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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.

2-7



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.
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» 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
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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,

2-35



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
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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
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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
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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).

1-22



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

1-27



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 thickness, which variesfrom approximately
1/8in.to 1/4in. Consequently, the estimator isnot required to select awall thicknesswhen costing
plastic duct.

Elbows. Pricesfor steel sheet and plastic 90° e bowswere also submitted. The stedl sheet elbows
were" gored” (sectioned) elbowsfabricated from five pieces of sheet metal welded together. Like

Dampers. Priceswere obtained for threetypesof dampers. butterfly, louvered, and blast gates.
The galvanized carbon steel butterfly damperswere priced with and without 1-in. fiberglass
insulation, while pricesfor the aluminized carbon steel louvered damperswere based on either
manual or automatic control (viaelectric actuators). Smilarly, the PV C butterfly damperswere
manual or equipped with pneumatic actuators. Both the carbon steel and the PV C blast gates
were manual. Correlation parametersfor the steel and plastic dampersare shownin Tables1.10
and1.11,inturn.

Illustration: A fabricfilter handling 16,500 ft3/min of 200°F waste gasladen with noncorrosive
cocoadust islocated 95 ft acrossfrom and 20 ft above, the emission source (adrying oven).
Straight duct with four 90° elbows (all fabricated from spiral-wound, gal vanized carbon steel
sheet) and abutterfly damper (also galvanized CS) will berequired to convey thegasfromthe
sourceto the control device. Assumethat the ductwork contains 1-in. thick insulation to prevent
condensation. Estimate the cost of theseitems.

Solution: First, determinethediameter of the straight duct, elbows, and damper. From Table 1.4,
the minimum transport velocity (u) for cocoadust is 3,000 ft/min. Substituting thisvalueand the
gasvolumetric flow rateinto Equation 2.27, weobtain:

D, = 1128 6’50()@“2 = 265ft = 317in
d - 3,000 " ST

Next, obtain the costs of the ductwork itemsasfollows;

Straight ductwork: From Table 1.9, select the equation parametersfor galvanized circular spira-
wound duct (1-in. insulation) and substitute them and the diameter into the appropriate equation
type (power function, Equation 1.40).



Table 1.9: Parametersfor Straight Steel Ductwork Cost Equations[56]

Duct Type Material Instulation Equation Equation Equation
Thickness Type Parameter Range (D, in.)
a b

Circular-spiral* Sheet-gal CS? None Power 0.322 1.22 3-84
Function

Circular-spiral Sheet-304 SS® None Power 1.56 1.00 3-84
Function

Circular-spiral Sheet-galvCS 1 Power 1.55 0.936 3-82
Function

Circular-spiral Sheet-galv CS 3 Power 2.56 0.937 3-82
Function

Circular-longitudinal* Sheet-galv CS  None Power 2.03 0.784 6-84
Function

Circular-longitudinal Sheet-304 SS  None Power 2.98 0.930 6-84
Function

Circular-longitudinal Plate-coat CS® None Power 2.49 1.15 6-84
Function

Circular-longitudinal Plate-304 SS®  None Power 6.29 1.23 6-84
Function

Square Sheet-alum CS’ None Linear 0.254 221 18-48

Square Sheet-alum CS 4 Linear 21.1 5.81 18-48

Spiral-wound and welded circular duct
Galvanized carbon steel sheet

Circular duct welded along the longitudinal seam
Carbon steel plate with one coat of ishop painti

1
2
3 304 stainless steel sheet
4
5

6 304 stainless steel plate

7 Aluminized carbon steel sheet

However, atotal of 115ft (95 + 20) of duct isrequired, so:

Straight duct cost =

ft

394
5394 x 115ft = $4531

Elbows. From Table 1.10 correlation parametersfor gal vanized carbon sted, insul ated elbows
are53.4 (a) and 0.0633 (b). However, theregression correlation formisexponentia (Equation

1.41). Thus:

Elbow cost ($)

= 5358 GL) = $397 ea.

For four elbows, thecost is; $397 x 4 = $1,588.
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Table 1.10: Parametersfor Plastic Ductwork Cost Equations56]

Ductwork Material Equation Equation Equation
Type Parameter Range (D, in.)
a b
Elbows? Galv CS? Exponential 30.4 0.0594 6-84
Elbows 304 SS Exponential 74.2  0.0668 6-60
Elbows-insulated® GalvCSs Exponential 534  0.0633 3-78
Elbows-butterfly* GalvCSs Exponential 23.0 0.0567 4-40
Dampers-
butterfly/insulated® GalvCSs Exponential 455  0.0597 4-40
Dampers-louvered® Alum CS? Power 784 0.860 18-48
Function
Dampers-louvered Alum CS Power 208. 0.791 18-48
w/ actuators® Function
Dampers blast gates Carbon Steel  Power 172 0825 3-18

Single-wall igoredi 90° elbows, uninsulated

Galvanized carbon steel sheet

Double-wall igoredi 90° elbows with 1-inch fiberglass insulation

Single-wall iopposed bladei type manual butterfly dampers

Double-wall iopposed bladei butterfly dampers with 1-inch fiberglass insulation
Louvered dampers with 95-98% sealing

IAluminizedi carbon steel sheet

Louvered dampers with electric actuators (automatic controls)

©® N e o bW N

Damper: Alsofrom Table 1.10, select the correlation parametersfor gal vanized carbon steel
“dampers-butterfly/insulated” and subgtituteinto Equation 1.41:

Damper cost ($) = 455e°%7 (17 = $302
After summing the abovethree costs, we obtain:

Total ductwork cost = $6,421 w$6,420

1413 Stack Costs

Pricesfor steel and PV C short stackswere obtained from four vendors.[57] The steel
stack costswerefor those fabricated from carbon and 304 stainless steel s, both plate and sheet
metal. Aswith ductwork, the difference between steel sheet and plateliesin thethickness. For
these stacks, the sheet stedl thicknessranged from 18to 16 gauge (0.05t0 0.06 in., approximately).
Steel platethicknesseswere considerably higher: 0.25t00.75in, afact that makesthem more
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resistant towind and other | oadingsthan stacksfabricated of steel sheet. Thisisespecidly truefor
taller stacks. Themajor drawback isthat plate stedl stacksare more costly than thosefabricated
from stedl shest.

Another featurethat increases costsisinsul ation. Asthe correlation parameters show
(Table1.12), insulated stacks cost asmuch asthreetimes more per foot than uninsulated. With or
without insulation, atypical short (15-ft) steel stack consistsof thefollowing components:[58]

e Longitudina seam duct (12-ft section)

*  Reducer fitting (3-ft)

e Drippan

»  Support plate (1/4-in, welded to stack)

* Rectangular tap (for connecting to fan discharge)

* Ring(for attaching guy wires)

Table1.11: Parametersfor Plastic Ductwork Cost Equationg 56]

Duct Type Material Equation Equation Equation
Type Parameter Range (D, in.)
a b
Straight duct PvCt Power 0.547 1.37 6-48
Function
Straight duct FRP? Exponential 11.8  0.0542 4-60
Elbows-90° PVvC Power 302 149 6-48
Function
Elbows-90° FRP Exponential 349 0.0841 4-36
Dampers-butterfly PVC Power 106  1.25 4-48
Function
Dampers-butterfly FRP Power 359 0.708 4-36
Function
Dampers-butterfly
w/ actuators® PVC Exponential 299. 0.0439 4-48
Dampers-blast gate PVC Power 814 1.10 4-48
Function

* Polyvinyl chloride

2 Fiberglass-reinforced plastic

3 Butterfly dampers with pneumatic actuators (automatic controls). all other
dampers listed in this table are manually controlled.
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Taller stacksmay require additional components, such asladdersand platforms, guy wires
or other supports, and aircraft warning lights. (See Section 1.2.3.) Table 1.12 liststhe parameters
and applicableranges of the stack cost correlations. The correlations cover short PV C stacks,
and taller stacks fabricated from plate steel (carbon and 304 stainless types) and sheet steel
(insulated and uninsul ated). Except for three double-wall sheet steel designs, these stacksare of
single-wall construction. Notethat all of the correlationsare power functions. Also notethat the
equations apply to variousranges of stack height. In all but one of these equationsthecostis
expressedin $/ft of stack height. The exceptionisthe cost equation for insulated carbon steel sheet
stacksof heightsranging from 30to 75 feet. Inthisequationthe costisexpressedin $.

Thislast cost equationisdifferent inanother respect. Theother six equationsin Table 1.12
correlatestack cost ($/ft) with stack diameter (D, in.). However, this seventh equation correlates
stack cost with stack surfacearea (S, ft?), avariablethat incorporates both the stack diameter and
thestack height (H_..). Thesurfaceareais cal culated viathefoll owing equetion:

S, = @%@DSHS (1.43)

Table 1.12: Parametersfor Stack Cost Equations[54]

Material Equation Parameters! Equation Range

a b D_(in)? Hs (ft)®
pvC* 0.393 1.61 12-36 <10
Plat-coated CS?® 3.74 1.16 6-84 20-100
Plate-304 SS® 12.0 1.20 6-84 20-100
Sheet-galv CS’” 241 1.15 8-36 <75
Sheet-304 SS*® 4.90 1.18 8-36 <75
Sheet-insul CS/DW? 143. 0.402 18-48 <15
Sheet-uninsul CS/DW* 10.0 1.03 18-48 <15
Sheet-insul CS/DW® 142 0.794 24-48 30-75

1 All cost equations are power functions. (See Equation 1.40) Except where noted, costs

are expressed in terms of $/ft of stack height.

Stack diameter range to which each equation applies.

Stack height range to which each equation applies.

Polyvinyl chloride

Carbon steel plate with one coat of ishop paint.t

304 stainless steel plate

Galvanized carbon steel sheet

304 stainless steel sheet

Aluminized carbon steel sheet covered with 4 inches of fiberglass insulation (double-wall

construction).

10 Uninsulated aluminized carbon steel sheet (double-wall construction).

11 Costs for these stacks are expressed in $, and are correlated with the stack surface
area. (S, ft?).

© © N o o A W N
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where

1/12 = stack diameter (D) conversion factor
[llustration: Estimatethecost of thestack sized in Section 1.3.4.3.

Solution: Recall that the stack dimensionswere: H =95ftand D_=2.12ft=25.4in. Both
dimensionsfal withintherangesof the cost correlationsfor sted plate stlacks. Becausethe previous
illustration did not indicate whether the waste gaswas corrosive, wewill estimate the pricesfor
both carbon steel and 304 stainlesssted plate stacks.

Upon substituting the equation parameters and stack dimensionsinto Equation 1.40, we obtain:

U$0
Price (carbon steel) = 3.74 (25.4)"* H%H x 95ft = $15100

s o
Price (304 stainless) = 12.0 (25.4)"%° H%H x 95ft = $55,300

Noticethat the price of the stainlesssted stack isnearly four timesthat of the carbon stee!
stack. Inview of thisdifference, the estimator needsto obtain moreinformation on thewastegas
stream properties, so that he/she can select the most suitable stack fabrication materia. Clearly, it
would beapoor use of fundstoinstall astainlesssteel stack where oneisnot needed.

1.4.2 Taxes, Freight, and I nstrumentation Costs

Taxes(sales, etc.) and freight charges apply to hoods, ductwork, and stacks, asthey doto
the control devicesthat theseauxiliariessupport. Asdiscussed in Section 1, Chapter 2, these costs
vary, respectively, according to thelocation of the ventilation system and the site'sdistancefrom
thevendor. Typical valuesare 3% (taxes) and 5% (freight) of thetotal equipment cost.

Unlikethecontrol devices, ventilation sysemsgenerdly arenot insrumented. Theexception
would be an electric or pneumatic actuator for abutterfly or louvered damper. In such acase,
however, the cost of theinstrument (actuator and auxiliaries) would beincluded in the damper
price. Thus, no supplementary instrumentation cost isincluded.
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14.3 Pur chased Equipment Cost

With ventilation systems, the purchased equipment cost (PEC)) isthesum of theequipment,
taxes, and freight costs. Incorporating thetypical vaueslisted in Section 1.4.2, weobtain:

PEC, = EC, + 003EC, + 005EC,= 108 (EC,) (1.44)

where
EC, =total cost of hood(s), ductwork, and stack(s)

144 Installation Costs

Whenmaking acost estimatefor anair pollution control system according to the procedure
inthisManual, theestimator first determinesthe cost of the control device, then estimatesthe costs
of such auxiliariesasthe hood, ductwork, stack, fan and motor, and other items. To theseitemshe/
sheaddsthe costs of instrumentation, taxes, and freight, to obtain the PEC. Finaly, the estimator
multipliesthe PEC by theinstallation factor appropriateto the control device (e.g., 2.20for gas
absorbers) to obtain thetotal capital investment. Inthese cases, theinstallation factor incorporates
all direct andindirect costsneeded toinstall and start up the control system equipment, including,
of course, the hood, ductwork, and stack.

For thisreason, it usualy isunnecessary to estimate theinstallation cost of theventilation
system separately. However, there may be occasionswhere ahood, astack, or ductwork hasto
beingtalled done, ether asreplacement equipment or to augment theexisting ventilation system. In
thoseinstances, the estimator may want to estimatethe cost of ingtalling thisitem.

Asmight beimagined, theseingtalation costsvary considerably, according to geographic
location, sizeand layout of thefacility, equipment design, and sundry other variables. Nonethel ess,
some of thevendors (and apeer reviewer[59]) provided factorsfor hoodsand ductwork, which,
when multiplied by their respective purchased equipment costs, will yield gpproximateinstalation
costs. Theseare:

* Hoods: 50to 100%
e Ductwork: 25to50%

If one or both of these factorsis used, the total capital investment (TCI) of the hood and/or
ductwork would be;

TCI = (1+ IF,y) x PEC,, (1.45)
where
IFy = ingtallation factor for hood(h)/ductwork(d)
PEC, .= purchased equipment cost of hood (h)/ductwork (d)
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1.5 Estimating Total Annual Cost
151 Direct Annual Costs

Ventilation systemsincur few, if any, direct annua cogts, asthey function to support control
devices. Thereare no costsfor operating or supervisory labor, operating materials, or waste
treatment/disposal allocated to ventilation systems. Maintenance costswould also beminimal,
except for such minor expensesaspainting, insulation repair, or calibration of automatic damper
controls. Theonly utilities cost would be theincremental electricity needed for thewaste gas
stream to overcome the static pressure lossin the hood, ducting, and stack.® Theincremental

electricity cost (C_, $/yr) can becalculated asfollows:

chFde

C, = (1.175 x 10™) 5

o

(1.46)

where

P, = electricity price ($/kwh)

Q = waste gasflow rate (actud ft3/min)

F = static pressuredrop through ventilation system (in. w.c.)
0 operating factor (hr/yr)

€ = combined fan-motor efficiency

[lustration: Inthe cosmetic factory ventilation system, what would bethe cost of the e ectricity
consumed by thefan needed to convey the gasthrough the ductwork? Assumean electricity price
of $0.075/kwh, acombined fan-motor efficiency of 0.6, and an 8,000-hr/yr operating factor.

Solution: Recall that the pressuredrop and gasflow ratefor thisillustration were 0.313in. w.c.
and 15,000 actual ft3/min, respectively. Upon substituting these val ues and the other parameters
into equation 10.40, we obtain:

C_=(1.175x 10%) (0.075) (15,000) (0.313) (8,000)/0.6 = $552/yr.

15.2 Indirect Annual Costs

Theindirect annud costsfor ventilation systemsinclude property taxes, insurance, generd
and administrative (G& A), and capital recovery costs. (Overhead—afifthindirect annual cost—
isnot considered, becauseit isfactored from the sum of the operating, supervisory, maintenance

3 Technically, this direct annual cost should be allocated to the ventilation system fan, not to the hood, ductwork, and stack.
The fan power cost equation will be included in the Manual section on fans. However, as the fans section has yet to be written,
this equation has been provided as a temporary convenience to Manual users.
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labor and maintenance materialscogts, whichisnegligible.) When aventilation systemispart of a
control system, these costsareincluded inthe control systemindirect annual cost. Howevey, if the
ventilation equi pment has been sized and costed separatdly, these costs can be computed from the
total capita investment (TCI) viastandard factors, asfollows:

The* CRF” terminthecapital recovery equationisthe capital recovery factor, whichisa
function of the economic life of the ventilation system and theinterest rate charged to the total
capita investment. (See Section 1, Chapter 2 of thisManual for morediscussion of the CRF and
theformulaused for computingit.)

For aventilation system, theeconomiclifevariesfrom at least 5to 10 yearsto 15to 20
yearsor more.[60,61] In general, the ventilation equipment should last aslong asthe control
system it supports. Asdiscussed in Section 1, Chapter 2, the interest rate to use in the CRF
computation should bea*” pre-tax, margina (real) rateof return” that isappropriatefor theinvestor.
However, for those cost analysesrelated to governmental regul ations, an appropriate” socia”
interest (discount) rate should be used. For thesekinds of analyses, the Office of Management and
Budget (OMB) directsthat areal annual interest rate of 7% beused.[62] (Thisreplacesthe 10%
rate OMB previoudy had mandated.)

Table 1.13: Computation Equationsfor Indirect Annual Costs

Indirect Annual Cost Computation Equation
Property Taxes 0.01xTCI
Insurance 0.01xTCI
General and Administrative 0.02xTCI
Capital Recovery CFRXTCI

153 Total Annual Cost

Thetotal annual cost (TAC) iscalculated by adding the direct (DC) and indirect (1C)
annud cogts:

TAC = DC + IC (1.47)
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3.1 I ntroduction

Permanent total enclosures (PTES) are permanently installed structuresthat completely
surround asource (s) of emissions. PTES captureall emissionsand containthem for dischargeto
an abatement device such as an incinerator or absorber. PTES must meet each of the U.S.
Environmenta Protection Agency’s(EPA’s) fivepoint criterialistedin Table 3.1.

PTEsare unique because they accommodate production personnel within itsstructure
during operation. Consequently, they have an Occupational Safety and Health Administration
(OSHA) regulated system of air flow control for supplying fresh air to the space enclosed. By
definition they have acapturing efficiency of 100 percent and do not need to conduct acapture
efficiency test. Captureefficiency isacomponent of overal efficiency, which can beexpressed as.

OCE= CE x DE (3.1)

where OCE =overdl control efficiency,
CE  =captureefficiency, and
DE  =destructionor recovery efficiency.

Since capturing efficiency is 100%, the overall efficiency will be equal to the control device
destruction efficiency.

In addition to avoiding the need for acapture efficiency test, companies may chooseto
employ PTEsrather than other capture systemsbecause:

1. Ahighoveral control efficiency isrequired dueto regulationsor new sourcereview
involving best available control technology (BACT). For example, Subpart KK[1],
theNational Emissions Standardsfor Hazardous Air Pollutants (NESHAPs) for the
printingindustry, requiresan overal control efficiency of 95 percent for organic hazardous
air pollutants (HAPs) for packaging flexographic and rotogravure pressesusing only
add-on control. BACT for rotogravure presses has been established at 98+ percent
overal control efficiency for volatile organic compounds (VOCs). Using PTE assures
thesourceit hasfully met (and exceeded) itsregulatory requirement.

2. Implementation of morestringent standardsfor measuring the capture efficiency for an
emission source. EPA hasestablished rigorousdataquality objectivesassociated with
testing techniquesfor determining capture efficiency specified in Reference M ethod
204[2]. IngtallingaPTE canavoidthe need for secondary control inthefuture dueto
tightening Sandards.

3. Continuouscompliancerequirementsunder TitleV[3], thenew Compliance Assurance



Monitoring rule[4], New Source Performance Standards [5], and NESHAPs[6].
Using PTE smplifiesmeeting thisrequirement for captureefficiency.

Any process or operation whose emissions are not totally captured isacandidate for aPTE.
Industriesthat have used PTEsas part of control systems|7] are:

. Flexographicprinting

. Rotogravureprinting
. Coating (paper, film, fabric, plastic, and metal)
. Laminaing

. Screenprinting

. Can coating

. Plastic card coating

Duetotheincreasing useof PTES, EPA hasdevel oped amethodol ogy for estimating PTE

costs. Thismethodology ispresented in Chapter 2 of thisManua . The purpose of thischapter is
to provide aquick meansto generate study cost estimatesfor PTES.

3.2 PTE Criteria
The EPA'sfive-point criteriagivenin EPA Method 204 isreproducedin Table 3.1.

Table3.1: TheEPA Method 204: Criteriafor aPermanent Total Enclosure[2]

No. Description Requirement

1 Location of openings ~ Any natural draft opening (NDO) shall be at least four equivalent
opening diameters from each VOC emitting point unless otherwise
specified by the administrator.

2 Areas of openings The total area of all NDOs shall not exceed 5 percent of the
surface area of the enclosureis four walls, floor, and ceiling.
3 Flow rate into enclosure The average facial velocity (FV) of air through all NDOs shall be

at least 3,600 m/hr [200 ft/min (this equates to a negative
pressure difference of 0.007tin. of water or 0.013 mm Hg)]. The
direction of air flow through all NDOs must be into the enclosure.
4 Access doors/windows All access doors and windows whose areas are not included in
item 2 and are not included in the calculation in item 3 shall be
closed during routine operation of the process.
5 Emission capture All VOC emissions must be captured and contained for discharge

through a control device.
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3.3 PTE Design Parameters
PTE design takesinto account thefollowing factors|[8]:

e Compliancewith EPA Method 204
e OSHA Standards
- HedthConsderations
- Safety Consderations
- Worker Comfort
*  ProcessConfiguration
* AccesstoPTE
» Sizeof PTE
* Air-Conditioning System
* Makeup Air System

Thesefactorsaredescribed in greater detail bel ow.
331 Compliancewith EPA Method 204

CriterionNo. 1:All NDOsmust beat least four equival ent diametersfrom each emission
point.

AnNDO isaany opening in the PTE that remains open during operation and is not
connectedto aduct inwhichafanisinstaled. Thedimensionsof an NDO and itsdistancefrom
theto the nearest point of emission are measured to ensure compliancewith Criterion No. 1.

Theequivaent diameter isca culated using theformula:

= |%A
o< [ o

where D =equivaent diameter (in.),
A =areaof theNDO (sg.in.) and,
T = 3.1416.

CriterionNo. 2: Thetota areaof the NDOsmust belessthan 5 percent of the enclosure
surfacearea.

Total NDOsand enclosure areasare calculated, including walls, ceiling, and floor of the
enclosure.
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where NDO =1% of TCI Total NDO area,
i =Individual NDO area,
=Total enclosurearea,

=Total enclousurelength, and
=Enclosureheight.
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Criterion No. 3: Theaveragefacevelocity (FV) of air thru al NDOsshall beat |east
200 fpmandthedirection of flow into theenclosure.

Thevolumetric flow rate of each gas stream exiting and entering theenclosureare
measured or otherwise determined and thefacial velocity iscal culated using thefollowing
equation:

FV = Q=Q, (3.6)
Anpo
where Fv = facid veocity (fpm),

Q, = thetota volumetricflow fromal gasstreamsexiting theenclosure
through an exhaust duct or hood (acfm),

Q = thetota volumetricflow fromdl gasstreamsentering the enclosure
through aforced makeup air duct; zeroif noforced makeup air is
provided to theenclosure (acfm), and

Ao = tota areaof all NDOs(sqft).

TheFV should beat least 200 fpm (3,600 m/hr) for compliance. Q_isadwaysgreater than Q, the
difference being made up by theair entering the NDOs and louvers.

Thedirectionof ar flow through al NDOsismeasured or verified to beinward by measuring
the pressuredifference between theinside and outside of the PTE . Thelow pressureleg of the
deviceisconnected to tubing that terminatesinsidethe enclosure. The high pressureleg opensto
the outside of theenclosure. The outside pressurethe PTE should beat least 0.007 in. of H ,O



(0.013 mm of Hg) higher than theinside pressurefor compliance. If FV islessthan 500 fpm,
the continuousinward flow of air isverified using streamers, smoketubes, or tracer gases. If
FV isgreater than 500 fpm, the direction of air flow through the NDOs is considered to be
inward at al timeswithout verification.

Criterion No. 4: All access doors and windows whose areas are not accounted for in
Criterion No. 2 and arenot included inthe calculation for Criterion No. 3 are kept closed during
normal operation of the source(s).

CriterionNo. 5: All VOCsemitted withinthe PTE areddivered to an air pollution control
devicein order to meet thiscriterion.

3.3.2 OSHA Standards

Regulation of occupationa health and safety intheworkplaceis theresponsibility of the
Occupational Safety and Health Administration (OSHA), an organization within the Department
of Labor of the Federa government. Thefollowing section discusseshow OSHA requirements
affectthedesign of PTEs.

3.3.21 Health Considerations

OSHA adopted permissible exposurelevel s (PEL s) asthe best existing standards for
worker exposurefor alarge number of substances. PEL sareexpressed intermsof time-weighted
average (TWA-generally 8-hour), short-term exposurelevel (STEL ), and ceiling concentration
(C). OSHA standardsare publishedin 29 CFR Part 1910 Subpart Z [9]. Asnew information
becomesavailable, PEL valuesmay be changed or new substancesmay be added to the existing
lig.

Theamount of ventilation air required to maintain VVOC concentrationsbel ow PEL swithin
an enclosure can beestimated using thefollowing relationship:

n

S KE

Qi - |:l-
Omin (3.7)
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where Q ventilation air flow rate (scfm) required to stay below the PEL
for VOCi,

individual VOC,

summation over dl processesemitting VOCI,

M —
I

K fraction of processemissionsnot immediately captured by the PTE
exhaust gasstream,

E = processuncontrolled emissionrate (Ib/hr) for VOCi, and

PEL, = permissibleexposurelevel (Ib/ft*at standard conditions— 70°F and

1 atm) for VOCI.

ThePELsaregeneraly giveninunitsof milligramsper cubic meter (mg/m?®) and/or parts
per million by volume (ppmv). The PEL inlb/ft*isobtained by multiplying the PEL in mg/m3 by
62.43x10°. The PEL in ppmv isconverted to Ib/ft® at standard conditions by multiplying by a
factor of 2.6x10°M whereM isthemolecular weight. Thevolumetricflow rate, scfm, isconverted
to actual conditions (actual temperature and pressure) using ideal gaslaws. Theprocedureis
repeated for every VOC, and the highest value of Q isconsidered thedesignflow rate, Q.

New equipment isdesigned to maximize VOC capture, approximately 5to 10 percent
(K =0.05t00.10) of total processemissionsescape. For older, poorly maintained equipment
(built before 1980), thisfactor isashigh as 30 percent (K = 0.30).

Assuming completemixing of VOCswithintheenclosure, theaverage V OC concentration
intheenclosureiscd culated by thefollowing equation:

n

KE,

Ciavg = = .
QBQOhml n @ (3.8
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where average concentration (1b/ft®) for VOC,

summation over dl processesemitting VOCi,

fraction of processemissionsescapinginto theenclosure,
processemissionrate (Ib/hr) for VOCi, and

designflow rate (actua ft/min) fromtheenclosure.

iavg

mXxXMO

O

Inpractice, themixing of VOCswithinanenclosureisrarely complete. Mixingisafunction
of theperformance characteristicsof the ventilation system whi ch depend upon anumber of variables
suchas:

o Temperatureof theddivery supply air
e Temperaturewithinthe PTE



* Amount and locations of supply and exhaust air

e Locationsof objectswithinthe PTE

e Shapeandsizeof thePTE

* Presenceor absenceof heat sourceswithinthe PTE
* Injectionvelocity of thesupply ar

Thermd gratification dueto plant equipment resultsin the buildup of VOC concentrations
in certain areaswithinthe enclosure. To accurately determine such stratification, the engineer
needsdetailed informati on about the sources, enclosure, and ventilation system. Proper and detailed
design of the ventilation system, accounting for theamount and location of incoming air, source
locations, location of the exhaust points, amount of exhausted air, etc.

Loca concentrationsmay vary consderably by factorsfrom 1 for well-designed ventilation
systemsto 10 for poorly designed systemg] 10] in comparison to the average concentration (see
Figure3.1). Thus,

Cimax: Kl Ciavg (39)
where C... = Maximum concentration (Ib/ft?)forVOCi,
K, = 1t010(depending upon the degree of mixing/circulation), and
C = average concentration (Ib/ft3) for VOC.
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Figure3.1: Typical K, FactorsBased on Inlet and Exhaust L ocations

Theoretically, G, should not exceed PEL,. However, theaverageconcentration, C , withinan
enclosureisauseful valuefor comparison to the PEL because atypical operator isconstantly
moving withinthe PTE andisnot expected to remain at | ocationswith high concentrationsfor more
than afew minutesduring theday.

3-10



3322 Safety Considerations

Combustiblegasesposearisk of fireor explosionto personnel and facility. Thelowest
level at which agas supportscombustioniscalled thelower flammablelimit (LFL) or lower
explosivelimit (LEL). Below thislevel thegasistoo |ean to support combustion. Thereisa
corresponding upper flammablelimit (UFL ), above which the concentrationistoo rich to support
combustion. Different gasescombust at different concentrations.

For fire safety, OSHA requiresthe concentration of aflammablevapor or mistinalarge
PTEs, such asan entire building or manufacturing area, not to exceed 25 percent of the LFL. For
small PTEs, such asthose enclosing asingle piece of equipment, concentrationsare limited to
10 percent of the LFL.

LFLs rardy governwhen eva uating flammakl evapor or mist concentrationsinanenclosure

because PELsaremorerestrictive. Table 3.2 displaystheLFL, safety level, and PEL for many
commonly usedindustriad solvents.

