsfor interest ratesfrom 5.5to 15 percent, in half-percent increments
for 25years.

. For each year’scash flows, sum all incomesand expensesto determinethe net
cashflow for that year innominal terms(seesection2.4.4.1).

. Multiply each years net cash flow by the appropriate discount factor.

. Sum thediscounted net cash flowsto derivethe net present value.

. Comparethe net present valuesfrom each alternative. Higher net present values
indicate better investment opportunities, relativeto the other alternativesinthe
decision set.

The net present value of a stream of cash flows over thelife of an investment can be
caculated using equation 2.6:

n o i O
NPV = 3 NCF 2.6)
t=0

_t D
m-(@+i)'0
where NCF, representsthe net cash flow for year t, andi istheinterest rate.

However, net present va ueandys shaslimitations. Consder ahypothetica firminvestigating
theingtallation of two alternativeair pollution controls. Onedternativewould betoretrofit existing
equipment that hasonly fiveyearsof useful liferemaining. Theother strategy would beto salvage
existing equipment and replaceit with new state-of -the-art componentsthat polluteless. This
strategy would have auseful life of 20 years. If theretrofitting process hasahigher net present
value, doesthat mean it isthe better choice? Not necessarily, because the new equipment would
haveto bepurchasedinfiveyears, anyway, resultingintwo setsof investments. If the new equipment
strategy had ahigher NPV, would it be abetter choice? Not necessarily, sincethefirmwould have
to scrap existing equipment to install the new system. Furthermore, timing theinstallation of the
state-of -the-art controlswith the replacement of thefully depreciated equipment postponesthe
investment for fiveyears(alowingittodeclineinvaueinred terms) and avoi dsscrapping equipment
that isdtill useful.
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One solution to the timing problem described above would be to extend the retrofit
alternative by adding 15 years' worth of equipment replacement at theend of theretrofit period.
Thiswould provideamore meaningful comparison, sinceit would befor smilar timeperiodsand
would alsoincludethetwo expendituresfor equipment necessary for theretrofit to occur. Another
solutionwould beto augment theinformation recel ved from net present va ueanadysisby employing
other financid andysistoals.

Calculating NPV isnot difficult, but it doesrequire some subj ective decision-making by
theanalyst to establish the gppropriate discount rate or ratesto apply. Sincemarket forcestypicaly
incorporateinflation adjustmentsinto investment returnsand borrowing costs, often the discount
rateiskeyed to astandard reference rate. Aswith choosing a cost index, when choosing the
appropriateratefor apresent vaueandyss, gpply the” ABC Principle’ - that therateis Accepted,
Bias-free, and Conservative. Asagenera ruleof thumb, the higher the discount rate, theless
expensve (morediscounted) the present valuewill be. Therefore, theideal discount ratewould be
onethat which matchesthe highest rate of returnthefirm can obtain by investing, or thelowest rate
at whichit can borrow money, whichever ishigher. If the analyst choosesadiscount ratelower
thanthis”idedl” rate, thenthenet present value of theinvestment will appear high, relativeto other
investment opportunitiesand thefirmwill run therisk of taking on aninvestment decisionthat has
been artificialy inflated to makeit moreattractive. Conversely, if the discount rate chosenistoo
high, thenthe net present va ue of theinvestment will appear unfavorable, reativeto other investment
opportunitiesand thefirm risksrejecting apotentialy favorableinvestment. The samearguments
hold for pollution control decisions. When applying for apermit to build or operate asource of
pollution, the application of aninappropriate discount rate can lead to erroneous petitionsfor
waiversor variances. Therefore, the EPA paysparticular attention to theinterest / discount rates
used in operating and new sourcereview permits.

2444 Equivadent Uniform Annual Cash FHow and Annudization

Whenyou purchaseanew home, you do notimmediately pay for the cost of construction,
mai ntenance, upkeep, and dl of the other expensesyou will incur over thenext thirty years. Instead,
you probably borrowed the money from alender to maketheinitid purchaseand will pay annua
expensesastheoccur. Net present value anaysisalows usto eval uate between investments by
summing the present value of a futureincomes and expenses, but that doesnot giveusaninsight
into theexpected cash flowsthat will actualy occur. So, instead of paying up front for al thefuture
costs of installation, maintenance, and operation of apollution control device (NPV analysis),
what if the payments could be equalized (in constant net present valuedollars) over thelife of the
control ? A common engineering tool for thissort of evaluationiscalled the equivaent uniform
annua cashflow (EUAC) method.[3] EUAC worksbest whentheisonly one capital investment
toincorporate and annua cash flowsare constant or normalized to oneyear, typicaly year zero.
When comparing EUA Csfor competing systems, andysts should avoid comparing systemswith
widely differing useful lives. Comparing EUACsfor systemswith livesdiffering by two or three
years may bereasonable, but beyond that range, comparisons become problematic. ThisManua
does not recommend the use of EUAC by itself and only when the useful lives of aternative
controlsarevery smilar.
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Annudizationisaprocesssimilar to EUAC but isnot limited to constant cash flows. It
involves determining the net present val ue of each alternative equipment investment and then
determining the equal (innominal terms) payment that would have to be made at the end of each
year to attain the samelevel of expenditure. In essence, annualization involvesestablishing an
annud “payment” sufficient to financetheinvestment for itsentirelife, using theformula:

l i H
PMT = NPV ——— [
m-(+i)" 0O (2.7)

where PMT isthe equivaent uniform payment amount over thelife of thecontrol, n, at aninterest
rate, i. NPV indicatesthe present val ue of theinvestment asdefined abovein equation 2.6.

Engineering textscall thispayment the capital recovery cost (CRC), whichthey calculate
by multiplying the NPV of theinvestment by the capital recovery factor (CRF):

CRC = NPV xCRF (2.8)

where CRF isdefined according to theformula:

Oi(1+ i) O

CRF = BWH (2.89)

The CRF equation isatransformation of the PMT form in equation 2.7 and returns the same
information. Table A.2in Appendix A liststhe CRF for discount rates between 5.5 percent and 15
percent for annualization periodsfromoneto 25 years.

2445 Other Financid AnalysisTools

Many firmsmakeinvestment decis onsbased upon thereturn oninvestment (ROI) of the
proposed capital purchase, rather than the magnitude of itsnet present value. Inand of itsdlf, the
ROI of aninvestment opportunity isof little use. For most pollution control investments, ROI
analysisdoesnot providemuchintheway of useful information because, likeapayback anaysis,
it must have positive cash flowsto work properly. Ca culated by dividing annual netincomeby the
investment’scapital cost, resultsin apercentage of theinvestment that isreturned each year. The
decison ruleoneshould apply for ROI analysisisif theresulting percentageisat least aslargeas
some established minimum rate of return, then theinvestment would beworth while. However,
different industriesrequire different rates of return oninvestments, and even within anindustry,
many different rates can befound. Anaystsshould consult withtheir firm'sfinancid officersor an
industria associationto determinewhat percentagewould apply.
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Initssimplest terms, internal rate of return (IRR) isaspecial case of net present value
analysis used to separate “good” investment opportunities from “bad”. In fact, many trade
organizations publish standard IRR ratesfor their particular industry. Projectswithan IRR less
than theindustry standard should berejected as not providing sufficient incometo makethem
worthwhile; and projectswith IRRsgreater than theindustry standard should be considered good
investment opportunities. NPV analysisisactualy aseriesof current values, each oneassociated
with adifferent interest rate. For eachinterest rate chosen, the NPV of the sameinvestment will
differ,increasing fromanegative NPV at very low interest ratesto apositive NPV at higher rates.
For eachinvestment analyzed, theinterest ratethat resultsin anet present value of exactly zerois
theinvestment’sIRR. However, the application of | RR depends on having positive cash flows,
whichagainlimitstheir useinanalyzing pollution control aternatives, but, whentherearepostive
cashflows, IRR can provideuseful information.

Twenty yearsago, |RR wasnot easily used becausethereisno direct method for deriving
it. Instead, aproject’sIRR had to be determined manually by an iterative processthat could take
many hoursto perform. Today, although the mathematical processesbehind determininganIRR
have not changed, the convenience of computers have made it much easier to perform. Most
Spreadsheet programsavailabletoday offer an IRR calculator withintheir financia tools. One of
the biggest problemswith applying theinternal rate of return methodology happenswhen the
relevant cash flow switches between positive and negative. When thisoccursitispossibleto
derivetwo or moredifferent IRRsfor the same project. When that happens, IRR isnot applicable
for determining the acceptance of independent projectsor for identifying the best investment risk
out of agroup of potential projects.

Thebenefit-cost ratio of aninvestment isdefined astheratio of thediscounted benefitsto
thediscounted cost, each eva uated at the same constant dollar rate- generdly inyear zerodollars.
With benefitsinthe numerator of theratio, the criterion for accepting aproject onthebasisof the
benefit-cost ratio iswhether or not the benefit-cost ratio is greater than or equal to one(i.e.,
benefitsare greater than costs). However, aswith the payback andysisand financid toolsthat rely
onincomes, benefit cost ratios can be problematic when applied to pollution control devicesand
evauated fromadtrict financia standpoint.

2.4.4.6 Economic versus Accounting Costsand Benefits

From astrict financial standpoint, many of the tools discussed above do not have an
applicationto industry when eval uating pollution control devices. Thisisnot the casewhenthe
analysisisbeing performed at theregulatory level. Inthese cases, dl of the abovetoolscan prove
beneficial - provided the analyst includesthe appropriate set of costs and benefits (incomes).
Clearly, benefit cost andysisisapowerful regulatory tool for eva uating pollution control equipment
when assessed from an economic perspective, wherethe externa costsand benefitsof thedevice

2 Retrofit factorsfor specific applications (coal-fired boiler controls) have been developed. Seereferences
[14] and[15].
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can bemoreeasily quantified. That isbecause economic costs are not the same as accounting
costsand economic benefitsare not the same as accounting benefits.

Accounting costsarethosecogsincuded inafinancia statement, ledger, or other accounting
record. They “account for” thetransfer of fundsbetween oneentity and another. However, economic
costisareamuch broader cost category. Whilethey includeaccounting costs, other typical economic
costsaregulator may encounter when assessing pol lution control issueswould include external
costs- the cost incurred by othersand not part of the accounting system of thefirm. For example,
aboiler may producelarge particlesof unburned or partialy burned fuels (soot). Whilethe owner
of theboiler paysfor the cost of that fuel through higher fuel costs, it doesnot includethe cost of
cleaning that soot off of buildingsand houses upwind of the plant. The owner aso doesnot haveto
pay for the asthmamedicinefor affected peoplewho suffer respiratory problemsbecause of that
soot, nor does it compensate them for the discomfort of that asthmaattack. Thefirst of these
economic costsisfairly straight forward and the economic literature has many examplesof how to
approximateit. The secondisahealth issuethat can also be approximated, athough only after a
great dedl of sudy and analysis. Thethird cost, compensation for discomfort, isapsychic cost and
isextremdy difficult to quantify. However theseand many other smilar costsshould be considered
by theregulatory anayst when assessing the usefulness of apollution control alternative.

Similar to economic and accounting costs, accounting benefits (revenues, avoided
production costs) are asubset of economic benefits. Pollution control devicesreduce pollution
and their install ation reduces the occurrence of these economic costs, so theregulatory analyst
would include among the benefits of the device the avoided economic costsderived from the
pollutant. In other words, asoot free building does not haveto pay for cleaning - and that avoided
cost isconsdered abenefit of thedevice. Smilarly, not having an asthmaattack isa so considered
abenefit of the device. When we perform an economic assessment of apollution control device,
we such asabag housefor capturing soot beforeit entersthe atmosphere, welook at the benefit
of avoiding these economic costs.

When performing an economic assessment of apollution control aternative, theanalyst
can apply economic costs and benefitsto payback (to establish a“socia payback” period), net
present valueanalysis (for benefit cost anayses or to compareto the socia discount ratethrough
ROI or IRR). Without goinginto detail on the science of economic assessment, theanayst should
be ableto go back to each of the discussions above and readily see how to apply these simple
accounting toolsto an economic study.

2.5 Estimating Procedure
The estimating procedure used in the Manual consistsof fivesteps: (1) obtaining the
facility parametersand regulatory optionsfor agivenfacility; (2) roughing out the control system

design; (3) sizing the control system components; (4) estimating the costs of these individual
components, and (5) estimating the costs (capital and annual) of theentire system.
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25.1 Facility Parameter sand Regulatory Options

Obtaining thefacility parametersand regulatory optionsinvolvesnot only assembling the
parameters of theair pollution source (i.e., the quantity, temperature, and composition of the
emissionstream(s)), but dso compiling datafor thefacility’ soperation. (Table 2.2 lisgsexamplesof
these) Weidentify two facility parameters: intensive (with valuesindependent of quantity or
dimensions) and extensive (Size-dependent variabl es, such asthe gasvolumetric flow rate).

Regulatory optionsare usually specified by others (generdly aregulatory authority) and
areoftentechnology driven, typicdly defining alowablewaysto achieveapredetermined emisson
limit. Theseoptionsrangefrom“no control” to arequirement for the systemto reach the maximum
control technically achievable. The optionsallowed will depend, firstly, on whether theemission
sourceisapoint source (astack or other identifiable primary source of pollution), afugitivesource
(aprocessleak or other source of pollution that could not reasonably passthrough astack, chimney,
vent, or other functiona ly-equivaent opening) or an areafugitive source (an unenclosed or partly
enclosed area, such asastorage pile or aconstruction site). Stacksare normally controlled by
“add-on” devices- the primary focusof thisManual. (However, some of these devicescan be
used to control processfugitiveemissonsin certain cases, such asafabricfilter usedin conjunction
with abuilding evacuation system.) Add-on pollution controlsarenormally used to meet aspecified
emission limit, dthough inthe case of particulate emissions, they may a so berequired to meet an

opecity level.

Table2.2: Facility Parametersand Regulatory Options

Facility Parameters

Regulatory Options

Intensive

Facility status (new or existing, location)

Gas Characteristics (temperature, pressure,
moisture control)

Pollutant concentration(s) and/or particle
size distribution

Extensive

Facility capacity

Facility life

Exhaust gas flow rate
Pollutant emission rate(s)

No control

1Add-onTdevices
Emission limits
Opacity limits

Process modification
Raw material changes
Fuel substitution

Source/Feedstock pretreatment
Coal desulfurization
Wet dust suppression
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252

Control System Design

Roughing out the control system design involvesdeciding what kinds of systemswill be
priced (adecisionthat will depend on the pollutantsto be controlled, exhaust gasstream conditions,
and other factors), and what auxiliary equipment will be needed. When specifying theauxiliary
equipment, severa questionsneed to be answered:

What typeof hood (if any) will be needed to capture the emissionsat the source?

Will afan be needed to convey the exhaust through the system? Doesthe system
require any other auxiliary equipment, such asapumptoinject liquidsinto the
exhaust gasstream?

Doesthe exhaust stream pose any hazard to the material s of the hoods, ducts,
fans, and other auxiliary equipment?Istheexhaust caugtic or acidic?Isit dorasive?
Doesthetreatment of the exhaust render it caustic or acidic?

Doesthe exhaust stream require any pre-treatment (e.g., cycloneor another pre-
cleaner) beforeit entersthe control device?

Will the captured pollutants be disposed of or recycled? How will thisbe done?

Cantheon-gtecapacity (e.g., utilities, stockpiling space) accommodatethe added
requirementsof the control system?

Thekindsof auxiliary equipment selected will depend on the answersto these and other
Ste-specific questions. However, regardless of the source being controlled, each systemwill likely
contain, along with the control deviceitsef, thefollowing auxiliaries:

Hood, or other meansfor capturing the exhaust;

Ductwork, to convey the exhaust from the sourceto, through, and from the control
System;

Fan system (fan, motor, starter, inlet/outlet dampers, etc.), to move the exhaust
through the system and to prevent pressure drop within the system dueto the
pollution control system;

Stack, for dispersing the cleaned gasinto the atmosphere.
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25.3 SizingtheControl System

Oncethe system components have been selected, they must besized. Sizingisprobably
themost critical step becausetheassumptionsmadein thisstepwill more heavily influence capital
investment than any other. Table 2.3 listsexamplesof these parameters. Alsolistedin Table2.3 are
general parameterswhich must be specified before the purchased cost of the system equipment
can beestimated. Notethat, unlikethe control device parameters, these parametersmay apply to
any kind of control system. They includemateria sof construction (which may rangefrom carbon
sted to variousstainlessstedd sto fiberglass- reinforced plastic), presenceor absence of insulation,
and theeconomic or useful lifeof thesystem. Asindicatedin Section 2.4.2, thislast parameter is
required for estimating theannual capital recovery costs. Thelifetimenot only variesaccording to
thetypeof the control system, but with the severity of theenvironmentinwhichitisingaled. Each
of the control-specific chapters of thisManua and the Air Compliance Advisor (ACA) program
includeacomprehensivelist of the specific parametersthat must be considered for each device.

Table2.3: Examplesof Typica Control Device Parameters[11]

General Device-Specific

Material of construction: carbon steel Gas-to-cloth ratio (icritical parameteri): 3.0to 1
Insulated? Yes Pressure drop: 6.0 in w.c. (inches water column)
Economic life: 20 years Construction: standard (vs. custom)
Redundancy?: none Duty: continuous (vs. intermittent)

Filter type: shaker
Bag material: polyester, 16-0z.

a Refers to whether there are any extra equipment items installed (e.g., fans) to function in case the basic items become
inoperative, so as to avoid shutting down the entire system.