Table3.2: LFLs, Safety Levels, and PELsfor Common Industrial Solvents

Solvent LFL(ppmv) 10% LFL(ppmv) PEL(ppmv)
Acetone 25,000 2,500 1,000
Benzene 12,000 1,200 1
Ethyl alcohol 33,000 3,300 1,000
Ethyl acetate 20,000 2,000 400
Hexane 11,000 1,100 500
Isopropyl alcohol 20,000 2,000 400
Isopropyl acetate 18,000 1,800 250
Methyl alcohol 60,000 6,000 200
Methyl ethyl ketone 18,000 1,800 200
Methyl methacrylate 17,000 1,700 100
n-propyl acetate 17,000 1,700 250
n-propyl alcohol 22,000 2,200 200
Styrene 9,000 900 100
Toluene 11,000 1,100 200
Xylene 9,000 900 100

The LFL concentration determines safelevel sin enclosed spaces such as baking and
drying ovensand ductwork to protect against firesand explosions. Concentrationswithinthe
enclosure can becd culated usng proceduresgivenin Section 3.4.2.1. To estimatethe concentration
inaduct, usethefollowing equation.
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| oEXminG, (3.10)

where concentrationintheduct (Ib/ft%) under actual conditionsfor VOCi,
emission ratethrough theduct (Ib/hr) for VOCi, and

flow ratethrough theduct (actua ft3/min).

di

C
&
Q

For safety, the concentration within the duct should not exceed 25 percent of the LFL.

To safeguard against concentrationsreaching unsafelevels, PTEsand associated ducts
should be equipped with instrumentsto monitor concentrations. Additiona equipment such as
alarms can be provided to sound automatically when concentrations reach unsafelevels. The
enclosure may a so need awater sprinkler system or fire suppression system. Emergency training
for theworkersmay also berequired.

Threewidey used fire suppression systemsarewater sprinklers, carbondioxide (CO 2),
and FM 200 (agasdevel oped by Great L akes Chemical Corporation asareplacement for halon
gas). Water sprinkler systems may not be sufficient for specia environments, high risk areas,
isolated locations, or unusual hazards. For these cases, FM 200 and CO2 systemsarerequired.

3.323 Worker Comfort

Good ventilation is necessary to ensureworker comfort and provide healthful working
conditions. Theamount of ventilation requiredisexpressedintermsof roomair changes per hour
(RACg/hr), caculated using thefollowing equation:

Omin
Q b
RAGs_ 0 hr [ (3.11)
hr V

ventilationair required (actua ft¥min), and
volume of enclosure (ft®) excluding space occupied by

equipment.

where Q
V

Generally, it takes 10 to 15 RACs/hr to provide adequate worker comfort within an
enclosure. However, the RACghr are compared with the amount of ventilation (dilution) air
required to safeguard against potential health hazardsand fireand explosive conditions.
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3.33 ProcessConfiguration

Processconfiguration and thelocation of emission sourcesinfluence PTE design. If sources
arelocated closeto each other, asingle PTE can bedesigned to enclose al the sources. Insome
cases, theentire building or theroom can be converted into aPTE with just achangeinthecelling
height to satisfy RAC requirements. If the sourcesare separated by relatively large distances, it
may be more appropriateto build several PTEs. Insome cases, aPTE isbuilt around only the
emitting portion of the source (such asthe printing head of apress). For multiplesourceswithina
PTE, there are situationswhen some of the sources do not need to be controlled to comply with
regulations or permit conditions because compliant materialsare used. Insuch cases, aPTE
withinaPTE alows sourcesusing compliant materia sto bevented directly to theatmosphere. If
accesstotheemission point isnot required, asmall unmanned PTE can bebuilt aroundit. Such
PTEsare constructed as close to the emission point as possible. Although small insize, they
requireengineeringingenuity for proper design around acomplex emisson point. Severd examples
of PTEsareshownin Figures 3.2 through 3.5.

Makeup
Air Louver
oo h
| |Press#s Press #9
O Fugitive N
Pickup Ceiling Height = 29 t
Duct
[ |Press#10 14 x14t
] Rollup Door ‘
a5
Fugitive ‘
Pickup
Duct | Plate storage at |
B |:| Press #7 ‘ |
T ‘ ‘
]
12 x12 ft ‘ ]
Rollup Door [ j
D Spot Cooling/Heating Duct Makeup Scale0 ————— 20 ft
10 ft above the Floor Air Louver

Figure3.2: Manugacturing AreaasaPTE
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3.34 Accessto PTE

Accessis needed for material flow into and out of the enclosure. A variety of doors
ranging from simple personnel doors to automatic rollup or sliding doors are used. For
visual inspection of the processinthe PTE, several glasswindowsaretypically recommended.

3.35 Size of PTE

Thesize of aPTE dependslargely ontwo factors: location of the sourcesand capacity
of theexisting or proposed air pollution control equipment. Large PTESrequirelarge exhaust
flow rates (hence an air pollution control device with alarge design flow rate) to provide
adequate RACg/hr for worker comfort. If the exhaust flow rate of the control device is
relatively small, asmaller PTE is adequate.

Hazardous waste 7 ft Rollup Door

storage area
| I

Overhead dryer & Overhead dryer &
10 x 10 ft Wan:UPk fugitive pickup duct fugitive pickup duct
area tanks
Mezzanine 10x 10 ftrollup door
,,,,,,,,,, S~

Ceiling height=32 ft

N
Top
dryer
12 ft
above
AN

10x 10 ftrollup door 10x 10 ftrollup door 0

Mezzanine

*ROOFMONITOR

122 ft

Figure3.3: PTE Around Several Sources
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Figure 3.5: Unmanned PTE (Around One Station of a Coater)
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3.3.6 Air-Conditioning System

If theingtallation of aPTE resultsin heat buildup, someair conditioning can beadded. All
air conditioning should be of aclosedloop design (return air istaken fromtheinterior of the PTE,
passesthrough coils, and isdelivered back to the PTE) to avoid violating the PTE criteria. The
necessary design criteriafor air conditioning areavailablein the appropriate American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) handbooks.

337 Makeup Air System

Whenever air isexhausted from aroom or enclosure, supply air must enter theenclosure
totakeitsplace. For low exhaust rates, air entering through NDOs, cracks, and incomplete sedl's
may beadequate. Air flow canbeincreased by ingtalinglouversinthewallsof theenclosure. For
large exhaust volumes, additional air must be provided by afan to make up for the difference
between the air exhausted and the air entering through the NDOs and cracks. In some cases
makeup air isused for spot cooling whereair isintroduced directly at thework station. The
amount of makeup air required isgiven by thefollowing equation:

Q= Q.- Quoo (312
where Q, = amount of makeup air (acfm),
Q, = exhaust flow ratefromthe PTE (acfm), and
Quo = amountof air entering the PTE through NDOs (acfm).
3.3.8 Makeup Air Fan

Thissection only considersthefan required for makeup air. Exhaust fansthat transport
gasesfromthe PTE to the control deviceare part of the control system and not consideredinthis
chapter. Theperformance of afanischaracterized by its“fan curve’ which presentsquantitatively
therel ationship between the volume of air flow, the pressure at which thisflow isdelivered, the
speed of rotation, the power required, and theefficiency. Thebasicinformation required to select
afanisthe actual volumetric flow rate and the fan static pressure (FSP). Other factors that
influencethe selection are stream characteristics, drive arrangement and mounting, operating tem-
peratures, inlet sizeand location, and efficiency. The FSPisdefined asfollows:

FSP=SP - SP - VP, (3.13)
where FSP = (in.w.c.),
SP = daticpressureat outlet (in.w.c.),
SP. = datcpressureatinlet(in.w.c.), and
VP = velocity pressureatinlet (in.w.c.).

Manufacturers provide multi-rating tablesfor fan selectionin Figure 3.6.[ 11] For every
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volumetric flow rate and fan static pressure, the required fan speed (RPM) and the fan power
(BHP) aregiven. If vauesinthetablefall between desired values, interpol ationisacceptable. The
multi-rating tables are based on standard conditions of 70°F and 29.92 in. Hg pressure. For a
givenflow rateand static pressure, several fan selectionsarepossibleand itisnot unusual tofind
four or morefan sizesthat providetherequired flow rateat agiven pressuredrop. Usualy, the
fansinthemiddle of arating tablearethe most efficient (about 75-80 percent efficiency). If the
design operating parametersare near thetop or the bottom of thetable, select asmaller or larger
fan.

3.0
Py curve Selection
range
25 !
//\ \ ncurve
2.0 4 8
Hp
N\
15 3 60
1.0 2 40
0.5 1
0
2 4 6 8 10 12

Volume Flow Rate, Q, 1000 cfm

Figure3.6: Conventiona Fan Performance curve used by most manufactures

3.3.9 ExampleProblem

Toillustrate thedesign processfor aPTE, this section provides an example problemand
demonstrateshow each design parameter meetsthe EPA five-point criteria previoudy discussed
inSection 3.2.

A highvolume speciaty packaging products company located in an ozoneattainment area
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has operated an eight-color rotogravure printing press (Press#1) for 6 years, using only high
solvent inksto meet customer demandsfor quality. To meet the state control technology require-
ment, the company installed a15,000 scfm thermal incinerator. Theexistingincinerator hasbeen
tested and demonstrated adestruction efficiency of 95 percent. Dueto increased demand for its
products, the company now plansto install another eight-color rotogravure printing press (Press
#2). Inorder to meet the best avail able control technology (BACT) requirement under the Pre-
vention of Significant Deterioration (PSD) regul ations, the company proposestoinstall 215,000
scfm cataytic incinerator and apermanent total enclosurefor the new press. The maximum as-
appliedink usagefor each pressis400 Ib/hr and consists of 12 percent ethyl alcohol, 52 percent
ethyl acetate, 4.8 percent toluene, 3.2 percent hexane, and 20 percent solids by weight. The
existing configuration of thepressroomisshowninFigure3.7.

) E—
I Office

15 ft 10 ft é
l— —»| l¢ >

70 ft.

L

180 ft |Warehouse

Incinerator for
Press #2

Press Press
#1 #2

Ceiling height = 18 ft
Incinerator for
Press #1

100 ft

Wash
Room

Ink Room

Figure3.7: ExamplePlant Layout
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The company needsto demonstrate an overal control efficiency of 97 percent for Press #2
asrequired by the PSD permit. Becausethefacility issubject to Subpart [KK1] of the MACT
standards, an overall control efficiency of 95 percent will haveto be demonstrated for Press#1.

Tocomply withanoverd| control efficiency of 95 percent, the company must demongtrate
acaptureefficiency of 100 percent (95/0.95) for Press#1. Assuming thedestruction efficiency of
thecatdyticincinerator to beat |east 98 percent, the company must demondtrate acaptureefficiency
of 99 percent (97/0.98) for Press#2. Thedesigner decided asingle PTE around both presses
createsfewer obstructionsto thework flow and cost lesstoinstall.

With adestruction efficiency of 95 percent for the Press#1 incinerator (astested) and 98
percent for the Press#2 incinerator (asguaranteed), the company can easily demonstrate compliance
withtherequired overdl control efficiency.

Sizeof thePTE

Thepressroomis100 by 180 ft and thecellingis18ft, resulting in apressroom volume
of 324,000 cu ft. Theexhaust flow ratefrom the pressroom is 30,000 scfm (sum of the exhaust
flow ratesof thetwo incinerators). Converting the existing pressroominto aPTE requiresthe
least amount of construction and causestheleast amount of disturbance to the occupied space.
However, that sizeenclosurewill provideonly 5.6 RACs/hr while 10to 15 air changesprovide
adequate worker comfort. For thisreason, the company decided to build asmaller PTE around
the presses.

Theexisting configuration of the pressroomissuch that asmaller PTE can bebuilt easlly
by erecting only two additional walls: oneontheeast sdeof Press#2 and the other on the south
side of thetwo presses.

Inorder to provide adequate spacefor material movement at both ends of the presses, the
design placesthe southwall of the PTE, 15ft from the nearest end of thepresses. Ontheeast Side
of Press#2, adlightly larger space (20 ft wide)isselected. Theoveral dimensonsof thePTE are
65ft wide, 100t long, and 18 ft high asshownin Figure 3.8, withavolumeof 117,000 cuft. With
an exhaust flow rate of 30,000 scfm, thisprovides15 RACg/hr.
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PTEWadl Material

Typica materialsinclude sheet metal, modular panels, concrete masonry units (CMUS),
and drywall. Thetype of material used depends on the existing equipment and the extent of
congtruction obstructions. Inthisexample, theheight of theenclosureisreatively low (18 ft) and
thetota length of thewall to be constructed isonly 165ft. Inaddition, thereis plenty of roomfor
movement of equipment/materia, and thereare no obstructionsover thepresses. Therefore, any
gopropriate materid can beused, depending upon user preference. Duetothelr easeof congtruction,
portability, and appearance, the engineers sel ected modular panel sfor constructing thewalls.

Accessto the PTE (Doorsand Windows)

Most production materialsmoveto the PTE from thewarehouse, ink room, and washup
areas. Therefore, thedesignincludestwo 8 x 8 ft rollup door for the north and south wallsof the
PTE, (selected to minimizewaiting timefor materia transfersof material in and out of the PTE)
three 8 x 8 ft swing doors, two onthewest wall, and one on the southwall, and four standard size
(3 x 7 ft) personnel doors, one on each wall of the PTE. Windowsare not used. Insum, the
following accessisprovided:

Iltem Number
Swing doors (8 x 8 ft) 3
Rollup doors (8 x 8 ft) 2
Personnel doors (3 x 7 ft) 4
Windows None

Louvers

Because of the number of doors specified and the expected frequent opening of thedoors
onthewest and south wallsof the PTE, someair movement into the enclosure may occur. However,
inorder to provide better mixing and ventilation within the PTE, the designersdecided to install
onelarge (2ft x 9in.) louver on each wall of the PTE to minimize the amount of makeup air
required. Stedl louverswere selected because of their greater durability.

Makeup Air

Fromthedatagivenin Table 3.3, thetotal areaof theNDOs, notincludingthelouvers, is
198 5qin. (1.38 sqft). By EPA standards, theaveragefacial velocity must be at |east 200 fpm.
Furthermore, if thevelocity isgreater than 500 fpm, thedirection of air flow throughtheNDOsis
considered tobeinward at al timeswithout verification. Thedesignersused afacial velocity of
600 fpmto provideamargin of safety. With afacia velocity of 600 fpm, theair flow throughthe
NDOs(excluding thelouvers) is 728 scfm whichisabout 3.4 percent of thetotal air flow (30,000
scfm). By providing louvers (oneon each wall of the PTE) , thetotal NDO areaisincreased to
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1,062 5qin. (7.38 5qft) changing thetota air flow through the NDOsto 4,428 scfm. Themakeup
air requiredis 25,572 (30,000 - 4,428) scfm. Theintakefor themakeup air ison theroof of the
building and ducted into the PTE at several locationsto enhance mixing.

Themakeup air required for theexample PTE isat least 25,572 scfm. Therequired static
pressure (system resistance) is determined by summing pressure |osses through the system
components. Assuming that thefanislocated inthe center on theroof of the PTE and four ducts
areinstalled to deliver makeup air through thefour wallsof the PTE, thetota length of theductis
400ft. Each duct carriesabout 6,393 cfm (aquarter of 25,572 scfm). The number of 90 degree
bendsrequiredis12. Theradiusof curvature of the bends (elbows) is1.5. Theduct diameter is
cal culated using equationsin Section 2, Chapter 1 "Hood, Ductsand Stacks'. Theflow through
each duct is6,390 scfm. Sincethe material being conveyedisfresh air, atransport velocity of
2,000fpmis selected (See Section 2, Chapter 1 "Hood, Ductsand Stacks"). Theduct diameter
(Dyis.

D, =1.128(6,390/2,000)"= 2 ft
Frictionlossesare:
F, =0.136 (¥2)**8 (2,000/1,000) +8(400/100) =0.80in. w.c. (straight
duct)
VP  =(2,000/4,016)?=0.25in. w.c. (Velocity pressure)
F, =12x0.33x 0.25=0.99in. w.c. (elbows)
Total frictionloss =1.79in.w.c=1.75w.C.

Sincetheinlet to the makeup fan will be opento theatmosphere, thevelocity pressureat itsinlet
will benegligible, the designers selected afan to provideat least 25,572 scfm (70°F and 1 atm) at
astatic pressureof at least 1.75in. w.c.

For aflow rate of 25,572 cfm and static pressure of 1.75w.c., thewheel diameter of the
fan selectedis36.5in. Therequired horsepower for thefan selectedis11.0Hp. Most of thefan
manufacturers providefan motorsand startersto match thefan load.

Duct

Theexample system requires400 ft of makeup air duct, with adiameter of 2.04 ft. From
anumber of designsand materias available, thedesignerschoose: duct fabricated from spiral-
wound, gal vanized carbon stedl shest, four galvani zed carbon stedl butterfly dampers and twelve
90 degreeelbows.

Other Consderations

Other factorsinthedesign of PTEsareair conditioners, safety equipment, hoods, lighting
and instrumentation. Although important, they are not part of the scope of thischapter.
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3.4 Estimating Total Capital Investment

Thissection presentsthe procedures and datanecessary for estimating capital costsfor
PTEs. Total capital investment, TCI, includes purchased equipment cost and direct and indirect
installation cost. Most costsin thischapter are presented in 1% quarter 1997 dollarsand represent
anationa average.

34.1 Pur chased Equipment Cost
Wadls
Materiastypically used are concrete masonry units (CMUs), drywall, sheet metal, and

modular panels. Thecost of these materia siscommonly givenintermsof $/sqft.

Table3.3: Cost for different construction material§12,18].

Wall Material Purchased cost
(1997 $/sqft)
CMUs 1.49
Drywall 0.59
Sheet metal 1.69
Modular panels 9.76

Lexan (thermoplastic polymer) -Q in. thick 8.00
Lexan (thermoplastic polymer) -z in. thick ~ 12.00

Thetota areaof thewall is2,970 s ft. Although modular panelsare expensive, they were
sl ected because of their gppearance (finished on both sides), strength, and flexibility inmodifying
or relocating. Ataunit cost of $9.76/sq ft, the materia cost forwalls is:.

Wall material cost =$9.76/sqftx 2,970sqft = $28,987

Doors
Doorsaremadein severa standard sizes. Their pricesaregiven by units.
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Table 3.4: Cost of different door typeq[12].

Door type Purchased cost
(1997 $ each)

Strip curtain door, 3 x 7 ft 275
Strip curtain door, 8 x 8 ft 575
Personnel door, steel, 3 x 7 ft 575
Sliding door, strip curtain, 8 x 8 ft 780
Sliding door, steel 8 x 8 ft 1,240
Bump door, steel, 3 x 7 ft 1,290
Bump door, steel, 8 x 8 ft 1,830
Rollup door, low speed, 8 x 8 ft 4,255
Rollup door, high speed, 8 x 8 ft 10,165

Theestimated cost of theninedoorsneeded inthedesignis:

Personnel doors purchased cost 4 doorsx $575 each =$2,300
Swing doors purchased cost 3 doorsx $1,830 each =$5,490
Rollup doors purchased cost 2 doorsx $10,165 each = $20,330
Auxiliary Equipment
Louvers

Pricesfor louverscorrelatewd |l with thesize of thelouvers. Thefollowing equationscan
be used to estimate the national average cost of steel and duminum louvers:

Sted! louverg 13]: C= 42+35A (L5<A<7.75) (3.14)

Aluminumlowed13]: C= 47+39A (L5<A <7.75) (3.15)
where C = cost for eachlouver in 1997 dollarsand

A =surfaceareaof each louver in sqft.

Four sted louvers(2ftx 9in.) arerequired for theexample PTE. Thecrosssectiond area
of eachlouver is1.5sqft. Using equation (3.13), thelouvers' purchased costis.

Purchased cost per louver 42 +(35x 1.5) =$94.5 each
Purchased cost for 4 louvers 4 x $94.5 each = $378
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LFL Monitors

Table 3.5: Cost of LFL monitors[12,16,17]

Item Price(1997 $ each)
%LFL monitor using flame ionization detectors 10,845
%LFL monitor using catalytic bead 3,325

Because of their lower cogt, catalytic bead type L FL. monitorswere selected.
Cost of 2 catalytic bead monitors =2x $3,325 =$6,650
Safety Equipment

Table3.6: Cost of miscellaneous safety equipment[13,17]

Item Price(1997 $ each)
Smoke detector (ceiling type) 75
Smoke detector (fixed temperature) 28
Alarm bell 70
Alarm siren 131
Alarm signal 50
Flame detector 2,925

Two ceiling type smoke detectorswere sel ected.
Cost of smoke detectors(ceiling type) =2x%$75each =$150

Ductwor k

Proceduresfor designing and estimating costsfor ductwork systemsaregivenin Section
2, Chapter 1“Hoods, Ductsand Stacks’ of thisManua . Thetotal ductwork cost iscomprised of

the cost of itscomponents: straight duct, el bows and dampers
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Table3.7: Cost of Ductwork

Iltem Quanity Cost
Straight duct cost ($/ft) =1.71(24) 0% = $33.49/1t
Total cost for 400 ft =$33.49/ft x 400 ft =$13,395
Elbow cost ($) =58.9 g 0:0633(24) = $269 each
Cost for 12 elbows =12 x $269 =$3,229
Damper cost (3$) =50.2 e 00597(24) = $210 each
Cost for four dampers =4 x $210 =$840
Total cost for ductwork =$13,395+3,229+ 840=$%$17,464

Fans, Motors, and Startersfor Makeup Air

Thefan cost equation ispresented asfollows:

C=56.3D*? (1225 <D < 36.5) (3.16)
where C = costin 1997 dollars, and
D = fanwhee diameter (in.).

Thewhed diameter of themakeup air fan is36.5in. By substituting in Equation 11.14,
thetotal cost of thefan, belt-driven motor, and starter is$4,219.

| nstrumentation
Oneof thefive-point criteriafor aPTE isto maintain anegative pressure of 0.007 in. w.c.
inthe PTE. Thisrequiresan extremely senditive and reliable pressuremonitor. Inadditiontothe

monitor, most vendorsrecommend apressure surge damper (to dampen sudden pressure changes).
The pricesfor the equipment are given below.

Table3.8: Cost of instrumentation equipment [ 14]

Item Price(1997 $ each)
Differential pressure monitor 487

Surge damper 22

Alarm 20

Total cost $529
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Freight and Taxes

Freight charges depend upon the distance between the siteand vendor. Salestaxesdepend
upon thelocation of the siteand the vendor. National average valuesfor freight and taxesare
5 percent and 3 percent of thetotal equipment cost.

Table 3.9: Total Purchase Equipment Cost (PEC)

Item
Basic and Auxiliary Equipment Cost ($)
Walls 28,987
Doors 29,270
Louvers 378
LFL monitors 6,650
Smoke detectors 150
Makeup air ductwork 17,465
Fan, motor, starter 4.219
Total equipment cost (TEC) 87,120
Instrumentation Equipment 529
Freight charges 0.05x87,120 4,356
Taxes 0.03x87,120 2,614
Total Purchased Equipment Cost (PEC) 94,619
34.2 Installation Cost

Direct Ingtallation Cost

Thedirectingtdlation cost consistsof installation costsfor the basi ¢ equipment, auxiliary
equipment, and instrumentation.

Walls
Magjor factorsaffecting theinstallation cost for wallsare the exi sting equipment and extent of
obstructions. Thenational average costsof installation for wallsassuming moderate obstructions

aregivenin Table3.10 (multiply these costsby afactor of 1.5for severe obstructionto construction
[12,15]):
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Table3.10: Cost of Wall Installation Based on Material[12,18]

Wall material

Direct installation cost (1997 $/sq ft)

CMU

Drywall

Sheet metal

Modular panels

Lexan (thermoplastic polymer) -Q in. thick
Lexan (thermoplastic polymer) -a in. thick

*Assumed same as drywall[12,18]

3.10
2.90
12.91
7.97
2.90*

2.90*

Installation cost of modular panel wallswithanareaof 2,970 sqft:

= $7.97/sq ft x 2,970 sq ft = $23,671

Table 3.11: Cost of door installation based on type[12]

Door type

Direct installation cost(1997 $ each)

Strip curtain door, 3 x7 ft 240

Strip curtain door, 8 x 8 ft 285

Personnel door, steel, 3 x 7 ft 415

Sliding door, strip curtain, 8 x 8 ft 890

Sliding door, steel, 8 x 8 ft 1,745

Bump door, steel, 3 x 7 ft 730

Bump door, steel, 8 x 8 ft 2,575

Rollup door, low speed, 8 x 8 ft 3,045

Rollup door, high speed, 8 x 8 ft 3,910

Personnel door installation cost 4 doors x $415 each = $1,660

Swing doors installation cost 3 doors x $2,575 each = $7,725

Rollup door installation cost 2 doors x $3,910 each = $7,820
Total = $18,035

Auxiliary Equipment

Louvers

3-28



Thelabor cost for installing louvers correspondsto thesize of thelouver. Thefollowing
equations can be used to estimate the nationa average cost of ingtalation for steel and aluminum
louvers

Sted louverq 13]: C=8+17A eaxh (15<A<7.75) (3.17)
Aluminumlouwverd13]: C=9+1.9A eaxch (1.5<A<7.75) (3.18)
where C costin 1997 dollars, and

A louver surfaceareain s ft.

Theareaof theselected louversis 1.5 sq. ft, therefore:

Louver ingtdlation cost 8+(1.7x15) = $10.55each
Installation cost for 4 louvers 4x$10.55each = $42
LFL Monitors
Table3.12: Ingtallation cost for LFL monitors
ltem Installation cost(1997 $ each)
%LFL monitor using flame ionization detectors 2,700
%LFL monitor using catalytic beads 1,000

Total Installation cost of two catalytic bead monitors= 2 x $1,000 each = $2,000
Ducts

Asdiscussedin Section 2, Chapter 1, theinstallation cost for ductwork variesfrom 25
to 50 percent of thematerial cost. Assuming anaverage of 37.5 percent, theinstallation cost for

themakeup air ductwork isestimated as:

37.5% x material cost
0.375x $17,464 =$ 6,549

Makeup air duct installation cost

Fans, Motors, and Startersfor Makeup Air

Installation costsfor fans, motors, and sartersare given by thefollowing equations:
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Fang16]: C=51.89D -380.9 (10 < D < 20) (3.19)
Motord17]: C=43+2.16H (2 <H<100) (3.20)
Starterg18]: C=78.68Ln(H) - 15 (2 < H < 100) (3.22)
where C =costin 1997 dollars,
D =fanwhed diameter (in.),
H

=fan motor and starter horsepower, and
Ln(H) =natura log of horsepower.

Sincetheingtalation cost equation gppliesonly to diametersof 10to 20in. Theingalation
cost for a36.5in. fan can be cal culated on the basis of two fanswith awhee diameter of 18.25in.
each. Thisyiddsafaninstalation cost of $1,132. Theingtdlation cost of asinglefan 36.5in.in
diameter can al so be cal culated based on extrapolation of Equation 3.19. Thisyields:

Faningtdlation cost =(51.89x 36.5) - 380.9 =$1,513.
Equation 3.20yields:

Fan motor installation cost =43 +(2.16x 11) =$67
Equation3.21yields:

Motor starter ingtallationcost = 78.68 Ln(11.0) -15 =$174

Total fan, motor, and starter cost = $1,513+67+174 =$1,754

I nstrumentation

Table 3.13: Installation cost for instrumentation components|13,15]

ltem Installation cost(1997 $ each)
Differential pressure monitor 200

Surge damper 20

Alarm 60

Total 280

| ndirect Installation Cost

Indirect installation costsare generally estimated from aseries of factors applied to the
purchased equipment cost. For PTES, these costs are not dependent on the purchased equipment
cost and national averageindirect costsrelated to install ation are used.
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Table3.14: Indirect Installation Costs[12,15]

Engineering $5,000
Contractors 15,000
Compliance Test 2,500
Total indirect $22,500

Thetotal capital investment (TCI) isthe sum of the purchased equipment cost, direct
ingtdlation cost, and indirect install ation cost.

Table3.15: Tota Capital Investment

Item Cost ($)
Purchased Equipment 94,619
Direct Installation Cost
Walls 23,671
Doors 18,035
Louvers 42
LFL monitors 2,000
Smoke detectors 78
Makeup air 6,549
Ductwork
Fan, motor, starter 1,754
Differential pressure 200
Monitor
Surge damper 20
Alarm 60
Indirect Installation Cost 22,500
Total Capital Investment 169,528
3.5 Estimating Total Annual Cost

Thetotal annua costisthesum of direct and indirect annua costsand therecovery credit.
Recovery creditsrepresent the value of materials or energy recovered by the control system.
Recovery creditsare usually associated with control equipment not applicableto PTES.
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351 Direct Annual Cost

Thereareno costsfor operating, supervisory labor, operating materids, or waste disposa
dlocatedtoaPTE. Maintenance costswill beminimal, except for such minor expensesaspainting,
repairs, or cdibration of instruments. Theoperating costistheonefor only utilitieseectricity used
to operate the auxiliary equipment such as supply fansfor makeup air and air conditioning if
needed.

Thenational averageectricity cost for operating the supply fanis estimated asfollows:

_[L175x10"P.QAPSE

C
. n (3.22
where C, = dectricity cost ($/yr),

1.175x 10* = adimensonlessconversionfactor,
P, = dectricity price($/kwWh),
Q = exhaust flow rate (acfm),
AP = datic pressuredrop through the makeup air system (in. w.c.),
S = gpecificgravity withrespecttoair (=1),
o = operating hoursper year and
n = combined fan-motor efficiency.

Theélectricity cost iscalculated asfollows:

Makeup air flow rate = 26,200 acfm

Static pressuredrop = 1.75in.w.c.

Electricity price = $0.06/kWh

Operating hours = 8,760 hr/yr (maximum possiblein ayear)
Overdl efficiency = 0.75

Subgtituting these valuesyieldsadirect annual cost of $3,775 per year.
35.2 Indirect Annual Cost
The indirect annual costs for a PTE include property taxes, insurance, general and

administrative charges, overhead, and capital recovery costs. These costscan be estimated from
thetotal capita investment (TCI) using standard factorsfrom thisManual asgiven below:
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Table3.16: Indirect Annual Cost Factors

Item Factor

Property taxes 1% of TCI
Insurance 1% of TCI
General & administrative 2% of TCI
Capital Recovery Capital Recovery Factor x TCI

TheTCl is$169,528. Overhead isnot considered becauseit isbased on the sum of the
operating, supervisory, and maintenancelabor and materiascosts, which arenegligiblefor aPTE.
For theexample PTE, the cost for thefirst threeitemsis:

Property taxes = 0.01x%$169,528 = 1,695
Insurance = 0.01x%$169,528 = 1,695
Generd and administrative = 0.02x%$169,528 = 3,391

Totd = $6,781

The capital recovery factor (CRF) isafunction of the economic life of the equipment and the
interest charged on thetotd capitd investment previoudy discussedinthisManud:

CRF = | (1+1)V[(1+)"-1]

annual interest rateinfraction (i.e., 7% =0.07) and
economiclifeinyears.

where [
n

For aPTE, theeconomic lifeisthe same asthelife of the building which might be 20-
30 yearsor of the particular equipment enclosed by the PTE which might beless. Theinterest rate
vauerecommended by the Office of Management and Budget (OMB) is7 percent. (Thisreplaces
the 10 percent rate previously recommended by OMB.) Aneconomic lifeof 30 yearsand an
interest rate of 7 percent yieldsa CRF of 0.080586.

Capital recovery = 0.080586 x TCI
= 0.080586 x 169,528 = $13,662
Total annual indirect cost = $6,781 +$13,662 = $20,443.
Tota annual costiscalculated asfollows:
Totd direct cost = 3,775
Totdl indirect cost = 20,443
TOTAL = $24,218
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4.1 Introduction

Emissonsmonitoringisanincreasingly important part of air pollution control. Air pollution
legidation often takestheform of emissionslimitsor guidelineswhich anindustrial processmust
meet. Monitoring demonstrates compliance with regulatory or permit limits. Inaddition, monitor-
ing providesinformation regarding gaseous pollutants and parti culate matter released into the at-
mospherethat can be used for compiling emissionsinventory data, permitting new and existing
facilities, and performing audits. Industrial facilitiescan use emissionsmonitoring to assessand
monitor process control and efficiency, to determine pollution control deviceefficiency, and to
monitor health and safety within the plant. Participationin emissionstrading programsgeneraly
requiresemissionsmonitoring.

Theterm monitor refersto awidevariety of instrumentation used to measurethe concen-
tration of both gaseous compounds, particulate matter and physical propertiessuch asopacityina
wastegasstream. Therearemany different typesof monitorscommercidly availablefor emissons
monitoring. Monitorsgenerally requireadditional equipment for samplecollection, calibration of
instruments, and data acquisition and processing. Monitors must be ableto provide accurate
reproducibledata.

The1990 Clean Air Act required enhanced and periodic monitoring for specific pollutants
at various stationary sources. These requirementswere codified in the Compliance Assurance
Monitoring (CAM) Rule. Emissionsunitswithar pollution control equipment at sourcesregulated
under TitleV arerequired to have CAM. CAM requiresamodificationtotheTitleV permit to
include aprogram to establish monitoring adequate to demonstrate compliance with applicable
regulations. TitleV recordkeeping and reporting requirementsapply to CAM affected units. States
haveflexibility in establishing adequate CAM approaches.

Under the CAM Rule, there are two viable monitoring optionsfor monitoring source
compliancewith permitsor regulations. Thefirst optioniscontinuousemissionsmonitoring
(CEM), whichisadirect measurement of pollutant concentration from aduct or stack onacon-
tinuousor periodic basis. The second optionispar ametric monitoring, whichinvolvesindirect
measurement of emissions by monitoring key parametersrelated to the operating statusof air
pollution control equipment or process equipment. Parametric monitoring requiresdemonstration
that the processor control parameters being monitored correl ate to measured pollutant emission
levels

CEM isrequired for large sources or sourcesthat have monitoring requirements under
New Source Review (NSR), New Source Performance Standard (NSPS), National Emissions
Standardsfor Hazardous Air Pollutants (NESHAPS), or other State requirements. CEM isre-
quired under someof the EPA regulationsfor either continual compliance determinationsor deter-
mination of exceedances of the standards. [1] Parametric monitoring ismorefrequently used at
small emission sources. Asaresult of the CAM Rule, parametric monitoring isbecoming increes-



ingly important. Use of parametric monitoring can provide moreflexibleand less expensive op-
tionsfor demongtrating compliancefor regulated sources.

Sdlecting the proper monitoring equipment or parametric method involvesmorethanbasic
cost and performance comparisons. Operational conditionsvary fromfacility tofacility for agiven
source category, making the choice of monitoring equipment uniqueto eachingtdlation. Thechoice
of monitoring system dependson thefollowing [Clarke, 1998] considerations:

i physical/chemica propertiesof the pollutant and waste gas stream,

[ regulatory or permitting limitsand any associated reporting requirements,
[ location and method of collecting, processing, and disposing of samples,
| calibration and accuracy requirements,

| qudity assuranceand quality control requirements,

[ mai ntenancerequirements, and

[ facility safety and management.

Thischapter describes cost estimation methodsfor monitoring equipment used to determine
compliancestatusunder the Clean Air Act.

4.2 Continuous Emissions Monitoring Systems

A continuousemission monitoring system(s) (CEMS) isanintegrated system that demon-
strates source compliance by collecting samplesdirectly from the duct or stack discharging pollut-
antstotheatmosphere. A CEM Sconsistsof all the equipment necessary for the determination of
agasor particulate matter concentration or emission rate. Thisincludesthree basic components:

T thesampling and conditioning system,
I thegasanalyzersand/or monitors, and
I dataacquistionsystem (DAS) and controller system.

A CEM Scan bedesigned to monitor asingle pollutant or multiple pollutantsand waste gas Stream
parameters. Gaseous compounds, particul ate matter, opacity, and volumetric flow rate aretypi-
cally monitored by CEMS. Figure 4.1 depictsatypical CEM Slayout for multiple parameter
monitoring.
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Figure4.1: Typica CEMSfor Multiple Parameter Monitoring

Proper placement of sampling portsin thewaste gas stream and proper equipment selec-
tionfor thecomponentsareall critical for the collection of accurate and reproduci bleinformation
fromaCEMS. For thisreason, thedesign of aCEM Sisusualy based on vendor experienceand,
therefore, vendor-specific. Most systemsare provided ona*“turnkey” basiswherethevendor
supplies, ingtals, and and tests all necessary equipment [18].

EPA has published standard methodsfor installing, operating and testing CEMS. EPA
rulesspecify thereference methodsthat are used to substantiate the accuracy and precision of the
CEMS. TheEPA aso maintains performance specificationsused for eva uating the acceptability
of the CEM Safter ingtdlation. Finaly, therulesprovide quality assuranceand control procedures
to evaluate the quality of data produced by CEM Soncein operation [18]. Thedataproduced
under these standard or reference methodsare direct and enforceabl e measurements of emissions.

4.2.1 Sampling Systems

CEMS are divided into two major categories, extractiveand in situ. In situ CEMS
typicaly havemonitorsand/or ana zyerslocated directly inthe stack or duct. ExtractiveCEMS
captureasamplefrom theduct or stack, condition the sample by removing impuritiesand water,
and transport the sampleto an analyzer in aremote, environmentally protected area. Somemoni-
toring system designsmay employ both typesof systems. Thetwo systemsarediscussed in greater
detall inthe next sections.

All sampling systems need programmabl elogic controllers (PL Cs) to link the sampling
equipment to both monitorsand DAS. PL Csare generally modular in design and used widely
throughout industry. Typica functionsof PLCsare:



. Logictiming

. Counting

. Datatransfer

. Triggering automatic functions

. Providinganaogtodigita signal converson

. Regigeringdarms

. Datalogging

. Perform mathematical caculationsor calibration functions

In CEM S applications, PCL s manage sampling and calibration by controlling solenoid
valvesthat send either waste gasor calibration gasto themonitor. Thisinformationisalso sentto
the DASto prevent cdibration datafrominadvertently being used assampledata. PL Cstypicaly
control functions such as zero and span checks, darmsfor excessemissionsor system malfunc-
tionsandinterfacingwiththe DAS.

4211 Extractive CEMS

Inan extractive CEMS, the system extractsasample at aspecified siteinthewaste gas
stream and then trangportsit toamonitor in an environmentaly protected area. Thistypeof system
protectsthe monitoring instrumentation from thehigh temperatures, high velocities, high pressures,
particulate matter, corrosive substances, and water vapor inthe waste gas stream.

A sampleistransported from the sampling probe | ocation to the analyzer or monitor. In
generd, the samplerequiressomeform of conditioning prior to analysis. Conditioning caninclude,
filtering of particulate mater, removal of water vapor, cooling of the sample, and dilution of the
sample. Extractive systemsare generally classified based on thetype of conditioning: hot-wet,
cool-dry, or dilution. Hot-wet systems maintain the sample at high temperature and do not
removewater vapor. Cool-dry systemslower the sampletemperature and remove water vapor.
Dilution systemssampleat low flow rates or dilutethe sample prior to analysiswhichresultsin
lower water vapor and parti culate matter content. Conditioning may be performed at the port or at
theandyzer. Depending onthetypeof system, extractive CEM S sampling and conditioning equip-
ment can include sampling probe/port, sampling transfer lines, line heaters, apump, afilter, a
condenser or dryer, and chillers. The choice of sampling system typeisapplication-specific[18.]
Figure4.2 showsatypica extractive systemwith acool-dry sampling system.

Extractiveandyzersaretypicaly lessexpensiveand easier to maintain and repair thanin
situanalyzers. Thisisprimarily dueto their location in an environmentally controlled room at
ground level, rather than at the source. Duetotheir ocation they do not require additiona envi-
ronmental protection. Inaddition, theanalyzersare easily accessibleto techniciansfor mainte-
nance and repair. Having an environmentally controlled room aso allowsthe calibration gasses
and systemsto belocated in the same area, which simplifiescalibrations.
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Figure4.2: Exampleof an Extractive CEM Swith Cool-Dry Sample

However, the advantages of extractive CEM S can be offset by the requirements of the

sampling system. Initia costsof sampling systemscan be quitehigh, and sampling and condition-
ing equi pment requiresroutine maintenance. Other sample handling problemsinclude:

Probesand linesclogging with contamination,

Heated linesfailingin cold climates causing water to freeze and block lines,
Probefilter causing lossof pollutant asit passesthrough the probe media
(scrubing),

Dilution probe causing temperature, pressure, gasdensity effects, and water dropl et
evaporation when dilution air isadded to the samplegas,

Water entrainment,

Leaksinthetubing or e sawhereinthe system,

Adsorption of pollutant to thewall, filter, tubing or other components, and
Absorption of pollutant to thewater whichisremoved by aconditioning systems.

Other important factorsin sel ection and design of monitoring systemsinclude:

Regulatory requirements,
Dataavailability (% timemonitor suppliesdata)
Volume of waste gasmust which must be collected and conditioned [ 18].

Thereareanumber of commercialy available CEM Smonitorsand gasanayzersavail-

able, including severa multi-pollutant andyzers. Thismanud providescogtsfor thefollowing types
of extractive CEMSgivenin Table4.1:
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Table4.1: Pollutant Monitoring Capability for
Commercidly Available Extractive CEMS

Gaseous Compound Analyzers Monitors
NO, Opacity
SO, PM
COCO, Flow Rate
02

THC

HCl

4212 InSituCEMS

Insitu CEM Sare systemswherethe anayzer isphysically located in the stack or duct.
Theeffluent gasismeasured in Situ asit flowsthrough asampling location placed in the stack or
duct. Two typesof in situ measurementsare possible: point (in-stack) and path (cross-stack).
Point measurementstake place at the precise point where the sampling cell islocated. Path
measurementsaretaken acrossagiven path intheemissonsstream. M ost path measurementsare
taken by sending asignal acrossthe stack and reflecting it back to adetector near the source of the
signad. Theemissonscrossing that path arethen averaged over agiven period of time. Figure4.3
depictsatypical instuCEMS.

In situ monitorsrequire durable construction and are generally enclosed in sturdy, sealed
cabinetsto protect them from extreme temperatures, moistureand corrosive gases. Asaresult, in
situmonitorsaregenerally more expens ve than comparabl e extractive monitors.

Theprimary advantage of in situ monitorsisthelocation of the monitor in close proximity
to the sampling probe, which minimizestheloss of contaminate from leaks, absorption, and
adsorption, and also eliminatesthe need for acomplex and costly sampling and conditioning
system.

Although insitu analyzers were devel oped to avoid maintenance and avail ability prob-
lems associ ated with the sampling systems used in extractive monitoring, some problemsremain.
Service, maintenance and replacement of inStu analyzersismoredifficult thanwith extractive units
duetotheir locations. Becausethe concentration of pollutants (especially particulate matter) ina
stack isnot uniform, placement of thein situ analyzer (like placement of theextractiveanayzer’s
probe) isacritical consideration. The sampling probe can become contaminated or plugged.
Although the problem of gas sampl etransportation to the monitor has been eliminated by insitu
placement, the need to take calibration gasto thein situ analyzer hastakenitsplace.
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Figure4.3: Exampleof an In Situ CEM Swith Path and Point Sampling

Thereareanumber of commercialy available CEM Smonitorsand gasanayzersavail-
able, including severd multi-pollutant andyzers. Thismanud providescostsfor thefollowing types
of ingtuCEMSgivenin Table4.2:

4.2.2 Monitorsand GasAnalyzers

A monitor isadevicethat sensesor measures aphysical/chemical property of agiven
substance such aslight absorption. The sensor or measuring device generatesan electrical output
signal. Strip chartsand/or computer data acquisition systemsrecord the output signal, which
correlatesto apollutant concentration or other parameter (e.g. flow rate) through an equation,
graph, or more complicated mathematical relationship. CEM S convert resultsinto unitsof the
applicableemission standard and providearecord (typically aprinted chart and/or an el ectronic
datafile). Many integrated systemsa so include acalibration system for gasanalyzersthat auto-
matically performsand recordstherequired calibrationson aperiodic basis(e.g., daily).

Table4.2: Pollutant Monitoring Capability for
Commercidly AvailableInStuCEMS

Gaseous Analyzers Compound Monitors
SO, Opacity
CcO PM

0, Flow Rate
SO,/NO,

SO,/NO /O,

CO/CO,




Older generation gasanalyzers produced only arel ative measurement (e.g., percent of full
scale) that needed to be compared against the calibration gases before the stack concentration
could becaculated. Many current generation anayzers can control and integrate ca culation data
allowing themto read actud stack concentrationsonthefront of theinstrument. Theseanalyzers
may al so perform dataacquisition functionsand communicate directly with computersthat pro-
duce reports. Theconfigurationsand ingtd lation requirementsvary widdly between different ana
lyzersand applications.

Critical factorsin selecting thetype of analyzer or monitor for aparticular application
include gas concentration, stack and ambient temperaturesand the presence of contaminantsthat
could damage or interferewith the sampling or andyzer systems. Other issuessuch asdataavail-
ability requirements may influence andyzer selection or drivethe need for two anayzerswith one
inabackup capacity. Theseissuesimpact equipment sel ection and can substantially impact capi-
tal, operating, and maintenance costs. Asmanufacturesovercome past limitations, monitorsand
gasandyzersare becoming moreversatile. Theselection of amonitor and the cost andlysisshould
be performed on asite-specific basis.

A technical discussion onthetypesof monitorsand gasanayzersthat arecommercially
avallablefor extractiveandin situ systemsis beyond the scope of thisdocument. Reference[18]
providesadetailed technica discussion of gasanalyzersand monitorsfor varioustypesof CEMS
and the pollutants and parametersthat can be monitored. Table 4.3 and Table 4.4 summarizethe
varioustypesof monitorsthat are currently availablefor extractiveand in situ systemsincluding
both point and path type monitors. A discussion on selected monitorsisprovided below.

Fourier Transformation Infared Spectroscopy

Fourier Transformation Infrared Spectroscopy (FTIR) detects compounds based onthe
absorption of infrared light at critical wavelengths. The amount of absorption isdependant onthe
molecular bonds present in the waste gas compounds. Thisabsorption createsaunique” finger-
print”, or chemica signature, that can be analyzed to determinethe compounds present and their
concentrations. Current FTIR CEMscan accurately monitor up to Six gaseous compounds (SO,
NO,, CO, HCl, CO,, and O,) varioushazardousair pollutants, and volatile organic compounds
smultaneoudy. Figure4.4illustratesasmplified schematic of an FTIR Analyzer. [4]

Current FTIR systemsare primarily extractive sampling instrumentsand havesmilar in-
stallation requirementsto extractive CEMS. Although FTIR instrumentstend to be more expen-
gvethan other anayzers, theability to monitor multiple pollutantswith oneinstrument improvesits
cost effectiveness. AsFTIR CEM Sareardatively new technology, thereislittleinformation on
their long-term performance. Dueto the precision of theinstrument, maintenancerequirementsare
high. Maintenanceof aFTIR CEM Srequiresthefollowing:

4-10



Table4.3: Extractive CEMS GasAnayzers[18]

Absorption Luminescence Electro Analysis Paramagnetic
Spectroscopic Methods Methods Methods Methods
(Infrared/Ultraviolet)

Spectrophotometry Fluorescence Polargraphy Thermomagnetic
Differential Absorption Chemiluminescen Potentiometry Magnetodynamic
Gas Filter Correlation Flame Photomete Electrocatalysis Magnetopuematic
Fouier Transform Infrared Amperomatic

Conductimetric

Table4.4: In-Situ CEM S GasAnalyzers[18]

Gas Analyzers PM Monitors

Point Path Point Path

Second Derivative  Differential Absorption Light Back Scattering
Absorption
Polargraphy Gas Filter Correlation lon Charge Light Scattering
and Absorption

Potentiometry Nuclear Radiation

Electrocatalysis Attenuation

. Technica maintenance personne

. High priced parts
. Lengthy calibration
. Short frequency

Opacity Monitor

Opacity monitorsarein situ path devicesbased on the principle of transmissometry; the
measurement of thetransmission of light through afluid. A light source of known frequency is
generated by oneof thefollowing devices. LED, incandescent light, or laser. Theopacity monitor
then detectsthe decreasein light transmission acrossthe stack dueto particulate matter. Light
absorption and scattering due to parti culate matter in the gas stream is detected at a specified
optical wave ength that minimizesabsorption by other materia inthestack gas. I nterference caused
by highlevelsof NO, and water droplets can reduce accuracy. An opacity monitor consistsof a
light sourcefor generating thelight, atransmissometer for accurately measuring thetransmission of
light, aninterna referencesystem for calibration, and adataacquisition system for datacollection.

[3]
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Figure4.4: Simplified Schematic of an FTIR Analyzer [4]

Particulate M atter Monitor

The standard EPA reference methodsfor measuring PM arebased on flowing ameasured
volume of waste gasacrossaparticlefilter and capturingthe PM. Thefilterisweighed beforeand
after exposureto determinetheweight of PM inthe measured volume of air. Thistechniqueis
known asgravimetric measurent.

Particulate matter (PM) monitorsarearelatively new technology, and, therefore, make
useof newer techniques. Typica approachesincudelight scattering measurement, transmissometry
(seeopacity monitors), and other optical and el ectrostatic techniques. The method that comes
closest to the gravimetric method i s beta attenuation, whereastrip of filter mediaisexposedtoa
known volume of the gas stream. The filter mediathen goes through a betaray source and
detector that measuresthe attenuation (absorbtion) of the betasource by the PM onthefilter. This
method issubject to variation dueto high betaattenuation of heavy metal inthe PM.

CEM S cannot replicate the EPA method, and, therefore, rely on surrogate measures of
PM concentration, such asthe optical or electrostatic characteristicsof the PM intheir path. For
processeswherethe PM and other stack characteristicsare constant, acalibrated instrument can
provide reasonabl e accuracy. | n application such ashazardouswasteincinerators, wherethe gas
stream can vary substantialy, the potentia for inaccuracy increases.
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PM monitoring isan advancing technology, and changesintechniquesand instrumentation
arelikdly tooccur quickly. Thesechangesresultinchangesininstrument costs. Althoughagenera
cost hasbeen provided for PM monitors, thiscost islessreliablethan the costs of better estab-
lished technol ogies such asextractivegasmonitors. If morerediablecost inforationisrequired, a
cost estimate should be obtained from avendor.

4.2.3 DataAcquisition System

Dataacquisition systems(DAS) consist of acomputer, monitor, printer and software
that interface with the monitoring system and providereports, datastorage, and screen displays.
Anayzersproduce an output signd involtsor milliampsthat represents afraction of thefull
sca ereading established using calibration gases. Thisoutput signd typically goestoastrip
chart recorder that uses colored pensand paper graph chartsto record the analyzersreadings.
Thisreading must beinterpreted based on the calibration value; for example, if acalibration gas
of 10 ppm produced asignal of 10 volts, then areading of 4 volts correspondsto aconcentra-
tion of 4 ppm. Whilemany CEMsstill include strip chart recorders asback-up systems, most
CEMsrely on DA Sfor dataprocessing and management.

DAStypicdly includeanalogtodigital conversion boardsthat takethevoltage or
milliamperagesignal fromthe analyzer and convert it into digital information that can beunder-
stood by acomputer. Newer generation monitors havetheability toinclude caibrationinforma-
tion and directly report concentrations; they are also capabl e of storing dataand communication
directly to computerswith digital information. The computer can aso providecontrolling
functionsfor themonitorssuch asperforming calibrations, if not provided by aPL C system.

Reporting requirements can have asignificant effect onthedesign of aDAS, andthe
reporting frequency and averaging timefor the monitoring results can impact capacity and cost.
However, thegrowing power of personal computershasimproved thefunctionality and lessened
theupper-end costsfor DAS, (Table4.16 in Appendix A showsarange of cost between $16,000
and $20,000). Proprietary softwaretypically comesfromthe DASvendor. Thissoftware man-
agesdataand produces quality assured reportsfor use by plant personnel and regulatory authori-
ties. Examplesof DAS computer program functionsinclude[7]:

| Allowing the operator tointerfacewiththe CEMS;

T Averaging data, cal culating emissionsestimates, and creating reports,
T Providing el ectronic and hard copiesof logsand reports;

| | nterfacing with other computer systems.

4.3 Parametric Monitoring

Parametric monitoring differsfrom CEM Sinthat emissionsarenot monitored directly.
Parametric monitoring isthe monitoring of key, emissions-correl ated easurables (such aspres-
sure). Operating parametersare monitored by thermocouples, differential pressure gauges, or
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other instrumentation. For example, athermal treatment device designed to control VOCs dem-
onstratescompliancewith aV OC destruction efficiency of greater that 90% aslong asatempera
tureof 1800 Fismaintained by thedevice. Thiscorrelation of temperatureto emissionsreduction
isestablished thorough periodic monitoring (e.g., annual compliancetesting). Parametric monitor-
ing alowstheuse of temperature monitoring in place of VOC monitoring for thisdeviceoncethe
correlation of temperatureto VV OC destruction hasbeen established.

Theuse of parametric monitoring can provide moreflexible and lessexpensive options
than CEM Sfor demonstrating compliance of regulated sources. EPA'sview of theuse of para
metric monitoring isexpressed intheMay 1, 1998 “EPA Draft Fina Periodic Monitoring Guid-
ance’ document.

Parametric monitoring providesareasonabl e assurance of compliance, but the CAM Rule
should be consulted for guidance on thetype of parametric monitoring that might satisfy periodic
monitoring[3]. Anadditional sourceof information that includesadditional monitoring parameters
beyond those used inthe CAM Ruleisthe“Ohio EPA’s Operation and Maintenance (O& M)
Guiddinesfor Air Pollution Control Equipment”.

When parametric monitoring isused for continuous compliance monitoring, the equipment
requirements can besimilar to CEMS. Although the gas sampling systems used by emissions
monitorsarenot likely to be componentsof parametric monitoring systems, sometypeof cdibra-
tion and dataacquisition systemsarelikely to berequired. Thetypeof process, control equipment
and pollutant to be monitored determine the sel ection of aparametric monitoring system. Data
reduction, record-keeping, and reporting are performed independently of samplinginaparametric
system, however, they areinherent to regulatory compliance demonstration. For many sources, a
combination of parametric monitoring and adataacquisition systemissufficient to comply with
CAM. Someformsof parametric monitoring may usethe sametypesof dataacquisition, record
keeping and reportingas CEMS.

“When using parametric datato satisfy the periodic monitoring requirement, the permit
should specify a range which will assure that the source is in compliance with the
underlying requirement. Wherever possible, the proposed range should be supported
by documentation indicating a correlation between the parameter(s) and compliance
with the emission limit, although it is not required that the range be set such that an
excursion from the range will indicate noncompliance with the associated limit. The
permit should also include some means of periodically verifying this correlation.

For example, the permit may require periodic stack testing to verify direct
compliance with the applicable requirement. At the same time, the test data could be
used to set the parameter ranges that will be used to determine compliance between
tests.

The permit should also specify what happens when a parameter exceeds the
established range. For example, the permit should specify whether excursion from the
established rangeis considered aviolation or whether it will instead trigger corrective
action and/or additional monitoring or testing requirements to determine the compli-
ance status of the source.”
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Most monitoring isrequired to demonstrate compliance with applicableemissionslimita-
tionsfor specific pollutants. Although multiple pollutantsmay at sometimesbe correlated to the
same parameter, in most cases, the parametric monitoring method depends on the pol lutant of
interest. Sampl e collection, analysis, and datareduction methods are specific to the type of con-
taminant or process measurement being monitored.

A brief discussion and examplesof parametric monitoring aregiveninthefollowing
sectionsfor avariety of pollutantsincluding PM, SO,, CO, NO,, VOCs, and opacity. The costs
for parametric monitoring of asingleunit isalso presented at theend of each sectionin Tables4.5
-4.10. [18]

Cost estimatesfor parametric monitoring weretaken from the supporting information
related to theregulatory impact andysisfor the CAM rulemaking. The cost estimatescontainedin
thissection are not sengitiveto the size of theequipment. Ingenera, they represent medium sized
unitsthat do not already have applicable monitoring requirements under NSPS or other federal
programs. Thesecogtsrepresent monitoring for one control devicesuch asasingletherma unit or
baghouse. The costsreported aregenericin nature, whilethetrue cost will depend on anumber
of factors(sizefor instance). Larger unitsmay have multiple control devicesand would require
multi ple parametric monitoring devices. Inaddition, larger unitstypically already have monitoring
systemsin place. Many of these unitsare required to upgrade their monitoring under the CAM
Rule. Rather than relying solely on the cost estimates provided by thisdocument, an* expert” on
the design and choice of parametric monitoring equi pment should be consulted to determinethe
truecost.

4.3.1 ParticulateMatter (PM)

Thetwo principal methodsof controlling PM emissonscurrently inuseby U.S. industry
areelectrostatic precipitators (ESPs) and fabricfilters, also called baghouses. Parametric moni-
toring has been used for many yearsto monitor ESP performance. Itemssuch asgasvolumeand
vel ocity, temperature, moisture, rapping (cleaning) frequency, and theectrostaticfiel d’ svoltage
and current applied areindicatorsthat can be monitored to assure continued ESP performance.
ESPsaretypicaly used by larger sourcesthat may aready be subject to NSPS or other monitor-
ing requirements. ESPsare not typically viewed as cost effective control devicesfor smaller
SOUrces.

The CAM Ruleused parametric monitoring of abaghouse asitsbasisfor establishing PM
parametric monitoring costs. Fabricfiltration can be applied to awiderange of sources, from
small shot-blast unitsto large steel mills. Thissection usesmonitoring of the pressuredrop across
the baghouse asan example of parametric monitoring. A baghouse operatesmuch likeavacuum
cleaner with afan either blowing dirty air through (positive pressure) thefilter or drawingair into
(negativepressure) thefilter. Ineither case, it takessubstantia air pressuretoforcetheair through
thefilter. Thepressuredrop isameasurement of thisdifferencein pressure between the clean and
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dirty sidesof thefilter. Static pressure gauges can beinstalled at theinlet and outlet of thefabric
filter to determinetheunit’spressuredrop. Asthefabric becomesclogged with dust thereismore
resistancetoair flow, resultinginanincreased pressuredrop.

Typically, abaghouseiscleaned in sections, with jetsof counter-flowing air used to blow
captured dust off thefilter and into ahopper. In many installations, the baghousewill follow a
routine cyclewith the pressure drop increasing as the bag becomes coated with dust, and drop-
ping back to abaselinevalueafter itiscleaned. Pressure drop measurementsare used to deter-
mineif thefabricisbeing properly cleaned and that the baghouseisoperating asdesigned. Abnor-
mally high valuesmay indicate that thefilter mediaisbecoming “blinded” by materials, suchas
organic aerosols, that cannot beremoved. Thisisapotentia indication of afailureto captureand
control theprocessPM. Abnormally low valuesmay indicate holesinthefilter mediaor mechani-
cal failure of baghouse components. Table4.5 provides cost estimationsfor parametric monitor-
ing of PM emissionsusing pressuredrop acrossthefilter fabric.

Aswith other typesof CAM, monitoring of pressuredrop isauseful indicator of baghouse
performance, but does not guarantee compliance with emission standards. Any parametric moni-
toring program for fabric filtration control equipment should be considered part of an overall
compliance program that includes routineinspectionsand maintenance logsthat help to predict
and eliminate equipment problemsbeforethey occur. Routine monitoring of the key operating
parameterswill improvethe performance of afabricfilter and increaseitseffective servicelife.
Establishing an effective operation and maintenance program isan important component of pre-
dicting baghousefailures.

Thereareseverd other methodsfor monitoring. PM visua opacity monitoring by certified
smoke readersisone method. Other methodsinclude use of PM CEM Swhich are now on the
market. However, PM CEM Sare il considered anew technology. These methodsare gener-
aly more expens vethan parametric monitoring of PM.