25.4 Estimating Total Capital I nvestment
2.5.4.1 Genera Consderations

Thefourth stepisestimating the purchased equipment cost of the control system equipment.
Asdiscussedin Section 2.2, total direct cost includes purchased equipment cost, whichinturn, is
the sum of the base equipment cost (control deviceplusauxiliaries), freight, instrumentation, and
salestax. Thevauesof theseingtd lation factors depend on thetype of the control systeminstalled
and are, therefore, listed in theindividual Manual chapters dedicated to them. These costsare
availablefrom thisManual for the most commonly used add-on control devicesand auxiliary
equipment, with each type of equipment covered in aseparate chapter (see Table of Contentsand
thediscussonin Chapter 1). Tota Direct Cost dsoincludesDirect Ingtalation Cost, which contains
many of the cost categoriesincluded in Section 2 of thisManual, Generic Equipment and Devices.
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Most of the costsin each of the subsequent sections of thisManual werederived from
dataobtained from control equipment vendors. For many control devicesthere aremany vendors,
whichalowed usto offer highly representative costs, based upon the average cost of components
submitted by those vendorsin responseto Agency survey efforts. [ 7] For itemsthat are mass
produced or “ of f-the-shel f” equipment, vendors provided awritten quotation listing their costs,
model designations, date of quotation, estimated shipment date, and other information. For other
equipment there are not many vendors or we did not receive many responsesto our inquiries. In
these cases, we offer coststhat are asrepresentative as possible and the cost discussion in that
control’ s particular chapter offersan appropriate caveat to theanalyst.

For some controls, no amount of vendor datawould have made our cost numbersmore
accurate becausethe control in questioniseither solarge or so site-specificindesign that suppliers
design, fabricate, and construct each control according to the specific needs of thefacility. For
these devices (specifically, SCR reactorsand FGD units), the Manual deviatesfromitsstandard
approach of providing study level costsand, instead, providesadetailed description of thefactors
that influencethe TCI for theanayst to consider when dealing with avendor quotation. For these
kindsof controls, thevendor may still givequotations, but will likely takemuch longer todo soand
may even chargefor thisservice, to recoup the labor and overhead expenses of hisestimating
department. When performing acost anaysis, the cost of the quotationisapart of the TCI.

Generally, vendor quotesare”F.O.B.” (free-on-board) the vendor, meaning that no taxes,
freight, or other chargesareincluded. For these equipment, the analyst must take careto identify
and includethe cost of transportation, taxes, and other necessary chargesinthe TCl (seeFigure
2.1). Thecostsof freight, instrumentation, and salestax are cal cul ated differently fromthedirect
and indirect ingdlation costs. Theseitemsare devel oped by multiplying the base equi pment cost
(F.O.B. the vendor) by an industry-accepted factor. Unlike other estimating factorsthat differ
fromsystemto system, ingtdlation factorsareessentialy equal for al control systems. Table2.4,
below, displaysvauesfor thesefactors.

Table 2.4: Cost Rangesfor Freight, Sales Tax, and Instrumentation

% of Total Equipment Cost, FOB

Cost Range Typical
Freight 0.01 1 0.10 0.05
Sales Tax 0 0.08 0.03
Instrumentation 0.051 0.30 0.10
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To someextent, the application of an appropriatefactor requiresthe subjective application
of theandyst’sbest judgement. For example, therangeinfreight costsis, in part, afunction of the
distance between the vendor and the site. Thelower end of the factor range represents shorter
distanceddiveries, whilethe upper end of therangewoul d reflect freight chargesto remotelocations
such asAlaskaand Hawaii.[6] Thesdestax factorssimply reflect therange of local and statetax
ratescurrently in effect in the United States.[8] In somelocations, and for many ingtitutional and
governmenta purchases, salestaxesdo not apply; (hencethe zero vaueat thelow end of thesales
tax factor range). Therange of instrumentation factorsisalso quitelarge. For systemsrequiring
only smplecontinuousor manual control, thelower factor would apply. However, if thecontrol is
intermittent and/or requires safety backup instrumentation, the higher end of therangewould be
applicable.[6] Finaly, some*“package’ control systems(e.g., incinerators covered in Chapter 3)
have built-in controls, with instrumentation costsincluded in the base equipment cost. Inthose
cases, theinstrumentation factor to usewould, of course, bezero.

254.2 Retrofit Cost Considerations

Probably the most subjective part of acost estimate occurswhen the control systemisto
beingdled onanexigingfacility. Unlesstheorigina desgnershad theforesight toincludeadditiond
floor gpace and room between componentsfor new equi pment, theingtal ation of retrofitted pollution
control devices canimpose an additional expenseto “shoe-horn” the equipment into theright
locations. For example, an SCR reactor can occupy tensof thousands of squarefeet and must be
installed directly behind aboiler’scombustion chamber to offer the best environment for NOx
removal. Many of the utility boilerscurrently cons dering an SCR reactor to meet the new federal
NOx limitsareover thirty yearsold - des gned and congtructed before SCR wasaproven technol ogy
inthe United States. For these boilers, thereisgenerally littleroom for thereactor tofitinthe
existing space and additional ductwork, fans, and flue gas heaters may be needed to makethe
systemwork properly.

To quantify the unanticipated additional costsof installation not directly related to the
capita cost of the controlsthemselves, engineersand cost andyststypicaly multiply thecost of the
system by aretrofit factor. The proper application of aretrofit factorisasmuch anart asitisa
science, inthat it requiresagood dedl of indght, experience, and intuition onthe part of theandy<.
Thekey behind agood cost estimate using aretrofit factor isto makethefactor nolarger thanis
necessary to cover the occurrence of unexpected (but reasonable) costs for demolition and
installation. Such unexpected costsinclude - but are certainly not limited to - the unexpected
magnitude of anticipated cost el ements; the costs of unexpected delays; the cost of re-engineering
and re-fabrication; and the cost of correcting design errors.

Themagnitude of theretrofit factor varies acrossthe kinds of estimates made aswell as
acrossthegpectrumof control devices. Atthestudy leve, andystsdo not have sufficientinformation
tofully assessthe potentia hidden costsof aningtalation. At thislevel, aretrofit factor of asmuch
as50 percent can bejudtified. Even at detailed cost level (£ 5 percent accuracy), vendorswill not
beabletofully assessthe uncertainty associated with aretrofit Stuation and will includearetrofit
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factor intheir assessments. For systemsinstalled at the end of the stack, such asflares, retrofit
uncertainty isseldom afactor. |nthese cases, an appropriate retrofit factor may be oneor two
percent of the TCI. In complicated systemsrequiring many piecesof auxiliary equipment, itisnot
uncommon to seeretrofit factors of much greater magnitude can be used.

Sinceeach retrofit installation isunique, no generd factors can be developed. A generd
rule of thumb asastarting point for developing an appropriateretrofit factor is: Thelarger the
system, the more complex (more auxiliary equipment needed), and thelower the cost level (eg.
study level, rather than detailed), the greater the magnitude of theretrofit factor. Nonethel ess,
some genera information can be given concerning thekinds of system modificationsonemight
expectinaretrofit:

1.

Auxiliary equipment. The most common source of retrofit-related costsamong
auxiliary equipment types comesfrom the ductwork related costs. In addition, to
requiring very long duct runs, someretrofitsrequire extratees, el bows, dampers,
and other fittings. Furthermore, longer ductsand additional bendsintheduct cause
greater pressuredrop, which necessitates the upgrading or addition of fansand
blowers.

Handling and erection. Because of a“tight fit,” specia care may need to betaken
when unloading, transporting, and placing theequipment. Thiscost could increase
sgnificantly if specid means(e.g., helicopters) are needed to get the equipment on
roofsor to other inaccessible places.

Piping, Insulation, and Painting. Likeductwork, largeamountsof piping may be
needed totieinthecontrol deviceto sourcesof processand cooling water, steam,
etc. Of course, the more piping and ductwork required, the moreinsulation and
painting will be needed.

Site Preparation. Site preparationincludesthesurveying, clearing, leveling, grading,
and other civil engineering tasksinvolved in preparing the sitefor construction.
Unliketheother categories, thiscost may bevery low or zero, sncemost of this
work would have been donewhentheoriginal facility wasbuilt. However, if the
siteiscrowded and the control deviceislarge, thesize of thesite may need to be
increased and then site preparation may proveto be amajor source of retrofit-
related costs.

Off-Site Facilities. Off-gtefacilitiesshould not beamajor sourceof retrofit costs,
sincethey aretypically used for well-planned activities, such asthedelivery of
utilities, transportation, or storage.
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6. Engineering. Desgning acontrol sysemtofitinto anexiging plant normaly requires
extraengineering, especially when the system isexceptionally large, heavy, or
utility-consumptive. For the samereasons, extrasupervision may be needed when
theinstallation work isbeing done.

7. L ost Production. Theshut-downfor ingtdlation of acontrol deviceintothesystem
should be awell-planned event. Assuch, itscost should be considered apart of
theindirect ingtalation cost (start-up). However, unanticipated problemswiththe
installation dueto retrofit-rel ated conditions can impose significant costson the
system. (For example, consider apollution control deviceto beinstalledinthe
middle of astack. After shutting down the plant, removing asection of the stack
revedsit hasbeenworntoothintowedthedevicetoit, necessitating thefabrication
and replacement of amajor portion of the stack.) The net revenue (i.e., gross
revenueminusthedirect costsof generaingit) lost during thisunanticipated shutdown
periodisabonafideretrofit expense.

Dueto the uncertain nature of many estimates, analysts may want to add an additional
contingency (i.e., uncertainty) factor to their estimate. However, theretrofit factor isakind of
contingency factor and the cost analyst must be careful to not impose adouble penalty onthe
system for the same unforseen conditions. Retrofit factors should be reserved for thoseitems
directly related to thedemolition, fabrication, and insta | ation of the control system. A contingency
factor should be reserved (and applied to) only thoseitemsthat could incur areasonable but
unanticipated increase but arenot directly related to the demolition, fabrication, and install ation of
thesystem. For example, ahundred year flood may postponeddivery of materids, but their arriva
at thejob siteisnot aproblem uniqueto aretrofit Situation.

255 Estimating Annual Costs

Determining thetotal annua costisthelast stepintheestimating procedure. Asmentioned
in Section 2.3the TAC iscomprised of three components—direct and indirect annual costsand
recovery credits. Unliketheinstallation costs, which arefactored from the purchased equipment
cost, annual cost itemsareusualy computed from known dataon the system size and operating
mode, aswell asfrom thefacility and control device parameters.

Following isamore detailed discussion of theitems comprising thetotal annual cost.
(Valuedffactorsfor these costsare also givenin the chaptersfor theindividual devices.)

2551 Raw Materids
Raw materialsare generally not required with control systems. Exceptionswould be
chemicalsusedin gasabsorbersor venturi scrubbersas absorbentsor to neutralize acidic exhaust

gases(e.g., hydrochloric acid). Chemicasmay a so berequired to treat wastewater discharged by
scrubbers or absorbers beforereleasing it to surface waters. If the source uses the same raw
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materia sfor production, theanayst must be careful to include only are only those coststhat are
attributableto theraw materia sneeded by the control device. Quantitiesof chemicalsrequired are
calculated viamaterial balances, with an extra10 to 20% added for miscellaneous|osses. Costs
for chemicasareavailablefrom the Chemica Marketing Reporter and similar publications.

255.2 Labor

Theamount of 1abor required to operate and maintain apollution control system depends
onitssize, complexity, level of automation, and operating mode (i.e., batch or continuous). The
labor isusually figured on an hours-per-shift basis. Asarule, though, data showing explicit
correlations between the labor requirement and capacity are hard to obtain. One non-linear
correlationfoundintheliteratureisshown below:[11]

Lo o 2
L %Vlm (29)
where
L, L, = labor requirementsfor systems1and 2
V,V, = cgpaditiesof sysems1 and 2 (asmeesured by thegasflow rate, for indance)

y 0.2t00.25 (typically)
Theexponent in Equation 2.9 can vary considerably. Conversely, in many cases, the amount of
operator labor required for asystemwill be approximately the sameregardiessof itssize.

Maintenancelabor is cal culated in the same way as operating labor and isinfluenced by
the same variables. The maintenance labor rate, however, isnormally higher than the operating
labor rate, mainly because more skilled personnel arerequired. Many cost studiesuseaflat ten
percent premium over the operations|abor wage rate for maintenancelabor costs.[12] A certain
amount must also be added to operating labor to cover supervisory requirements. Generally, cost
estimatesinclude supervisory labor asaflat fifteen per cent of the operating labor requirement.[ 12]
To obtaintheannua labor cost, multiply the operating and supervisory labor requirements(labor-
hr/operating-hr) by therespectivewagerates (in $/labor-hr) and the system operating factor (number
of hours per year the systemisin operation). Wagerates also vary widely, depending upon the
source category, geographical location, etc. These dataaretabul ated and periodically updated by
the U.S. Department of Labor, Bureau of Labor Statistics, initsMonthly Labor Review andin
other publications. ThisManual useslabor ratesthat are representative of theindustriesat the
nationa level. Thesupplementa CO$T-AIR spreadsheetsand the Air Compliance Advisor (ACA)
incorporate these rates as defaults. For regulatory cost assessments, these wages (adjusted for
inflation through an appropriate cost index) should be adequate for study level purposes. For
industry usersof thismanual, the CO$T-AIR spreadsheetsand the ACA can be customized to
include site-specific labor ratesand improvethe accuracy of theanayss.
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Finally, notethat the wage rates used by the Manual and its supplemental programsare
base|abor rates, which do not include payroll and plant overhead. Wagesfound in reportsfrom
the Bureau of Labor Statistics or some other reliable source may or may not include overhead.
Theanalyst must be careful to apply overhead and other wage adjustment factorsuniformly. (See
thediscussion on Overhead, below.)

2553 MaintenanceMaterids

M ai ntenance al so requires maintenance material s—ail, other lubricants, duct tape, etc.,
and ahost of small tools. The costsfor theseitems can befigured individually, but sincethey are
normally so small, they areusudlly factored from the mai ntenancelabor. Reference[11] suggestsa
factor of 100% of the mai ntenance labor to cover the maintenance materialscost.

2554 Utilities

Thiscost category coversmany different items, ranging fromelectricity tocompressed air.
Of these, only electricity iscommon to all control devices, wherefuel oil and natural gasare
generaly used only by incinerators; water and water treatment, by venturi scrubbers, quenchers,
and spray chambers; steam, by carbon adsorbers; and compressed air, by pulse-jet fabricfilters.
Techniquesand factorsfor estimating utility costsfor specific devicesare presentedinthelr respective
sections. However, because nearly every system requiresafanto convey the exhaust gasesto and
throughit, ageneral expression for computing thefan electricity cost (C) isgiven here:[6]

_0.746 Q AP s 6 pe

e 6356 N (2.10)
where
Q = gasflowrate(actua ft2/min, acfm)
AP = pressuredrop through system (inches of water, column) (Valuesfor APare
giveninthechapterscovering theequipment items.)
s = gpecificgravity of gasreativetoair (1.000, for all practical purposes)
0 = operatingfactor (hr/yr)
n = combinedfanand motor efficiency (usualy 0.60to 0.70)
p, = dectricity cost($kwhr)

A similar expression can bedevel oped for cal cul ating pump motor el ectricity requirements.

2555 Waste Treatment and Disposal
Though often overlooked, there can beasignificant cost associated with treating and/or

disposing of waste materia captured by acontrol systemthat neither can be sold nor recycledto
the process. Liquid waste streams, such asthe effluent from agasabsorber, areusually processed

2-32



before being rel eased to surface waters. Thetype and extent of thisprocessing will, of course,
depend on the characteristics of the effluent. For exampl e, the waste can first be sent to one (or
more) clarifiers, for coagulation and remova of suspended solids. Theprecipitatefromtheclarifier
isthen conveyedto arotary filter, wheremost of theliquidisremoved. Theresulting filter cakeis
then disposed of, vialandfilling, for example.

Theannud cost of thistreatment can berdatively high—$1.00 to $2.00/thousand gallons
of treated materia or more.[13] The (nhon-hazardous) solid wastedisposal costs(vialandfilling,
for example) typicaly would add another $20 to $30/ton of disposed materid.[14] This, however,
would not includetransportation to the disposal site. Disposd of hazardouswaste (which may not
belandfilled) can be much more costly—$200 to $300/ton or more. Moreinformation on these
technologiesand their costsisfoundin References[13] and [14].

2556 Replacement Materias

The cost or maintenance materialsisacomponent of the operations and maintenance
function of the system andisnot the samething asthe system’ sreplacement materialscost, which
isthe cost of suchitemsascarbon (for carbon absorbers), bags (for fabricfilters) and catayst (for
catayticincinerators), dong withthelabor for their instal ation. Becausereplacement materiaslast
for morethan ayear but are consumed by the system, they cannot beincluded in the general
mai ntenance and operationscogts, whichareannua innature. Instead, these costsmust beannudized
by first determining thelife of thematerial, then applying the appropriate capital recovery factor to
that cost to determineits annualized val ue (see section 2.4.5.3, above). The annual cost of the
replacement materiasisafunction of theinitid partscost, the partsreplacement labor cogt, thelife
of the parts, and theinterest rate, asfollows:

CRC, = (c,+ C, | CRF, (2.11)
where
CRC, = capital recovery cost of replacement parts($/yr)
C, = initia cost of replacement parts, including salestaxesand freight ($)
C, = cost of parts-replacement labor ($)
CRFp = capitd recovery factor for replacement parts (defined in Section 2.3).