Another typeof PM control that istypically applied to organic aerosolsisthermal treat-
ment. Althoughthisisprimarily aVOC control technique, it iseffectivefor the control of high
mol ecular weight organic compoundsthat can condenseto form PM. Combustion temperatures
aremeasured by thermocouplesinstalled in thermal treatment units. Temperature measurements
can be used to eva uate combustion practicesand, if maintained within desi gnated operating ranges,
would provide areasonablelevel of confidencefor compliancewith aPM emission limitation.
Temperaturemonitoring of athermal treatment devicedoesnot requireinstallation of additiona
equipmentexcept possibly foraDASI[9].

4.3.2 Sulfur Dioxide
Thetwo principa methodsof control of sulfur dioxide (SO,) inuseintheU.S. today are

wet gas scrubbing and spray dryers. Spray dryersare becoming more prevelant on new and start-
upinstalations, but wet gas screbbersare till morewidely used overal.
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Table4.5: Cost Summary for Parametric Monitoring of Particulate Emissions
Using Pressure Drop Across Fabric Filter.

ltem Total Cost, $
Capital and other initial costs? 1,070
Planning® 240
Equipment selection® 2,050
Install and calibrate sstem¢ 630
Total capital Investment (TCI) 3,990
Annual Costs, $/yr

Operation and maintenance® 270
Recordkeeping' 2,015
Property taxes, insurance, and administrative? 160
Capital recovery (CRF =)" 380
Total Annual Cost, $/yr 2,825

a

Engineer, 32hrs @$30/hr + managerial review 2hrs @$50/hr + $10
telephone charges

Engineer and purchasing agent 4 hrs @$30/hr

Equipment manufacturer cost

In house and contractor combined labor cost of $360

10% of purchased equipment cost + In house and contractor labor
cost of $65

5 min. per shift 3 shifts per day x (365 daysyr) @$17.50/hr of
operator time for manageri s review @$50/hr, 10% of operator
time for clerical support @$10/hr and $100 for supplies.

Based on 4% of TCI

CRF =0.0944 x TCI based on 20 year life and 7% interest.

- ® a o o

> a

The CAM Rule used wet scrubbers (gas-absorbers) to determineitsRIA SO, monitoring
costs. Wet scrubbersuseavariety of techniquesincluding packing materials, perforated trays,
and sprayersto force close contact between the dirty gas and the gas scrubbing liquid (liquor)
flowing through the scrubber. One SO, parameter used to indirectly monitor emissionsisthe
pressure drop across awet scrubber measured by adifferential pressure gauge or manometer.
Similar to our discussion of the baghouse, abnormally high and abnormally low pressuredropscan
indicate operationa problems. Abnormally low pressure dropsindicatethat thedirty gasisprob-
ably not being forced into adequate contact with the scrubber liquor and that SO, is probably
being rel eased without adequate treatment. Abnormally high pressuredropsarelikely toindicate
mechanica problemssuch asflooding (excessveliquor) or clogging (contamination of the packing
material). These problemsindicatefailureto adequately capture and control SO,. The CAM
techniques used inthisexampleare generally applicableto other pollutantsbeyond SO,. [10]

Monitoring the pressure drop in agas scrubber islessexpensivethan using SO, CEMS,
but it only givesan indication of scrubber operation and isnot necessarily anindication of compli-
ancewith applicableregulations. For atrueindication of compliance, parametric monitoring should
beused. Table 4.6 provides cost estimatesfor parametric monitoring of awet scrubber using
pressure drop.

4-17



Oneof thesmplest formsof parametric monitoring ismonitoring of fuel sulfur content and
fuel useage. Fuel sulfur content istypically available asamaximum specification from thefuel
vendor. It can al so be sampled on-site and provided asaweight percent sulfur. The molecular
weight of SO, istwicethat of elemental sulfur. Therefore, by monitoring therate of fuel use, the
SO, emissionsrate can beeasily cal culated by assuming complete combustion of al fuel sulfur to
SO,. Fuel purchase records may be adequate to monitor fuel use. If thisinformation isnot ad-
equate to demonstrate compliance with the applicable standard, fuel monitoring devicescan be
purchased.

Liquid and gaseousfuel s can be monitored using atotalizer, which measuresgallonsor
cubicfeet of gasused. Totaizersareavailablewith eectronic signalsfor usewith DAS. Solid fuel
monitoring could beaccomplished by weighing of fuel. Another approach would beto measurethe
heat output of the equipment. For example, boiler steam output monitored and converted to heat
input. A relationship between thefuel required and steam produced for aparticular fuel caneasily
be established for most industria boilers. Oncethisrelationship isestablished, steam production
could beused asasurrogate for monitoring fuel use.

4.3.3 CarbonMonoxide

Carbon monoxide resultsfrom incomplete combustion of carbon based fues. Sometypes
of combustion equipment, such asincineratorsmay producerelatively highlevelsof carbon mon-
oxide. Thermal treatment of the off-gasmay be used to burn carbon monoxide and other products
of incomplete combustion. Most industrial combustion equipment, including stationary turbines
and other stationary engines, producerelatively small amountsof carbon monoxide. For these
sources, combustion optimizationisthetypica control method. Control of key engine operating
parameters, such asfud, air, and engineload, optimizes combustion and letstheengine operate at
alow and compliant emissionslevel. Oxidesof nitrogen, VOCs, and other pollutantscan also be
effectively limited through combustion optimization.

Someindustrial combustion equipment requiresafairly narrow set of operating param-
eters. For thistype of equipment, periodic testing can establish an emissions pattern that corre-
latesto optimum operating conditions. The operating conditionsthat correlateto violations of
emissionslimitationscan bemonitored using parametric monitoring techniques. Thecritical aspect
of thistype of monitoring isto establish the relationship between operating conditionsand emis-
sions. During aperiodic compliancetest, the key parameters, such as operating temperature,
excessair and load can be monitored concurrently with CO. By establishing acorrelation be-
tween these parametersand CO emissionsratesfor therange of operating conditions, algorithms
can bedevel oped to predict emissions.

Theseagorithmscan be programmedintoaDAS. The DAS canthen monitor operations
and determineif any of the conditionsthat produce excessemissionsoccur. Portable combustion
analyzersare an acceptable monitoring option for CO sourcesand can be used to measure excess
airor O2, air flow, and temperature.
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Table4.6: Cost Summary for Pressure Drop AcrossWet Scrubber

ltem Total Cost, $
Capital and other initial costs

Planning? 4,890
Equipment selection® 0
Support facilities® 2,000
Purchased equipment cost? 3,260
Install and check DAS® 5,680
Data collection text' 16,140
Total Capital Investment (TCI) 31,970
Annual Costs, $/yr

Operation and maintenance? 900
Annual RATA" 10,930
Recordkeeping and reporting 2,020
Property taxes, insurance, and administrative? 1,280
Capital recovery" 3,020
Total Annual Cost, $/yr 26,650

2 Based on $ 4,250 labor to review regulations, define monitoring require-
ments and develop CAM plan plus $640 in supplies.

b Cost of selecting PC-based data acquisitions system included in planning
costs.

¢ Cost of installing sampling ports in stack.

4 Cost based on Pentium class PC, monitor, printer, and operating software.

¢ PC installation and interconnection for sensor signals, equipment calibra-
tions and start-up services.

f Cost for data collection testing is based on the cost for initial RATA testing
onaCEM.

9 Based on 10% of purchased equipment cost + 10% of installation labor
cost.

h Cost for data collection testing is based on the cost for annual RATA
testing on a CEM.

" 5 min. per shift 3 shifts per day x(365 days/yr) @$17.50/hr for operators.
Add 2.5% of operator time for engineeri s review @ $30/hr, 2.5% of
operator time for manageri s review @$50/hr, 10% of operator time for
clerical support @$10/hr and $100 for supplies.

I QA planning, training, and equipment inventory estimated to be 50% of
CEM cost.

“ Based on 4% of TCI

' CRF = 0.0944 x TCI based on 20 year life and 7% interest.

Thistype approach can beacost effective manner of parametric monitoring, particularly
when several identical unitsare operated by acompany. The costs of devel oping parametric
monitoring techniquesfor additiond identical unitsshould besubstantidly lessthan for thefirst unit.

Cost estimatesfor theinitial development of thistype of parametric monitoring of CO on
anindividual combustion unit arecontainedin Table4.7. Inthisexample, portableanayzersare
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used for ashort period of timeto establish arelationship between operating conditionsand emis-
sions. The purchased equipment cost islower than usingaCO CEM, however, adataacquisition
systemisrequired. For most combustion equipment that operateswithin apredictablerange, this
method offersgreater assurance of compliance than pressure drop monitoring described inthe
previoustwo examples. Someindustrial combustion equipment operatesat near steady-state con-
ditions, and s mpler parametric monitoring may beadequate. Many industrid boilersa ready monitor
operating parameters such asload and combustion airflow using strip chart recorders. Someunits
may be ableto demonstratethat their existing monitoring isadequateto maintain compliance.

4.3.4 NitrousOxides

NO,_ emissonsfromindustrial combustion equipment can be monitored inthe same man-
ner as CO emissionsdiscussed above. NO,_emissionswill vary withload and will typically in-
creaseastheloadincreases. Tolimit NO, generation, load, combustion zone temperature and
excessair need to beminimized. Although thealgorithm that describestherelationship between
NO, and operating conditionsisobviously going to be different than the one devel oped for CO,
the basic gpproachisidentical. Stationary turbines produce moreNO, than CO and may operate
much closer to regulatory limitsfor NO, . The parametric monitoring approach may need addi-
tional periodic direct testing of NO, emissionsif the margin of complianceissmall.[12] Cost
estimatesfor theinitia development of parametric monitoring of NO, onanindividua combustion
unit arecontainedin Table4.8.

4.3.5 Opacity

Opacity regulationsareintended to support compliance with PM emissionslimitations.
Opacity standards can bethought of as surrogate or parametric approachesto determining PM
compliance. Opacity can bemeasured using an opacity monitor or through the use of EPA Meth-
ods9and 22. Itispossiblethat parametric approaches, such asthosediscussed for COand NO,
that rely on correl ating operating status of the equipment to emissionsrates, can beused. How-
ever, for most processes, high opacity isnot atypical operation and probably cannot easily be
correlated totypical operating parameters.

The CAM Rule proposed EPA Method 9 asamethod of establishing compliancewith
opacity regulationsand can a so be considered amethod or supporting method of verifying com-
pliancewith PM emissionslimits. Usng ERPA Method 9, opacity ismeasured by acertified smoke
reader who visually observesthe opacity or optical density of the plume. Thereaderseyesare
“cdibrated” by undergoing recertification every sx months. Thismethodisuseful for plantswith
control devicesthat normally produceno visibleemissions, but when controlsfail, visbleemissons
occur. For example, consider aprinting presswith adrying oven that producesvisiblesmoke. To
eliminate the smoke, thermal combustion control equipment isinstalled. For thisprocess, any
visbleemissonsarelikely to indicate operating problemswith the control equipment.
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Figure4.7: Cost Summary for Parametric Monitorying of CO Emissions
Using Temperature and other Combution Operating Parameters

ltem Total Cost, $
Capital and other initial costs

Planning? 4,890
Equipment selection® 0
Support facilities® 2,000
Purchased equipment cost? 3,260
Install and check DAS® 5,680
Data collection text' 16,140
Total Capital Investment (TCI) 31,970
Annual Costs, $/yr

Operation and maintenance? 900
Annual RATA" 10,930
Recordkeeping and reporting' 2,020
Property taxes, insurance, and administrative? 1,280
Capital recovery" 3,020
Total Annual Cost, $/yr 26,650

3 Based on $ 4,250 labor to review regulations, define monitoring require-
ments and develop CAM plan plus $640 in supplies.

b Cost of selecting PC-based data acquisitions system included in planning
costs.

¢ Cost of installing sampling ports in stack.

4 Cost based on Pentium class PC, monitor, printer, and operating software.

¢ PC installation and interconnection for sensor signals, equipment calibra-
tions and start-up services.

T Cost for data collection testing is based on the cost for initial RATA testing
onaCEM.

9 Based on 10% of purchased equipment cost + 10% of installation labor
cost.

h Cost for data collection testing is based on the cost for annual RATA
testing on a CEM.

" 5 min. per shift 3 shifts per day x(365 days/yr) @$17.50/hr for operators.
Add 2.5% of operator time for engineeri s review @ $30/hr, 2.5% of
operator time for manageri s review @$50/hr, 10% of operator time for
clerical support @$10/hr and $100 for supplies.

I QA planning, training, and equipment inventory estimated to be 50% of
CEM cost.

“ Based on 4% of TCI

' CRF = 0.0944 x TCI based on 20 year life and 7% interest.
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Table4.8: Cost Summary for Parametric Monitoring of NO _Emissions
Using Temperature and other Combustion Parameters

Iltem Total Cost, $
Capital and other initial costs

Planning? 4,890
Equipment selection 0
Support facilities® 2,000
Purchased equipment cost? 3,260
Install and check DAS® 5,680
Data collection text' 16,140
Total Capital Investment (TCI) 31,970
Annual Costs, $/yr

Operation and maintenance? 900
Annual RATA" 10,930
Recordkeeping and reporting' 2,020
Property taxes, insurance, and administrative? 1,280
Capital recovery" 3,020
Total Annual Cost, $/yr 26,650

2 $4,250 labor to review regulations, define monitorying requirements and
develop CAM plan plus $640 in supplies.

Cost of selecting PC-based data acquisitions system included in planning
costs.

Cost of installing sampling ports in stack.

Cost based on Pentium class PC, monitor, printer, and operating soft-
ware.

PC installation and interconnection for sensor signals, equipment
calibrations and start-up services.

Cost for data collection testing is based on the cost for initial RATA
testing on a CEM.

Based on 10% of purchased equipment cost + 10% of installation labor
cost.

Cost for data collection testing is based on the cost for annual RATA
testing on a CEM.

5 min. per shift 3 shifts per day x(365 days/yr) @$17.50/hr for operators.
Add 2.5% of operator time for engineeri s review @ $30/hr, 2.5% of
operator time for manageri s review @$50/hr, 10% of operator time for
clerical support @$10/hr and $100 for supplies.

QA planning, training, and equipment inventory estimated to be 50% of
CEM cost.

Based on 4% of TCI

CRF = 0.0944 x TCI based on 20 year life and 7% interest.
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Most air pollution emissions points are al so subject to opacity regulations. For opacity
regulations, Methods 9 and 22 are enforceabl e reference methods and not parametric methods.
Opacity reading islessexpensivethan direct emissionsmonitoring using CEMs. PM CEMsare
now on the market, but are arelatively new technology (see Section 4.2.2). However, opacity
reading does haveitsdrawbacks. The presence of water vapor in the stack, the color of smoke
emitted, and the position of the sun can substantially influence apparent opacity. In spite of these
complicating factors, opacity reading remainsin wide use because of thelack of dternative meth-
odsfor easily determining PM emissions.

Cost estimatesfor parametric monitoring of opacity using visual opacity readingson an
individual unit arecontainedin Table4.9.

43.6 VOCs

The use of temperature monitoring to assure thermal destruction of organic particlesis
primarily applied to assuming VVOC destruction. Periodic testing, such asacompliancetest, estab-
lishesthe performance of thethermal treatment (e.g., 98% destruction of VOC) at the minimum
operating temperature achieved during thetest. Provided thistemperatureismaintained andthe
typeand amount of VOC feed to thethermal unit do not change substantially, the performance of
theunitisdemonstrated.

Inorder to evaluate control costsfor the CAM Rule, EPA devel oped aparametric moni-
toring approach for carbon adsorbers, which arefrequently used to abate VOC emissions. Peri-
odic or continuous direct measurement of outlet VOC concentration isonetype of parametric
monitoring applied to V OC adsorbent control devices. The purpose of thismonitoring isto detect
“breakthrough” of VV OC through the carbon, which occurswhen the carbon becomes saturated
with VVOCsand can longer removethem from the gas stream. V OCsthen passthrough the carbon
uncontrolled. The adsorbtion capacity of the carbon and the V OC concentrationinthegasstream
help determine an appropriate monitoring approach.

Larger systemstypically regenerate the carbon onste, often many timesaday. Asaresult,
the potential for breakthrough ishigh in these systems, so many other parametersaretypically
monitored to maintain safety and performance. M easuring theinlet gastemperature and thetem-
perature of the carbon bed can detect potential fires. Monitoring of apressure drop acrossthe
carbon adsorber isan indicator of proper gasflow, carbon bed plugging, or carbon bed channel -
ing. Static pressure gauges, magnehelic gauges, or manometerscan beinstalled at theinlet and
outlet to determine pressure drop. Continuous V OC monitoring may also be appropriate, for
these systems. If alow resolution VOC monitor isused, VOC monitoring becomsaparametric
method rather than aCEM method. Themonitor used could belesssensitiveand expensivethan
aVOC CEM sinceitisonly required to detect theV OC concentrations after the carbon absorber
hasrisento alevel that indicates breakthrough [13].
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Table4.9: Cost Summary for Parametric Monitoring of Opacity
UsingtheVisbleEmissonsMethod

ltem Total Cost, $
Capital and other initial costs

Planning? 1,070
Course selection® 240
Training Course® 550
Certification® 1,100
Total Capital Investment (TCI) 2,960
Annual Costs, $/yr

15 minute daily observation® 1,700
Semiannual certification 1,100
Recordkeeping and reporting? 2,015
Property taxes, insurance, and administrative 120
Capital recovery 280
Total Annual Cost, $/yr 5,215

@ Engineer, 32 hrs @$30/hr + managerial review 2hrs @$50/hr + $10 tele-
phone charges.

b Engineer and purchasing agent 4 hrs @$30/hr.

¢ One-day training course for two plant operators @ $17/hr + $200 to con-
tractor + $50 other costs.

4 Two days for two operators to pass certification tests @ $17/hr.

e 15 min. per day opacity observation for operator @$17/hr

f 5 min. per shift 3 shifts per day x(365 days/yr) @ $17.50/hr for operators.
Add 2.5% of operator time for engineeri s review @$30/hr, 2.5% of opera-
tor time for manageri s review @$50/hr, 10% of operator time for clerical
support @$10/hr and $100 for supplies.

9 Based on 4% of TCI

" CRF = 0.0944 x TCI based on 20 year life and 7% interest.

Smaller systemsmay not regenerate the carbon onsite. Periodic replacement of the car-
bon or the entire system are common practices. The system can beassmpleasa55 gallondrum
filled with carbon and ahose that can be connected to asource of VOCs (such asasmall storage
tank). Multipledrumscan be stored onsite and switched out when the carbon becomes saturated
withVOCs. A recycling vendor can then recyclethe used drums, leaving fresh drumsasreplace-
ments. For these systems, periodic testing with sampletubes may be adequatefor detectingwhen
the carbon is saturated and drum replacement isrequired. This periodic testing can be used to
establish areasonabl ereplacement schedule. Cost estimatesfor parametric monitoring of VOCs
using carbon absorption capacity on anindividua unit are containedin Table4.10.
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4.3.7 DAS

Thetype of recordkeeping used to demonstrate compliance should be reasonably consis-
tent withthe size, complexity and regul atory requirementsof the source and the source' spotential
for excessemissions. Inthecost summaries presented in the previous sections, aDA S pricewas
only included inthe cost estimatesfor CO and NO, parametric monitoring. For other examples,
such asmonitoring the pressure drop acrossabaghouse, smple manua methods can be adequate;
recordkeeping can consist of an operator manually logging the pressure drop once per shift. How-
ever, larger sources, or sourceswith more stringent regul atory requirements, may necessitatethe
useof aDAS.

Thedataacquisition systemsinvolved with parametric monitoring do not differ greatly

fromDASfor CEMS. Theneedto acquirean electronic signal, then process, store, check, and
summarizethesignal asareporting parameter isidentical. Some specia signal conditioning may

Table4.10: Cost Summary for Parametric Monitoring of VOCs

Using Carbon Absorption Capacity

ltem Cost, $
Capital gnd other initial costs

Planning ) 1,070
Equipment selection . 240
Purchased equipment cost ] 620
Install and calibrate system 630
Total Capital Investment (TCI) 2,960
Annual costs, $/yr .

Operation and gfnaintenance 130
Recordkeeping 9,795
Property taxes, insurance, and administrative 100
Capital recovery 240
Annual Cost, $/yr 10,265

a  Engineer, 32 hrs @ $30/hr + managerial review 2hrs @ $50/hr + $10

telephone charges

Engineer and purchasing agent 4 hrs @$30/hr

Equipment manufacturer/supplier cost

In house and contractor combined labor cost of $630

10% of purchased equipment cost + In house and contractor combined

labor cost of $65

f 5 min. per shift 3 shifts per day x(365 days/yr) @$17.50/hr for operators.
Add 2.5% of operator time for engineeri s review @ $30/hr, 2.5% of
operator time for manageri s review @ $50/hr, 10% of operator time for
clerical support @$10/hr and $100 for supplies.

9 Based on 4% of TCI

" CRF =0.0944 x TCI based on 20 year life and 7% interest.

® o o o
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be required, however, most DAS are equipped or easily upgraded to handle signals such as
temperatures provided by different typesof thermocouples. Inthe CO and NO _examples,aDAS
and computer are used to devel op correl ations between process parameters and observed emis-
sonprofiles. Inthisexample, the DA Sisessentia inacquiring process operating information that
iscorrelated by the computer to anemissionsprofile.

4.4  Estimating Capital and Annual Costs for CEM S

TheU.S. Environmental Protection Agency (EPA) developed acomputer software pro-
gramfor estimating the cost of CEM Sttitled Continuous Emission Monitoring System Cost Modd,
Verson 3.0 (CEM S Cost Model). The CEM Scost estimation methodsin this chapter represent
asimplified version of thismodel appropriatefor usewith the spreadsheets used throughout this
manual . With the exception of rounding errors, the costs estimates produced from thismethod
match the val ues obtained with the CEM S Cost Model .

Thisapproach represents an adequate estimation method for permit engineersverifying
equipment costsduring permit analysisor for engineersperforming initial costsof equipment at
typical installations. Total Capital Investment (TCI) and Total Annual Cost (TAC) can beesti-
mated for numerous CEM S configurations, without going to themore complex CEM SCost Modd.
The equations provided in this section do not cover all of the scenariosand monitor typesand
equipment combinationsthat areavailableinthe CEM S Cost Model.

Thismethodol ogy estimates study-level costsfor asingle CEM Sto monitor emissions
from onesourceat afacility. Thevaueobtained for asingle CEM Sshould not be multiplied by the
number of CEM Srequired for amultiple sourcefacility sincethisoverestimatesthe cost of mul-
tiple CEMS. A more detailed approach would require consideration of additional factorsthat
impact theaccuracy, reliability and cost of ingtalling and maintaining amonitoring system. Detailed
cost estimates should rely on the more complete CEM Cost M odel along with vendor or other
expert anaysisof application specific requirements.

441 Development of Cost Equations

The cost equationsfor TCI and TAC in this section were devel oped fromthe CEM S
Cost Model using multiplelinear regression techniques. Factorsthat impacted capita costs, annual
costs, personnel cost factors, and equipment cost factors, functioned asvariablesintheregresson
anaysis. Thesefactorsare assigned default valuesfrom CEM S Cost Model data.

Thismanual assumesthe necessary personnel toinstall aCEM Sincludesacorporate

environmental engineer (CEE), two plant technicians, aCEM S consultant, and test personnel. The
cost factors associ ated with these personnel includewages, overhead, travel time, travel fare, per
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diem, andfees. The TCl and TAC equationsare derived assuming thevauesgivenin Table4.15
located in Appendix A. Theseassumptionsmust be cons dered when determining theapplicability
of the cost equations. Thedefault valuesfromthe CEMS Cost Model for personnel cost factors
aresuppliedin Table4.11. Thedatain Table4.11arefully loaded hourly ratesfor each employee
type. Thedefault valuescan be modified if location specific or vendor specificinformationis
available(e.g., local labor rates).

The equipment cost factorsinclude the cost of the CEM S monitorsand analyzersand
auxiliary equipment. Themonitor and analyzer costsare specific to the CEM S configuration (Ex-
tractive, In Situ, and FTIR) and the pollutant(s) or parameter(s) monitored. Auxiliary costsinclude
thesampling system, DA S equipment, shelter for equipment, and controls. It soincludes equip-
ment, such asaccessladdersand platforms, and both system fabrication and ingtallation. The TCI
and TAC equationsare derived assuming thevaluesgivenin4.16 located in Appendix A. The
default valuesfrom the CEM S Cost Modd for the equipment cost factor issuppliedin Table4.12.
The equipment costs presented in Table 4.12 are averages of costsprovided by severa vendors
for development of the CEM S Cost Model. These default values can be modified if vendor
specificinformationisavailable.

Table4.11: Default Personnel Hourly Ratesand Cost Factors

Cost Item CEE Plant Plant CEMS Test
Technicial Technician Il Consultant Personal
Wage rate, $/hrw/o OH  30.00 18.00 27.00 27.00 16.00
Overhead (OH), % of
wage rate 40 40 40 200 200
Fee, % profit N/A N/A N/A 10 10
Hourly Rate’ 42.00 25.20 37.8 89.1 52.8

! Loaded hourly rate, $/hr (wage rate with OH & Fee)

Muli-variablelinear regression was performed using the default cost factorsto produce
regression congtantsfor various CEM S sampling configurationsand pollutant monitors. Thereare
uniqueregression constantsfor both the TCIl and TA C cost equations, which act as*” correction
factors’ for the default values of the cost factors. The set of constantsto be utilized in the cost
equationsisdetermined by the CEM Sdesign. Design optionswhich are accounted for include:

i DeviceType- the CEM Ssampling configuration (Extractive, In Situ, and FTIR),
T Parameter Monitored - single pollutant, multiple pollutants, opacity, and flow,
T Pre-control sample- additional samplinglocation prior to the pollution control device, and
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Table4.12: Default Analyzer and Monitor Equipment Costsfor CEM S ($)

Pollutant or Parameter Extractive In-situ FTIR
Gaseous Compound Analyzers
NO, 10,440 N/A N/A
SO, 12,500 35,000 N/A
CO 8,490 28,000 N/A
CO, 7,890 N/A N/A
o, 5,860 6,600 N/A
THC 10,200 N/A N/A
HCI 12,390 N/A N/A
SO,/NO, N/A 37,000 N/A
SO,/NO /O, N/A 45,000 N/A
co/co, N/A 34,000 N/A
Monitors?
Opacity 25,000 25,000 25,000
PM 37,700 37,700 37,700
Flow 18,000 18,000 18,000
FTIR analyzer N/A N/A 100,000

a All CEMS use identical opacity, PM, and flow monitors.
® Add $8,000 for capability to monitor before control as well as after control.

T New Ingdlation- ingtalation onanew facility versusretrofit on an existing facility.

The user must first select between an Extractive, In Situ, or FTIR installation, thensel ect
the pollutant(s) or parameter(s) to be monitored. The equations assume one CEM S sampling
location installed downstream ofthe pollution control device. The cost for an additional sampling
location prior to the control can beincluded using the Pre-control sample parameter. The equa-
tionsassumeretrofit installation of the CEM Son an existing facility and correct for the cost of
ingtdlation onanew facility using the New ingtall ation parameter. Theregression constant setsare
locatedin Table4.13for capital costsand Table4.14 for annual costs.

4-28



Table4.13: Coefficientsfor Caculating Total Capital Investment (TCI) for CEMS

Parameter Pre-Control Installation k1 k2 k3 k4 k5 k6 k7
Measured Sample (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Device Type Extractive

NO, $88,366 3325 152.5 0 109.9 90.7 1
NO, X $150,130 368.5 248.1 0 120.8 135.0 2
NO, $88,634 342.7 167.7 0 109.9 90.7 1
NO, X $150,606 383.1 282.1 0 120.8 135.0 2
HCl X $88,866 3325 152.5 0 109.9 95.7 1
HCl X $150,630 368.5 248.1 0 120.8 140.0 2
HCl $89,134 342.7 167.7 0 109.9 95.7 1
HCl X $151,106 383.1 282.1 0 120.8 140.0 2
Co, $88,280 261.5 152.5 0 109.9 90.7 1
Co, X $150,037 293.0 248.1 0 120.8 135.0 2
Co, $88,548 272.5 167.7 0 109.9 90.7 1
Co, X $150,513 308.0 282.1 0 120.8 135.0 2
Flow $22,470 192.1 98.5 0 62.7 42.0 1
Flow X $25,095 205.5 128.8 0 69.1 43.2 2
Flow $22,638 199.1 100.5 0 62.7 42.0 1
Flow X $25,371 214.6 131.6 0 69.1 43.2 2
Opacity $22,033 192.1 98.5 0 62.7 6.0 1
Opacity X $24,657 205.5 128.8 0 69.1 7.2 2
Opacity $22,201 199.1 100.5 0 62.7 6.0 1
Opacity X $24,933 214.6 131.6 0 69.1 7.2 2
Cco $88,366 3325 152.5 0 109.9 90.7 1
Cco X $150,130 368.5 248.1 0 120.8 135.0 2
Cco $88,634 342.7 167.7 0 109.9 90.7 1
Cco X $150,606 383.1 282.1 0 120.8 135.0 2
SO, $88,366 3325 152.5 0 109.9 90.7 1
SO, X $150,130 368.5 248.1 0 120.8 135.0 2
SO, $88,634 342.7 167.7 0 109.9 90.7 1
SO, X $150,606 383.1 282.1 0 120.8 135.0 2
o, $88,280 261.5 152.5 0 109.9 90.7 1
0O, X $150,037 293.0 248.1 0 120.8 135.0 2
0O, $88,548 272.5 167.7 0 109.9 90.7 1
o, X $150,513 308.0 282.1 0 120.8 135.0 2
PV $28,855 211.2 153.9 0 64.7 27.1 1
PV X $36,482 224.9 200.4 0 71.1 28.6 2
PV $29,223 218.2 155.9 0 64.7 27.1 1
PV X $37,158 234.0 203.2 0 71.1 28.6 2
THC $85,086 332.9 152.7 0 109.9 93.2 1
THC X $143,350 369.3 248.5 0 120.8 137.5 2
THC $85,354 343.1 167.9 0 109.9 93.2 1
THC X $143,826 383.9 282.5 0 120.8 137.5 2
Device Type In-Situ

coIco, $39,228 288.1 101.0 0 105.1 91.8 1
co/co, X $45,992 328.8 151.9 0 122.1 137.2 2
coIco, $39,501 298.3 108.6 0 105.1 91.8 1
coIco, X $46,479 343.0 167.5 0 122.1 137.2 2
CcO $38,028 283.8 97.4 0 105.1 91.8 1
CcO X $43,592 320.3 144.7 0 122.1 137.2 2
CcO $38,301 294.0 105.0 0 105.1 91.8 1
CcO X $44,079 3345 160.3 0 122.1 137.2 2
SO, $38,028 283.8 97.4 0 105.1 91.8 1
SO, X $43,592 320.3 144.7 0 122.1 137.2 2
SO, $38,301 294.0 105.0 0 105.1 91.8 1
SO, X $44,079 3345 160.3 0 122.1 137.2 2
O, $38,028 287.0 97.4 0 105.1 91.8 1
O, X $43,592 3235 144.7 0 122.1 137.2 2
O, $38,301 298.0 105.0 0 105.1 91.8 1
©) X $44,079 338.5 160.3 0 122.1 137.2 2
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Table4.13: Coefficientsfor Calculating Total Capital Investment (TCI) for CEMS(Cont.)

Parameter Pre-Control Installation k1 k2 k3 k4 k5 k6 k7
Measured Sample (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)

Device Type Extractive

Flow X $25,875 253.5 98.6 0 64.3 42.0 0.367
Flow X X $32,737 290.6 158.8 0 71.2 86.4 0.733
Flow $26,049 260.5 100.6 0 64.3 42.0 0.367
Flow X $33,223 302.9 167.2 0 71.2 86.4 0.733
SOZINOX X $39,228 289.7 101.0 0 105.1 91.8 1
SOZINOX X X $45,992 330.4 151.9 0 122.1 137.2 2
SOZINOX $39,501 300.3 108.6 0 105.1 91.8 1
SOZINOX X $46,479 345.0 167.5 0 122.1 137.2 2
SOZ/NOX/O2 X $40,428 293.9 104.6 0 105.1 91.8 1
SOZ/NOX/O2 X X $48,392 338.9 159.1 0 122.1 137.2 2
SOZ/NOX/O2 $40,701 304.5 112.2 0 105.1 91.8 1
SOZ/NOX/O2 X $48,879 353.5 174.7 0 122.1 137.2 2
Device Type FTIR

NO, X $168,674 352.5 77.6 109.0 109.9 91.6 0
NO, X X $226,296 376.2 108.4 131.8 120.8 135.6 0
NO, $168,966 363.5 71.6 109.0 109.9 91.6 0
NO, X $226,788 391.2 98.4 131.8 120.8 135.6 0
SO, X $168,674 352.5 77.6 109.0 109.9 91.6 0
SO, X X $226,296 376.2 108.4 131.8 120.8 135.6 0
SO, $168,966 363.5 71.6 109.0 109.9 91.6 0
SO, X $226,788 391.2 98.4 131.8 120.8 135.6 0
Cco X $168,674 352.5 77.6 109.0 109.9 91.6 0
Cco X X $226,296 376.2 108.4 131.8 120.8 135.6 0
Cco $168,966 363.5 71.6 109.0 109.9 91.6 0
Cco X $226,788 391.2 98.4 131.8 120.8 135.6 0
HCl X $168,674 352.5 77.6 109.0 109.9 91.6 0
HCl X X $226,296 376.2 108.4 131.8 120.8 135.6 0
HCl $168,966 363.5 71.6 109.0 109.9 91.6 0
HCl X $226,788 391.2 98.4 131.8 120.8 135.6 0
Co, X $168,674 281.6 77.6 109.0 109.9 91.6 0
Co, X X $176,931 283.8 79.6 121.0 120.8 92.4 0
Co, $168,966 292.6 71.6 109.0 109.9 91.6 0
Co, X $177,223 294.8 73.6 121.0 120.8 92.4 0
o, X $168,674 281.6 77.6 109.0 109.9 91.6 0
o, X X $176,931 283.8 79.6 121.0 120.8 92.4 0
o, $168,966 292.6 71.6 109.0 109.9 91.6 0
o, X $177,223 294.8 73.6 121.0 120.8 92.4 0
Flow X $184,793 301.3 115.1 89.0 62.7 72.0 1
Flow X X $236,742 332.1 171.3 100.7 69.1 116.4 2
Flow $184,993 312.3 109.1 89.0 62.7 72.0 1
Flow X $237,250 348.4 162.1 100.7 69.1 116.4 2
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Table4.14: Coefficientsfor Calculating Total Annual Costs(TAC) for CEMS

Parameter Pre-Control Installation k8 k9 k10 k11l k12 k13 k14
Measured Sample (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Device Type Extractive

NO, $3,860 44.2 390.3 0 1.7 76.9 0.1
NO, X $5,110 50.8 548.9 0 1.8 113.9 0.2
NO, $3,860 44.2 390.3 0 1.7 76.9 0.1
NO, X $5,110 50.8 548.9 0 1.8 113.9 0.2
HCI $4,360 44.2 390.3 0 1.7 80.9 0.1
HCI X $5,610 50.8 548.9 0 1.8 117.9 0.2
HCI $4,360 44.2 390.3 0 1.7 80.9 0.1
HCI X $5,610 50.8 548.9 0 1.8 117.9 0.2
CO, $3,860 42.2 389.2 0 1.7 74.7 0.1
CO, X $5,110 48.8 547.6 0 1.8 111.4 0.2
CO, $3,860 42.2 389.2 0 1.7 74.7 0.1
CO, X $5,110 48.8 547.6 0 1.8 111.4 0.2
Flow $1,655 22.1 386.6 0 0.0 34.0 0.05
Flow X $1,885 27.3 652.1 0 0.0 34.0 0.1
Flow $1,655 22.1 386.6 0 0.0 34.0 0.05
Flow X $1,885 27.3 652.1 0 0.0 34.0 0.1
Opacity $1,218 22.1 386.6 0 0.0 0.0 0.05
Opacity X $1,448 27.3 652.1 0 0.0 0.1 0.1
Opacity $1,218 22.1 386.6 0 0.0 0.0 0.05
Opacity X $1,448 27.3 652.1 0 0.0 0.1 0.1
CO $3,860 44.2 390.3 0 1.7 76.9 0.1
CO X $5,110 50.8 548.9 0 1.8 113.9 0.2
CO $3,860 44.2 390.3 0 1.7 76.9 0.1
CO X $5,110 50.8 548.9 0 1.8 113.9 0.2
SO, $3,860 44.2 390.3 0 1.7 76.9 0.1
SO, X $5,110 50.8 548.9 0 1.8 113.9 0.2
SO, $3,860 44.2 390.3 0 1.7 76.9 0.1
SO, X $5,110 50.8 548.9 0 1.8 113.9 0.2
0O, $3,860 42.2 389.2 0 1.7 74.7 0.1
o, X $5,110 48.8 547.6 0 1.8 111.4 0.2
o, $3,860 42.2 389.2 0 1.7 74.7 0.1
o, X $5,110 48.8 547.6 0 1.8 111.4 0.2
PV $2,723 32.7 521.4 0 15 89.3 0.1
PV X $2,953 37.9 861.5 0 1.5 89.3 0.2
PV $2,723 32.7 521.4 0 15 89.3 0.1
PV X $2,953 37.9 861.5 0 15 89.3 0.2
THC $4,060 44.2 390.8 0 1.7 78.9 0.1
THC X $5,310 50.8 549.8 0 1.8 115.9 0.2
THC $4,060 44.2 390.8 0 1.7 78.9 0.1
THC X $5,310 50.8 549.8 0 1.8 115.9 0.2
Device Type In-Situ

coIco, $4,948 48.0 502.3 0 1.8 77.6 0.05
coI/co, X $6,257 61.5 795.2 0 2.0 115.0 0.1
coI/co, $4,948 48.0 502.3 0 1.8 77.6 0.05
coI/co, X $6,257 61.5 795.2 0 2.0 115.0 0.1
CO $4,948 43.7 406.3 0 1.7 77.1 0.05
CO X $6,257 52.9 603.2 0 1.8 114.0 0.1
CcO $4,948 43.7 406.3 0 1.7 77.1 0.05
CO X $6,257 52.9 603.2 0 1.8 114.0 0.1
SO, $4,948 43.7 406.3 0 1.7 77.1 0.05
SO, X $6,257 52.9 603.2 0 1.8 114.0 0.1
SO, $4,948 43.7 406.3 0 1.7 77.1 0.05
SO, X $6,257 52.9 603.2 0 1.8 114.0 0.1
o, $4,948 41.7 405.2 0 1.7 74.9 0.05
o, X $6,257 50.9 602.1 0 1.8 111.8 0.1
o, $4,948 41.7 405.2 0 1.7 74.9 0.05
(@) X $6,257 50.9 602.1 0 1.8 111.8 0.1
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Table4.14: Coefficientsfor Caculating Total Annual Costs(TAC) for CEM S (Cont.)

Parameter Pre-Control Installation k8 k9 k10 k11l k12 k13 k14
Measured Sample (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Device Type Extractive

Flow X $1,875 26.4 485.1 0 1.7 42.5 0.05
Flow X X $2,054 36.3 854.5 0 1.8 79.0 0.1
Flow $1,875 26.4 485.1 0 1.7 42.5 0.05
Flow X $2,054 36.3 854.5 0 1.8 79.0 0.1
SO,/NO, X $4,948 48.0 502.5 0 1.8 77.9 0.05
SO,/NO, X X $6,257 61.5 795.4 0 2.0 115.3 0.1
SO,/NO, $4,948 48.0 502.5 0 1.8 77.9 0.05
SO,/NO, X $6,257 61.5 795.4 0 2.0 115.3 0.1
SO,/NO,/O, X $4,948 52.3 598.5 0 1.9 78.4 0.05
SO,/NO,/O, X X $6,257 70.1 987.4 0 2.2 116.3 0.1
SO,/NO,/O, $4,948 52.3 598.5 0 1.9 78.4 0.05
SO,/NO,/O, X $6,257 70.1 987.4 0 2.2 116.3 0.1

Device Type FTIR

NO, X $22,375 35.5 30.2 301.2 1.7 76.9 0
NO, X X $24,861 41.7 36.2 439.9 1.8 113.9 0
NO, $22,375 35.5 30.2 301.2 1.7 76.9 0
NO, X $24,861 41.7 36.2 439.9 1.8 113.9 0
SO, X $22,375 35.5 30.2 301.2 1.7 76.9 0
SO, X X $24,861 41.7 36.2 439.9 1.8 113.9 0
SO, $22,375 35.5 30.2 301.2 1.7 76.9 0
SO, X $24,861 41.7 36.2 439.9 1.8 113.9 0
CO X $22,375 35.5 30.2 301.2 1.7 76.9 0
CO X X $24,861 41.7 36.2 439.9 1.8 113.9 0
CO $22,375 35.5 30.2 301.2 1.7 76.9 0
CO X $24,861 41.7 36.2 439.9 1.8 113.9 0
HCl X $22,375 35.5 30.2 301.2 1.7 76.9 0
HCl X X $24,861 41.7 36.2 439.9 1.8 113.9 0
HCl $22,375 35.5 30.2 301.2 1.7 76.9 0
HCl X $24,861 41.7 36.2 439.9 1.8 113.9 0
CO, X $22,375 33.5 30.2 300.1 1.7 4.7 0
CO, X X $24,674 39.7 30.8 435.0 1.8 75.4 0
CO, $22,375 33.5 30.2 300.1 1.7 4.7 0
O, X $24,674 39.7 30.8 435.0 1.8 75.4 0
O, X $22,375 33.5 30.2 300.1 1.7 4.7 0
O, X X $24,674 39.7 30.8 435.0 1.8 75.4 0
O, $22,375 33.5 30.2 300.1 1.7 4.7 0
O, X $24,674 39.7 30.8 435.0 1.8 75.4 0
Flow X $2,616 27.1 397.6 21.2 0.0 34.0 0.05
Flow X X $2,913 32.3 666.8 25.6 0.0 70.0 0.1
Flow $2,616 27.1 397.6 21.2 0.0 34.0 0.05
Flow X $2,913 32.3 666.8 25.6 0.0 70.0 0.1

4.2 Total Capital Investment

Total Capita Investment (TCI) includesdirect and indirect costs associated with purchas-
ing and installing equi pment. Costsinclude the equipment cost, which can be composed of the
following components. CEM sampling system cost, monitor cost, DAS cogt, auxiliary equipment
cost, and both direct and indirect installation costs. The estimate includes costs associated with
planning for the CEM S, equipment selection, purchase, ingtallation, support facilities, performance
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testing (Functiona Acceptance Test), and quality assuranceevauations. Findly, the TCl includes
theinstallation of any required platforms & laddersfor routine accessand service. TCl iscalcu-
lated fromthefollowing equation:

TCl = ki + (k2 x A) +(ks xB) +(ks xC) +(ks xD)
+(ksxE) +(k7 xF) (4.1)

wherek through k. arethe regression constantsfor capital costsgivenin Table4.13. The cost
factor variables Athrough F arethe personnel and equipment cost factors as defined bel ow:

A= CEE hourly cost (includes Rate, Overhead, and Fee)

B = Plant Technician hourly cost (includes Rate, Overhead, and Fee)
C= Plant Technician |l hourly cost (includes Rate, Overhead, and Fee)
D = CEM S Consultant hourly cost (includes Rate, Overhead, and Fee)
E = Test Crew hourly cost (includes Rate, Overhead, and Fee)

F = Cost of Equipment

Default valuesfor personne cost factors Athrough E aregivenin Table4.11. Default vauesfor the
equipment cost factor, F, aregivenin Table4.12.

4.4.3 Total Annual Costs

Tota annud cost (TAC) isthe sum of theannual direct and indirect costs. Direct annual
costsincludevariable, semi-variable, and fixed costs. Variabledirect annual costs account for
purchase of calibration gas, water, and el ectrical power or other consumablesrequired by the
CEMS. Fixed and semi-variabledirect annual costsinclude operating and supervisory labor cost,
mai ntenance cost, and equipment replacement cost. Ingenerd, indirect annua costsincludethe
capital recovery cost, property taxes, insurance, administrative charges, and overhead. Capital
recovery cost isbased on theanticipated equipment lifetimeand theannua interest rate employed.
Equipment lifetimeof 10 yearsistypicd for CEMS. TAC iscd culated from thefollowing equation:

TCl = k1 + (k2 xA) + (k3 xB) + (k4 xK) + (k5 xD)

+ (k6 x E) + (k7 xF) (4-2)
where k8 through k14 are the regression constantsfor annual cost givenin Table4.14 and A
through F arethe default cost factorsgivenin Tables4.11 and 4.12 asdefined in the capital cost
section. TCl isthetotal capital cost ascalculated in the previous section and CRF isthe Capital
Recovery Factor.
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The Capita Recovery Factor, CRF, in Equation 4.2 can be cal culated fromthefollowing
equation:

i (L+i)"

W 4.3

CRF =

where
i =interest rate (e.g., i = 0.07 for a7% interest rate)
n=equipment life (in number of years)

For CEM Ssystems, theagency typically assumesan equipment lifeof 10 years.

4.5 Sample Calculation

What isthe cost for aExtractive SO, gasanayzer onanew facility with sampling locations
before and after the control device? Assumeaninterest rate of 7% and that themonitor hasa10-
yea life.

Step 1: Caculate Tota Capital Investment, TCI, from Equation 4.1

TCl = k1 + (k2 xA) + (k3 xB) + (k4 xK) + (K5 xD)
+ (k6 x E) + (K7 x F)

Loaded labor ratesfrom Table4.11:
A = CEE Rate=$42.0/hr
B = Plant Technician| Rate = $25.2/hr
C = Plant Technician || Rate=$37.8/hr
D = Consultant Rate=$89.1/hr
E = Test Crew Rate = $52.8/hr
Equipment Cost from Table4.12:

F = Equipment cost for an Extractive SO, CEMS = $12,500
Coefficientsk,, k,, k;, k,, k; k; andk from Table 4.13:

k, = $150,130
k, = 368.5hrs
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k, = 248.1hrs
k,= Ohrs

k, = 120.8 hrs
ks = 135.0 hrs
k =2

Substituting these valuesinto equation 4.1 gives.

TCl = $150130 + $15477 + $6,252 + $0 + $10,763 + $7 128 + $25,000
=$214,750

Step 2: Calculate Capital Recovery Factor, CRF, from Equation 4.3:

007 x (1+ 007)*°
CRF = o
[@+ 007)% - 4]

CRF = 01424

Step 3: Calculate Total Annual Cost, TAC from Equation 4.2:

TAC = ks + (ko x A) + (k1 xB) +(ku xC) +(kiz xD)
+(kisx E) +(ku xF) +(CRF xTCI)

Loaded labor ratesfrom Table 4.11.

A= CEE Rate=$42.0/hr

B = Plant Technician| Rate = $25.2/hr

C = Plant Technician || Rate= $37.8/hr

D = Consultant Rate= $89.1/hr

E = Test Crew Rate = $52.8/hr
Equipment Cost from Table4.12:

F = Equipment cost for an Extractive SO, monitor = $12,500
Coefficientsk,, k,, kK, K, K., kK ;and k , from Table 4.14:

k, = $5,110
k, = 50.8hrs
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k, =548.9hrs
k, =0hrs

k, =18hrs
k, =113.9hrs

K, =02

From Step 1, TCI = $214,750. Substituting these val uesinto equation 4.2 gives:

TAC = $5110 + $2.134 + $13832 + $0 + $160 + $6,014 + $2500 + (CRF xTCI)
= $29,750 + (01424 x $214,750)
= $60,330

Thetotal capital investment is$214,750 and thetotal annual cost is$60,330 for aSO, extractive
CEM Swith sampling locations before and after the control device.
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Appendix A consistsof tables of assumed valuesfor personnel and equipment cost fac-
tors. Thetotal capital investment (TCI) and total annual cost (TAC) equations, Equations4.1and
4.2, werederived with these values built into them. These assumptions must be consideredin
determining the applicability of the equationsto aspecific source. Seethe CEM S Cost Model for
additiond information regarding thesetablesand their devel opment.

Table4.15: Default Personnel Travel and Per Diem Cost Factors

Cost Item CEE Plant Plant CEMS Test
Technicial Technician 1l Consultant Personal

Wage rate, $/hr w/o OH 30.00 18.00 27.00 27.00 16.00

Overhead (OH), % of

wage rate 40 40 40 200 200

Fee, % profit N/A N/A N/A 10 10

Hourly Ratel 42.00 25.20 37. 89.1 52.8

Table4.16: Default Auxiliary Equipment Costsfor CEMS($)

Equipment Extractive In-situ FTIR
Sampling system

After control 40,000 1,000 38,000

Before control 50,000 2,000 48,000
Data acquisition system 20,000 20,000 16,000
CEMS shelter 12,000 N/A 10,000
Fabrication of system in shelter 12,800 N/A 7,700
Monitor control unit N/A 10,000 N/A

‘ Only needed if system includes opacity or PM monitor.
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1.0 I ntroduction

Inair pollution control, adsorption isemployed to remove vol atile organic compounds
(VOCs) from low to medium concentration gas streams, when a stringent outlet concentration
must be met and/or recovery of theVOC isdesired. Adsorptionitself isaphenomenonwheregas
mol ecul es passing through abed of solid particlesare selectively held there by attractiveforces
whicharewesker and lessspecific thanthoseof chemica bonds. During adsorption, agasmolecule
migratesfrom the gas stream to the surface of the solid whereit isheld by physical attraction
releasing energy—the “heat of adsorption”, which typically equals or exceeds the heat of
condensation.  Adsorptive capacity of the solid for the gastendsto increase with the gas phase
concentration, molecular weight, diffusivity, polarity, and boiling point. Gasesformactua chemical
bondswith the adsorbent surfacegroups. Thisphenomenonistermed“chemisorption”.

Most gases (* adsorbates’) can beremoved (“ desorbed”) from the adsorbent by heating
toasufficiently hightemperature, usually viasteam or (increasingly) hot combustion gases, or by
reducing the pressureto asufficiently low va ue (vacuum desorption). Thephysically adsorbed
speciesin the smallest pores of the solid and the chemi sorbed species may requirerather high
temperaturesto beremoved, and for dl practica purposes cannot be desorbed during regeneration.
For example, approximately 3to 5 percent of organicsadsorbed onvirgin activated carbonis
either chemisorbed or very strongly physically adsorbed and is difficult to desorb during
regeneration.[1]

Adsorbentsinlargescd euseincludeactivated carbon, slicagd, activated dumina, synthetic
zeolites, fuller’'searth, and other clays. Thissectionisoriented toward the useof activated carbon,
acommonly used adsorbent for VOC:s.

1.1 Types of Adsorbers

Fivetypes of adsorption equipment are used in collecting gases: (1) fixed regenerable
beds; (2) disposable/rechargeable cannisters; (3) traveling bed adsorbers; (4) fluid bed adsorbers,
and (5) chromatographic baghouses.[2] Of these, themost commonly usedinair pollution control
arefixed-bed systems and cannister types. Thissection addressesonly fixed-bed and cannister
units.

111 Fixed-bed Units

Fixed-bed unitscan be sized for controlling continuous, V OC-containing streamsover a
widerangeof flow rates, ranging from severa hundred to severa hundred thousand cubic feet per
minute (cfm). TheV OC concentration of streamsthat can betreated by fixed-bed adsorberscan
beaslow assevera partsper billion by volume (ppbv) in the case of sometoxic chemicalsor as
high as 25% of the VOCS' lower explosivelimit (LEL). (For most VOCs, the LEL rangesfrom
2500t0 10,000 ppmv.[3])



Fixed-bed adsorbers may be operated in either intermittent or continuous modes. In
intermittent operation, the adsorber removesV OC for aspecified time (the* adsorption time”),
which correspondsto the time during which the controlled sourceisemitting VOC. After the
adsorber and the source are shut down (e.g., overnight), the unit beginsthe desorption cycle
during which the captured VOC isremoved from the carbon. Thiscycle, inturn, consstsof three
steps: (1) regeneration of the carbon by heating, generally by blowing steam throughthebedinthe
direction oppositeto the gasflow;(2) drying of the bed, with compressed air or afan; and (3)
cooling thebed to itsoperating temperature viaafan. (In most designs, the samefan can be used
both for bed drying and cooling.) At theend of the desorption cycle (whichusualy lasts 1 to 1%
hours), the unit sitsidle until the source startsup again.

In continuous operation aregenerated carbon bed isalwaysavail ablefor adsorption, so
that the controlled source can operate continuoudy without shut down. For example, two carbon
beds can be provided: whileoneisadsorbing, the second isdesorbing/idled. Aseach bed must be
largeenough to handlethe entire gasflow while adsorbing, twiceasmuch carbon must be provided
than an intermittent system handling thesameflow. If thedesorption cycleissignificantly shorter
than the adsorption cycle, it may be more economical to havethree, four, or even more beds
operatinginthe system. Thiscan reducetheamount of extracarbon capacity needed or provide
some additional benefits, relativeto maintaining alow VOC content inthe effluent. (See Section
1.2 for amorethorough discussion of this.)

A typical two-bed, continuously operated adsorber systemisshowninFigure3.1. One
of thetwo bedsisadsorbing at all times, whilethe other isdesorbing/idled. Asshown here, the
VOC-laden gasentersvessel #1 through valve A, passesthrough the carbon bed (shown by the
shading) and exitsthrough valve B, from whenceit passesto thestack. Meanwhile, vessdl #2isin
thedesorption cycle. Steam entersthrough valve C, flowsthrough the bed and exitsthrough D.
The steam-V OC vapor mixture passesto acondenser, where cooling water condensestheentire
mixture. If part of the VOC isimmisciblein water, the condensate next passesto adecanter,
where the VOC and water layers are separated. The VOC layer is conveyed to storage. If
impure, it may receiveadditiona purification by didtillation. Dependingonitsqudity (i.e., quantity
of dissolved organics), thewater layer isusudly discharged to awastewater treatment facility.

! Although steam is the most commonly used regenerant, there are situations where it should not be used. An example would
be a degreasing operation that emits halogenated VOCs. Steaming might cause the VOCs to decompose.
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Figurel.1: Typica-Two-Bed, Continuously Operated Fixed
Bed Carbon Adsorber System

1.1.2 Cannister Units

Cannister-type adsorbersoriginaly refered torelatively small returnable containers, such
as 55-gallondrums. Cannistersdiffer from fixed-bed units, inthat they arenormally limited to
controlling lower-volume and intermittent gas streams, such asthose emitted by storage tank
vents, where process economicsdictate that off-site-regeneration isappropriate. The carbon
cannistersare not intended for desorption on-site. However, the carbon may beregenerated at a
central facility. Theterm cannister isbecoming something of amisnomer asmuch of thegrowthin
theindustry isinlarger vessel swithout regeneration capabilities. Calgon provided informationon
sandard systemsaslarge as 8,000 cfm and carbon capacitites of 2,000 pounds; TIGG Corporation
reported systemsaslarge as 30,000 cfm. [4][5]

Oncethe carbon reaches a certain VOC content, the unit is shut down and either the
carbon or the cannister isreplaced. The carbon or cannister isthen returned to areclaimation
facility or regenerated at the central facility. Each cannister unit consistsof avessel, activated
carbon, inlet connection and distributer leading to the carbon bed, and an outlet connection for the
purified gasstream. Inonedesign (Calgon’sVentsorb®), 180 Ibsof carbonareinstalled onan 8-
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inch gravel bed, ina55-galondrumwith aninternal collector. Thetype of carbon used depends
onthenature of theVOC to betreated [ 6]. Non-regenrable vesses can be placed inaseries, this
protectsagianst breskthrough becausein theevent that thefirst cannister or vessel becomes saturated
with VOC, the second then becomes the primary carbon adsorber. One option would be to
periodically remove the most saturated cannister or carbon bed and add a fresh cannister or
carbon bedtothecleanend. Periodic sampling for breakthrough between the carbon bedswould
assurethat replacement occured frequently enough to avoid breakthrough to the atmosphere. This
approach alsoimproves cost effectiveness of carbon replacement becausethe carbonisat or near
itssaturation point whenitisreplaced.

Intheory, acannister unit would remainin servicelonger than aregenerable unit would
stay initsadsorption cycle dueto ahigher theoretical capacity for fresh carbon compared to
carbon regenrated on-site. Theservicelifeisbased on aservicefactor determined by theratio of
thetheoretical capacity to theworking capacity. Determining servicefactorshelptoinsurethe
allowable outlet concentration from being exceeded. Inreality, however, poor operating practice
may result in the cannister remaining connected until the carbonisnear or at saturation. Thisis
because: (1) thecarbon (and often the vessdl) will probably bedisposed of, sothereisthetemptation
to operateit until the carbon is saturated; and (2) unlike fixed-bed units, whose outlet VOC
concentrationsare usua ly not monitored continuoudy (viaflameionization detectors, typicaly),
canisters are usually not monitored. Adequate recordeeping and periodic monitoring for
breakthrough can be supported by bed lifemodeling provided by vendorsto ensurethat cannister
replacement occurswith sufficient frequency and that breakthrough doesnot occur.

1.1.3 Adsor ption Theory

At equilibrium, the quantity of gasthat isadsorbed on activated carbon isafunction of the
adsorption temperature and pressure, the chemical species being adsorbed, and the carbon
characteristics, such as carbon particle size and pore structure. For agiven adsorbent-VOC
combination at agiven temperature, an adsorption isotherm can be constructed which relatesthe
massof adsorbate per unit weight of adsorbent (“equilibrium adsorptivity”) tothe partial pressure
of theVOC inthegasstream. Theadsorptivity increaseswithincreasing VOC partia pressure
and decreaseswith increasing temperature.

A family of adsorptionisothermshaving the shapetypica of adsorption onactivated carbon
isplottedin Figure 3.2. Thisand other isothermswhose shapes are convex upward throughout,
aredesignated “ Typel” isotherms. The Freundlichisotherm, which can befit to aportionof a
Typel curve, iscommonly usedinindustria design.[2]

W, = kP (1.1)
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where

W, = equilibrium adsorptivity (1b adsorbate/l b adsorbent)
P = partial pressureof VOCingasstream (psia)
km = empirica parameters

Thetreatment of adsorption from gas mixturesiscomplex and beyond the scope of thischapter.
Except wheretheVOC inthese mixtures have nearly identical adsorptionisotherms, oneVOCin
amixturewill tend to displace another on the carbon surface. Generally, VOCswith lower vapor
pressureswill displacethosewith higher vapor pressure, resultingin theformer displacing thelatter
previously adsorbed. Thus, during the course of the adsorption cyclethe carbon’scapacity for a
higher vapor pressure constituent decreases. Thisphenomenon should be considered whensizing
theadsorber. To be conservative, onewould normally base the adsorption cyclerequirementson
theleast adsorbable component in amixture and the desorption cycle on the most adsorbable
component.[1]

Theequilibrium adsorptivity isthe maximumamount of adsorbatethe carboncanholdat a
giventemperatureand VOC partial pressure. Inactua control systemswherethereare not two
beds operating in series, however, the entire carbon bed isnever alowed to reach equilibrium.
Instead, oncethe outlet concentration reachesapreset limit (the* breakthrough concentration”),
theadsorber isshut down for desorption or (inthe case of cannister units) replacement and disposal.
At the point wherethevessdl isshut down, the average bed VV OC concentration may only be50%
or lessof theequilibrium concentration. That is, thecarbon bed may beat equilibrium (“ saturated”)
at thegasinlet, but contain only asmall quantity of VOC near the outlet.