Theuseful lifeof replacement materid sisgenerdly lessthantheuseful lifeof therest of the
control system - typically two to five years. Consequently, the annualization of the system’s
replacement material smust be done separately from the annualization of the control systemitself.
Furthermore, the annualized cost of the pollution control system should be performed net of the
cost of thereplacement materia sneeded at the beginning of operationsto prevent double counting.
Replacement materia slabor will vary, depending upon theamount of thematerid, itsworkability,
accessibility of the control device, and other factors. The cost of replacement materialslabor
should beincludedin the cost of the materia sbeforeannualization.
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2557 Overhead

Thiscost iseasy to calculate, but often difficult to comprehend. Much of the confusion
surrounding overhead isdueto the many different waysit iscomputed and to the severd costsit
includes, some of which may appear to beduplicative.

Thereare, generally, two categories of overhead, payroll and plant. Payroll overhead
includes expensesdirectly associated with operating, supervisory, and maintenancelabor, such as.
workmen’s compensation, Social Security and pension fund contributions, vacations, group
insurance, and other fringe benefits. Some of thesearefixed costs(i.e., they must be paid regardiess
of how many hours per year an employeeworks). Payroll overhead istraditionaly computed asa
percentage of thetotal annual abor cost (operating, supervisory, and maintenance).

Conversdly, plant (or “factory”) overhead accountsfor expenses not necessarily tied to
theoperation and maintenance of the control system, including: plant protection, control |aboratories,
employee amenities, plant lighting, parking areas, and landscapi ng. Some estimators compute
plant overhead by taking apercentage of al labor plusmaintenance materials[11], while others
factor it fromthetotal labor costsaone.[2]

For study estimates, it issufficiently accurateto combine payroll and plant overhead intoa
sngleindirect cost. ThisisdoneinthisManud. Also, overhead isfactored fromthesum of adl |abor
(operating, supervisory, and maintenance) plusmai ntenance materid's, the approach recommended
inreference[11]. Thefactorsrecommended therein rangefrom 50to 70% [ 11] Anaveragevaue
of 60%isusedinthisManual. For more accurate assessmentsby industria usersof theManual,
the CO$T-AIR spreadsheetsand the ACA alow for customization of thesefactors.

2558 Property Taxes, Insurance, and Administrative Charges

Thesethreeindirect operating costsarefactored from the systemtotal capital investment,
at 1,1, and 2%, respectively. Property taxesand insurance are self-explanatory. Administrative
charges coverssales, research and devel opment, accounting, and other home office expenses. (It
should not be confused with plant overhead, however.) For smplicity, thethreeitemsareusually
combinedintoasingle, 4% factor. Thisisstandard approach usedininall OA QPS cost analyses
and by thisManud.

2.6 Example

All-AmericanElectricad (AAE)* operatesasingle 600 MWetangentially fired high sulfur
bituminous coa -fired boiler to produce steam to power it generators. It emitsan uncontrolled
90,000 tons of sulfur per year, and becauseit is planning on amajor renovation, it must install
devicesto reduceitssulfur emissionstolessthan 900 tons per year (99 percent removd efficiency).
After careful study of theavailabletechnologies, AAE hasdetermined that either awet limestone



fluegasdesulfurization (FGD) unit or awet buffered lime FGD would bethemost logica choiceto
achievesuch ahighremoval rate. For smplification purposeswewill assumeeither devicewould
have an operating life of fiveyears, after which the scrubbers could be sold asscrap for asalvage
value of about $500,000. Table 2.5, below, displaysthe capital and annual costsassociated with
each of thealternative devices.

Table2.5: Capital, O&M, and Parasitic Energy Costsof Alternative FGD Controls

Wet Limestone FGD Wet Buffered Lime FGD

Capital Cost $200,000,000 $180,000,000
Annual O&M Costs

Fixed O&M Costs @ $2,000,000 $2,100,000

Reagent $1,200,000 $3.750,000

Auxiliary Power $1,300,000 $1,150,000
Annual Gypsum Sales $1,200,000 $600,000
Parasitic Power” $950,000 $375,000
Salvage Value (after 10 years) $500,000 $500,000

a Estimated at 1% of capital cost
5 In many systems, the insertion of a pollution control device causes the system to lose productive capacity. This can be
caused by the device creating obstructions in the flue, temperature losses that create imbalances, or other physical changes

that affect performance. these losses are collectively termed “parasitic power” losses.

Fromtheinformationin Table 2.5, neither device can be shown to be superior tothe
other. It costs$20 millionlesstoinstall awet buffered lime scrubber, but abuffered lime FGD
would cost over threetimesasmuch each year for the purchase of thelime, relativeto the cost
of thereagent inalimestone FGD. Each FGD hassimilar fixed O& M costs, but becausea
buffered lime FGD usesmuch lessreagent, it requiresless power to run - about half the power
demand and about 40 percent of the productiveloss of thelimestone FGD. Whilethesefactors
indicate
thewet buffered lime FGD may beabetter alternative, the use of lessreagent also meansthe
production of lessgypsum by-product - for about half the expected revenue generating
capability of alimestone system. To make our selection, we must rely upon our financia tools.

Theexercisedoesnot lenditsalf to apayback analyss, even though therearerevenues
to be generated from the sal e of the scrubber’sbyproduct. So long asannual costsexceed
annual revenues, payback will not an alternative becausetherewill be no net revenueto help
offset the capital costsof the project. Furthermore, evenif onewereto ignorethe cost
component of the cash flow, the revenuesfrom most pollution control devicesare so low that
their payback valuesare meaningless. For instance, thelimestone and buffered lime scrubbersin
thisexercise have asmple payback (without considering costs) of 167 and 300 years,
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respectively. Consequently, theanalyst must |ook to the more sophisticated toolsavailable: cash
flow analysisand net present value.

Table2.6 showsthehypothetica cash flowsfrom each dternative control innomind dollars.
You will noticethat the cost for O& M and the revenuesfrom selling the gypsum by-product are
constant over time. That isbecause we haveignored any inflation rate changein pricesand have
created our cash flow analysisinreal terms. Thisisthe preferred way to approach thiskind of
anayss, sinceit reliesonthemost accurateinformation available (current prices) and doesnot try
to extrapol ate those pricesinto thefuture. Becausewewill perform our cash flow analysisinreal
dollars, wemust usethereal interest rate to determine net present values. Wewill assume AAE
canborrow fundsat will a anomina interest rate of nine percent and that informed sources expect
theinflation rate over therelevant rangeto be, on average, four percent. Consequently, thereal
rate of interest is(nine percent minusfour percent) fivepercent. Using real dollarsfor revenues
and costs and then using nominal interest ratesfor our discounting factors (nine percent) would
haveled to an understatement of the net present val ue of the projects, making them appear less
beneficid toAAE.

Trandating the costsin each future year to year zero values means applying thefactors
foundin TableA.1from Appendix A. From the 10 percent column, we gpplied thefactors 0.90909,
0.82645, 0.75131, 0.68301, and 062092, respectively, to thenet costsof years 1, 2, 3,4, and 5
to determinetheyear zero costs, and then sum all of thevaluesto derivethe net present valuefor
each control alternative. Based upon theinformation developed in the cash flow anadysisand the
NPV calculation, which control deviceisthebest onefor AAE toinstall? Theanswer isstill not
evident! Evenwith atwenty million dollar capital cost savings, the net present val ue of thewet
buffered limeFGD isonly about ahalf million dollarsmoreexpensvethanthewet limestone FDG!
Thisisafunction of the other cash flow components- thehigher operating cost of thebuffered lime
system versusthehigher revenue generating capacity of thelimestone FGD, both of whichwork to
almost completely eliminate the capital cost advantage of the buffered lime scrubber. Clearly,
relying onjust the sticker price of thetwo unitscould havedriven usto apotentially bad decision.
So now what? Payback analysisdoesnot offer any help, (nor will IRR, which alsoreliesupona
positive net cash flow to work). Cash flow analysistellsusthat, within our study-level estimation
range, thetwo devicesareamost identical. That in and of itself isimportant information, because
theenvironmental engineer can befairly certain that whichever devicethey choose, the affect of
that choice on his company will be about the same. That |eaves them free to look at other
congderations. Twiceasmuchlimestone meanstwiceasmuch storage and twiceasmuch stockpiling
of thegypsum by-product. Isthat animportant factor? Limestoneis more caustic than buffered
lime, but it takes|ess equipment to operate the system. Should the engineer opt for smplicity in
designor potentidly higher ratesof repair? Thesearethesort of cons derationsthat can now come
into play in making adecision, now that therel ative values of each device has been determined.
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Thisdoesnot mean that our processhasfailed. Far fromit. If our input assumptionshave
been made correctly, then we have determined that from acost standpoint, theredoesnot seemto
bean gppreciably different risk to choosing onedevice over theother. However, other congderations
may play aroll in making the choice clearer. For instance, the limestone scrubber will produce
about twice asmuch gypsum asthewet buffered lime scrubber. Doesthe storage, transportation,
or marketability of that amount of gypsum create aproblem? Likewise, it takesabout threetimes
asmuch limestoneto removethe sameamount of sulfur, relativeto theamount of limeneeded, but
thelime costs between five and seven times as much asthe limestone. Do these considerations
clarify thechoice?Finally, the power demandsfor each devicediffer sgnificantly, bothintermsof
operation and inlost productive capacity. Perhapsthese considerationswill make onedevice
more attractiveto the firm. The bottom lineisthat there is no clear-cut “ cookbook” process
through which the analyst will be ableto make theright informed decision each time, and the
formalized costing methodol ogy employed by the Manual isonly apart of that process. However,
if theManud’smethodol ogy isfollowed rigoroudy andin an unbiased manner, then theanalyst can
feel safe about the ROM-level cost of hisalternative projectsand can then move onto amore
formal cost determination with the help of an engineering or consulting firm.

2.6. Cash Flow AnalysesExercise (inthousandsof dollars)

0 1 2 3 4 5 6 7 8 9 10
Limestone Scrubber

Income

Gypsum Sales 0O 1,200 1,200 1,200 1,200 1,200 1,200 1,200 1,200 1,200 1,200

Salvage Value 0 0 0 0 0 0 0 0 0 0 500
Expenses

Capital Investment 200,000 0 0 0 0 0 0 0 0 0 0

Annual O&M Costs 0 4500 4,500 4500 4500 4500 4500 4500 4,500 4,500 4,500

Parasitic Power 0 950 950 950 950 950 950 950 950 950 950
Net Annual Cost -200,000 -4,250 -4,250 -4,250 -4,250 -4,250 -4,250 -4,250 -4,250 -4,250 -3,750
Present Value -200,000 -4,048 -3,855 -3,671 -3,496 -3,330 -3,171 -3,020 -2,877 -2,740 -2,302
NPV -232,510

Buffered Lime Scrubber
Income

Gypsum Sales 0 600 600 600 600 600 600 600 600 600 600

Salvage Value 0 0 0 0 0 0 0 0 0 0 500
Expenses

Capital Investment 180,000 0 0 0 0 0 0 0 0 0 0

Annual O&M Costs o 7000 7000 7000 7,000 7,000 7,000 7,000 7,000 7,000 7,000

Parasitic Power 0 375 375 375 375 375 375 375 375 375 375
Net Annual Cost -180,000 -6,775 -6,775 -6,775 -6,775 -6,775 -6,775 -6,775 -6,775 -6,775 -6,275
Present Value -180,000 -6,452 -6,145 -5852 -5574 -5308 -5,056 -4,815 -4,586 -4,367 -3,852
NPV -232,008

2-37



References

[1]

[2]

[3]

[4]

[3]

[6]

[7]
[8]
[9]

[10]

[11]

[12]

Perry, Robert H., and Chilton, Cecil H., Perry’sChemical Engineers Handbook (Fifth
Edition), McGraw-Hill, New York, 1973, pp. 25-12t0 25-16.

Humphries, K. K. and Katell, S., Basic Cost Engineering, Marcel Dekker, New York,
1981, pp. 17-33.

Grant, E.L ., Ireson, W.G., and Leavenworth, R.S., Principlesof Engineering Economy,
Sixth Edition, John Wiley & Sons, New York, 1976.

CEIS(OCAQPS) Cost Guidance Memo #2: “ Implementing OMB Circular A-94:
Guidelinesand Discount Ratesfor Benefit Cost Analysisof Federa Programs,” March
18, 1993.

Scheraga, Jod D., Draft of “ Supplementa Guideineson Discountinginthe Preparation of
Regulatory Impact Analyses’, Office of Policy, Planning and Evauation, U.S. EPA,
March 31, 1989.

Vatavuk, W.M. and Neveril, R.B., “Estimating Costs of Air-Pollution Control Systems—
Part | Parametersfor Sizing Systems,” Chemical Engineering, October 6, 1980, pp. 165-
168.

Pollution Equipment News 1996 Buyer’s Guide, Rimbach Publishing, Pittsburgh, 1996.
Internal Revenue Service, Form 1040, 1985.

Shattuck, D.M., et d., Retrofit FGD Cost-Estimating Guiddlines. Electric Power
Research Institute, Palo Alto, CA (CS-3696, Research Project 1610-1), October 1984.

Kaplan, N., et ., “Retrofit Costs of SO, and NO, Control at 200 U.S. Coal-Fired
Power Plants,” Pittsburgh Coal Conference, 1990.

Peters, M.S. and Timmerhaus, K.D., Plant Design and Economicsfor Chemica Engineers
(Third Edition), McGraw-Hill, New York, 1980.

Vatavuk, W.M. and Neveril, R.B., “ Estimating Costsof Air Pollution Control Systems—

Part 11: Factorsfor Estimating Capital and Operating Costs,” Chemica Engineering,
November 3, 1980, pp. 157-162.

2-38



[13] Vatavuk, W.M.and Neveril, R.B., “Estimating Costsof Air-Pollution Control Systems—
Part XV1I: ParticleEmissions Control,” Chemica Engineering, April 2, 1984, pp. 97-99.

[14] TheRCRA Risk-Cost AnalyssMode, U.S. Environmental Protection Agency, Officeof
Solid Waste, January 13, 1984.

2-39



APPENDIX A

Net Present Value and Capital Recovery Factor Tables



TableA.1 displaystheamount anindividua would bewilling to accept today for adollar
promisedinthefuture. Select theyear inwhich thedollar issupposed to be paid from theleftmost
column and the discount rate from thetop row. Thevauewherethe column and row intersectis
the present value of that futuredollar. For instance, if you were promised adollar twelveyears
from now, and you believed theinterest rate over that period would be 9.5 percent, then you
would bewilling to accept 33.7 centsfor that dollar today.

TableA.1l: Present Value Factorsfor aDollar to Be Paid Now Instead of in aFuture Year
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0.70843
0.64993
0.59627
0.54703
0.50187
0.46043
0.42241
0.38753
0.35553
0.32618
0.29925
0.27454
0.25187
0.23107
0.21199
0.19449
0.17843

0.1637
0.15018
0.13778

0.1264
0.11597

0.91324
0.83401
0.76165
0.69557
0.63523
0.58012
0.52979
0.48382
0.44185
0.40351
0.36851
0.33654
0.30734
0.28067
0.25632
0.23409
0.21378
0.19523
0.17829
0.16282

0.1487

0.1358
0.12402
0.11326
0.10343

0.90909
0.82645
0.75131
0.68301
0.62092
0.56447
0.51316
0.46651

0.4241
0.38554
0.35049
0.31863
0.28966
0.26333
0.23939
0.21763
0.19784
0.17986
0.16351
0.14864
0.13513
0.12285
0.11168
0.10153

0.0923
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TableA.1: Continued

10.50%

11.00%

11.50%

12.00%

12.50%

13.00%

13.50%

14.00%

14.50%

15.00%

©O© 00 ~NO O WN P

NNNMNRNNNERRRRERRRRR R
U9 N WRNEPO®OO®WNO®DUDNWNRO

0.90498
0.81898
0.74116
0.67073
0.607
0.54932
0.49712
0.44989
0.40714
0.36845
0.33344
0.30175
0.27308
0.24713
0.22365
0.2024
0.18316
0.16576
0.15001
0.13575
0.12285
0.11118
0.10062
0.09106
0.0824

0.9009
0.81162
0.73119
0.65873
0.59345
0.53464
0.48166
0.43393
0.39092
0.35218
0.31728
0.28584
0.25751
0.23199

0.209
0.18829
0.16963
0.15282
0.13768
0.12403
0.11174
0.10067
0.09069

0.0817
0.07361

0.89686
0.80436

0.7214
0.64699
0.58026
0.52042
0.46674

0.4186
0.37543
0.33671
0.30198
0.27083

0.2429
0.21785
0.19538
0.17523
0.15715
0.14095
0.12641
0.11337
0.10168
0.09119
0.08179
0.07335
0.06579

0.89286
0.79719
0.71178
0.63552
0.56743
0.50663
0.45235
0.40388
0.36061
0.32197
0.28748
0.25668
0.22917
0.20462

0.1827
0.16312
0.14564
0.13004
0.11611
0.10367
0.09256
0.08264
0.07379
0.06588
0.05882

0.88889
0.79012
0.70233

0.6243
0.55493
0.49327
0.43846
0.38974
0.34644
0.30795
0.27373
0.24332
0.21628
0.19225
0.17089

0.1519
0.13502
0.12002
0.10668
0.09483
0.08429
0.07493

0.0666

0.0592
0.05262

0.88496
0.78315
0.69305
0.61332
0.54276
0.48032
0.42506
0.37616
0.33288
0.29459

0.2607
0.23071
0.20416
0.18068
0.15989

0.1415
0.12522
0.11081
0.09806
0.08678

0.0768
0.06796
0.06014
0.05323

0.0471

0.88106
0.77626
0.68393
0.60258
0.53091
0.46776
0.41213
0.36311
0.31992
0.28187
0.24834
0.2188
0.19278
0.16985
0.14964
0.13185
0.11616
0.10235
0.09017
0.07945
0.07
0.06167
0.05434
0.04787
0.04218

0.87719
0.76947
0.67497
0.59208
0.51937
0.45559
0.39964
0.35056
0.30751
0.26974
0.23662
0.20756
0.18207
0.15971

0.1401
0.12289

0.1078
0.09456
0.08295
0.07276
0.06383
0.05599
0.04911
0.04308
0.03779

0.87336
0.76276
0.66617
0.58181
0.50813
0.44378
0.38758
0.3385
0.29563
0.25819
0.2255
0.19694
0.172
0.15022
0.1312
0.11458
0.10007
0.0874
0.07633
0.06666
0.05822
0.05085
0.04441
0.03879
0.03387

0.86957
0.75614
0.65752
0.57175
0.49718
0.43233
0.37594

0.3269
0.28426
0.24718
0.21494
0.18691
0.16253
0.14133
0.12289
0.10686
0.09293
0.08081
0.07027

0.0611
0.05313

0.0462
0.04017
0.03493
0.03038

2-42



TableA.2 displaysthe annual payment you would haveto makefor aspecific number of
yearsto equal the present value of asingledollar borrowed today. Select the number of yearsyou
will make paymentsfrom theleftmost column and the discount ratefrom thetop row. Thevaue
wherethe column and row intersect isannual payment on that borrowed dollar. For example, if
you plan on making equal paymentsfor twelveyearsat 9.5 percent interest to repay adollar
borrowed toaday, you would make annual paymentsof 14.3 cents.