AsEquation 3.1 indicates, the Freundlich isothermisapower function that plotsasa
straight lineon log-log paper. Conveniently, for the concentrations/partia pressuresnormally
encountered in carbon adsorber operation, most VV OC-activated carbon adsorption conformsto
Equation 3.1. At very low concentrations, typical of breakthrough concentrations, alinear
approximation (on arithmetic coordinates) to the Freundlichisothermisadequate. However, the
Freundlichisotherm doesnot accurately represent theisotherm at high gas concentrationsand thus
should be used with care as such concentrations are approached.

Adsorptivity datafor selected VOCswere obtained from Calgon Corporation, avendor
of activated carbon.[6] Thevendor presentsadsorptivity dataintwoforms: aset of graphsdisplaying
equilibriumisotherms[6] and asamodification of the Dubinin-Radushkevich (D-R) equation, a
semi-empirical equation that predictsthe adsorptivity of acompound based on its adsorption
potential and polarizability.[8] InthisManual, themodified D-R equationisreferred to asthe
Calgonfifth-order polynomial. Thedatadisplayedinthe Calgon graphs[6] hasbeenfittothe
Freundlich equation. Theresulting Freundlich parametersareshowninTable 1.1 for alimited
number of chemicas. Theadsorbateslistedincludearomatics(e.g., benzene, toluene), chlorinated
aliphatics(dichloroethane), and oneketone (acetone). However, thelistisfar fromal-inclusive.



T1 °F)

T2

T3

Ta

Equilibrium Adsorptivity (Ib adsorbate/lb adsorbent)

(Note: T1<T2<T3<Ty)

Adsorbate Partial Pressure (psia)

Figurel.2: Typel Adsorption |sothermsfor Hypothetical Adsorbate

Noticethat arange of partial pressuresislisted with each set of parameters, kand m.
(Note: Inone case (m-xylene) theisothermwas so curvilinear that it had to be split into two parts,
each with a different set of parameters.) Thisis the range to which the parameters apply.
Extrapol ation beyond thisrange—especially at the high end—can introduceinaccuracy to the
ca culated adsorptivity.

But high-end extrapol ation may not be necessary, asthefollowingwill show. Inmost air
pollution control applications, the system pressureisapproximately oneatmosphere (14.696 psa).
Theupper end of the partia pressurerangesin Table 1.1 goesfrom 0.04t00.05 psia. According
to Dalton’sLaw, at atotal system pressure of one atmosphere this correspondsto an adsorbate
concentrationinthewaste gasof 2,720t0 3,400 ppmv. Now, asdiscussedin Section 1.1.2, the
adsorbate concentration isusually kept at 25% of thelower explosivelimit (LEL).2 For many
VOCs, the LEL ranges from 1 to 1.5 volume %, so that 25% of the LEL would be 0.25 to
0.375% or 2,500 to 3,750 ppmv, which approximatesthe high end of the partia pressureranges
inTable1.1.

? Although, Factory Mutual Insurance will reportedly permit operation at up to 50% of the LEL, if proper
VVOC monitoring isused.
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Findly, each set of parametersappliesto afixed adsorption temperature, ranging from 77°

to 104° F. Thesetemperaturesreflect typical operting conditions, although adsorption can take
place aslow as 32°F and even higher than 104°F. Asthe adsorption temperatureincreasesto
much higher levels, however, the equilibrium adsorptivity decreasesto such an extent that VOC
recovery by carbon adsorption may become economically impractical.

Table1.1: Parametersfor Selected Adsorption |sotherms|[6]2

Adsorbate Adsorption Isotherm Range of Isotherm®

Temp (°F) Parameters (psia)

k m

Benzene 77 0.597 0.176 0.0001-0.05
Chlorobenzene 77 1.05 0.188 0.0001-0.01
Cyclohexane 100 0.505 0.210 0.0001-0.05
Dichloroethane 77 0.976 0.281 0.0001-0.04
Phenol 104 0.855 0.153 0.0001-0.03
Trichloroethane 77 1.06 0.161 0.0001-0.04
Vinyl Chloride 100 0.200 0.477 0.0001-0.05
m-Xylene 77 0.708 0.113 0.0001-0.001

77 0.527 0.0703 0.001-0.05
Acrylonitrile 100 0.935 0.424 0.0001-0.015
Acetone 100 0.412 0.389 0.0001-0.05
Toluene 77 0.551 0.110 0.001-0.05

2 Each isotherm is of the for W =kP®. (See text for definition of terms.) Data are for adsorption of Calgon type “BPL”

carbon.

® Equation should not be extrapolated outside these ranges.

Themassloading, w,, isca culated from

001G
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The Cagon fifth-order polynomia issomewhat more accurate than the Freundilich parameters
from Table 1.1. Thepolynomial containsatemperature parameter, and it allowsoneto estimate
adsorptionisothermsfor compoundsnot shownin Table 1.1if purecomponent dataareavailable.
Thepurecomponent detarequired arethe saturation pressure, liquid molar volume, and therefractive
index. Itis, however, somewhat more complex to usethan the Freundlich equation. TheCalgon
fifth-oder polynomid isasfollows:

(1.2)



where

W, = mass|oading, i.e., equilibrium adsorptivity (g adsorbate per g carbon)®
G = carbon loading at equilibrium (cm? liquid adsorbate per 100 g carbon)
V., = liquid molar volume of adsorbate (cm? per g-mole).

MW, = molecular weight of Adsorbute

Notethat thetermsin Equation 1.2 aregivenin metric units, not English. Thishasbeen
donebecausethe carbon loading, G, isca culated from aregression equationinwhich al theterms
areexpressed in metric units. Thisequationfor Gisthe Calgon fifth-order polynomid:

10g,,(G) = Ay + AY + AY? + AY® + AY® + AY® (1.3)

where

= 1.71

= -1.46 x 107
= -1.65 x 1073
= -4.11 x 10
= +3.14 x 10
= -6.75x 10”7

>

> > > >

2
3
4
5
and Yiscaculated from severd equationswhich follow.

Thefirst stepincaculating Yistocalculate y. Thiscan bedoneby calculating theadsorption
potential, € :

N Y (14)
where
R = 1.987 (caloriesper g-mole-K
T = absolutetemperature (K)
P, = vapor pressure of adsorbate at thetemperature T (kPa)
P partial pressure of adsorbate (kPa).
They iscaculated from:
~ €
X = (2303 RV,) (15)

’ This, of course, is equal to Ib absorbate per Ib carbon.
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By substituting for € intheaboveequation, y canalternatively be calculated from®*:

uT El DPSE
= O -Hlogy L5
X s 910 AP (1.6)

Thenext stepin caculating Yisto caculatetherelative polarizability, 7

S
r= o, (1.7)
where
6 = polarizability of component i per unit volume, where component i isthe
adsorbate
%) = polarizability of component o per unit volume, wherecomponentois

thereference component, n-heptane.

For the adsorbate or the reference compound, using the appropriate refractiveindex of adsorbate,
n, the polarizability isca culated from:

n? -1
[
R (18)
Once y and /I"areknown, Y can be calculated from:
y= X% (1.9)

r

Cagonasohasaproprietary, seventh-order forminwhichtwo additiona coefficientsare
added to the Calgon fifth-order polynomial, but the degree of fit reportedly isimproved only
modestly.[8] Additional sourcesof isotherm dataincludethe activated carbon vendors, handbooks
(such asPerry’s Chemical Engineer’sHandbook), and theliterature.

4 Alternatively, if the available values for T, P, P, and Vm are in English units, they may be substitued into this equation without
conversion. However, to make the result dimensionally consistent with Equation 1.3, it would have to be multiplied by a
conversion factor, 34.7.
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1.2 Design Procedure
121 Sizing Parameters

Datareceived from adsorber vendorsindicate that the size and purchase cost of afixed-
bed or cannister carbon adsorber system primarily depend on five parameters.

1. Thevolumetricflow of theVV OC laden gas passing through the carbon bed(s);
2. Theinlet and outlet VOC massloadings of thegasstream;

3. Theadsorptiontime(i.e,. thetimeacarbon bed remainson-lineto adsorb VOC
before being taken off-linefor desorption of thebed);

4. Theworking capacity of theactivated carbonin regenerative systemsor theequilibrium
cpacity inthe case of non-regenerative systems,

5. Thehumidity of thegasstream, especidly intheeffect of humidy on capacity inrelaionto
haogens.

Inaddition, the cost could al so be affected by other stream conditions, such asthe presence/
absence of excessiveamountsof particulate, moisture, or other substanceswhichwould require
the use of extensive pretreatment and/or corrosive-resi stant construction materias.

The purchased cost dependsto alarge extent on thevolumetric flow (usualy measuredin
actud ft¥/min). Theflow, inturn, determinesthesze of the vessa shousing the carbon, the capacities
of thefan and motor needed to convey the waste gasthrough the system, and the diameter of the
ducting.

Alsoimportant arethe VOC inlet and outlet gas stream | oadings, the adsorptiontime, and
theworking or equilibium capacity of thecarbon. Thesevariablesdeterminetheamount and cost
of carbon charged to thesysteminitialy and, inturn, the cost of replacing that carbon after itis
exhausted (typically, fiveyearsafter startup). Moreover, theamount of the carbon charge affects
thesizeand cost of theauxiliary equipment (condenser, decanter, bed drying/cooling fan), because
thesizesof theseitemsaretied to theamount of VOC removed by thebed. Theamount of carbon
also hasabearing onthe sizeand cost of thevessels.

A carbon adsorber vendor [9] supplied datathat illustrate the dependency of the equipment
cost on theamount of the carbon charge. Costswere obtained for fixed-bed adsorberssized to
handlethree gasflow ratesranging from 4,000 to 100,000 scfm and to treat inlet VVOC (toluene)
concentrations of 500 and 5,000 ppm. Each adsorber was assumed to have an eight-hour
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adsorptiontime. Asonemight expect, theequipment costsfor unitshandling higher gasflow rates
were higher than those handling lower gasflow rates. Likewise, at each of the gasflow rates, the
unitssized to treat the 5,000 ppm V OC streams had higher equipment coststhan those sized to
treat the 500 ppm concentration. These cost differencesranged from 23 to 29% and averaged
27%. Thesehigher costswere partly needed to pay for the additiona carbon required totrest the
higher concentration streams. But some of these higher costswere also needed for enlarging the
adsorber vessels to accommodate the additional carbon and for the added structural steel to
support thelarger vessels. Also, larger condensers, decanters, cooling water pumps, etc., were
necessary to treat the more concentrated streams. (See Section 1.3.)

TheVOC inlet loading isset by the source parameters, whilethe outlet loading is set by
theVOC emissionlimit. (For example, in many states, theaverageVOC outlet concentrationfrom
adsorbers may not exceed 25 ppm.)

122 Deter mining Adsor ption and Desor ption Times

Therelativetimesfor adsorption and desorption and the adsorber bed configuration (i.e.,
whether singleor multipleand seriesor paralel adsorption bedsare used) establish the adsorptior/
desorptioncydeprofile. Thecirdeprafileisimportant in determining carbon and vessd requirements
andin establishing desorption auxiliary equipment and utility requirements. Anexamplewill illudrate.
Inthe simplest case, an adsorber would be controlling aprocesswhich emitsarelatively small
amount of VOC intermittently—say, during one 8-hour shift per day. During theremaining 16
hoursthe system would either be desorbing or on standby. Properly sized, such asystemwould
only requireasingle bed, which would contain enough carbon to treat eight hoursworth of gas
flow at the specified inlet concentration, temperature, and pressure. Multiple beds, operatingin
paralel, would be needed to treat large gasflows (>100,000 actud ft3/min, generally)[9], asthere
arepractical limitsto the sizesto which adsorber vessalscan be built. But, regardless of whether
asingle bed or multiple bedswere used, the system would only be on-linefor part of the day.

However, if the processwere operating continuously (24 hours), an extracarbon bed
would haveto beinstalled to provide adsorptive capacity during thetimethefirst bed isbeing
regenerated. Theamount of thisextracapacity must depend on the number of carbon bedsthat
would be adsorbing at any onetime, thelength of the adsorption period relativeto the desorption
period, and whether the bedswere operatingin parale or in series. If onebed wereadsorbing, a
second would be needed to come on-linewhen thefirst was shut down for desorption. Inthis
case, 100% extracapacity would beneeded. Similarly, if fivebedsin parallel wereoperatingina
staggered adsorption cycle, only one extrabed would be needed and the extra capacity would be
20% (i.e., 1/5)—rprovided, of course, that the adsorptiontimewereat |east fivetimesaslong as
thedesorptiontime. Therelationship between adsorptiontime, desorption time, and therequired
extracapacity can be generalized.
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M, = M, f (1.10)

where
M. M_= amountsof carbon required for continuousor intermittent control of a
givensource, respectively (Ibs)
f = extracapacity factor (dimensionless)

Thisequation showstherelationship betweenM_and M. Section 1.2.3 showshow to caculate
these quantities.

Thefactor, f, isrelated to the number of beds adsorbing (N,) and desorbing (N,) ina
continuoussystem asfollows:

f=1+ — (1.11)

(Note: N, isalsothenumber of bedsin anintermittent system that would be adsorbing at any
giventime. Thetotal number of bedsinthesystemwouldbeN, +N,.)

|t can be shown that the number of desorbing beds requiredinacontinuous system (N,))

isrelated to the desorptiontime ( BD), adsorptiontime ( BA), and the number of adsorbing beds,
asfollows:

ON O
& < 80 H (1.12)
A

(Note: (9D isthetotal time needed for bed regeneration, drying, and cooling.)
For instance, for an eight-hour adsorption time, inacontinuoudly operated system of seven beds

(six adsorhing, onedesorhing) & wouldhaveto be 1-1/3 hoursor less(8 hours/6 beds). Otherwise,
additiona bedswould haveto be added to provide sufficient extracapacity during desorption.
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123 Estimating Car bon Requirement

1.23.1 Overview of Carbon Estimation Procedures

Obtaining the carbon requirement (M_or M, ) isnot asstraightforward asdetermining the
other adsorber design parameters. When estimating the carbon charge, the sophistication of the
approach used depends on the dataand cal cul ational toolsavailable.

Oneapproach for obtaining the carbon requirement isarigorousonewhich consdersthe
unsteady-state energy and masstransfer phenomena occurring in the adsorbent bed. Such a
procedure necessarily involvesanumber of assumptionsin formulating and solving the problem.
Such aprocedureisbeyond the scope of thisManual at the present time, although ongoing work
inthe Agency isaddressing thisapproach.

In preparing this section of the Manual, we have adopted arul e-of-thumb procedurefor
estimating the carbon requirement. Thisprocedure, whileapproximatein nature, appearsto have
the acceptance of vendorsandfield personndl. It issometimesemployed by adsorber vendorsto
make rough estimates of carbon requirement andisrelatively smpleand easy touse. It normally
yieldsresultsincorporating asafety margin, the size of which depends on the bed depth (short
bedswould haveless of asafety margin than deep beds), the effectiveness of regeneration, the
particular adsorbate and the presence or absence of impuritiesin the stream being treated.

1.2.3.2 Carbon Estimation Procedure Used in Manual

Therule-of-thumb carbon estimation procedureisbased on the“working capacity” (W,
IbVVOC/Ib carbon). Thisisthedifference per unit massof carbon between theamount of VOC on
the carbon at the end of the adsorption cycle and the amount remaining on the carbon at the end of
the desorption cycle. It should not be confused with the“equilibrium capacity” (W,,) defined
abovein Section 1.1.3. Recall that theequilibrium capacity measuresthe capacity of virginactivated
carbon when theVVOC hasbeenin contact withit (at aconstant temperatureand partial pressure)
long enoughto reach equilibrium. Inadsorber design, it would not befeasibleto alow thebed to
reach equilibrium. If it were, the outlet concentration would rapidly increase beyond thealowable
outlet (or “ breakthrough™) concentration until theoutl et concentration reached theinlet concentration.
During this period the adsorber would be violating the emission limit. With non-regenerable
(cannigter) type systems, placing multiplevesdesinaseriescan substantially decrease concernsof
breakthrough.

Theworking capacity issomefraction of the equilibrium capacity. Liketheequilibrium
adsorptivity, theworking capacity depends upon thetemperature, theVOC partial pressure, and
theVVOC composition. Theworking capacity also dependson theflow rate and the carbon bed
parameters.
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Theworking capacity, along with the adsorption timeand VOC inlet loading, isused to
compute the carbon requirement for acannister adsorber or for anintermittently operated fixed-
bed adsorber asfollows:

M, = —= 6, (113)

where
m,.. =VOCinletloading (Ib/h)

Combining thiswith Equations 1.10 and 1.11 yieldsthegenerd equationfor estimating thesystem
total carbon chargefor acontinuously operated system:

m U N
M :ﬂQA%]_.l._D

Sl ) (1.14)

I

c

Vauesfor w_. may be obtained from knowledge of operating units. If novaluefor w_isavailable
for theVVOC (or VOC mixture) in question, theworking capacity may be estimated at 50% of the
equilibrium capacity, asfollows:

W, = 0.5Wya (1.15)

where
Wermen) = the equilibrium capacity (Ib VOC/Ib carbon) taken at the adsorber inlet (i.e., the
point of maximum V OC concentration).

(Note: Tobeconservative, this50% figure should belowered if short desorption cycles, very high
vapor pressure congtituents, high moisture contentssignificant amountsof impurities, or difficult-
to-desorb VOCsareinvolved. Furthermore, the presence of strongly adsorbed impuritiesinthe
inlet VOC stream may significantly shorten carbonlife.)

AsEquation 1.14 shows, the carbon requirement isdirectly proportiona to theadsorption
time. Thiswould tendto indicatethat asystem could be designed with ashorter adsorptiontime
to minimizethe carbon requirement (and equipment cost). Thereisatrade-off herenot readily
apparent from Equation 1.14, however. Certainly, ashorter adsorption timewould requireless
carbon. But, it would also mean that acarbon bed would have to be desorbed more frequently.
Thiswould meanthat theregeneration steam woul d haveto be supplied to the bed(s) morefrequently
toremove (inthelong run) the same amount of VOC. Further, eachtimethe bed isregenerated
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the steam supplied must heat the vessal and carbon, aswell asdrive off theadsorbed VOC. And
the bed must be dried and cool ed after each desorption, regardless of theamount of VOC removed.
Thus, if thebedisregenerated too frequently, the bed drying/cooling fan must operate more often,
increasingitspower consumption. Also, morefrequent regeneration tendsto shorten the carbon
life. Asarule-of-thumb, the optimum regeneration frequency for fixed-bed adsorberstreating
streamswith moderateto high VOC inlet loadingsisonce every 8to 12 hours.[1]

1.3 Estimating Total Capital Investment

Entirely different procedures should be used to estimate the purchased costs of fixed-bed
and cannister-type adsorbers. Therefore, they will be discussed separately.

131 Fixed-Bed Systems

Asindicatedin the previous section, the purchased cost isafunction of thevolumetric flow
rate, VOC inlet and outlet |oadings, the adsorption time, and theworking capacity of the activated
carbon. AsFigure3.1shows, theadsorber systemismade up of severd differentitems. Of these,
the adsorber vessal sand the carbon comprisefrom one-half to nearly 90% of thetotal equipment
cost. (SeeSection 1.3.1.3.) Thereisalso auxiliary equipment, such asfans, pumps, condensers,
decanters, andinternd piping. But becausetheseusudly compriseasmdl part of thetotd purchased
cog, they may be“factored” from the costsof the carbbon and vessal swithout introducing significant
error. Thecostsof thesemgjor itemswill be considered separately.

1311 Carbon Cost

Cabon Cost, C,, indollars($) issmply the product of theinitial carbon requirement (M )
andthe current price of carbon. Asadsorber vendorsbuy carboninvery large quantities (million-
pound lotsor larger), their cost issomewhat lower thanthelist price. For larger systems (other
than cannister) Calgon reportstypical carbons coststo be $0.75to $1.25 for virgin carbon and
$0.50t0 $0.75 for reactiviated carbon (mid-1999 dollars). A typical of $1.00/Ibisusedinthe
caculationbelow.[5][10] Thus:

C, = 100M, (1.16)

C

1.3.1.2 Vessel Cost

Thecost of an adsorber vessdl isprimarily determined by itsdimensionswhich, inturn,
depend upon the amount of carbon it must hold and the superficial gasvelocity through the bed
that must be maintained for optimum adsorption. Thedesired superficid velocity isusedtocdculate
thecross-sectiond areaof thebed perpendicular tothegasflow. An acceptablesuperficid velocity
isestablished empiricaly, considering desired removdl efficiency, the carbon particleszeand bed
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porosity, and other factors. For example, one adsorber vendor recommendsasuperficial bed
velocity of 85 ft/min[9], whilean activated carbon manufacturer cautions against exceeding 60 ft/
minin systemsoperating at one atmosphere.[ 7] Another vendor usesa 65 ft/min superficia face
velocity insizingitsadsorber vessels.[10] Lastly, thereare practical limitsto vessel dimensions
which asoinfluencetheir sizing. That is, dueto shipping restrictions, vessel diametersrarely
exceed 12 feet, whiletheir length isgenerally limited to 50 feet.[ 10]

Thecost of avessdl isusudly correlated with itsweight. However, astheweight isoften
difficult to obtain or calculate, the cost may be estimated from theexterna surfacearea. Thisis
true because the vessel material cost—and the cost of fabricating that material—-isdirectly
proportiond toitssurfacearea. Thesurfacearea(S ft?) of avessd isafunction of itslength (L, ft)
and diameter (D, ft), which in turn, depend upon the superficial bed facevel ocity, the L/D ratio,
and other factors.

Most commonly, adsorber vesselsare cylindrical in shapeand erected horizontally (asin
Figure 1.1). Vessalsconfigured in thismanner are generally subjected to the constraint that the
carbon volume occupiesno morethan 1/3 of thevessal volume[9][10]. It can beshownthat this
constraint limitsthe bed depth to no morethan:

Maximum bed depth = BT (1.17)

nmD

2
Thevessd length, L, and diameter, D, can be estimated by solving two relationships, namely, (1)
the equation relating carbon volume, and thus vessel volume, to L and D, and (2) the equation
relating volumetric flow rate, superficia vel ocity, and cross-section normal toflow. If oneassumes
that the carbon bulk density is 30 Ib/ft2, then one can show that:

0127M. v,
D=~ (1.18)

]

L= = O

787 0Q'
0
M Ov, O (1.19)

where

vessdl diameter (ft)

vessd length (ft)

bed superficia velocity (ft/min)

carbon requirement per vessel (Ibs)

volumetric flow rate per adsorbing vessel (acfm)

< g
I

o

O <Z
|
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Becausethe constantsin Equations 1.18 and 1.19 are not dimensionless, onemust be careful to
usetheunitsspecified inthese equations.

Although other design considerations can result in different valuesof L and D, these
equationsresult in L and D which areacceptablefrom the standpoint of “study” cost estimation for
horizontal, cylindrical vessalswhich arelarger than 2-3feet in diameter.

The carbon requirement and flow rate for each adsorber vessel can be calculated as
folows

Moo= e
© (N, +Ny)
(1.20)
_Q
Q= N,

At gasflow rates (Q) of lessthan 9,000 scfm, it isusually morefeasibleto erect the
adsorber vesselsvertically instead of horizontaly.[10] If so, thevessel diameter can be calculated
from thevolumetric flow rate per adsorbing vessel and the bed superficia vel ocity asfollows:

|:|4 'D1l2
Q y (1.21)

Thevertical vessal length will depend principally on the carbon bed thickness. Additiona space
must beincluded bel ow the carbon bed for bed support and above and bel ow thebed for distribution
and disengaging of the gasstream and for physical accessto thecarbonbed. Insmaller diameter
vessels, accessto both sides of the bed isusually not required. However, 1to 1v2feet must be
provided on each sidefor gasdistribution and disengagement, or 2to 3feet overall. For longer
vessals, 2to 3feet at each end of thevessdl istypically provided for access space.

Giventhemassof carbon inthe bed, the carbon bulk density, and the bed diameter (i.e.,
the cross-sectional areanormd to flow), determining the carbon bed thicknessisstraight forward

t - =
b= ¢ross— sectional area normal to flow ?% (1.22)
Vb
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where
p, = carbonbulk density (Ib/ft, assume301b/ft?)

Thevess lengthis, therefore,
L=t, +t,, (1.23)
where

access/ gasdistribution alowance
2to 6 feet (depending on vertical vessel diameter)

ag

Findly, usethefollowing equation to cal culate the surface areaof either ahorizontal or
vertica vesH:

D
S=mnbD @L + ?Q (1.24)
C, = 2718°7® (1.25)
where
C, = vessal cost (fall 1999 $), F.O.B. vender®
and
97 < S < 2110 ft? (1.25a)

Theseunitswould be made of 304 stainlesssted, whichisthemost common materia
used infabricating adsorber vessals. [9][10] However, to obtain the cost of avessel fabricated
of another material, multiply C, by and adjustment factor (F ). A few of thesefactorsarelisted
inTablel1.2.

1.3.1.3 Total Purchased Cost

Asdtated earlier, the costs of suchitemsasthefans, pumps, condenser, decanter,
instrumentation, and internal piping can befactored from the sum of the costsfor the carbon and
vessels. Based on four datapointsderived from costs supplied by an equipment vendor [10],
wefound that, depending onthetotal gasflow rate (Q), theratio (R ) of thetotal adsorber
equipment cost to the cost of thevesselsand carbon ranged from 1.14t0 2.24. Thesedata
points apanned agasflow rate range of approximately 4,000 to 500,000 acfm. Thefollowing
regressionformulafit thesefour points:

R, = 582Q°®

c

(1.26)
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Table1.2: Adjustment Factorsto Obtain Costsfor Fabricated Material

Material F, Factor Reference(s)
Stainless steel, 316 13 [7,8,9]
Carpenter 20 CB-3 1.9 [9]
Montel-400 2.3 [7,9]
Nickel-200 3.2 [9]

Titanium 45 [9]

where

4,000 Q (acfm) 500,000
Correlation coefficient (r) =0.872

Similar equations can be devel oped for other vessel shapes, configurations, etc.

Based on vendor data, we devel oped a correlation between adsorber vessel cost and
surfacearear[10]

Thetotal adsorber equipment cost (C,) would bethe product of R and the sum of the carbon and
vessd costs, or:

C,=R [C.+C, (Ny + N, (L.27)
1.3.1.4  Tota Capita Investment

Asdiscussedin Section 1, inthemethodol ogy usedinthisManud, thetota capitd investment
(TCI) isestimated from thetotal purchased cost viaan overall direct/indirect installation cost
factor. A breakdown of that factor for carbon adsorbersisshownin Table 1.3. AsSection 1.2
indicates, the TCI asoincludescogtsfor land, working capital, and of f-stefacilities, which arenot
includedinthedirect/indirect ingtal lation factor. However astheseitemsarerarely required with
adsorber systems, they will not be considered here. Further, no factors have been provided for
site preparation (SP) and buildings (Bldg.), asthese site-specific costsdepend very littleon the
purchased equipment cost.

5 Two vendors provided information for the 1999 updates, neither felt that modifications to the capital costs of adsorber

system between 1989 and 1999 were appropriate. The major change for 1999 was a decreases in the price of carbon.[4][5]
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Table 1.3: Capital Cost Factorsfor Carbon Adsorbers[11]

Direct Costs
Purchased equipment costs

Adsorber + auxiliary equipment? As estimated, A
Instrumentation® 0.10A
Sales taxes 0.03 A
Freight 0.05A
Purchased equipment cost, PEC B=1.18A
Direct installation costs
Foundations & supports 0.08 B
Handling & erection 0.14 B
Electrical 0.04B
Piping 0.02B
Insulation 0.01B
Painting 0.01 B
Direct installation costs 0.30B
Site preparation As required, SP
Buildings As required, Bldg.
Total Direct Costs, DC 1.30 B + SP + Bldg.
Indirect Costs (installation)
Engineering 0.10B
Construction and field expenses 0.05B
Contractor fees 0.10B
Start-up 0.02B
Performance test 0.01B
Contingencies 0.03B
Total Indirect Costs, IC 0.31B
Total Capital Investment = DC + IC 1.61 B + SP + Bldg.

a Ductwork and any other equipment normally not included with unit furnished by adsorber vendor.
® Instrumentation and controls often furnished with the adsorber, and thus included in the EC.

Notethat theinstallation factor isapplied to thetotal purchased equipment cost, which
includesthe cost of such auxiliary equipment asthe stack and external ductwork and such costsas
freight and salestaxes(if applicable). (“ External ductwork” isthat ducting needed to convey the
exhaust gas from the source to the adsorber system, and then from the adsorber to the stack.
Costsfor ductwork and stacks are shown elsewhereinthisManua) Normally, the adjustment
would also cover theinstrumentation cost, but this cost isusually included with the adsorber
equipment cost. Finally, notethat thesefactorsreflect “average’ instalation conditionsand could
vary consderably, depending upon theingtallation circumstances.
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132 Cannister Systems

Oncethe carbon requirement is estimated using the above procedure, the number of
cannistersisdetermined. Thisisdonesimply by dividing thetotal carbon requirement (M) by the
amount of carbon contained by each cannister (typically, 1501bs.). Thisquotient, roundedtothe
next highest digit, yieldsthe required number of cannistersto control thevent in question.

Costsfor atypical cannister (Calgon’s Ventsorb®) arelisted in Table 1.4. These costs
includethevessd, carbon, and connections, but do not includetaxes, freight, or instalation charges.
Notethat the cost per unit decreases asthe quantity purchased increases. Each cannister contains
Cagon's“BPL” carbon (4 x 20 mesh), whichiscommonly usedinindustrid adsorption. However,
totreat certain VOCs, moreexpensive specidty carbons(e.g., “FCA 4x 10”) areneeded. These
carbons can increase the equipment cost by 60% or more.[6] Asisindicated in the caption of
Table 1.4, thesepricesareinmid-1999 dollars.