TableA.2: Capital Recovery Factorsfor Equal PaymentsonaDollar over aNumber of Years

5.50%

6.00%

6.50%

7.00%

7.50%

8.00%

8.50%

9.00%

9.50%

10.00%
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1.055
0.54162
0.37065
0.28529
0.23418
0.20018
0.17596
0.15786
0.14384
0.13267
0.12357
0.11603
0.10968
0.10428
0.09963
0.09558
0.09204
0.08892
0.08615
0.08368
0.08146
0.07947
0.07767
0.07604
0.07455

1.06
0.54544
0.37411
0.28859

0.2374
0.20336
0.17914
0.16104
0.14702
0.13587
0.12679
0.11928
0.11296
0.10758
0.10296
0.09895
0.09544
0.09236
0.08962
0.08718

0.085
0.08305
0.08128
0.07968
0.07823

1.065
0.54926
0.37758

0.2919
0.24063
0.20657
0.18233
0.16424
0.15024

0.1391
0.13006
0.12257
0.11628
0.11094
0.10635
0.10238
0.09891
0.09585
0.09316
0.09076
0.08861
0.08669
0.08496

0.0834
0.08198

1.07
0.55309
0.38105
0.29523
0.24389

0.2098
0.18555
0.16747
0.15349
0.14238
0.13336

0.1259
0.11965
0.11434
0.10979
0.10586
0.10243
0.09941
0.09675
0.09439
0.09229
0.09041
0.08871
0.08719
0.08581

1.075
0.55693
0.38454
0.29857
0.24716
0.21304

0.1888
0.17073
0.15677
0.14569

0.1367
0.12928
0.12306

0.1178
0.11329
0.10939

0.106
0.10303
0.10041
0.09809
0.09603
0.09419
0.09254
0.09105
0.08971

1.08
0.56077
0.38803
0.30192
0.25046
0.21632
0.19207
0.17401
0.16008
0.14903
0.14008

0.1327
0.12652

0.1213
0.11683
0.11298
0.10963

0.1067
0.10413
0.10185
0.09983
0.09803
0.09642
0.09498
0.09368

1.085
0.56462
0.39154
0.30529
0.25377
0.21961
0.19537
0.17733
0.16342
0.15241
0.14349
0.13615
0.13002
0.12484
0.12042
0.11661
0.11331
0.11043

0.1079
0.10567

0.1037
0.10194
0.10037
0.09897
0.09771

1.09
0.56847
0.39505
0.30867
0.25709
0.22292
0.19869
0.18067

0.1668
0.15582
0.14695
0.13965
0.13357
0.12843
0.12406

0.1203
0.11705
0.11421
0.11173
0.10955
0.10762

0.1059
0.10438
0.10302
0.10181

1.095
0.57233
0.39858
0.31206
0.26044
0.22625
0.20204
0.18405

0.1702
0.15927
0.15044
0.14319
0.13715
0.13207
0.12774
0.12403
0.12083
0.11805
0.11561
0.11348
0.11159
0.10993
0.10845
0.10713
0.10596

11
0.57619
0.40211
0.31547

0.2638
0.22961
0.20541
0.18744
0.17364
0.16275
0.15396
0.14676
0.14078
0.13575
0.13147
0.12782
0.12466
0.12193
0.11955
0.11746
0.11562
0.11401
0.11257

0.1113
0.11017
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TableA.2: Continued
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10
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1.105
0.58006
0.40566
0.31889
0.26718
0.23298

0.2088
0.19087
0.17711
0.16626
0.15752
0.15038
0.14445
0.13947
0.13525
0.13164
0.12854
0.12586
0.12353
0.12149
0.11971
0.11813
0.11675
0.11552
0.11443

1.11
0.58393
0.40921
0.32233
0.27057
0.23638
0.21222
0.19432

0.1806

0.1698
0.16112
0.15403
0.14815
0.14323
0.13907
0.13552
0.13247
0.12984
0.12756
0.12558
0.12384
0.12231
0.12097
0.11979
0.11874

1.115
0.58781
0.41278
0.32577
0.27398
0.23979
0.21566

0.1978
0.18413
0.17338
0.16475
0.15771

0.1519
0.14703
0.14292
0.13943
0.13644
0.13387
0.13164

0.1297
0.12802
0.12654
0.12524

0.1241

0.1231

1.12
0.5917
0.41635
0.32923
0.27741
0.24323
0.21912
0.2013
0.18768
0.17698
0.16842
0.16144
0.15568
0.15087
0.14682
0.14339
0.14046
0.13794
0.13576
0.13388
0.13224
0.13081
0.12956
0.12846
0.1275

1.125
0.59559
0.41993
0.33271
0.28085
0.24668

0.2226
0.20483
0.19126
0.18062
0.17211
0.16519

0.1595
0.15475
0.15076
0.14739
0.14451
0.14205
0.13993

0.1381
0.13651
0.13512
0.13392
0.13287
0.13194

1.13
0.59948
0.42352
0.33619
0.28431
0.25015
0.22611
0.20839
0.19487
0.18429
0.17584
0.16899
0.16335
0.15867
0.15474
0.15143
0.14861

0.1462
0.14413
0.14235
0.14081
0.13948
0.13832
0.13731
0.13643

1.135
0.60338
0.42712
0.33969
0.28779
0.25365
0.22964
0.21197
0.19851
0.18799

0.1796
0.17281
0.16724
0.16262
0.15876

0.1555
0.15274
0.15039
0.14838
0.14665
0.14516
0.14387
0.14276
0.14179
0.14095

1.14
0.60729
0.43073

0.3432
0.29128
0.25716
0.23319
0.21557
0.20217
0.19171
0.18339
0.17667
0.17116
0.16661
0.16281
0.15962
0.15692
0.15462
0.15266
0.15099
0.14954

0.1483
0.14723

0.1463

0.1455

1.145
0.6112
0.43435
0.34673
0.29479
0.26069
0.23677
0.2192
0.20586
0.19547
0.18722
0.18056
0.17512
0.17063
0.1669
0.16376
0.16112
0.15889
0.15698
0.15536
0.15396
0.15277
0.15174
0.15085
0.15008

1.15
0.61512
0.43798
0.35027
0.29832
0.26424
0.24036
0.22285
0.20957
0.19925
0.19107
0.18448
0.17911
0.17469
0.17102
0.16795
0.16537
0.16319
0.16134
0.15976
0.15842
0.15727
0.15628
0.15543

0.1547
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1.1 I ntroduction

Most control devicesarelocated some distance from the emission sourcesthey control.
Thisseparation may beneeded for several reasons. For onething, there may not be enough room
toingtal the control deviceclosetothe source. Or, the device may collect emissionsfrom severd
sources|ocated throughout thefacility and, hence, must be sited at some convenient, equidistant
location. Or, it may bethat required utility connectionsfor thecontrol deviceareonly availableat
someremote site. Regardless of the reason, the waste gas stream must be conveyed from the
sourceto the control deviceand fromthereto astack beforeit can bereleased to the atmosphere.

Thetype of equipment needed to convey the waste gas are the same for most kinds of
control devices. Theseare: (1) hoods, (2) ductwork, (3) stacks, and (4) fans. Together, these
itemscompriseaventilation system. A hood isused to capturetheemissionsat the source; ductwork,
to convey them to the control device; astack, to dispersethem after they leavethedevice; and a
fan, to providethe energy for moving them through the control system. Thissection coversthefirst
threekinds of equipment. However, becausethey constitute such abroad and complex subject,
fanswill bededlt with in aanother section of thisManua to be developed in thefuture. Only short
stacks (100-120feet high or less) are covered. Typicaly, short stacksareincluded with packaged
control systemsor added to them. So-called “tall stacks’ (* chimneys”), used at power plantsor
other sourceswherethe exhaust gasesmust be dispersed over great distances, will not bediscussed
inthissection.

Thissection presentsall theinformation onewould need to devel op study (+ 30%-accurate)
cost estimatesfor hoods, ductwork, and stacks. Accordingly, thefollowing sectionsinclude: (1)
descriptionsof thetypesof equipment usedinair pollution control ventilation systems, (2) procedures
for sizing (designing) thisequipment, and (3) methodol ogiesand datafor estimating their capital
and annua costs. Throughout the chapter are severd illustrations (example problems) that show
thereader how to apply thevarious sizing and costing methodol ogies.

1.2 Equipment Description

In this section, the kinds of hoods, ductwork, and stacks used in air pollution control
systems are described, each in aseparate subsection. These descriptions have been based on
information obtained from standard ventilation and air pollution control references, journd articles,
and equipment vendors.



121 Hoods

Of the several componentsof an air pollution control system, the capture deviceisthe
most important. Thisshould be self-evident, for if emissionsare not efficiently captured at the
source they cannot be conveyed to and removed by a control device. There are two general
categoriesof capturedevices. (1) direct exhaust connections(DEC) and (2) hoods. Asthe name
implies, aDEC isasection of duct (typically an elbow) into which the emissionsdirectly flow.
These connections often are used when the emission sourceisitself aduct or vent, such asa
processvent inachemica manufacturing plant or petroleum refinery. (Seefollowing discussonon
“Ductwork”.)

Hoods compriseamuch broader category than DECs. They areused to capture particul ates,
gases, and/or mistsemitted from avariety of sources, such asbasi ¢ oxygen steelmaking furnaces,
welding operations, and el ectroplating tanks. The hooded processesare generally categorized as
elither “hot” or “cold,” addineationthat, inturn, influences hood salection, placement, and design.

The source characteristicsalso influencethe materialsfrom which ahood isfabricated.
Mild (carbon) sted isthematerid of choicefor applicationswheretheemisson sresmisnoncorrosve
and of moderate temperature. However, where corrosive substances (e.g., acid gases) are present
in high enough concentrations, stainless steelsor plastics(e.g., fiberglass-reinforced plastic, or
FRP) arerequired. Asmost hoods are custom-designed and built, the vendor involved would
determinewhich materia would be optimal for agiven application.

1.2.1.1 Typesof Hoods

Although the names of certain hoods vary, depending on which ventilation source one
consults, thereisgeneral agreement asto how they are classified. Therearefour typesof hoods:
(1) enclosures, (2) booths, (3) captor (capture) hoods, and (4) receptor (receiving) hoods.[1,2]

Enclosuresareof twotypes: (1) thosethat arecompletely closed to the outsi de environment
and (2) thosethat have openingsfor materia input/output. Thefirst typeisonly used when handling
radioactive materials, which must be handled by remote manipulators. They arealso dust- and
gas-tight. Thesekindsof enclosuresarerarely usedinair pollution control. The second type, have
applicationsin severa areas, such asthe control of emissionsfrom electric arc furnacesand from
screening and binfilling operations. They are equipped with small wall openings (natural draft
openings—"NDOs’) that allow for material to bemovedinor out and for ventilation. However,
the area of these openings must be small compared with thetotal area of the enclosurewalls
(typically, 5% or less).



Another gpplication of total enclosuresisinthe measurement of the capture efficiency of
volatileorganic compound (V OC) control devices. Captureefficiency isthat fraction of dl VOCs
generated at, and released by, an affected facility that isdirected to the control device. Inthis
gpplication, atotd enclosureisatemporary structurethat completely surroundsan emitting process
sothat dl VOC emissionsare captured for dischargethrough ductsor stacks. Theair flow through
thetota enclosure must be high enough to keep the concentration of the V OC mixtureinsidethe
enclosure within both the Occupational Safety and Health Administration (OSHA) health
requirement limitsand thevapor explosivelimits. (Thelatter aretypically set at 25% of thelower
explosvelimit (LEL ) for theVOC mixturein question.) Inaddition, theoveral faceve ocity of air
flowing through theenclosure must be at least 200 ft/min.[3]

The surfacesof temporary tota enclosuresare usualy constructed either of plagticfilmor
of suchrigid materia sasinsulation pandsor plywood. Plastic film offersthe advantages of being
lightweight, transparent, inexpensive, and easy to work with. However, itisflimsy, flammable, and
hasarelatively low melting point. Inaddition, the plastic must be hung on aframework of wood,
plastic piping, or scaffolding.

Although rigid materid saremore expensve and lessworkablethan plastic, they aremore
durableand can withstand larger pressure differentia sbetween theenclosureinterior and exterior.
Total enclosure design specifications (which have been incorporated into several EPA emission
standards) are contained inthe EPA report, The M easurement Solution: Using a Temporary Total
Enclosurefor Capture Testing.[4]

Boothsarelikeenclosures, in that they surround the emission source, except for awall (or
portion thereof) that isomitted to allow access by operators and equipment. Like enclosures,
booths must belarge enough to prevent particulatesfromimpinging on theinner walls. They are
used with such operations (and emission sources) such as spray painting and portablegrinding,
polishing, and buffing operations.

Captor hoods (al so termed active or external hoods) do not enclosethe sourceat al.
Consisting of oneto threesides, they arelocated at ashort distance from the source and draw the
emissionsinto them viafans. Captor hoods are further classified as side-draft/backdraft, dlot,
downdraft, and high-vel ocity, low-volume (HVLV) hoods.

A sde-draft/back-draft hood istypically located to the s de/behind of an emission source,
but asclosetoit aspossible, asair velocitiesdecreaseinversely (and sharply) with distance.
Examplesof theseinclude snorkel-typewel ding hoods and side shake-out hoods.

A dot hood operatesin amanner similar to aside-draft/back-draft. However, theinlet
opening (face) ismuch smaller, being long and narrow. Moreover, ad ot hood issituated at the
periphery of an emission source, such asanarrow, opentank. Thistypeof hood isa so employed
with benchwelding operations.



Whiled ot and sde-draft/back-draft hoods arelocated bes de/behind asource, adowndraft
hood isstuated immediately beneathit. It drawspollutant-laden air down through the sourceand,
thence, to acontrol device. Applications of down-draft hoodsinclude foundry shake-out and
bench soldering and torch cutting operations.

HVLV hoodsare characterized by the use of extremely high vel ocities (capture vel ocities)
to collect contaminantsat the source, and by the optimal distribution of thosevel ocitiesacrossthe
hood face. Tomaintain alow volumetric flow rate, these hoods arelocated as closeto the source
aspossible, so asto minimizeair entrainment.

Thelast category isreceptor hoods (passive or canopy hoods). A receptor hood typically
islocated above or beside asource, to collect the emissions, which are given momentum by the
source. For example, acanopy hood might be situated directly above an opentank containing a
hot liquid (abuoyant source). With entrained air, vaporsemitted fromtheliquid wouldriseinto the
hood. Here, the canopy hood would function asapassive collector, astherising gaseswould be
drawninto thehood vianatural draft. (SeeFigure1.1.)

Receptor hoods are a so used with nonbuoyant sources, sourcesfrom which emissonsdo
not rise. But are“thrown off” from aprocess, such asaswing grinder. Theinitial velocity of the
emissionstypicaly ishigh enoughto convey theminto areceiving hood.[5]

1.2.2 Ductwor k

Oncetheemission streamiscaptured by either ahood or adirect exhaust connection, itis
conveyed to the control deviceviaductwork. Theterm*ductwork” denotesall of the equipment
between the capture device and the control device. Thisincludes: (1) straight duct; (2) fittings,
such aselbowsand tees; (3) flow control devices(e.g., dampers); and (4) duct supports. These
componentsaredescribedin Section 1.2.2.1.)

Inair pollution control systems, thefanisusualy located immediately before or after the
control device. Consequently, most of theductwork typically isunder anegative static pressure,
varying fromafew inchesto approximately 20 inchesof water column. These pressure conditions
dictatethetypeof duct used, aswell assuch design parametersasthewall thickness(gauge). For
instance, wel ded duct ispreferabl e to spira-wound duct in vacuum applications.[ 6]

Ductwork isfabricated from either meta or plastic, the choice of material being dictated
by the characteristics of thewaste gas stream, structura considerations, purchaseand installation
costs, aesthetics, and other factors. Metal sused include carbon stedl (bareor galvanized), stainless
ged, and duminum. Themaost commonly used plasticsare polyvinyl chloride(PV C) andfiberglass-
reinforced plastic (FRP), dthough polypropylene (PP) and linear polyethylene (L PE) dsocanadso
be applied. However, one serious drawback to PP and L PE isthat both are combustible.[ 7]
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Figurel.1l: Typical Canopy Hood Installation

PV C and other plastic ductwork areresistant to avariety of corrosive substances, from
aguaregiato 95% sulfuric acid. But plastic ductwork cannot tolerate environmenta temperatures
above 150°F.[8] Meta ductwork can handle temperatures up to approximately 1000°F, but only
certain alloyscantolerate corrosive streams.

Intermsof construction, ductwork can beeither rigid or flexible. Asthenameimplies,
rigid ductwork, whether metal or plastic, hasafixed shape. Conversely, flexibleductwork can be
bent to accommodate situationswhere spaceis|limited or wherethelayout is so convol uted that
rigidfittingscannot meet congtruction requirements. Usudly circular in cross-sectiond shape, flexible
duct can befabricated from metalsor plastic and can be either insulated or uninsul ated.

Rigid ductwork isfabricated into circular, flat oval, or square/rectangular cross-sectiona
shapes. Of these, circular duct ismost commonly usedinair pollution control systems. Although
square/rectangular duct isadvantageousto use when spaceislimited, round duct offers several
advantages. It resists collapsing, provides better transport conditions, and usesless metal than



square/rectangular or flat oval shapes of equivalent cross-sectional area.[9] Unless otherwise
noted, thefollowing discussion pertainstorigid, circular duct, asthisisthetype most commonly
usedinair pollution contral.

Rigidmetd circular ductisfurther dassified according to method of fabrication. Longitudind
seam duct ismade by bending sheet metal into acircular shape over amandrel, and buttwelding
thetwo endstogether. Spiral seam duct isconstructed from along strip of sheet metal, theedges
of which arejoined by aninterlocking helical seam that runsthelength of theduct. Thisseamis
either raised or flushto theduct wall surface.

Fabri cation method and cross-sectiona shape arenot theonly considerationsin designing
ductwork, however. Onemust also specify the diameter; wall thickness; type, number, andlocation
of fittings, controllers, and supports; and other parameters. Consequently, most ductwork
components are custom designed and fabricated, so asto optimally servethe control device.
Some vendorsoffer prefabricated components, but these are usually common fittings (e.g., 90°
elbows) that areavailableonly in standard sizes(e.g., 3- to 12-inch diameter).[ 10,11]

If either the gas stream temperature or moisture content isexcessive, the ductwork may
need to beinsulated. Insulationinhibitsheat |oss/gain, saving energy (and money), ontheonehand,
and prevents condensation, on the other. I nsul ation al so protects personnel who might touch the
ductwork from sustaining burns. There aretwo waysto insulate ductwork. Thefirstistoinstall
insulation onthe outer surface of the ductwork and cover it with avapor barrier of plastic or metal
foil. Thetype and thicknessof insulation used will depend on the heat transfer propertiesof the
materid. For instance, one vendor statesthat 4 inches of mineral wool insulation isadequatefor
maintaining asurface (“ skin”) temperature of 140°F (the OSHA workplacelimit) or lower, provided
that the exhaust gastemperature does not exceed 600°F. [12]

Thesecond way to insulate ductwork isby using double-wall, insulated duct and fittings.
Double-wall ductwork servesto reduce both heat lossand noise. Onevendor constructsit froma
solid sheet metd outer pressureshd| and asheet metd inner liner with alayer of fiberglassinsulation
sandwiched between. Theinsulation layer istypically 1-inch, although 2- and 3-inch thicknesses
areavailablefor moreextreme applications. Thethermal conductivities of thesethicknessesare
0.27,0.13, and 0.09 Btu/hr-ft>-°F, respectively.[13]

1221 Ductwork Components

Asdiscussed above, aductwork system consistsof straight duct, fittings, flow control
devices, and supports. Straight duct issdlf-explanatory and easy tovisudize. The*fittings’ category,
however, encompassesarange of componentsthat perform oneor moreof thefollowing functions:
changethedirection of the ducted gas stream, modify the stream vel ocity, tieit to another duct(s),
facilitate the connection of two or more components, or providefor expans on/contraction when
thermal stressesarise.



Themost commonly usedfittingsareelbows(“€ls’). These serveto changethegasstream
direction, typically by 30°, 45°, 60°, or 90°, though they may be designed for other anglesaswell.
The elbow centerline radius determinestherate at which thisdirectional change occurs. (See
Figure1.2.) Thestandard centerlineradius(R,) is 1.5 timesthe elbow cross-sectional diameter
(D). However, in“long-radius’ elbows, inwhich thedirectional changeismoregradua thanin
standard elbows, R, isgreater than or equal to 2times D _.[14]

A T-shapedfitting (“tee”) isused when two or more gas streams must be connected. In
straight tees, the streams converge at a90° angle, whilein angletees (“laterals’, “wyes’) the
connectionismade at 30°, 45°, 60°, or some other angle. (See Figure 1.2.) Teesmay have one
“tap” (connection) or two, and may have either astraight or a“conical” cross-section at either or
both ends. Crossesare al so used to connect duct branches. Here, thetwo branchesintersect each
other at aright angle.

Reducers(commonly caled“expansons’ or “contractions’) arerequired whenever ducts
of different diameter must bejoined. Reducersare either concentric or eccentricindesign. In
concentric reducers, thediameter tapersgradudly fromthelarger to smaler crosssection. However,
in eccentric reducers, the diameter decreaseswholly on oneside of thefitting.

Damperscontrol the volumetric flowrate through ventilation systems. They areusualy
ddlineated according to theflow control mechanism (single blade or multiblade), pressurerating
(low/light or high/heavy), and meansof control (manua or automatic). Insingleblade dampers, a
circular plate isfastened to arod, one end of which protrudes outside the duct. In the most
commonly used type of single blade damper (butterfly type), thisrodisused to control the gasflow
by rotating the platein the damper. Fully closed, the damper face Sits perpendicular tothegasflow
direction; fully open, thefaceispardld tothegasflow lines. Severa singleblade* control” dampers
aredepictedinFigure1.2.

Blast gate dampers control theflow by diding the damper bladein and out of theduct.
Blast gatesare often used to control theflow of air streams containing suspended solids, suchasin
pneumatic conveyors. In these respects, butterfly dampers and blast gates are analogous,
respectively, to theglobeva vesand quick-opening gatevalvesthat areused toregulateliquid flow

inpipes.

Multiblade (louvered) dampers operate on the same principa as single blade dampers.
However, instead of using asingle blade or plateto control the gasflow, multiblade dampers
employ datsthat open and closelike venetian blinds.[15] Louvered damperstypicaly areusedin
very large ductswhere aone-piece damper blade would betoo difficult to move.

Manually-controlled dampers s mply have ahandl e attached to the control rod whichis
used to adjust the gasflow by hand. If automatic control is needed, apneumatic or electronic
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actuator isused. The actuator receivesapneumatic (pressurized air) or electrical signal froma
controller and convertsit to mechanica energy whichisused, inturn, to open/closethe damper via
thedamper rod. Inthisrespect, an actuated damper isana ogousto an automatic control valve.[16]

For example, an automatic damper may beused to control thedilution air flow rateto anincinerator
combustion chamber. Thisflow rate, in turn, would depend on the combustibles concentration
(i.e., percentageof lower explogivelimit—%L EL ) intheinlet wastegas stream. If thisconcentration
deviatesfrom apredetermined amount (* set point”), asigna issent fromthemeasuring devicevia
the controller to the automatic damper to increase/decrease the dilution air flow rate so asto
maintainthedesired %L EL .

Expansionjointsareinstalled, especially inlonger meta duct runs, to alow the ductwork
to expand or contract in responseto thermal stresses. Thesefittingsare of several designs. One
type, thebdlowsexpansonjoint, consistsof apieceof flexiblemeta (e.g., 304 Sainlesssted) that
iswelded to each of two duct ends, connecting them. Asthetemperature of theduct increases, the
bellows compresses; asthe duct temperature decreases, the bellows expands. Another commonly
used expansion joint consistsof two flangesbetweenwhichisinstaled asection of fabric. Likethe
bellowsexpansionjoint, it compresses asthe duct temperatureincreases, and vice-versa. The
temperaturedictatesthetype of fabric used. For instance, siliconefiberglassand aramid fiber cloth
can be used for duct temperatures of up to 500°F., while coated fiberglass cloth is needed to
accommodate temperaturesof 1000°F.[17]

Thelast component to consider isthe ductwork support system. However, itisfar from
beingtheleastimportant. Asthe Sheet Metd and Air Conditioning Contractors Nationa Associaion
(SMACNA) HVAC Duct Construction Standards manual states, “ The selection of ahanging
system should not betaken lightly, sinceit involvesnot only asignificant portion of the erection
labor, but al so because [the erection of ] aninadequate hanging system can bedisastrous.” Asa
rule, a support should be provided for every 8 to 10 feet of duct run.[18] Ductwork can be
suspended from aceiling or other overhead structure viahangers or supported from below by
girders, pillars, or other supports.

A suspensonarrangement typically consstsof an upper attachment, ahanger, and alower
attachment. The upper attachment tiesthe hanger to the celling, etc. Thiscan beaconcreteinsert,
aneyebolt, or afastener such asarivet or nailed pin. Thehanger isgenerally astrap of gal vanized
sted, round steel rod, or wirethat isanchored to the celling by the upper attachment. Thetype of
hanger used will bedictated by theduct diameter, whichisproportiond toitsweight per lined foot.
For instance, wire hangersare only recommended for duct diametersup to 10inches. For larger
diameters(upto 36 inches), strapsor rods should be used. Typically, astrap hanger isrunfromthe
upper attachment, wrapped around the duct, and secured by afastener (thelower attachment). A
rod hanger a so extendsdown fromthecelling. Unlike strap hangers, they arefastened to the duct
viaaband or bandsthat are wrapped around the circumference. Duct of diametersgreater than 3
feet should be supported with two hangers, one on either side of the duct, and be fastened totwo
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circumferential bands, oneatop and one be ow theduct.[ 19] Moreover, supportsfor larger ductwork
should also allow for both axial and longitudinal expansion and contraction, to accommodate
thermal stresses.[20]

1.2.3 Stacks

Short stacksareinstalled after control devicesto dispersethe exhaust gases above ground
level and surrounding buildings. Asopposedto “tall” stacks, which can beupto 1,000 feet high,
short stackstypically arenotaller than 120 feet. Certain packaged control devicescome equipped
with short (“stub”) stacks, with heightsranging from 30 to 50 feet. But if such astack isneither
provided nor adequate, the facility must erect a separate stack to serve one or more devices.
Essentidly, thisstack isavertical duct erected on afoundation and supported in some manner. For
structura stability, the diameter of the stack bottomisdightly larger than thetop diameter, which
typically rangesfrom 1to 7 feet.[21]

A short stack may be fabricated of steel, brick, or plastic (e.g., fiberglass-reinforced
plastic, or FRP). A stack may belined or unlined. Thematerial sel ection dependson thephysical
and chemical properties of the gas stream, such as corrosiveness and acidity, aswell asthe
temperaturedifferential between thegasstream and theambient air. Linersof stainlesssted, brick,
or FRPusually are used to protect the stack against damage from the gasstream. They aremuch
eas er and lessexpensiveto replacethan theentire stack. Alternatively, theinterior of anunlined
stack may be coated with zinc (gal vanized), al uminum, or another corrosion-resistant material, but
acoating does not provide the same protection asaliner and doesnot last aslong.

Short stlacksareelther salf-supporting (free-standing), supported by guy wires, or fastened
to adjacent structures. Thetype of support used depends onthe stack diameter, height and weight,
thewindload, local seismic zone characteristics, and other factors.

Auxiliary equipment for atypical stack includes an access door, asampling platform,
ladders, lightning protection system, and aircraft warning lights. The accessdoor alowsfor removal
of any accumul ated material sat the bottom of the stack and providesaccessto theliner for repair
or replacement. Local and stateair pollution control regul ationsalso may require the permanent
ingtallation of sampling platformsfor use during periodic compliancetests, whileladdersare used
both during stack sampling and maintenance procedures. Thelightning protection systemisneeded
to prevent damageto the stack and immediate surroundingsduring eectrica storms. Lastly, aircraft
warning lightsarerequired by locd aviation authorities[ 23] Altogether, theseauxiliariescanadd a
large amount to the base stack cost.
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1.3 Design Procedures

Asstated above, ahood, ductwork, and astack are key elementsin any air pollution
control system. Because each of theseelementsisdifferent, both in appearanceand function, each
must be designed separately. But at the sametime, these elements compriseasystem, whichis
governed by certain physical lawsthat serveto unite these elementsin“ common cause.” Thus,
beforetheindividua design proceduresfor hoods, ductwork, and stacksare described, ventilation
fundamentalswill be presented. Thesefundamenta swill cover basicfluid flow conceptsand how
they may beapplied to air pollution control ventilation systems. Nonethel ess, these conceptswill
begiven asstraightforwardly as possible, with the aim of making the design parameterseasy to
understand and compute.

131 Design Fundamentals

1.3.1.1  TheBernoulli Equation

Theflow of fluidsin any hood, duct, pipe, stack, or other enclosureisgoverned by a
snglereationship, thefamiliar Bernoulli equation. Put smply andidedlly, the Bernoulli equation
statesthat the total mechanical energy of an element of flowing fluid is constant throughout the
system. Thisincludesitspotential energy, kinetic energy, and pressure energy. However, asno
system isideal, the Bernoulli equation must be adjusted to take into account losses to the
surroundings dueto friction. Gains dueto the energy added by fans, pumps, etc., a'so must be
accounted for. For apound mass (Ib, ) of fluid flowing in asteady-state system the adjusted
Bernoulli equationis:[24]

a(v?)

29,

2vdp + Az%ig +
rvp Og. O

(1.1)

=W -F

where

specificvolumeof fluid (ft%1b, )

datic pressure—gauge (Ib/ft?)

height of fluid above somereferencepoint (ft)
fluid velocity through duct, hood, etc. (ft/sec)
gravitational acceleration (ft/sec?)

gravitational constant (32.174 ([Ib_-ft/sec’]/Ib,)
work added by fan, etc. (ft-1b/Ib )

energy lost duetofriction (ft-lb/Ib )

MsEe@Q@c NDT <
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Each of thetermson theleft hand side of Equation 1.1 representsan energy changetoa
pound mass of fluid between two locationsinthe system—points“1” and “2.” Thework (W) and
friction (F) termsdenote the amounts of energy added/l ost between points1 and 2.

Notethat theunitsof eachtermin Equation 1.1 are“ft-Ib/Ib_,” energy per unit mass. Inthe
Englishsystemof units, “Ib” and*“lb_" are, for dl intents, numerically equivaent, sincetheratio of
thegravitational accelerationterm (g) to thegravitational constant (g,) isvery closeto 1. Ineffect
theequationunit are“feet of fluid” or “fluid head infeet.” Inair pollution control Stuations, thefluid
often has the properties of air. That is because the contaminants in the waste gas stream are
present in such small amountsthat the stream physical properties approximatethose of pureair.

Becausearisa“compressible’ fluid, itsspecific volumeismuch moresengitiveto changes
in pressureand temperature than the specific volume of such*incompressible’ fluidssuch aswater.
Hence, the“vdp” termin Equation 1.1 hasto beintegrated between points 1 and 2. However, in
most air pollution control ventilation systems neither the pressure nor the temperature changes
appreciably from the point where the emissions are captured to theinlet of the control device.
Consequently, the specificvolumeis, for al practica purposes, constant throughout theventilation
system, and one does not havetointegrate the vdp term. With thisassumption, thefirst termin
Equation 1.1 becomessimply:

J'lzvdp = vJ'lzdp = VAp (1.2

[lustration: VOC emitted by an open tank is captured by ahood and conveyed, viaablower,
through 150 feet of 12-inch diameter ductwork to arefrigerated condenser outdoors. Theblower,
which movesthe gasthrough the hood, ductwork, and condenser, islocated immediately before
theinlet tothecondenser. Thus, theentireventilation sysemisunder vacuum. Thestreamtemperature
and absolute pressure are 100°F and approximately 1 atmosphere (14.696 1b/in?), respectively.
Theeevation of therefrigerated condenser inlet is30 feet below that of thetank. Theair velocity
at thesourceisessentialy zero, whilethe duct transport vel ocity is2,000 ft/min. The static gauge
pressureincreasesfrom-0.50in. w.c. (water column) at the sourceto 4.5in. w.c. at the blower
outlet. Finally, the cal culated friction loss through the ductwork and hood totals 1.25 in. w.c.
Calculate the amount of mechanical energy that the blower addsto the gas stream. Assumethat
the gastemperature remains constant throughout.