Theprice of 180 pound carbon cannistersisapproximately $700in small quantitiesand
approximately $600 (mid-1999 dollars) inlarger quantities.[5] Current trendsaretoward the
useof larger cannisters. Calgon supplieslarge cannistersof 1,000to 2,000 pound capacity where
thecarbon istypically exchangedinthefield. Calgon reportscostsper pound of carbon ranging
from $0.50 to $2.00 depending on mesh, activity and typewith aconservative median price of
$1.50 per pound. Calgon also reportsthewidespread use of larger non-regenerablefixed beds
either 12 feet indiameter (113 squarefeet capable of of handling 6,000 cfm) and 8x20 foot beds
(160 squarefeet capable of handling 8,000 cfm). These non-regenerablefixed bed absorbersare
usually atmospheric designsmade of thin steel with aninterna coating toinhibit corrosion. For
1,000 pound cannisters, Calgon reportstypica installation costs of $3,200 and equipment costs
of $5,600 and for 2,000 pound cannistersthese costs are $4,600 and $7,800 respectively. For

Table 1.4: Equipment Costs (Mid 19999%) for a
Typical Canister Adsorber [5]

Quantity Equipment Costs for
Each Piece®in Dollars ($)

1-3 679
49 640
10-29 600
30 585

a These costs are F.O.B., Pittsburgh, PA. They do not include taxes and freight charges.
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onsite carbon replacement services, Calgon estimates carbon costs to be $2.00 to $2.50 per
pound for virgin carbon and $1.50 to $1.80 for reactivated carbon. Annua maintenancecostsare
reported to rangefrom 3% to 10% of theinstalled capital costs.

Asfewer ingdlation materiasand labor arerequired toingtd| acannister unit than afixed-
bed system, the compositeinstallation factor isconsequently lower. Theonly costsrequired are
those needed to place the cannistersat, and connect them to, the source. Thisinvolvesasmall
amount of piping only; little or no el ectrical work, painting, foundations, or the likewould be
needed. Twenty percent of the sum of the cannister(s) cost, freight charges, and applicable sales
taxeswould cover thisingtalation cogt.

1.4 Estimating Total Annual Cost

AsSection of thisManua explains, thetota annual cost iscomprised of three components:
direct costs, indirect costs, and recovery credits. Thesewill be considered separately.

141 Direct Annual Costs

These include the following expenditures: steam, cooling water, electricity, carbon
replacement, operating and supervisor labor, and maintenancelabor and materids. Of these, only
electricity and solid waste disposal or carbon replacement/regeneration would apply to the
cannister-type adsorbers.

1411  Seam

Asexplainedin Section 1.1, steamisused during the desorption cycle. Thequantity of
steam required will depend ontheamount of carboninthevessd, thevessel dimensions, thetype
and amount of VOC adsorbed, and other variables. Experience has shown that the steam
requirement rangesfrom approximeately 3to4 1bsof stearmv/lb of adsorbed VVOC.[9][10] Usingthe
midpoint of thisrange, we can devel op thefollowing expression for theannual steam cost:

C, = 350 x 10° m,, 6, p, (1.28)
where
Cs = steam cost ($/yr)
. = system operating hours (h/yr)
m.. = VOCinletloading (Ibs/h)
P, = steam price ($/thous. 1bs)
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If steam pricedataare unavailable, one can estimateitscost at 120% of thefuel cost. For
example, if thelocd priceof natura gaswere $5.00/million BTU, the estimated steam pricewould
be $6.00/million BTU whichisapproximately $6.00/thousand Ibs. (The20% factor coversthe
capital and annua costsof producing the steam.)

1412  Cooling Water

Cooling water isconsumed by the condenser in which the ssleam-V OC mixtureleaving the
desorbed carbon bedistotally condensed. Most of the condenser duty iscomprised of thelatent

heat of vaporization (4H, ) of thesteam and VOC. AstheVOC 4H, areusually small compared
tothesteam 4H,, (about 1000 BTU/Ib), the VOC AH, may beignored. Somay thesensible heat
of cooling thewater-V OC condensate from the condenser inlet temperature (about 212°F) to the
outlet temperature. Therefore, the cooling water requirement isessentialy afunction of the steam
usage and the allowabletemperaturerisein the coolant, whichistypically 30° to 40°F.[9] Using
the averagetemperaturerise (35°F), we can write:

C

S

Co = 343

cw

Doy (1.29)

where
w = cooling water cost ($/yr)
Puy cooling water price ($/thous. ga.)

If the cooling water priceisunavailable, use $0.15 to $0.30/thousand gallons.

1413  Electricty

Infixed-bed adsorbers, dectricity isconsumed by the system fan, bed drying/cooling fan,
cooling water pump, and solvent pump(s). Both the system and bed fansmust be sized to overcome
the pressure drop through the carbon beds. But, whilethe system fan must continuously convey
thetotd gasflow through thesystem, the bed cooling fanisonly used during apart of thedesorption
cycle (one-haf hour or less).

For both fans, the horsepower needed depends both on the gas flow and the pressure
drop through the carbon bed. The pressure drop through the bed (4P,) depends on several
variables, such asthe adsorption temperature, bed vel ocity, bed characteristics(e.g., void fraction),
and thickness. But, for agiven temperature and carbon, the pressure drop per unit thickness
depends solely onthegasvelocity. For instance, for Calgon’s*PCB” carbon (4 x 10 mesh), the
followingreationshipholds|[8]

AI:)b _ -4 2
= 003679 v, + 1107 x 107 v, (1.30)

b
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where

AP Jt = pressure drop through bed (inches of water/foot of carbon)
vy = superficia bed velocity (ft/min)

AsEquation 1.22 shows, the bed thickness (t, , ft) isthe quotient of the bed volume (V,)
and the bed cross-sectional area(A,). Fora30 |b/ft2 carbon bed density, thisbecomes:

0.0333 M !

Vb
A" A (1.31)

t, =

(For vertically erected vessels, A = Q/v,, whilefor horizontally erected cylindrical vessels, A=
LD.) Once 4P, isknown, the system fan horsepower requirement (hp) can be cal cul ated:

hp, = 250 x 107 Q AP, (1.32)
where
Q = gasvolumetric flow through system (acfm)
4P, = total system pressuredrop= 4P, +1

(Theextrainch accountsfor miscellaneous pressurelosses through the external ductwork and
other partsof thesystem.[9]® However, if extralong duct runs and/or preconditioning equipment
areneeded, the miscellaneous| osses could be much higher.)

Thisequationincorporatesafan efficiency of 70% and amotor efficiency of 90%, or 63%
overdl.

The horsepower requirement for the bed drying/cooling fan (hp,,) iscomputed similarly.
Whilethe bed fan pressure drop would still be AP, , the gasflow and operating timeswould be
different. For typica adsorber operating conditions, thedrying/cooling air requirement would be
50 to 150 ft¥/Ib carbon, depending on the bed moisture content, required temperature drop, and

other factors. Theoperating time(6,) would bethe product of thedrying/coolingtime per desorption
cycleand the number of cyclesper year. It can beshown that:

0
0. = 04 6, 2=
b - (1.33)
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(The"0.4” dlowsfor thefact that asarule-of-thumb, approximately 40% of the desorption cycle
isusedfor bed drying/cooling.)

The cooling water pump horsepower requirement (hpmp) would be computed asfollows:

252 x 10™q,, H s

hpcwp =

n (1.34)
where
Oy = cooling water flow (ga/min)
H = required head (nominally 100 feet of water)
S = specific gravity of fluid relativetowater at 60°F
n = combined pump-motor efficiency.

Theannual operating hoursfor the cooling water pump (1, ) would be computed using
Equation 1.33, after substituting “0.6” for 0.4. The0.6 factor accountsfor thefact that the cooling
water pumpisonly used during the steaming portion of the regeneration, whilethe condenser isin
operation.

Equation 1.34 may al so be used to compute the solvent pump horsepower requirement.
Inthelatter case, theflow (g ) would be different of course, although the same head—100 t. of
water—could beused. The specific gravity would depend on the composition and temperature of
the condensed solvent. For example, the specific gravity of tolueneat 100°F woul d be approximately
0.86 at 70°F. (However, the solvent pump horsepower isusually very small—usudly < 0.1 hp.—
soitseectricity consumption can usualy beneglected.)

Oncethevarioushorsepowersare cal cul ated, the e ectricity usage (in kWh) iscal cul ated,
by multiplying each horsepower value by 0.746 (thefactor for converting hp to kilowatts) and the
number of hourseach fan or pump operatesannually. For the system fan, thehourswould bethe

annual operating hoursfor the system (6). But, asdiscussed above, the operating timesfor the
bed drying/cooling fan and cooling water pump would bedifferent.

To obtaintheannual electricity cost, smply multiply kwh by theeectricity price (in $/
kWh) that appliestothefacility being controlled.

For cannigter units, use Equation 1.32 to cd culatethefan horsepower requirement. However,
instead of P, usethefollowing to computethetotal cannister pressuredrop P, inchesof water:[7]

AP, = 0.0471Q, + 9.29 x 104Q]

6 To obtain amore precise estimate of ductwork pressure drop, refer to Section 2 of this Manual.

1-27



where
Q = flow through the cannister (acfm).

1414  CarbonReplacement

Asdiscussed above, the carbon hasadifferent economic life than therest of the adsorber
system. Therefore, itsreplacement cost must be cal culated separately. Employing theprocedure
detailedin Section 1, we have:

AP, = 00471 Q, + 929 x 10™ Q.’ (1.35)
where
CRF. = capital recovery factor for the carbon
108 = taxesand freight factor
C.Cy= initia cost of carbon (F.O.B. vendor) and carbon replacement labor

cost, respectively ($)

Thereplacement labor cost coversthelabor cost for removing spent carbon from vessals
andreplacingit withvirginor regenerated carbon. The cost would vary with theamount of carbon
being replaced, thelabor rates, and other factors. For example, to remove and replace a50,000
pound carbon chargewoul d require about 16 person-days, which, at typica wagerates, isequivaent
to approximately $0.05/Ib replaced.[13]

Atypical lifefor thecarbonisfiveyears. However, if theinlet containsV OCsthat arevery
difficult to desorb, tend to polymerize, or react with other constituents, ashorter carbon lifetime—
perhapsaslow astwo years—would belikely.[1] For afive-year lifeand 7% interest rate, CRF
=0.2439.

1415  SolidWaste Disposa

Disposa costsarerarely incurred with fixed-bed adsorbers, becausethe carbonisalmost aways
regeneratedin place, not discarded. Thecarbonin cannister unitsshould aso beregeneratedin
most cases. For larger vessels, common practice isfor acarbon vendor to pick up the spent
carbon and replaceit with fresh carbon. The spent carbon isthen returned to acentral facility for
regeneration. EPA encourages both solvent recovery and reuse of spent carbon as pollution
prevention and waste minimzation techniques.
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Insome cases, the nature of the solvents, including their extremely hazardousnature or thedifficulty
in desorbong them from the carbon may make disposal the preferred option. In these cases, an
entire cannister—carbon, drum, connections, etc.— may be shipped to asecurelandfill. Thecost
of landfill disposal could vary considerably, depending on the number of cannistersdisposed of,
thelocation of thelandfill, etc. Based on dataobtained fromtwo largelandfills, for instance, the
disposal cost would rangefrom approximately $35 to $65 per cannister excluding transportation
costs.[14][15]

1416  Operatingand Supervisory Labor

The operating labor for adsorbersisrelatively low, asmost systems are automated and
requirelittleattention. One-half operator hour per shiftistypica.[12] Theannud labor cost would
then be the product of thislabor requirement and the operating labor wage rate ($/h) which,
naturally, would vary according to thefacility location, type of industry, etc. Addtothis15%to
cover supervisory labor, as Section 1.2 suggests.

1417 Maintenance Labor and M aterials

Use 0.5 hourg/shift for maintenancelabor [12] and the applicable maintenancewagerate.
If thelatter dataare unavailable, estimate the maintenance wagerate at 110% of the operating

labor rate, as Section 1 suggests. Findly, for maintenance materia s, add an amount equal
to the maintenance labor, also per Section 1.

14.2 Indirect Annual Costs

Theseinclude such costsas capital recovery, property, taxes, insurance, overhead, and
administrativecosts (“G& A”). Thecapital recovery cost isbased on the equipment lifetimeand
theannual interest rateemployed. (See Section 1.2 for athorough discusson of thecapita recovery
cost and thevariablesthat determineit.) For adsorbers, thesystem lifetimeistypicaly tenyears,
except for the carbon, which, as stated above, typically needsto be replaced after five years.
Therefore, when figuring the system capital recovery cost, one should baseit ontheinstalled
capital cost lessthe cost of replacing the carbon (i.e., the carbon cost plus the cost of 1abor
necessary toreplaceit). Substituting theinitial carbon and replacement [abor costsfrom Equation
1.36, weobtain:

CRC, = [Tci - (Losc, + c, )| CRF, (1.37)
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where

CRC, = capital recovery cost for adsorber system ($/yr)

TCl = totd capitd investment ($)

108 = taxesand freight factor

C.C, = initial carbon cost (F.O.B. vendor) and carbon replacement cost,
respectively (%)

CRF_ = capital recovery factor for adsorber system (defined in Section 1. 2).

S

For aten-year lifeand a7% annual interest rate, the CRF_would be 0.1424.

As Section 1.2 indicates, the suggested factor to usefor property taxes, insurance, and
administrative chargesis4% of the TCI. Finally, theoverhead iscal culated as 60% of the sum of
operating, supervisory, and mai ntenancelabor, and maintenance materials.

The above procedure appliesto cannister unitsaswell, except in those case wherethe
entireunit and not just the carbonisreplaced. The piping and ducting cost canusudly be consdered
acapita investment withauseful lifeof tenyears. However, whether the cannister itsalf would be
treated asacapital or an operating expensewould depend on the particul ar application and would
need to be evaluated on acase-by-case basis.

14.3 Recovery Credits

These apply to the VOC which isadsorbed, then desorbed, condensed, and separated
fromthesteam condensate. If therecovered VOC issufficiently pure, it can besold. However, if
theVVOC layer containsimpuritiesor isamixture of compounds, it would requirefurther trestment,
suchasdidtillation. Purification and separation costsare beyond the scope of thischapter. Needless
to say, the costs of these operationswould offset the revenues generated by the sale of the VOC.
Findly, asandternaivetoresdlingit, theVVOC could be burned asfuel and valued accordingly. In
any case, thefollowing equation can be used to cal cul ate these credits:

RC=m, 6 P, E (1.38)
where
RC = recovery credit ($/yr)
m.. = VOCinletloading (Ibs/h)
A = system operating hours (h/yr)
Proc = resalevalue of therecovered VOC ($/1b)
E = adsorber VOC control efficiency
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By definition, theefficiency (E) isthe difference between theinlet and outlet VOC mass
loading, divided by theinlet loading. However, during an adsorption cycletheoutlet VOC | oading
will increasefrom essentidly zero at the start of the cycleto the breakthrough concentration at the
end of thecycle. Becausetheefficiency isafunction of time, it should be calculated viaintegration
over thelength of the adsorption cycle. To do thiswould require knowledge of the temporal
variation of the outlet loading during theadsorption cycle. If thisknowledgeisnot availabletothe
Manual user, aconservative approximation of the efficiency may be made by setting the outlet
loading equal to the breakthrough concentration.

1.4.4 Total Annual Cost
Finaly, asexplainedin Section 1, thetotal annual cost (TAC) isthe sum of thedirect and
indirect annua costs, lessany recovery credits, or:

TAC = DC + IC - RC (1.39)

145 ExampleProblem

A sourceat aprinting plant emitting 100 |b/h of tolueneisto be controlled by acarbon
adsorber. The plant proposesto operate the adsorber in acontinuous modefor 8,640 h/yr (360
days). While operating, two carbon bedswill be adsorbing, whileathird will be desorbing/on
stand by. For itsconvenience, the plant has sel ected adsorption and desorptiontimesof 12 and 5
hours, respectively. Thetotal wastegasflow is 10,000 acfm at the adsorber inlet conditions(one
atmosphereand 77°F). Thewaste gas contains negligible quantities of particul ate matter and
moisture. Further, theapplicable VVOC regul ation requiresthe adsorber to achieveameanremova
efficiency of 98% during theentire adsorption cycle. Finaly, assumethat therecoveredtolueneis
recycled at the source. Estimatethetotal capital investment and total annual cost for the adsorber
system.

Carbon Working Capacity: Atthestated flow and pollutant |oading, thetolueneinl et concentration
is710 ppm. Thiscorrespondsto apartial pressure of 0.0104 psia. Substituting this partial
pressureand thetol ueneisotherm parameters(from Table 1) into Equation 1, weobtainanequilibrium
capacity of 0.3331b/Ib. By applying the rule-of-thumb discussed above (page4-19), weobtaina
working capacity of 0.167 Ib/lb (i.e., 0.333/2).

Carbon Requirement: Asstated above, thisadsorber would havetwo bedson-lineand athird
off-line. Equation 3.12 can answer thisquestion. Subgtitution of the adsorption timeand numbers
of adsorbing and desorbing bedsyidds:

TE

U
Desorption time= 6, < 6, 0— 0= 12hx 05= 6h

A

]
=
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Becausethe stated desorption time (5 hours) islessthan 6 hours, the proposed bed configuration
isfeasible. Next, calculatethe carbonrequirement (M ) from Equation 3.14:

M

M , O Ny O 1001b/h x (12h) x (1 +05
= 0, O+ OL= hx (A20)x1+05) ) a0yps

0
w, A0 N,O 0167Ib/Ib

4

From Equation 3.16, thecarbon cost is:

C. = 100 M

4

= $10,800

c

Adsorber Vessel Dimensions. Assumethat the vesselswill be erected horizontally and select a
superficia bed velocity (v,) of 75ft/min. Next, calculatethevessel diameter (D), length (L), and
surfacearea(S) from Equations 3.18, 3.19, and 3.24, respectively. [Note: Intheseequations, M,
=M_(N,+ N,)=3,600lband Q = Q/N, = 5,000 acfm.]

0127 M,v, 0127 (3,600) (75)

= = = 6. ft
Q' 5,000 080
Lo ISP TS 00 ) g
~ M! DOv,0 3600 O75 0 7
D
S:TIDEL+? = 283 ft

Because Sfallsbetween 97 and 2,110 ft?, Equation 1.25 can be used to cal culate the cost per
vessd, C (assuming 304 stainlessstedl construction). Thus:

C. = 271 S%"™® = $21,900

\

Adsorber Equipment Cost: Recdll that the adsorber equipment cost iscomprised of theadsorber
vessdls, carbon, and the condenser, decanter, fan, pumps and other equipment usually includedin
the adsorber price. The cost of thelatter itemsare “factored” from the combined cost of the
vesselsand carbon. Combining Equations 1.26 and 1.27, we have:

C, = 582 Q"% [cc (N, + Ny cv]
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Subgtitution of theabovevauesyidds.

C, = $130,800

Cost of Auxiliary Equipment: Assumethat costsfor thefollowing auxiliary equipment have
been estimated from datain other partsof theManual:

Ductwork $16,500

Dampers 7,200
Stack 8,500
Totd $32,000

Total Capital Investment: Thetotal capital investment isfactored from the sum of the adsorber
unit and auxiliary equipment cost, asdisplayedin Table 1.5. Notethat nolineitem cost hasbeen
shownfor instrumentation, for thiscost istypically includedin theadsorber price.

Therefore:

Purchased Equipment Cost =“B” =1.08 x “A”=1.08 x ($130,800 + $32,200) = $176,040

And:

Total Capital Investment (rounded) = 1.61 x “B” = $283,400
Annual Costs. Table 1.5 givesthedirect and indirect annual costs for the carbon adsorber
system, ascalculated from thefactorsin Section 1.1.4. Except for electricity, the calculationsin

thetableshow how these costiswerederived. Thefollowingdiscussonwill dea withthedectricity
cost.

Firgt, recall that the electricity includesthe power for the system fan, bed drying/cooling
fan, and the cooling water pump. (The solvent pump motor isnormally so small that its power
consumption may beneglected.) Theseconsumptionsare calculated asfollows:

Systemfaniscal culated from Equation 1.32:

kWh, = 0.746kW/hp x 250 x 10~ Q AP, 6,

sf
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Table1.5: Capita Cost Factorsfor Carbon Adsorber System Example Problem

Cod Itam Factor
Direct Costs
Purchased equipment costs
Adsorber vesselsand carbon $130,800
Auxiliary equipment 32,200
Sum=A $163,000

Instrumentetion, 0.1 A

Salestaxes, 0.03 A 4,890
Freight, 0.05 A 8150
Purchased equipment cog, PEC $176,040

Directingdldion costs

Foundations & supports, 0.08 B 14,083
Handling& erection, 0.14 B 24,646
Eledrical, 0.04 B 7,042
Piping, 002 B 3521
Insulation for ductwork, 001 B 1,760
Painting, 0.02 B 1760
Diredt ingtdlation costs $2,812
Site preparation
Buildings
Total Direct Costs, DC $228,852

Indirect Costs (ingalletion)

Engineging, 0.10 B 17,604

Condructionandfield expenses, 0.05B 8,802

Contrector fees, 010B 17,604

Sart-up, 0.02B 3,521

Peformancetes, 0.01 B 1,760

Contingencies, 003 B 5281

Total Indirect Costs, IC $4,572

Total Capitd Investment (rounded) $283,400
a The cog for thisis included in the adsorber equipment cost.
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But:

AP, (inches water) = AP, + 1 = t, (003679 v, + 1107 x 10% v} + 1

(Thelatter expression was derived from Equation 1.30, assuming that the carbon used inthis
examplesystemisCalgon's“PCB”,4x 10 meshsize))

By assuming acarbon bed density, of 30 1b/ft3, Equation 1.31 can be used to cal cul ate the bed
thickness(t,):

Bed thickness = t, = 00333 M. _ 00333 M. _ 180 ft
b A, LD '

Thus

S

AP, = 1 + 180 (003679 x 75 + 1107 x 107 x 75°) = 7.09 inches
andfindly:

kwh, = 0746 x 25 x 107 x 7.09in. x 10,000 acfm x 8,640h/yr

sf

= 114,200kWh/yr

Bed drying/cooling fan: During thedrying/cooling cycle, the pressure drop through the bed also
equals P,. However, as Section 1.4.1.3indicates, theflow and operating time are different. For

theair flow, take the midpoint of the range (100 ft2 air/Ib carbon) and divide by 2 hours (the bed
drying/coolingtime), yielding: 100t¥/lbx 3,600 Ibsx 1/120 min = 3,000 acfm. Substitutingthis
into Equation 1.32 resultsin:

250 x 107 x 7.09 inches x 3,000 acfm = 532 hp

From Equation 1.33, we get:

®, = 04 x 5h x 2
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Thus

kWh, = 0.746kW/hp x 532hp x 2,880h = 11,400kWh/yr

cf

Cooling water pump: The cooling water pump horsepower iscalculated from Equation 1.34.
Here, let =63%andH = 100ft. Thecoolingwater flow () isthequotient of theannual cooling
water requirement and theannual pump operating time. Fromthedatain Table 1.6, weobtainthe
cooling water requirement: 10,400,000 gal/yr. The pump annua operating timeisobtained from
Equation 1.33 (substituting 0.6 for 0.4), or cwp =(0.6)(5 h)(2)(8,640)/12 = 4,320 h/yr.

Thus
N (252 x 10™) (100 t) . _ 10400000gal/yr .
Powp = 0.63 4320n/yr x 60min/yr P
Thus
N (252 x 10™) (100 t) . _ 10400000gal/yr .
Powp = 0.63 4320n/yr x 60min/yr P
And:

kWh,,, = 0.746kW/h x160hp x4,320h/yr =5160kWh/yr

Summing theindividual power consumptions, we get the value shown in Table 1.5:
131,000kWh/yr

Recovery Credit: AsTable3.6indicates, acredit for the recovered toluene has been taken.
However, to account for miscellaneous|ossesand contamination, thetolueneisarbitrarily valued
at one-half the November 1989 market price of $0.0533/Ib(= $111/ton).[16]

Total Annual Cost: Thesum of thedirect and indirect annual costs, lessthetoluenerecovery
credit, yieldsanet total annual cost of $76,100. Clearly, this“bottomling’ isvery sensitivetothe
recovery credit and, inturn, the value given the recovered toluene. For instance, if it had been
vaued at thefull market price ($221/ton), the credit would have doubled and thetota annua cost
would havebeen $29,200. Thuswhenincorporating recovery credits, it isimperativeto select the
valueof therecovered product carefully.
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Table 1.6: Annual Costs for Carbon Adsorber System Example Problem

Cost Item Calculations Cost

Direct Annual Costs, DC
Operating Labor

Operator 0.5h/shift x 3 shifts/day x 360 days/yr x $12/hr $6,480
Supervisor 15% of operator =0.15 x 6,480 970
Operating materials
Maintenance
L abor 0.5h/shift x 3 shifts/day x 360 days/yr x $13.20/hr 7,130
M aterial 100% of maintenance labor 7,130
Replacement Parts, Carbon (5year life)
Replacement Labor 0.2439 ($0.05/1b x 10,800 Ib) 130
Carbon Coste 0.2439 ($21,600 x 1.08) 5,690
Utilities
Electricity $0.06 kWh x 131,000 kW H/yr 7,860
Steam 3.5 1b/lb VOC x $6/103 x 100 Ib VOC/hr x 8,640 hr/yr 18,140
Cooling Water 3.43 gal/lb steam x [ (3.5 x 100 x 8,640) |b steam x 2,070
$0.20/103 gal.]/ yr
Total DC $55,600
Indirect Annual Costs, IC
Overhead 60% of sumof operating labor, maintenance labor, & 13,030
maintenance materials
=0.6 (6,480 + 970+ 7,130 + 7,130)
Administrative charges 2% of Total Capital Investment = 0.02 ($316,000) 6,320
Property tax 1% of Total Capital Investment = 0.01 ($316,000) 3,160
Insurance 1% of Total Capital Investment =0.01 ($316,000) 3,160
Capital recovery? 0.1424[316,000 - 0.05 (10,800) - 1.08 (21,600)] 41,600
Total IC $67,270
Recovery Credit (toluene) (46,820)
Total Annual Cost (rounded) $76,100
a The 108 factor is for fraght and sdestaxes.
b The capital recovey cog factor, CRF, is afundion of the adsorber or equipment life andthe opportunity cost of

thecapitd (i.e, interest rate). For example, for a 10 year equipment lifeand a 7% interest rate, CRF = 0.1424.
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2.1 Introduction

Condensers in use today may fall in either of two categories: refrigerated or non-
refrigerated. Non-refrigerated condensersarewidely used asraw materiad and/or product recovery
devicesinchemical processindustries. They arefrequently used prior to control devices(e.g.,
incineratorsor absorbers). Refrigerated condensersareused asair pollution control devicesfor
treating emission streamswith highVV OC, concentrations (usually > 5,000 ppmv) inapplications
involving gasolinebulk terminals, storage, etc.

Condensationisaseparationtechniqueinwhich oneor morevol atilecomponentsof avapor
mixtureare separated from theremaining vaporsthrough saturation followed by aphasechange.
Thephasechangefrom gastoliquid can beachievedintwoways: (&) thesystem pressurecanbe
increased at agiventemperature, or (b) thetemperaturemay belowered at aconstant pressure. In
atwo-component systemwhereoneof thecomponentsisnoncondensible(e.g., air), condensation
occursat dew point (saturation) whenthepartial pressureof thevolatilecompoundisequal toits
vapor pressure. Themorevolatileacompound (e.g., thelower thenormal boiling point), thelarger
theamount that can remain asvapor at agiven temperature; hencethelower thetemperature
required for saturation (condensation). Refrigeration is often employed to obtain the low
temperaturesrequiredfor acceptableremova efficiencies. Thischapter islimitedtotheevauation
of refrigerated condensation at constant (atmospheric) pressure.

2.1.1 System Efficiencies and Performance

Theremova efficiency of acondenser isdependent ontheemission stream characteristics
including the nature of the VOC in question (vapor pressure/temperaturerelationship), VOC
concentration, and thetypeof coolant used. Any component of any vapor mixturecan becondensed
if brought to alow enough temperatureand allowed to conicto equilibrium. Figure2.1 showsthe
vapor pressuredependenceontemperaturefor selected compounds.[1] A condenser cannot lower
theinlet concentrationto level s, bel ow the saturati on concentration at the coolant temperature.
Remova efficienciesabove 90 percent can beachi eved with coolantssuch aschilled water, brine
solutions, ammonia, or chlorofluorocarbons, depending on the VOC composition and
concentrationlevel of theemission stream.

2.2 Process Description

Figure2.2 depictsatypica configurationfor arefrigerated surfacecondenser systemasan
emissioncontrol device. Thebas cequipment requiredfor arefrigerated condenser syslemincludes
aVOC condenser, a, refrigeration unit(s). and auxiliary, equipment (e.g., precooler, recovery/
storagetank, pump/blower, and piping).
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221 VOCCondensers

Thetwo most commontypesof condensersused aresurfaceand contact condensers.[21]
In surface condensers, the coolant doesnot contact tilegasstream. Most surface condensersin
refrigerated systemsaretheshell and tubetype(seeFigure2.3).[3] Shell and tubecondensers
circulatethe coolant throughtubes. TheV OCscondenseontheoutsideof thetubes(e.g., within
theshdl). Plateandframetypeheat exchangersarea so used ascondensersinrefrigerated systems.
Inthese condensers, the cool ant and the vapor flow separately over thinplates. Ineither design,
the condensed vapor formsafilmon the cooled surfaceand drainsaway to acollection tank for
storage, reuse, or disposal.

Incontrast, to surface condenserswherethe coolant doesnot contact either thevaporsor
the condensate, contact condenserscool tilevapor stream by spraying either aliquid at ambient
temperatureor achilledliquid directly intothegasstream.

Spent coolant containing the V OCsfrom contact condensersusually can not bereused
directly and canbeawastedisposa problem. Additionally, V OCsinthespent coolant can not be
directly recovered without further processing. Sincethecool ant from surfacecondensersdoesnot
contact the vapor stream, itisnot contaminated and can berecycledinaclosedloop. Surface
condensersalsoallow for direct recovery of VOCsfromtilegas Stream. Thischapter addresses
thedesignand costing of refrigerated surface condenser systemsonly.