Solution:

First, develop afactor to convert “inchesof water” to“feet of air”:

Feet of air = (Inches of water) Qﬁ@ Eivaﬁg
i} 12in00v,,, 0 (1.3)

w100
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where
leOO

ValOO

specific volume of water @ 100°F = 0.01613t¥/lb_
specificvolumeof air @ 100°F, 1 atmosphere

Because the system absol ute pressureiscloseto atmospheric, thewaste gasbehavesas
anided gas. Thus, the specific volume can be calcul ated from theideal gaslaw:

_RT
Va - P M (14)
where
R = ideal gascongtant = 1,545ft-Ib/(Ib_-mole)(ER)
T = absolute temperature of gas= 100 + 460 = 560ER
M = molecular weight of gas(air) =28.851b_/Ib_-mole
p = absolute pressure= 2,116 Ib/ft?

Subgtituting, weaobtain:

Finally, substitution of thesevaluesfor v, andv, into Equation 1.3 yields:

Feet of air (@ 100 °F, 1atm) = 73.207 x inches of water

Computethe changesin the mechanical energy termsand thefriction losses between the
hoodinlet (point 1) and the blower outlet/condenser inlet (point 2):

73.207 ft air
Pressure: vAp = (4.5 - [-0.50] in. w.c.) @WE = 336.0 ft air

Potentid: Az = -30ftair (point 2isbelow point|)
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0 0
ft 0 ft
CRO00 oy (82174 ab - %
. Au?I2g =D —— 0 x () = 173 ftair
Kinetic: 0 ko U O 2° U Ib, 0
0 00 H
0 BleBC

Frictionlossess F = 125in. w.c x 73207 = 915 ft air

Substitute aboveresultsinto Equation 1.1 and solvefor W, thefan energy added:

366.0 + (-30) + 17.1 = W- 91.5, or

ft - 1b,
b air

m

W = 446

To convert thefan energy input, W, to horsepower (hp; ), wewould haveto multiply it by
theair massflow rate(Ib,_/sec), and dividetheresult by the horsepower conversionfactor, 550 ft-

Ib/sec-hp. However, themassflow rateisjust the volumeflow rate (Q, ft3/sec) divided by the
gpecificvolume:

h ‘WE& 1@‘ 0001818ﬂ
pf - Dva 50 - : Va (15)

0
7 (1.6)
0 .
4 g

Equation 1.6 applies, of course, only to circular ducts.

If we combine Equations 1.5 and 1.6 and substitute theinputsfor thisillustration, we obtain:

hp, = 4446 @%@ @;@a)z %@ EBE—OQ = 149 hp
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Some observationsabout thisillustration:

. Recall that the precise unitsfor Wand the other termsin Equation 1.1 are“ft-lb, per
b ar” which, for convenience, have been shortenedto“ftar”. Thus, they measure
energy, not length.

. Compared to the pressure energy and friction terms, the potential and kinetic energy terms

aresmall. Had they beenignored, the resultswoul d not have changed appreciably.

. Thelarge magnitude of the pressureandfriction termsclearly illustratestheimportance of
keeping one sunitsstraight. Asshownin step (1), oneinch of water isequivaent to over
73 feet of air. However, asEquation 1.3 indicates, the pressure corresponding to equivalent
heightsof air and water columnswould bethe same.

. Thefan power input depends not just onthetota “head” (ft air) required, but alsoonthe
gasflow rate. Also, notethat the horsepower computed viaEquation 2.5 isatheoretical
vaue. It would haveto be adjusted to account for the efficiencies of thefan and fan motor.
Thefan efficiency rangesfrom 40to 70 percent, whilethe motor efficiency istypicaly 90
percent. Theseefficienciesare usually combinedinto asingleefficiency (e, fraction), by
whichthetheoretica horsepower isdivided to obtain the actua horsepower requirement.

1312 Pressure: Static, Velocity, and Totd

Althoughitismorerigorousand consistent to expressthe Bernoulli equationtermsin
termsof feet of air (or, precisely, ft-Ib/Ib_ of air), industrial ventilation engineersprefer to usethe
units”inchesof water column (in. w.c.).” Theseunitswere chosen because, astheaboveillugtration
shows, resultsexpressedin“feet of air” areoftenlarge numbersthat are cumbersometouse. In
addition, thetota pressurechangesinventilation sysemsarerdatively small, compared tothosein
liquidflow systems. Total pressure changesexpressed ininchesof mercury would besma |l numbers
whicharejust asawkward towork with aslargenumbers. Hence, “inchesof water” isacompromise,
asvauesexpressed inthismeasurement unit typically rangefromonly 1to 10. Moreover, practical
measurement of pressure changesisdonewith water-filled manometers.

Inthepreviousparagraph, anew quantity wasmentioned, total pressure(TP). Alsoknown
asthe"impact pressure’, thetotd pressureisthesum of thestatic gauge (SP) and vel ocity pressures
(VP) at any point within aduct, hood, etc., al expressedinin. w.c.[25] Thatis:

TP = SP + VP (1.7)
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where

SP = (chHvp
VP (cHu?/2g,

The*cf” intheexpressionsfor S° and TP isthefactor for converting the energy terms
from*“ftair’ to“in.w.c.”, both at standard temperature and absol ute pressure (70°F, 1 atmosphere).
(Again, keepinmind that, regardless of what units SP or VP are expressedin, the actual unitsare
“energy per unit mass.”) Thisconversionfactor, cf, would be obtained viarearranging Equation
13

in.w.c. V,0 O
cf = — = 120—0 (1.8)
ft. air OV, O
where
Voo = specific volumeof water at 70°F = 0.01605 (ft*/Ib )
Voo = specificvolumeof air at 70°F = 13.41 (ft*/lb_)

Thus: cf=0.01436in. w.c./ftar

Clearly, theconversonfactor variesasafunction of temperatureand pressure. For instance,
at 100°F and 1 atmosphere, cf = 1/73.207 = 0.01366.

Conspicuously absent from Equation 1.7 isthe potential energy term, “z(g/g )" . This
omission was not inadvertent. In ventilation systems, the potential energy (P.E.) isusualy small
compared to the other terms. (For example, seeillustration above.) The P.E. is, of course, a
function of the vertical distance of the measurement point in question from some datum level,
usudly theground. At most, that distance would amount to no morethan 20 or 30 feet, corresponding
to aP.E. of approximately 0.3 to 0.4 in. w.c. Consequently, we can usually ignore the P.E.
contribution inventilation systemswithout introducing significant error.

Thedtatic gaugepressureinaduct isequa inal directions, whilethevelocity pressure, a
function of the gasvel ocity, variesacrossthe duct face. Theduct velocity ishighest at the center
and lowest at theduct walls. However, for air flowinginalong, straight duct, the average vel ocity
acrosstheduct (u,) approximatesthe center linevel ocity (u,).[26] Thisisanimportant point, for
theaverageduct velocity isoften measured by apitot tube situated at the center of theduct.
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By substituting for cfin Equation 1.7, we can obtain asimple equation that relatesvel ocity
tovelocity pressure (VP) at standard conditions:

_0.0143u,?
VP = g (1.9
Solving:
ft
u, QQ% 66.94 (VP)? (1.10)
Or:

ft@ 1/2
# = 4016 (VP
UB 016 (VP) (1.12)

Incidentally, these equations apply to any duct, regardlessof itsshape.

AsBurton describesit, static gauge pressure can bethought of asthe* stored” energy ina
ventilation system. Thisstored energy isconverted to thekinetic energy of velocity and thelosses
of friction (whicharemainly heet, vibration, and noise). Frictionlossesfal into severd categories[27]

» Lossesthrough straight duct

» Lossesthrough duct fittings—el bow tees, reducers, etc.

» Lossesinbranchand control deviceentries

» Lossesinhoodsdueto turbulence, shock, venacontracta

e Losssinfans

e Lossesinstacks

Theselosseswill bediscussed inlater sectionsof thischapter. Generally speaking, much
more of the static gauge pressureenergy islost to” friction than isconverted to vel ocity pressure

energy. Itiscustomary to expressthesefrictionlosses (43P, ) intermsof thevelocity pressure:

F = ASP, = kvP (1.12)
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where

k = experimentaly-determinedlossfactor (unitless)

Alternatively, Equations 1.11 and 1.12 may be combined to expressF (in. w.c.) interms
of theaverageduct velocity, u, (ft/min):

F = (6.200 x 10°) ku,? (1.13)
1.3.1.3  Temperatureand Pressure Adjustments

Equations 1.8to 1.13 were devel oped assuming that thewaste gas stream was at standard
temperature and pressure. These conditionswere defined as 70°F and 1 atmosphere (14.696 |b/

in?), respectively. While 1 atmosphereis almost alwaystaken asthe standard pressure, several
different stlandard temperatures are used in scientific and engineering caculations. 32°F, 68°F, and
77°F, aswell as 70°F. The standard temperature selected varies according to the industry or
engineering disciplinein question. For instance, industrial hygienistsand air conditioning engineers
prefer 70°F asastandard temperature, while combustion engineersprefer 77°F.

Before these equations can be used with waste gas streamswhich are not at 70°F and 1
amosphere, their variablesmust be adjusted. Asnoted above, wastegas streamsin air pollution
control gpplicationsobey theideal gaslaw. Fromthislaw thefollowing adjustment equation can be
derived:

(P,
T, [P,

Ik
[ |

Q, = Q (1.14)

[

where
Q,,Q, =gasflow ratesat conditions2 and 1, respectively (actua ft3min)

T, T, =absolutetemperaturesat conditions2 and 1, respectively (°R)

P,,,P, = absolute pressuresat conditions2 and 1, respectively (atm)

However, according to Equation 1.6:

@)

"

’_'C
Ccc]
=]
&~ 1O
I
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If Equations 1.6 and 1.14 were combined, wewould obtain:

_ 07, 00p, D,,° E
Up = Uy E’?%Pimizm (1.15)
1

H
o

Thislast expression can be used to adjust u, in any equation, aslong asthegasflow isin
circular ducts.

1.3.2 Hood Design Procedure

1.3.21  HoodDesignFactors

When designing ahood, severa factorsmust be considered:[ 28]

» Hood shape

e Volumetricflowrate

» Capturevelocity

* FHiction
Each of thesefactorsand their interrel ationshipswill be explained in thissection.

Asdiscussed in Section 1.2.1, the hood shapeis determined by the nature of the source
being controlled. Thisincludes such factorsasthetemperature and composition of theemissions,
aswell asthe dimensionsand configuration of the emission stream. Also important are such
environmenta factorsasthevel ocity and temperature of air currentsinthevicinity.

Thehood shape partly determinesthe volumetric flow rate needed to capturetheemissions.
Becauseahood isunder negative pressure, air isdrawnto it from all directions. Consider the
simplest type of hood, aplain open-ended duct. Now, envision animaginary sphere surrounding
the duct opening. The center of thisspherewould be at the center of the duct opening, whilethe
sphereradiuswould be the distance from the end of the duct to the point where emissionsare
captured. Theair would be drawn through thisimaginary sphereandinto theduct hood. Now, the
volume of air drawn through the sphere would be the product of the sphere surface areaand the
hood capturevelocity, u_:[29]

Q = u, (4mx*) (1.16)
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where
x=radiusof imaginary sphere (ft)

Equation 1.16 appliesto aduct whose diameter issmall relative to the sphereradius.
However, if theduct diameter islarger, thecaptureareawill haveto bereduced by the crosssectiona

areaof theduct (D ), or:

Q = u [~ — =0 (1.17)

Similarly, if aflangewereinstalled around the outside of the duct end, the surface area
through which the air was drawn—and the volumeflow rate—would be cut in half. That occurs
becausetheflangewould, in effect, block theflow of air from pointsbehind it. Hence:

Q = u,(2 mx?) (1.18)

From these exampl es, it should be clear that the hood shape hasadirect bearing on the
gasflow ratedrawnintoit. But Equations 1.16 to 1.18 apply only to hoodswith spherical flow
patterns. For other hoods, other flow patterns apply—cylindrical, planal, etc. We can generalize
thisrelationship between volumetric flow rate and hood design parametersasfollows:

Q = f(u,,x,Sh) (1.19)
where

“f(...)” denotes“functionof...”
“” indicateshood shapefactors
u = design vel ocity—capture, face, Sot

Table1.1listsdesign equationsfor several commonly used hood shapes. Asthistableshows, Qis
afunction of x, the hood shape, and, in general, the capture velocity (u ). Inthe case of abooth
hood, the design velocity isthe hood face velocity (u,). For slotted side-draft and back-draft

hoods, thes ot vel ocity (u) isthedesign vel ocity. In prectice, both the hood faceand slot vel ocities
arethe same, aseach measuresthe speed at which the gas passesthrough the hood inlet opening(s).
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Tablel.1: Design Equations, Loss Factors, and Coefficients of

Entry for Selected Hood Typeq 2]
Hood Type Design Equation Less Factor Coefficient
(k,) of Entry (C))

Duct end (round) Q=4xu, 0.93 0.72
Flanged duct end (round) Q=2xu, 0.50 0.82
Free-standing slot hood Q=2xLu, 1.78 0.55
Slot hood w/ sides, back Q=0.5xLu, 1.78 N/A
Tapered hood Q=2 xu, 0.06? 0.97
Booth hood w/ tapered

take-off duct (round) Q=UA, 0.25 0.89
Canopy hood Q =1.4Pxu_ 0.25 0.89
Canopy hood w/ insert Q =1.4Pxu_ 1.0 0.71
Dip tank hood (slotted) Q=125A 1.78 N/A
Paint booth hood Q =100A, 0.25 N/A
! Both k, and C_ pertain to round ducts and to hoods with a 45° taper. At other angles, k, and

C, will differ.
N/A = Not applicable
Q = flow rate drawn into hood (ft¥/min)
X = distance from hood to source (ft)
u, = hood capture velocity (ft/min)
u, = hood face velocity (ft/min)
ug = hood slot velocity (ft/min)
A = hood vace area (ft?)
P = perimeter of source (ft)
L = width of hood slot (ft)
A, = tank + drainboard surface area (ft?)
A = booth cross-sectional area (ft?)

When gasentersahood, thereismechanica energy lossduetofriction. Thisfrictionloss
iscalculated using Equations 1.1 and 1.2, assuming that the potential energy contribution from

gravity, 4z(g/g ), and thework added to the system, W, are both zero. Thus:

2 2
U, u- _
Vp, -vpy t 29, - E = -F (1.20)

Repl acing these termswith the corresponding onesfrom Equations 2.7 and 2.12, we
obtain:

SP, - SP, + VP, - VP, = -H, = -k\VP, (1.21)
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where

SP. = daticgaugepressureat pointi (in.w.c.)
VP. = velocity pressureat pointi (in.w.c.)

H. = hoodentryloss(in.w.c.)

k, = hoodlossfactor (unitless)

In this equation, subscript 1 refersto a point just outside the hood face. Subscript 2
denotesthe point in the duct, just downstream of the hood, where the duct static pressure, P, or
3P, and theduct transport vel ocity, u, or u, aremeasured. At point 1, thehood velocity pressure,
VP, isessentialy zero, astheair vel ocity thereisnegligible. Moreover, the static gage pressure,

SP,, will be zero, asthe absolute pressure at point 1 is assumed to be at one atmosphere, the
reference pressure. After thesesmplificationsaremade, Equation 1.21 can berearranged to solve
for thehood lossfactor (k.):

o1
- (1.22)

Atfirstglance, it gppearsthat k. could benegative, snce VP isalwayspositive. However,
astheair entering thehood isunder avacuum created by afan downstream, SP, must benegative.
Thus, theterm“-SP, /VP,” must be positive. Finaly, becausethe absolutevalue of 3P, islarger
than VP, k. > 0.

Thehood lossfactor variesaccording to the hood shape. It can rangefrom 0.04 for bell
mouth hoodsto 1.78 for various sl otted hoods. A parameter rel ated to the hood lossfactor isthe

coefficient of entry (c ).[30] Thisisdefined as:

o 1 d?

C. = m% (1.23)

¢, depends solely on the shape of thehood, and may be used to computek. and related parameters.
Valuesof k andc_ arelistedin Table 1.1.

Illustration: Thestatic gaugepressure, SP,, is-1.75in. w.c. Theduct transport velocity (u,) is
3,500 ft/min. Calculate thelossfactor and coefficient of entry for the hood. Assume standard
temperature and pressure.
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Solution: Firgt, calculatetheduct velocity pressure. By rearranging Equation 1.11 and substituting
foru, weobtain:

2

0y, 3500@ |
VP = = = 0.76 in. w.c.
0160 §4pl6 0.761n. w.c

Next, substitutefor VPin Equation 1.22 and solve:

-SP. -1.75
k, = @“@- 1= - @——fg-lz 1.
h VP 0.76 30

Findly, usethisvalueand Equation 1.23 to cal cul ate the coefficient of entry:

1 glz
o= Byt 088

Hood designvelocitiesarelisted in Table 1.2. Threekindsof velocitiesare shown: (1)
capture (defined in Section 2.1), (2) face, and (3) dot. Asstated in Section 1.2.1, the capture
velocity istheair velocity induced by the hood to capture contaminantsemitted at somedistance
fromthehood inlet. Thefacevelocity istheaverage vel ocity of theair passing through the hood
inlet (face). A smilar parameter isthed ot vel ocity, whichistheaverageair velocity through the
hood d ot openings, whose areasisonly afraction of the entire hood face area. Consequently,
thed ot velocity isusualy much higher thanthefacevelocity.[31]

Table1.2: Hood design Velocities[ 2]

Operation/Hood Type Velocity Type Velocity Range(ft/min)
Tanks, degreasing Capture 50-100

Drying oven Face 75-125

Spray booth Capture 100-200

Canopy hood Capture 200-500

Grinding, abrasive blasting Capture 500-2,000

Slot hood Slot 2,000

Notethat these vel ocitiesrange from 50 to 100 ft/min (tank and degreasing hoods) to
2,000 ft/min, therecommended d ot vel ocity for dotted Sde-draft/back-draft hoods. Asareference
point, theve ocity of air inindustria operationsdueto therma mixing doneis50ft/min. Thus, hood
design velocitiesmust exceed thisvalueif effective captureisto occur.[32]
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Two other velocitiesarea so discussedin theindustria hygieneliterature, althoughthey do
not have as much bearing on hood design asthe capture, face, or dot velocities. Thesearethe
plenum velocity and thetransport velocity. Plenum vel ocity isthe vel ocity of the gasstream asit
passes through the tapered portion of ahood (plenum) between the hood opening and the duct
connection. Thisplenum isatransition areabetween the hood opening and duct. Consequently,
the plenum velocity ishigher than the hood face vel ocity, but lower than the duct (transport)
velocity. Thetransport vel ocity- the gasvel ocity through the duct- variesaccording to the waste
gascomposition. Itisacrucia parameter in determining the duct diameter, the static pressureloss,
and the sizes of the system fan and fan motor. (For more on transport velocity, see Section 1.3.3.)

1.3.2.2  Hood Sizing Procedure

Aswith many control devicesand auxiliaries, thereare severd approachesto sizing hoods.
Someof these approaches are quite complex, entailing aseriesof complex calculationsthat yield
correspondingly accurateresults. For instance, one hood sizing method in theliteratureinvolves
first determining thehood dimensi ons (length and width for rectangular hoods; diameter, for circular).
Thenext step isto estimate the amount of metal plate area (ft?) required to fabricate ahood of
thesedimensions, viaparametric curves. (No curvesare provided for nonmeta hoods.) Thisplate
areaisinput to an equation that includesa“ pricing factor” and the per-pound price of metal. The
cost of labor needed to fabricate thishood is estimated from equations similar to the plate-area
relationships. Finally, themetal and labor costs are summed to obtain thetotal fabricated hood
cost.[33]

Thismethod no longer yieldsreasonably accurate hood cost. Sincethelabor cost dataare
outdated—1977 vintage—which makesthem unescalatable. (Therule-of-thumb timelimit for
escalating costsisfiveyears.) Evenif the costswere up-to-date, the procedureisdifficult to use,
especidly if calculationsare made by hand.

A smpler sizing method—yet one sufficiently accuratefor study estimating purposes—
involvesdetermining asingledimension, thehood facearea(A,). Thisarea, identical tothe hood
inlet area, can be correlated against the fabricated hood cost to yield arelatively simple cost
equation with asingleindependent variable. To calculate A, thefollowing information is needed:

* Hoodtype
» Distance of the hood face from source (x)
 Capture(u,), face(u), or slot velocity (u,)

»  Sourcedimensions(for somehood types).
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Astheequationsin Table 1.1 indicate, these same parametersarethe onesthat are used to
determinethevolumetric flow rate (Q) through the hood and ductwork. With most control devices
and auxiliariesbeing sized, Q isgiven. For hoods, however, Q usualy must becalcul ated.

[llustration: A circular canopy hood is being used to capture emissions from a chromium
electroplating tank. Thehood faceis 6 feet abovethetank, an 8-foot diameter circular vessal. The
capturevelocity for thisexampleis200 ft/min. Assuming that thetank surroundingsare at standard
conditions, calculate the required volumetric flow rate drawn into the hood, the hood face area,
and the hood face vel ocity.

Solution: Obtain the canopy hood equation from Table 1.1:

Q = 14Pxu, (1.24)
where
P = peimeterof tank (ft)
x = distanceof hood abovetank (ft)
u = captureveocity (ft/min)

[}
Becausethetank iscircular, P = (8 ft) = 25.1ft.

Therefore

Q = (L4f) (6ft) ono ﬂ@ - a2000 ©
IR mind ~ """ min

For thistype of canopy hood, the hood diameter is40% greater than thetank diameter
(hence, the® 1.4” factor in Equation 1.24). Thus:

A, = @E@([M] [8])" = 985 ft’

Finally, the hood face vel ocity (u,) would be:

Q 42200 ft
uf = — = = _—

A, 985 min
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Inthisexample, notethat the hood face vel ocity ishigher than the capturevelocity. Thisis
logicdl, giventhefact that thehood inlet areaissma ler than theareathrough which thetank fumes
arebeing drawn. Thefacevelocity for somehoodsiseven higher. For example, for dotted hoods
itisat least 1,000 ft/min.[34] Infact, onevendor sizesthe openingsin hisslotted hoods so asto
achieveadot velocity equal to theduct transport vel ocity.[35]

133 Ductwor k Design Procedure

Thedesgnof ductwork canbean extremely complex undertaking. Determining thenumber,
placement, and dimensionsof ductwork components—straight duct, elbows, tees, dampers, etc—
can betediousand time-consuming. However, for purposesof making study-level control system
cost estimates, such involved design procedures are not necessary. I nstead, a much simpler
ductwork sizing method can be devised.

1.3.3.1  TwoDuctwork Design Approaches

Therearetwo commonly used methodsfor sizing and pricing ductwork. Inthefirst, the
total weight of duct iscomputed from the number and dimensions of the several components.
Next, thisweight ismultiplied by asingle price (in $/1b) to obtain the ductwork equipment cost. To
determinethe ductwork weight, one needsto know the diameter, length, and wall thickness of
every component inthe system. Asstated above, obtaining these datacan beasignificant effort.

Thesecond method isavariation of thefirst. Inthistechnique, the ductwork components
areszed and pricedindividudly. Thestraight duct istypically priced asafunction of length, diameter,
wall thickness, and the material of construction. The elbows, tees, and other fittingsare priced
accordingtodl of thesefactors, except for length. Other variables, such astheamount and type of
insulation, also affect the price. Becauseit providesmoredetail and precision, the second method
will beusedinthissection.

1.3.3.2  Ductwork Design Parameters

Agan, theprimary ductwork szing varidblearelength, diameter, and wall thickness. Another
parameter istheamount of insulationrequired, if any.

Length: Thelength of ductwork needed with an air pollution control system dependson such
factorsasthe distance of the sourcefrom the control deviceand thenumber of directiona changes
required. Without having specific knowledge of the sourcelayout, itisimpossibleto determinethis
length accurately. It could range from 20 to 2,000 feet or more. It isbest to givethe straight duct
cost ona¥ft basisand et thereader providethelength. Thislength must be part of the specifications
of theemission sourceat which theductwork isinstalled.
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Diameter: Asdiscussedin Section 1.2.2., circular duct ispreferred over rectangular, oval, or
other duct shapes. For circular ducts, the cross-sectional area, A, isgivenby:

™D,
A, = Td (1.25)
where
A, = cross-sectional areaof duct (ft?)
D = duct diameter (ft)

d

Theduct cross-sectional areaisthe quotient of thevolumetric flow rate (Q) and the duct transport
velocity (u):

Ay = (1.26)

Combining Equations1.25and 1.26 and solvingfor D :

D D1/2
Q 0 (1.27)

AsQisusualy known, thekey variablein Equation 1.27 istheduct transport vel ocity. The
value of this variable must be chosen carefully. If the u, selected istoo low, the duct will be
oversized and, moreimportantly, thevel ocity will not be high enough to convey any particulate
matter inthewaste gasstream to the control device. However, if u, istoo high, the static pressure
drop (whichisproportional tothesquareof u,) will beexcessive, aswill bethe corresponding fan
power consumption.

Cost isa so acong deration when determining the optimum duct diameter. The equipment
cost increaseswith increasing duct diameter. However, thefan power cost changesinversaly with
diameter. Nonethel ess, for study-estimating purposes, the optimum duct diameter doesnot have
to bedetermined. Itissufficient to cal culatethe duct diameter merely by using thetransport vel ocity
vauescontained inthissection.

Thetransport velocity typicaly variesfrom 2,000 to 6,000 ft/min, depending on thewaste
gascomposition. Thelower duct velocity would be adequate for awaste gas contai ning gaseous
pollutantsor very fine, light dusts, whilethe higher vel ocity would be needed to convey astream
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withalarge quantity of metalsor other heavy or moist materials. Thevelocitiesgivenin Table 1.3
may be used asgeneral guidance 36]:

Table 1.3: Minimum Transport Vel ocity for Materials Conveyed

Material(s) Conveyed Minimum Transport Velocity (u, ft/min)
Gases: very fine, light dusts 2,000

Fine, dry dusts and powders 3,000

Average industrial dusts 3,500

Coarse dusts 4,000-4,500

Heavy or moist dust loading >4,500

Table 1.4 supplementsthese val ueswith recommended duct vel ocitiesfor avariety of conveyed
materials.

Wall thickness: Thewall thickness of aduct depends on several factors—internal pressure,
diameter, material of fabrication, and other structural parameters. Nonethel ess, duct of agiven
diameter can befabricated for arange of wall thicknesses, and vice-versa. For instance, 24-in.
diameter 304 gainlesssted “fully-welded longitudina seeamduct” isfabricatedinthicknessesranging
from 22to 14 gauge (0.0313t0 0.0781in.). Thissamerange of gaugesisused with duct diameters
rangingfrom3to 36in.[37]

Notethat the gauge number decreaseswithincreasingwall thickness. Thismeasure, which
istraditionally used inthe metal fabricating industries, ismore convenient to deal with thanthe
thicknessexpressedininches, asthelatter are usualy smal numberslessthan 0.25. Moreover, the
gauge number varies according to the metal used—carbon steel (galvanized or nongal vanized),
stainlesssted, or aluminum. Gaugesfor thesemetalsaregivenin Table 1.5 for awiderange of
nominal thicknesses. The gauge measureisnot used with plastic duct, asthewall thicknessis
typicaly expressedininches. Inany event, thewall thicknessusually doesnot need to beknownto
estimate duct cost, asthis parameter isalready accounted for in the cost equations. (See Section
1.4)

Insulation: Asdiscussedin Section 1.2.2., insulation can beeither installed on the outer
surface of ductwork or the ductwork itself can befabricated with built-ininsulation. Inthefirst
case, theamount of insulation required will depend on severa heet transfer variables, such as: the
temperature, vel ocity, composition, and other propertiesof thewaste gas, theambient temperature;
the duct diameter, wall thickness, and thermal conductivity; and the desired surface (“skin”)
temperature. Determining these variablesinvol ves making aseries of complex cal culationsthat,
while well-established, are beyond the scope of this chapter. Standard references as Perry’s
Chemical Engineers Handbook and Plant Design and Economicsfor Chemical Engineerspresent
these cal culations, asdo heat transfer bibliographies.[ 38, 39]
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Table1.4: Minimum Duct Vel ocitiesfor Selected Materia g 2]

Material Minimum Transport Velocity (ft/min)
Aluminum dust (coarse) 4,000

Brass turnings 4,000
Castiron boring dust 4,000

Clay dust 3,500

Coal dust (powdered) 4,000

Cocoa dust 3,000

Flour dust 3,000 - 5,000?
grain dust 2,500 - 3,000
Lead dust 4,000
Limestone dust 3,500
Magnesium dust (coarse) 3,000

Metal turnings 4,000-5,000
Plastics dust (buffing) 3,000

Rubber dust 2,500 (fine) - 4,000 (coarse)
Silica dust 3,500 - 4,500
Soap dust 3,000
Soapstone dust 3,000

Spray paint 2,000

Starch dust 3,000

Stone dust 3,500
Tobacco dust 3,500

! Transport velocity varies with foundry operation.

The second approachisto select pre-insulated ductwork. Asmentioned previoudly, it can
be equipped with any type and thickness of insulation. However, 1, 2, or 3inchesistypical.
(Pricesfor theseare presented in Section 1.4.)

1.3.33 Ductwork Pressure Drop

As mentioned in Section 1.3.1, ventilation system energy losses due to friction are
traditionally computed asfractionsof thevelocity pressure, VP. Inmost cases, Equation 1.12 can
be used to estimate theselosses. Technically, though, these equations apply only to thoseregions
intheventilation systemwherethere are no changesinthevelocity pressure(i.e., wheretheduct
diameter iscongtant). Theseregionswouldincludestraight duct, hoods, and suchfittingsascouplings
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Table1.5: Wall Thicknessof Steel and Aluminum Duct [40]

Nominal Thickness (inches)

Gauge Number Carbon Steel Stainless Steel Aluminum
Galv Nongalv? (304 or 316) 3003-H143
28 0.0187 0.0149 0.0156 0.025
26 0.0217 0.0179 0.0188 0.032
24 0.0276 0.0239 0.0250 0.040
22 0.0336 0.0299 0.0313 0.050
20 0.0396 0.0359 0.0375 0.063
18 0.0516 0.0478 0.0500 0.080
16 0.0635 0.0598 0.0625 0.090
14 0.0785 0.0747 0.0781 -
12 0.1084 0.1046 0.1094 -
10 0.1382 0.1345 0.1406 -

! To provide equivalent strength and stiffness, the nominal thickness of aluminum is approximately
150% of the nominal thickness of galvanized carbon steel of the same gauge.

2 Galvanized and paintable galvanized carbon steel.

% Nongalvanized carbon steel.

and smpledbows. But, with tees, wyes, and other divided flow fittings, the vel ocity—and vel ocity
pressure—are not constant between thefitting inlet and outlet. The corresponding friction loss

(F,) isafunctionof boththeupstream (inlet) and branch VPs, asthefollowing equationindicates:[40]

F, = VP, (k,- 1) + VP, (1.28)
where
VP, VP, = upstream and branch vel ocity pressures, respectively (in. w.c.)
k =branchlosscoefficient

b

However, divided flow fittingsgenerdly arenot used with smplepollution control ventilation
systems, except in those cases where ateefitting might be needed, say, for purposes of adding
dilutionair.

Asany fluid mechanicstextbook would attest, thefrictionlossfor ductwork isacomplex
function of several variables. duct diameter and length, transport vel ocity, and gasviscosity and
density. Specifically, the Darcy-Weisbach and Colebrook Equationsaretypically used to make

! Divided flow fittings are needed with more complex control systems that collect waste gases from several emission
points. The design of such ventilation systems is beyond the scope of this section, however.
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thiscalculation, thelatter being used to computethe Reynoldsnumber.[41] Traditiondly, thefriction
loss has been obtained from a nomograph or, more recently computer programs. A typical
nomographisfoundinBurton.[42] Also, to smplify the cal cul ation, empirica equationshavebeen
derivedfor certainkindsof commercialy-available ductwork. For instance, to estimatethefriction
lossper 100ft (F,/100ft) at standard conditionsfor round, spiral, galvanized ductwork having 10
jointsper 100 ft, usethefollowing equation:[43]

Fo - osssBLE B A
w00ft ~ 7% Hp, 0 Hioood (1.29)

where
D, =duct diameter (ft), and: 0.25<D <5

Clearly, thisequation providesthetotal frictionloss, not thelossfactor (k). However, the
reader may computek for agiven diameter (D) and flow rate(Q) by smply dividing the Equation
1.29 resultsby VP and multiplying by 100.

Toestimatethefrictionlossfor other duct materias, multiply thevaluefrom Equation 1.29
by aroughnesscorrection factor, approximate valuesof which are:;[44]

Table 1.6: Roughness Correction Factorsfor Various Duct Materials

Material Roughness Correction Factor
Non-spiral-wound galvanized 0.9
Fiberglass (smooth finish) 0.8
ABS and PVC plastic 0.8
Concrete 14
Corrugated flex duct 2.3

Lossfactorsfor fittings have a so been compiled, based on experimental data. Mainly of
interest arethosefor 90° elbows, arguably the most commonly used fittinginair pollution control
systems. The“ky," valuesfor elbowsvary according to the diameter and radius of curvature,

which isexpressed asamultiple of the elbow diameter. Typical ranges of thesevaluesareas
follows[45]
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Table1.7: Typical Rangesof Friction LossFactor (k)

Radius of Curvature Friction Loss Factor (k)
0.50 0.80

1.00 0.35

1.25 0.30-0.55

1.50 0.27-0.39

2.00 0.24-0.27

2.50 0.22-0.24

Asthesevauesindicate, the higher theradiusof curvature, thelower thefrictionloss. This
standsto reason, asthe higher theradius of curvature, themore gradually the gas stream changes

direction. For anelbow having of anglelessthan 90°, multiply theabovek,, vaueby an adjustment

factor (0/90), so that:
0
ke = %@go (1.30)

where
kH: lossfactor for > 90°

[lustration: A control deviceat acosmetic factory isconnected to asource by 250 feet of round
gpira duct. Theduct runincludesthree 90° e bows and two 45°elbows, each with a1.50 radius of
curvature. Thevolumetric flow rate (Q) of thewaste gas (which contains entrained face powder)
is15,000 ft¥min at standard conditions. Calcul atethefriction lossfor the ductwork.

Solution: Because the material being conveyed in the ductwork (face powder) islight, an
appropriate transport velocity (u) in this case is 2,000 ft/min. (See Table 1.4 above.) Upon
substituting thisvalue and the volumetric flow rateinto Equation 1.27 we obtain the duct diameter

(D):
D, = 1128 S’OOO@M = 309 ft
d - 2,000 o

Next, substitute the diameter and vel ocity into Equation 1.29 to compute the straight duct
friction (static pressure) loss, F

F o= om@ L gig @2’000@” @250@ = 0313in. w.c
¢ - 3.09 1,000 000 = S




The 250/100 factor in thisexpression adjuststhefrictionlossfrom 100 feet (the basis of
equation 10.29) to 250 feet (thelength of theduct systeminthisillustration). Therest of thefriction
loss occursthrough the five elbows (three 90°, two 45°), each with a1.50 radius of curvature.
Theselosses (F,) arecomputed viaEquation 1.12:

F, = kP (1.31)

C
where

VP (2,000/4,016)? (Equation 1.11, rearranged)

0.248in. w.c.

For the 90° elbows, k , =k, = 0.33 (average of tablerange), and:
F.=3x0.33(0.248) =0.246 in. w.c.
For the 45° elbows, Kk = (45/90)k,, = 0.165 (Equation 1.30), and:

F.=2X 0.165(0.248) = 0.0818in. w.c.
Thetotd frictionlossis, therefore:

F =0.313 + 0.246 + 0.0818 = 0.641 in. w.C.

From thisillustration, two observationsmay bemade: (1) thestatic pressurelossthrough
thestraight duct isnot large, even at thislength (250 ft.) and (2) thelossesthrough the elbows—
whichtotal 0.328in. w.c.—arelarger than the straight duct |oss. Though it may betempting to
neglect fittingslossesfor the sake of expediency, doing so can causeasignificant underestimation
of theventilation system Static pressureloss.

1.34 Stack Design Procedures

Aswith ductwork, the design of stacksinvolvesanumber of stream, structural, and site-
specific parameters,[46,47] Theseinclude:

Wastegasvariables: inlet volumetric flow rate, temperature, and composition;

Site-specificdata: elevation above sealevel, ambient temperaturefluctuations, topographic and
selsmic data, meteorological records, and building elevationsand layout;
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Structural parameters. thicknessof stack wall and liner, location of breaching opening, type of
supports, load capacity of foundation, modulusof resistance, and natural vibration frequency.

Fortunately, for sudy cost-estimating purposes, theonly two stack design parametersthat
need to be determined are: (1) the stack diameter and (2) the stack height. The other variables
(e.g., wall thickness) areincorporated into the equipment cost correlations. Thestack diameter is
relatively easy to determine, asit depends primarily on waste stream conditions. The stack height
ismoredifficult to arriveat, asitisinfluenced by several site-specific variables. Nonethel ess,
ample guidance has been devel oped to allow the estimator to determine an acceptably accurate
stack height.

1.34.1  Cdculating Stack Diameter

Because most stacks have circular cross-sections, the stack diameter (D, ft) can be
caculated viathe duct diameter formula(Equation 1.27):

) [ QC D1/2
D, = 1128 [ 4 (1.32)
where
u, = dtack exit velocity (ft/min)
Q. = exit volumetric flow rate (actud ft3/min)

It should be noted that the stack diameter in thisformulais measured at the stack exit, not
at the entrance. That isbecause, for structural reasons, the diameter at the bottom of the stack
typicaly islarger than thetop diameter. Also notethat the stack exit vel ocity doesnot necessarily
equal theduct transport velocity. Finaly, Q_may bedifferent fromthevolumetric flow rateusedto
szetheductwork. Becausethe stack alwaysfollowsthe control device, theflow rate entering the
devicemay not equal theflow rate entering the stack, either in standard or actud ft3 /minterms.
For instance, in athermal incinerator, the outlet standard waste gasflow rateisalmost always
higher thantheinlet flow rate dueto the addition of supplementa fuel.

Thestack exit velocity, u,, affectsthe plumeheight, the distancethat the plumerisesabove
thetop of the stack onceit exits. In awell-designed stack, u_ should be 1.5 timesthewind speed.

Typically, design exit vel ocities of 3,000 to 4,000 ft/min areadequate.[48] Thisrange corresponds
to wind speeds of 34to 45 mi/hr.
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1.34.2  Cdculating Stack Height

Estimating the stack height ismoredifficult than cal culating the stack exit diameter. The
stack height depends on severa variables. the height of the source; the stack exit velocity; the
stack and ambient temperatures; the height, shape, and arrangement of the nearby structuresand
terrain; and the composition of the stack outlet gas. Someof thesevariablesare straightforward to
determine, while others (such asthe dimensionsand layout of nearby structures) aredifficult to
determinewithout performing on-sitemodeling and monitoring studies.

The stack design height hastwo components: the height of the stack itself (H ) and the

pl umeriseheight (Hpr) . Together these componentscomprisetheeffectivestack height (H ). That
is

He= Hs+Hpr (133)

However, the cost of the stack isafunction of H_alone. (See Section 1.4.) Asdiscussed
above, theplumeriseisafunction of the stack exit velocity. It also depends on thetemperature
differentia between the stack gasand theambient air. Specifically, a1°F temperature difference
correspondsto approximately a2.5-ft. increasein Hpr.[49]

For those sources subject to State |mplementation Plans (S| Ps), the stack height (H)
should be determined according to “ good engineering practice’ (GEP). GEPisdefined as“the
hel ght necessary to insurethat emissionsfrom the stack do not result in excessive concentrations of
any air pollutant in theimmediate vicinity of the source asaresult of atmospheric downwash,
eddies, or wakeswhich may be created by the sourceitself, nearby structures, or nearby terrain
obstacles.”[50] In thisrespect, GEP establishesthe maximum allowable stack height credit for
purposesof calculatingtheambient air quality impact of theemitting source. A sourcemay builda
stack to any height, but only a certain amount of stack height will be allowed in determining
environmentd impacts[51]

For stacks constructed after January 12, 1979, the GEP stack height shall bethe greater
of: (1) 65 meters(213ft); (2) the height demonstrated by an approved fluid model or field study
that ensuresthat stack emissionsdo not cause excessive pol lutant concentrationsfrom atmaospheric
downwash, wakes, eddy effects., etc; or (3) the height determined by thefollowing equation:[52]

H, = H, + 15L (1.34)

S
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H, = GEP stack height, measured from theground level elevation at the stack
base (ft)

H, = height of nearby structure(s) measured fromthisground leve devation(ft)

L = lesser dimension (height or projected width of nearby structure(s))

1.34.3  Cdculating Stack Draft

Asdiscussed previoudly, waste gas flowing through hoods and ductwork loses static
pressure duetofriction. Inthe case of stacks, however, the gas stream can actually gain static
pressure, asaresult of stack draft, whichisthedraft created by the stack gas-ambient air temperature
differential. Stack draft (SP,, in. w.c.) can be calculated asfollows:™

01 10
SP, = 0034 (Hy - Hy)p x D - =L (1.39)
s ( * b ) P |]Tamb Tsa 0
where
H, = heghtof stack breaching (inlet duct connection) above stack base (ft)
P = barometric pressure(in. w.c.)
Ton = ambient temperature (°R)
—_ (o]

T_ = averagestack gastemperature (°R)

[llustration: Thewastegasfromathermal incinerator hasan outlet flow rate and temperature of
21,700 actud ft3/min. and 550°F, respectively. The maximum wind speed inthevicinity is42 mi/hr,
whilethestack exit and ambient temperaturesare 450°F and 70°F, inturn. The barometric pressure
islatm. (29.92in. Hg). Theincinerator isnear a35-ft tall brick building, whilethe* projected
width” of an adjacent building is40ft. For astack to dispersetheincinerator offgas, calculatethe
required: (1) exit velocity, (2) diameter, (3) height, and (4) draft.

Solution:

Exit velocity: Accordingtotheaboveguideline, theve ocity should be 1.5timesthewind speed, or:

~ 15 x 42 mph x 88 P™ = 5540 L
6 = L 0 noh = 5840 i (1.36)
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Stack diameter: Theexit volumetricflow rateismeasured at the stack exit temperature, namely
450°F. However, the aboveflow rate was measured at 550°F, theincinerator outlet temperature.
Correcting to the stack exit temperature, we obtain:

21,700 x (450 + 460) actual ft°
_ = 19600 CMALR .
Q (550 + 460) min (1.37)

Subdtituting thisvalueinto Equation 1.32:
D, = 1128 9’600@“2 = 212 ft
s 5540 0

Stack height: Asafirst approximation, estimate the GEP stack height from Equation 1.33,
wherethevariablesH, and L are 35 ft and 40ft, respectively:

H, =35+ 1.5(40) = 95 ft.
Clearly, thisH_ islessthan the GEP maximum height (213ft), soit will beusedinthisexample.

Stack draft: All of theinputs needed to compute the stack draft viaEquation 1.35 are known
except the stack breaching height, H, .. However, aminimum of 5 ftisrecommended for this
parameter.[54] Thisvaluewill beusedinthiscalculation. Also, theaverage stack temperatureis.

T —M— 960°R 1.38
2+ 460 (1.38)

Finaly, the barometric pressure expressed ininchesof water is:

- 29921in Hg x O WA in w.c
p = 29.92in. Hg PR W, (1.39)

Upon subgtitution, weobtain:

S, = (0034) (118 - 5) (407) g o= 0 - oo

S

= 132 in. w.C.
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1.4 Estimating Total Capital Investment

Thissection presentstheinformation needed for estimating thetotal capital investment
(TCI) for hoods, ductwork, and stacks. The TCI includesthe equipment cost (EC) for the hood,
ductwork, or stack; taxes, freight charges; instrumentation (if gpplicable); and direct and ingtdlation
costs. All costsare presented in second quarter 1993 dollars, and areof “ study” estimate accuracy
( 30 percent).2 Moreover, the costsarefor new facility installations; no retrofit costsareincluded.

Theequipment costsare presented in Section 1.4.1, whiletheinstallation costsare shown
in Section 1.4.2. In each of these sections, the three categories of equipment are covered in
Separate subsections.

141 Equipment Costs

Severd vendors provided costs(prices) for each of thethree equipment categories. Their
responsesreflected arange of sizes, designs, and materialsof construction. These priceshave
been correl ated against some easy-to-determine design (sizing) parameter vialeast-squares
regression analysis. Each of these correl ationspertainsto acertain type of equipment (e.g., circular
canopy hoods) within aspecified sizerange of the parameter in question (e.g., 2to 200 ft?inlet
area). For that reason, acost correl ation should not be extrapol ated outside the parameter range

specified.

Some of the pricesthe vendors provided pertainto stock (“off-the-shelf”) items, while
other costsarefor custom-fabricated equipment. Vendorstend to specializein either stock or
custom items. Most hoods and stacks are custom-made, either fabricated inthe vendor’ sfactory
or erected on-gte. Conversely, ductwork componentsusudly are stock items, though larger pieces
haveto be custom-made. (Of course, thereare exceptionstothis.) Finaly, al pricesgiveninthe
following section are* free-on-board (F.O.B.) vendor,” meaning that they include neither freight
nor taxes.

1411 Hood Costs

Inal, four vendors provided pricesfor hoods.[55] These prices covered thefollowing
typesof hoods:

*  Canopy—circular

»  Canopy—rectangular

2 For information on escalating these prices to more current dollars, refer to the EPA report Escalation Indexes for Air
Pollution Control Costs and updates thereto, all of which are installed on the OAQPS Technology Transfer Network

(CTC Bulletin Board).
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e Pudhpull
e Side-draft

» Back-draft (dotted)

Descriptionsand design proceduresfor thesehoodsaregivenin Sections1.2.1and 1.3.2,
respectively. Asexplainedin Section 1.3.2, hood costs have been found to correlatewell withthe
hoodinlet or facearea (A, ft2). Furthermore, thefunctional form that best fitsthe cost-face area
correlation (equation) isthe* power function,” or:

C, = aA,’ (1.40)

C = hood cost ($)
ab = equation regression parameters

Theva uesof the equation parametersvary according to hood type and material of
construction. These parametersareshownin Table 1.8.

[lustration: What would bethe cost of thed ectroplating tank canopy hood szed for theillustration
in Section 1.2.2. Assumethat the hood isfabricated of FRP.

Solution: Recall that thefacearea(A,) calculated for that hood was 98.5 ft*. Becausethisisa
circular canopy hood, the equation parametersfrom Table 1.8 are: a=123andb=0.575. (Note
that thishood areafallswithin the equation range of 2 to 200 ft2.) Substituting these parameters
into Equation 1.40, weobtain:

C, = 123(98.5)°>" = $1,720.
1412 Ductwork Costs

Severd vendors provided ductwork prices, a'sofor arangeof sizes, materias, and designs.
These pricescovered thefollowing equipment items:

Straight ductwork:
Circular
— Stedl sheet (galvanized carbon, w/ & w/oinsulation; 304 stainless;)
— Steel plate (coated carbon; 304 stainless)
— Plastic (FRP; PVC)
Square

— Stedl (aluminized carbon; w/ & w/oinsulation)
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Table 1.8: Parametersfor Hood Cost Equation[55]

Type of Hood Fabrication Equation Parameter Equation Range
Material a b (A, ft?)
Canopy-circular FRP? 128 0.577 2-200
Canopy-rectangular FRP 306 0.506 2-200
Push-pull FRP 620 0.321 2-200
Side-draft FRP 497 0.336 2-200
Backdraft (slotted) PVvC? 307 1.43 0.6-2.0°
Backdraft (slotted) pPvC* 797 0.504 1.1-2.1
Backdraft (slotted) pPps 653 0.717 1.1-2.1
Backdraft (slotted) FRP 956 0.519 1.1-2.1
Backdraft (slotted) Galvanized 688 0.687 0.5-1.3
steel

* Fiberglass-reinforced plastic

2 Polyvinyl chloride

2 For each slotted hood, iequation rangei denotes the range
in the area of the slot openings, which is much less than the
total hood face area

4 Each hood is equipped with manual slot dampers and four
rows of slots

5 Polypropylene

Elbows (90°):
Stedl (galvanized carbon, w/ & w/oinsulation; 304 stainless)
Pastic (FRP;, PVC)
Dampers
Butterfly
— Steel (galvanized carbon, w/ & w/oinsulation)
— Plastic (FRP; PVC, w/ & w/o actuators)
Louvered
— Steel (aluminized carbonw/ & w/o actuators)
Blast gate
— Stedl (carbon)
- PVC
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These priceswereregressed against the diameter of the equipment item (straight duct,
elbow, or damper). Theregression correlationswere of threeforms: power function (primarily),
exponential, and linear. Equation 1.40 depictsthe power function, whilethe other formsare:

(Exponential) C, = ae”™ (1.41)
(Linear) C.= a+ bD (1.42)
where
C = cost of equipment iteminquestion
ab  =regressonparameters
D = equipment diameter

Theregression parametersarelistedin Tables1.9t0 1.11, along with the size gpplicability
rangesfor therespectivecorrelations. (Note: The correlations should not be extrapol ated outside
theseranges.) Thefollowing paragraphs contain additional information about the price dataand
thecorrelations:

Straight duct: Asindicated above, vendorsprovided pricesfor steel plate, steel sheet (spiral-
wound and longitudinal seam), and plastic straight duct. The mgor difference between thetwo
stedl duct typesliesinthewall thickness. Stedl plate duct typicaly haswall thicknessesof 3/16in.
to 1/2in., while steel sheet duct wall thicknessesusually rangefrom 28 gaugeto 10 gauge. As
Table1.5 shows, thisrange correspondstowall thicknessesof 0.0149in. t00.1406in., repectively,
although the exact thicknesseswill vary with thetype of steel used (e.g., carbon vs. stainless).
Also, asdiscussed in Section 1.3.3.2, each duct diameter can be fabricated with arange of wall
thicknesses.

Mogt of the stedl duct vendorssupplied pricesfor aminimum and amaximumwall thicknessfor a
givendiameter. However, to smplify mattersfor cost estimators, these“low” and“high” pricesfirst
wereaveraged, and then the average priceswereregressed against thediameters. Thisaveraging
was hecessary, becausethose making sudy cost estimatesusudly do not have enough information
availableto predict duct wall thicknesses.

Pricesfor both circular and squareinsul ated sted sheet duct wereamong the datareceived.
Theinsulated circular sedl duct is“double-wall, spird-wound” incongtruction, whereintheinsulation
isingtaled between theinner and outer walls. Costswere provided for both 1-in. and 3-in. fiberglass
insulation thicknesses. For the square duct, pricesweregivenfor a4-in. thicknessof minera wool
insulation applied to theouter surface of the duct. The correlation parametersin Table 1.9 reflect
these specifications.



Pricesfor both carbon steel (galvanized, painted, or aluminized) and 304 stainlessstedl
duct wererecelved. Thecarbon sted duct isusedinsituationswhere“mild” sted issuitable, while
thestainlesssted duct isrequired whenever the gasstream containshigh concentrationsof corrosive
substances.

Vendorsgave pricesfor plastic (FRPand PV C) duct also (Table 1.11). However, for a
givendiameter thisduct isfabricated inasinglewall thickn