Coolant Vapor Vapor
Inlet Outlet Inlet

l 1

Condensed

Coolant voc

Outlet

Figure2.3: Schematic Diagram for aRefrigerated Condenser System
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2.2.2 Refrigeration Unit

Thecommonly used mechanica vapor compressioncycleto producerefrigerationconssts
of four stages: evaporation, compression, condensation, and expansion (seeFigure2.4).[4] Tile
cyclewhichisusedfor single-stagevapor compressioninvolvestwo pressures, highandlow, to
enable acontinuous processto produce acooling effect. Heat absorbed fromtile gas stream
evaporates the liquid coolant (refrigerant). Next, the, refrigerant (now in vapor phase) is
compressed toahigher temperatureand pressureby tilesystem compressor. Then, thesuperheated
refrigerant vapor iscondensed, rejectingitssensibleandlatent heat inthecondenser. Subsequently,
theliquidrefrigerant flowsfrom the condenser through theexpansionvalve, where pressureand
temperaturearereduced tothoseintheevaporator, thuscompletingthecycle.

Thecapacity of arefrigerationunitistherateat whichheatisremoved, expressedintons
of refrigeration. Oneton of refrigerationistherefrigeration produced by melting oneton of iceat
32°Fin24 hours. Itistherateof removing heat equivalent to 12,000 Btu/h or 200 Btu/min. For
moredetailsonrefrigeration principles, seeReferences[5] and [6].

Applicationsrequiringlow temperatures (bel ow about -30°F), multistagerefrigeration
systemsarefrequently employed.[4] Multistagesystemsaredesigned and marketedintwodifferent
types-compound and cascade. |ncompound systems, only onerefrigerantisused. Inacascade
system, two or more separaterefrigeration systemsareinterconnected in such amanner that one
providesameansof heat rejectionfor theother. Cascade systemsaredesirablefor applications
requiring temperaturesbetween-50 and-150°F and allow theuseof different refrigerantsineach
cycle,[4] Theoretically, any number of cascaded stages are possible, each stage requiring an
additional condenser and an additional stageof compression.



In refrigerated condenser systems, two kinds of refrigerants are used, primary and
secondary. Primary refrigerantsarethosethat undergo aphasechangefromliquidto gasafter
absorbing heat. Examples are ammonia (R-717), and chlorofluorocarbons such as
chlorodifluoromethane (R-22) or dichlorodifluorormethane (R-12). Recent concernsabout the
latter causing depl etion of the ozonelayer isprompting devel opment of substituterefrigerants.
Secondary refrigerantssuch asbrinesol utionsact only ashesat carriersand remaininliquid phase.

Conventiona systemsuseaclosed primary refrigerant |oop that cool sthe secondary |oop
throughthehesat transfer mediumintheevaporator. Thesecondary heat transfer fluidisthen pumped
to a VOC vapor condenser where it is used to cool the, air/VOC vapor stream. In some
applications. however, theprimary refrigerationfluidisdirectly used to cool thevapor stream.

2.2.3 Auxiliary Equipment

Asshownin Figure 2.2, some applications may require auxiliary equipment such as
precool ers, recovery/storagetanks, pumps/blowers, and piping.

If water vapor ispresent inthetreated gasstreamor if theVOC hasahighfreezing point
(e.g., benzene), iceor frozen hydrocarbonsmay formon thecondenser tubesor plates. Thiswill
reducetheheat transfer efficiency of thecondenser and thereby reducetheremoval efficiency.
Formation of ice will also increase the pressure drop across the condenser. In such cases, a
precooler may be needed to condensethemoistureprior totheVOC condenser. Thisprecooler
would bringthetemperatureof thestream downto approximately 35t040°F, effectively removing
themoisturefromthegas. Alternatively, anintermittent heating cyclecanbeusedtometaway ice
build-up. Thismay beaccomplished by circul atingambient temperaturebrinethroughthecondenser
or by theuseof radiant heating cails. If asystemisnot operated continuously, theicecanalsobe
removed by circulatingambientair.

A VOC recovery tank for temporary storage of condensed VOC prior to reuse,
reprocessing, or transfer to alarger storage tank may be necessary in some cases. Pumpsand
blowersaretypically usedtotransfer liquid (e.g., coolant or recovered VOC) and gasstreams,
respectively, withinthesystem.

2.3 Design Procedures

Inthissection are presented two proceduresfor designing (sizing) refrigerated surface
condenser systemstoremoveV OC fromair/VOC mixtures. Withthefirst procedurepresented,
oneca culatesthecondenser exit temperatureneededto obtainagiven VOC recovery efficiency.
Inthesecond procedure, whichistheinverseof thefirgt, theexit temperatureisgivenandtherecover
efficiency correspondingtoitiscal cul ated.



Thefirst proceduredependson knowledgeof thefollowing parameters:
1. Volumetricflow rateof theV OC-contai ning gasstream;
2. Inlettemperatureof thegasstream,
3. Concentrationand composition of theVOCinthegasstream,
4. Requiredremovd efficiency of theVOC;
5. Maoisturecontent of theemission stream; and
6. Propertiesof theVOC (assumingtheVOCisapurecompound):
* Heat of condensation,
* Heat capacity, and
* \Vapor pressure.
The design of arefrigerated condenser system requires determination of the VOC
condenser sizeandthecapacity of therefrigerationunit. For agivenVVOC remova efficiency, the
condensationtemperatureand the heat |oad need to be cal cul ated to determinethese parameters.

Thedatanecessary to performthes zing proceduresbelow aswell asthevariablenamesandtheir
respectiveunitsarelistedin Table8.1.

Table8.1: Required Input Data

Data Variable Name Units

Inlet Stream Flow Rate Q, SCFM (77°F:1am)
Inlet Stream Temperature T, F

VOC Inlet Volume Fraction 1y volumefraction
Required VOC Removal Efficiency n -

Antoine Equation Constants® A,B,C Btu/lb-mole

Heat of Condensation of the VOC? deltaH Btu/lb-mole-°F
Heat Capacity of the VOC? vavoc Btu/lb-°F

Specific Heat of the Coolant C o cool Btu/lb-mole-°F

Heat Capacity of Air

pair

aSee Appendix A for these properties of selected organic compounds.



Thestepsoutlined bel ow for estimating condensati ontemperatureand theheat | oad apply
to atwo-component mixture (V OC/air) inwhich oneof thetwo componentsisconsideredto be
noncondensible(air). TheVOC componentisassumedto consist of asinglecompound. Also, the
emissionstreamisassumedtobefreeof moisture. Thecal culationsarebased ontheassumptions
of ideal gasandideal solutiontosmplify thesizing procedures. For amorerigorousanayss, See
Reference[5].

2.3.1 EstimatingCondensation Temperature

Thetemperaturenecessary to condensetherequired amount of VOC must, beestimated
todeterminetheheat load. Thefirst stepistodeterminetheV OC concentrationat theoutlet of the
condenser for agivenremova efficiency. Thisiscalculated by first determiningthepartid pressure
of theVOCattheoutlet, P, . Assumingthattheideal gaslaw applies, P__isgivenby:

Moles VOC in outlet stream

P tlet) = 7 -
voc (outlet) 60 Moles inlet stream - Moles VOC removed

2.1)

where
P, .. = Partial pressureof theVOC intheexit stream (mmHg).

and the condenser isassumed to operate at aconstant pressure of one atmosphere (760
mmHg).

However:
MolesVOCinoutlet stream=(MolesVOCininlet stream)(1-1) (2.2
MolesVOCininletstream=(Molesininletstream)y, .. (2.3)
MolesVOCremoved=(MolesVOCininlet stream) (2.9)
where
n =remova efficiency of thecondenser system (fractional)
=MolesVOCremoved/MolesVOCininlet
Yoooin = Volumefractionof VOCininlet stream
After substituting thesevariablesin Equation 2.1, weobtain:
d d
_ 0Yvoein (1 - 1) O
Pyoc = 760 0 (2.5)
1- (’7 Yvoc, in )] 0

2-9



Atthecondenser outlet, theV OCinthegasstreamisassumed to beat equilibriumwiththe
VOC condensate. Atequilibrium, thepartial pressureof theVOCinthegasstreamisequal toits
vapor pressureat that temperature assuming the condensateispureVOC (e.g., vapor pressure
P..)- Therefore, by determining thetemperatureat whichthiscondition occurs, thecondensation
temperaturecanbespecified. Thiscalculationisbased onthe Antoineequationthat definesthe
rel ationship between vapor pressureand temperaturefor aparticular compound:

B
logPyoc = A - T +C (2.6)

con

whereT__isthecondensationtemperature(°C). Notethat T__isindegreesCentigradeinthis
equation. In Equation 2.6, A, B, and C are V OC-specific constants pertaining to temperature
expressedin °Cand pressureinmmHg (seeAppendix 8A). Solvingfor T_ and convertingto
degreesFahrenheit:

5 B CD 8 + 32
T, = - cHis
- QA - log,, (onc) @ @n

The calculation methods for a gas stream containing multiple VOCs are complex,
particularly whenthereare significant departuresfromtheideal behavior of gasesandliquids.
However, thetemperature necessary for condensation of amixtureof V OCscan beestimated by
thewei ghted average of thetemperaturesnecessary to condenseeachVOCinthegasstreamat a
concentration equal tothetotal VOC concentration.[1]

2.3.2 VOC Condenser Heat L oad

Condenser heat |oad i stheamount of heat that must beremoved fromtheinlet streamto
attainthespecifiedremoval efficiency. Itisdeterminedfromanenergy balance, takingintoaccount
theenthal py change dueto thetemperature change of theVV OC, theenthal py changeduetothe
condensation of the VOC, and the enthal py change due to the temperature change of the air.
Enthal py changedueto the presenceof moistureintheinl et gasstreamisneglectedinthefollowing
andyss.

For thepurposeof thisestimation, itisassumedthat, thetota heatload onthesystemisequal
totheV OC Condenser hest|oad. Redligticdly, whenca culating refrigeration capacity requirements

2-10



for low temperaturecooling units, careful consideration should begiventothe, processline, losses
and heat input of theprocesspumps. Refrigerationunit capacitiesaretypically ratedintermsof net
output and do not reflect any | ossesthrough processpumpsor processlines.

First, thenumber of [b-molesof V OC per hour intheinl et stream must becal cul ated by the
followingexpresson:

Qin
Myoc,in = 392 ft° (yVOC,iu)6OW (2.8)

whereM,.;,isthemolar flow rateof VOCintheinlet streamand Qisthevolumeflow ratein
gandard ft*/min(scfm). Thefactor 392isthevolume(ft®) occupied by onelb-moleof inlet gasstream
at standard conditions(77°F and 1 atm). Thenumber of Ib-molesof VOC per hour intheoutl et
gasstreamiscalculated asfollows:

M =M

voc, out

voc, in (1 - r]) (29)

whereM,. ... Isthemolar flow rateof VOCintheexit stream. Finally, thenumber of |b-molesof
V OC per hour that are condensed iscal culated asfollows:

M voc, con — M voc, in M voc, out (210)
whereM, . istheflow rateof theVOCthat iscondensed.
Thecondenser heat |oad isthen cal culated by thefollowing equation:
H load = AH con + AH uncon + AH noncon (211)
where
H., = condenserheatload(Btu/hr)
H, = enthapychangeassociatedwiththecondensedVOC (Btu/hr)
H, ., = enthapychangeassociatedwiththeuncondensedVOC (Btu/lir)
H .., = enthapychangeassociatedwiththenoncondensibleair (Btu/hr).
Thechangeinenthal py of thecondensed VOC iscal culated asfollows:
AH con— M VOC, con [AHVOC +C p, VOC (Tin - Tcon )] (212)

2-11



where H _isthemolar heat of condensationand C,, .isthemolar heat capacity of theVOC. Each
parameter variesasfunctionof temperature. InEquation8.12, H, __andC,, .. areevaluated at the
meantemperature:

Tin+T,,
Toean =5 (2.123)

Theheat of condensationat aspecifictemperature, T,, (°R), canbecal culated fromtheheat
of condensation at areferencetemperature, T, (°R), usingtheWatson Equation:[ 7]

Eﬂ- LDOBS
TC
(AH o atT,) = (BH o at T,) DD—Tlg (213

4 7 H

c

whereT_(°R)istheVOCcritical temperature.

Theheat capacity can also becal cul ated for aspecifictemperature, T, if heat capacity
constants(a, b, ¢, and d) areknownfor the particular compound. Theheat capacity equationis:

Copvoe = @+ bT, + ¢T,* + dT,° (2.14)

However, to simplify theheat load analysis, C, .. can be assumed to remain constant over the
temperature range of operation (i.e., T, - T.,,) without much loss of accuracy inthe heat |oad
cd culations, asthesensiblehest changein Equation8.12isrel aively smal |l comparedtotheentha py
changedueto condensation.

Heat of condensation and heat capacity dataare providedin Appendix A. Theheat of
condensation for each compoundisreported at itsboiling point, whileitsheat capacity isgiven at
77°F. Toestimatetheheat of condensation at another temperature, use Equation2.13. However,
the Appendix A heat capacity datamay beusedto approximateC, . at other temperatures, since
sensibleheat changesareusually small, compared to condensati on enthal py changes.

Theenthal py changeassoci ated withtheuncondensed VV OCiscd culated by thefollowing
expresson:

2-12



H uncon  — M VOC, out Cp,VOC (Tin B Tcon) (215)

Findly, theenthal py changeof thenoncondensibleair iscal culated asfollows:

M Q. minC 0
AH noncon %392 ft 2 60 hr H- M VOC, in Ecp,air (Tin B Tcon) (216)

whereCpm Isthespecificheat of air. Inboth Equations2.15and 2.16, theCp’ sareevaluated at
themeantemperature, asgiven by Equation2.12a.

2.3.3 Condenser Size

Condensersares zed based ontheheat | oad, thel ogarithmic meantemperaturedifference
betweentheemissionand coolant streams, andtheoveral heat transfer coefficient. Theoveral heat
transfer coefficient, U, canbeestimated fromindividua heat transfer coefficientsof thegasstream
andthecoolant. Theoverall heat transfer coefficientsfor tubular heat exchangerswhereorganic
solvent vaporsinnoncondens blegasarecondensed ontheshell sdeand water/brineiscircul ated
on the tube side typically range from 20 to 60 Btu/hr-ft2-°F according to Perry’s Chemical
Engineers Handbook[4]. Tosmplify thecaculations, asngle” U” valuemay beusedtosizethese
condensers. Thisapproximationisacceptablefor purposesof making study cost estimates.

Accordingly, anestimateof 20 Btu/hr-ft>-°F can beused to obtain aconservativeestimate
of condenser size. Thefollowing equationisusedto determinetherequired heat transfer area:

H

Awn = T 21
U AT, (2.17)

where

= condenser surfacearea(ft?)

overall heat transfer coefficient (Btu/hr-ft>-°F)
logarithmic meantemperaturedifference(°F).

Acon
U
TI m
Thelogarithmicmeantemperaturedifferenceiscal cul ated by thefoll owing equation, whichisbased
ontheuseof acountercurrent flow condenser:
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_ (Tin h Tcool,out) h (Tcon i Tcool,in)

AT, =
n DTD in ~ Tcool,out % (218)
|jrcon - Tcool,in O

where
Teouin = Coolantinlettemperature (°F)
T = coolant outlet temperature (°F).

cool,out

Thetemperaturedifference(“ gpproach”) at thecondenser exit can beassumedtobe 15°F.
In other words, the coolant inlet temperature, T ., will be 15°F less than the calculated
condensationtemperature, T_ . Also, thetemperatureriseof the coolant isspecified as25°F.
(Thesetwotemperatures- the condenser approach and the cool ant temperaturerise-reflect good
designpracticethat, if used, will resultinan acceptablecondenser size.) Therefore, thefollowing
equationscan beapplied to determinethecool ant inlet and outl et temperature:

=T_ -15°F (2.19)

cool, in con

T . =T . +25°F (2.20)

cool, out cool, in

2.3.4 Coolant Flow Rate

Theheat removed fromtheemissonsreamistransferredtothecoolant. By asmpleenergy
balance, theflow rate of the cool ant can be cal cul ated asfollows:

W — H load

o Cp,cool (Tcool,out B Tcool,in) (221)

whereW,,,, isthecoolant flow rate(lb/hr), and C, ., isthecool ant specific heat (Btu/lb-°F). C,
will vary accordingtothetypeof coolant used. For a50-50 (volume%) mixtureof ethyleneglycol
andwater, C___ isapproximately 0.65 Btu/Ib-°F. Thespecificheat of brine (saltwater), another

P.coo]

commonly used coolant, isapproximately 1.0 Btu/lb-°F.

2-14



2.3.5 Refrigeration Capacity

Therefrigeration unitisassumed to supply thecool ant at therequired temperaturetothe
condenser. Therequiredrefrigeration capacity isexpressedintermsof refrigerationtonsasfollows:

- Hload
R= 12,000 (2.22)

Again, asexplainedinsection2.3.2,H, _, doesnotincludeany heat |osses.

2.3.6 Recovered VOC

The mass of VOC recovered in the condenser can be cal culated using the following
expresson:

WVOC, con ~ M voc, con x M WVOC (2'23)
where
 oc.con = Mass of VOC recovered (or condensed) (Ib/hr)
MW, .=molecular weight of theV OC (Ib/Ib-mole).

2.3.7 Auxiliary Equipment
Theauxiliary equipment for arefrigerated surface condenser systemmay include:

e precooler,

» recovered VOC storagetank,
e pumps/blowers,and

* piping/ductwork.

If water vapor ispresent inthetreated gasstream, aprecool er may be needed toremove
moistureto preventicefromformingintheV OC condenser. Sizing of aprecooler isinfluenced by
themoi sture concentration and thetemperature of theemission stream. Asdiscussedin Section
2.2.3, aprecool er may not benecessary for intermittently operated refrigerated surface condenser
systemswheretheicewill havetimeto melt between successive operating periods.

If aprecoolerisrequired, atypical operatingtemperatureis35to40°F. Atthistemperature,

amost all of the water vapor present will be condensed without danger of freezing. These
condensationtemperaturesroughly correspondto aremoval efficiency rangeof 70to 80 percent
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if theinlet streamissaturated with water vapor at 77°F. Thedesign procedure outlinedinthe
previoussectionsfor aV OC condenser can beusedto sizeaprecool er, based onthepsychometric
chartfor theair-water vapor system (seeReference[4]).

Storage/recovery tanksare used to storethecondensed V OC whendirect recyclingisnot
asuitableoption. Thesizeof thesetanksisdetermined fromtheamount of VOC condensateto be
collected and theamount of timenecessary beforeunl oading. Sizingof pumpsand blowersisbased
ontheliquidand gasflow rates, respectively, aswell asthesystem pressuredrop betweentheinlet
andoutlet. Sizing of the piping and ductwork (Ilength and diameter) primarily dependsuponthe
streamflow rate, duct/pipevelocity, availablespace, and systemlayout.

2.3.8 AlternateDesign Procedure

Insomeapplications, it may bedesirableto sizeand cost arefrigerated condenser system
that will useaspecific coolant and provideaparticular condensationtemperature. Thedesign
procedureto beimplementedin such acasewould essentially bethe sameastheone presentedin
thissection except that instead of cal culating the condenser exit temperatureneededto obtaina
specified VOCrecovery efficiency, theexit temperatureisgiven andthe corresponding recovery
efficiency iscalculated.

Theinitia calculationwould beto estimatethepartia (=vapor) pressureof theVOCat the
givencondenser exittemperature, T, using Equation2.6. Next, calculaten using Equation2.24,
by rearranging Equation 2.5:

(760 yVOC,in) - Pyoc
Yvoc,in (760 - onc)

n = (2.24)

Finally, substitute the calculated P, into this equation to obtainn. In the remainder of the
cal cul ationsto estimate condenser heat |oad, refrigerati on capacity, coolant flow rate, etc., follow
theprocedurepresentedin Sections2.3.2through 2.3.7.

2.4 Estimating Total Capital Investment

Thissection presentsthe proceduresand datanecessary for estimating capital costsfor
refrigerated surface condenser systemsin solvent vapor recovery and gasolinevapor recovery
applications. Costsfor packaged and nonpackaged sol vent vapor recovery systemsare presented
inSections2.4.1and 2.4.2, respectively. Costsfor packaged gasolinevapor recovery syssemsare
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describedin Section2.4.3. Costsarecal cul ated based on the design/si zing proceduresdiscussed
inSection2.3.

Total capital investment, TCI, includesequipment cost, EC, for theentirerefrigerated
condenser unit, auxiliary equipment costs, taxes, freight charges, instrumentation, and direct, and
indirectinstallation costs. All costsinthischapter are presented 3rd quarter 1990dollars.t

For thesecontrol systems, thetotal capital investment isabattery limit cost estimateand
doesnotincludetheprovisionsfor bringing utilities, services, or roadstothesite; the, backup
facilities; theland; theworking capital, theresearch and devel opment required; or theprocesspiping
andinstrumentationinterconnectionsthat may berequiredintheprocessgeneratingtilewastegas.
Thesecostsarebased on new plant installations; noretrofit cost considerationsareincluded. The
retrofit cost factorsare so site specific that no attempt hasbeen madeto providethem.

Theexpected accuracy of thecost estimatespresentedinthischapter is+30 percent (e.g..,
“study” estimates). It must be kept in mind that even for a given application, design and
manufacturing proceduresvary fromvendor tovendor, so costsmay vary.

Inthe next two sections, equipment costsare presented for packaged and nonpackaged
(custom) solvent vapor recovery systems. respectively. Withthepackaged systemstheequipment
costisfactored fromtherefrigeration thecustom systems, theequipment cost isdetermined asthe
sum of the costsof theindividual system components. Finally. equipment costsfor packaged
gasoline, vapor recovery systemsaregivenin Section2.4.3.

2.4.1 Equipment Costsfor Packaged Solvent Vapor Recovery Systems

Vendors were asked to provide refrigerated unit cost estimates for a wide range of
applications. The equations shown below for refrigeration unit equipment costs, EC,, are
multivariableregressionsof dataprovided by two vendorsand areonly validfor therangeslisted
inTable2.2.[8,9] Inthistable, thecapacity rangeof refrigerationunitsfor which cost datawere
availableareshown asafunction of temperature.

Single Stage Refrigeration Units(lessthan 10tons)

EC, = (983- 0.014T,, + 0340 In R) (2.25)

r
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Tablel.2: Applicability Rangesfor theRefrigeration Unit Cost Equations

(Equations8.25t08.27)
Temperature Minimum Size Available Maximum Size Available
T, CF)? R(tons) R(tons) R(tons)
SingleStage Multigege SingleStage Multigege
40 0.85 NAP 174 NA
30 0.63 NA 170 NA
20 0.71 NA 880 NA
10 0.44 NA 200 NA
0to-5 0.32 NA 133 NA
-10 0.21 3.50 6.6 81
-20to -25 0.13 2.92 200 68
-30 NA 242 NA 85
-40 NA 1.92 NA 68
-45 to -50 NA 1.58 100¢ 55
-55 to -60 NA 1.25 100¢ 100
-70 NA 133 NA 42
-75t0 -80 NA 1.08 NA 150
-90 NA 0.83 NA 28
-100 NA 0.67 NA 22

3For condensation temperatures that lie between the levels shown, round off to the nearest level (e.g., if T = 16°F, use 20°F) to determine
minimum and maximum available size.

PNA = System not available based on vendor data collected in this study.

‘Only one data point available.

Single Stage Refrigeration Units(greater than or equal to 10tons)

EC, = (9.26 - 0007T,, + 0627 In R) (2.26)

r

MultisageRefrigeration Units

EC = exp(9.73-0.012T_ +0.584InR) (2.27)

Equations2.25and 2.26 providecostsfor refrigeration unitsbased on singlestagedesigns,
whileEquation 2.27 givescostsfor multistageunits. Equation 2.27 covershothtypesof multistage
units, “ cascade” and“ compound’. Dataprovided by avendor show that the costsof cascadeand
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compoundunitscomparewd |, generdly differing by lessthan 30%.[8] Thus, only onecost equation
isprovided. Equation 2.25 appliesto single stagerefrigeration unitssmaller than 10 tonsand
Equation 2.26 appliesto singlestagerefrigerationunitsaslargeor larger than 10tons. Singlestage
unitstypicaly achievetemperaturesbetween 40 and-20°F, dthoughthereareunitsthat arecapable
of achieving-60°Finasinglestage.[8, 10] Multistageunitsare capableof lower temperature
operation between -10 and -100°F.

200,000

180,000

160,000

140,000

120,000

100,000

80,000

60,000

Equipment Cost
3rd Quarter 1990 Dollars

40,000

20,000

0 T T T T
0 20 40 60 80 100
Capacity
(tons)

Figure2.5: Refrigeration Unit Equipment Cost (Single Stage) [8.9]

Singlestagerefrigeration unit costsaredepicted graphically for sel ected temperaturesin
Figure2.5. Figure2.6 showstheequipment cost curvesfor multistagerefrigeration units.

(NOTE: InFigure 2.5, thediscontinuitiesinthecurvesat the 10 ton capacity arearesult of thetwo
regressi on equationsused. Equation 2.25isused for capacitiesof lessthan 10tons; Equation 2.26
isusedfor capacitiesgreater than or equal to 10tons.)

Thesecostsarefor outdoor model sthat are skid-mounted on steel beamsand consist of
the following components. walk-in weatherproof enclosure, air-cooled low temperature
refrigerationmachinery withdua pumpdesign, storagereservair, control panel andinstrumentation,
vapor condenser, and necessary piping. AR refrigerationunitshavetwo pumps: asystem pumpand
abypasspump to short-circuit the vapor condenser during no-load conditions. Costsfor heat
transfer fluids(brine) arenotincluded.
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Theequipment cost of packaged sol vent vapor recovery systems(ECp) isestimatedtobe
25 percent greater thanthecost of therefrigerationunit done[9]. Theadditional costincludesVOC
condenser, recovery tank, thenecessary connections, piping, and additiona instrumentation. Thus:

EC, = 125EC, (2.28)

-40°F -30°F

Equipment Cost, 3rd Quarter 1990 Dollar:

0 » o o
: : . . Cepecity (tors) .
Figure2.6: Refrigeration Unit Equipment Cost (Multistage) [9]
Purchased equipment cost, PEC, includesthe packaged equipment cost, EC " andfactors

for salestaxes (0.03) and freight (0.05). Instrumentation and controls are included with the
packaged units. Thus,

PEC, = EC, (1+ 003+ 005) = 108 EC, (2.29)

2.4.2 Equipment Costsfor Nonpackaged (Custom) Solvent Vapor Recovery Systems
Todevel op cost estimatesfor nonpackaged or custom refrigerated systems, information
wassolicited fromvendorson costsof refrigeration units, VOC condensers, and V OC storage/
recovery tanks[9, 11, 12]. Quotesfromthevendorswereused to devel op the estimated costsfor
eachtypeof equipment. Only oneset of vendor datawasavailablefor each type of equipment.

Equations2.25, 2.26, and 2.27 shown above are applicabl efor estimating the costsfor the
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refrigeration units. Equation 8.30 showsthe equation developed for theVV OC condenser cost
estimateq 11]:
EC

= 34 A, + 3,755 (2.30)

Thisequationisvalidfor therangeof 38to800ft?and representscostsfor shell arid tubetypeheat
exchangerswith 304 Stainless Stedl tubes.

Thefollowing equationrepresentsthestorage/recovery tank cost dataobtainedfromone
vendor[12]:

ECpamk = 272 Vi + 1,960 (2.31)

Thesecostsareapplicablefor therangeof 50t0 5,000 gallonsand pertainto 316 stainless
stedl vertical tanks.

Costing proceduresfor aprecooler (ECpre) that includesaseparate condenser/refrigeration
unit and arecovery tank aresimilar tothat for acustom refrigerated condenser system. Hence,
Equations2.25through 2.31 would be applicable, with the exception of Equation 2.27, which
representsmultistage systems. Multistage systemsoperateat much lower temperaturesthanthat
required by aprecooler.

Costsfor auxiliary equipment such asductwork, piping, fans, or pumpsaredesignated as
EC, ,» Theseitemsshoul d becosted separately using methods described el sewhereinthisManual.

Thetotal equipment cost for custom systems, EC_isthen expressed as;

EC. = EC, + EC,, + EC,, + EC_, + EC,,, (2.32)

tank

The purchased equipment cost including EC_and factorsfor salestaxes (0.03), freight
(0.05), andinstrumentationand controls(0.10) isgiven below:

PEC, = EC, (1 + 003 + 005 + 010) = 118 EC, (2.33)

2.4.3 Equipment Costsfor GasolineVapor Recovery Systems

Separate quoteswereobtained for packaged gasolinevapor recovery systemsbecause
thesesystemsarespecially designed for controlling gasolinevapor emissionsfrom such sourcesas
storagetanks, gasolinebulk termind's, and marinevessd |oading and unloading operations. Systems
that control marinevessel gasolineloading and unloading operationsal so must meet U.S. Coast
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Guard safety requirements.

Quotesobtained from onevendor wereused to devel op equi pment cost estimatesfor these
packaged systems (see Figure 2.7). The cost equation shown below is a least squares
regression of these cost dataand isvalid for tile range 20 to 140 tons.[91]

EC, = 4910R + 212,000 (2.34)

p

Thevendor datain processflow capacity (gal/min) vscost ($) weretransformedinto Equation 2.34
after applyingthedesign proceduresin Section 2.3. Detail sof thedatatransformationaregivenin
Appendix B.

The cost estimates apply to skid-mounted refrigerated VOC condenser systems for
hydrocarbon vapor recovery primarily at gasolineloading/storagefacilities. Thesystemsare
intermittently operated at -80 to -120°F allowing 30 to 60 minutes per day for defrosting by
circulation of warm brine. Multistage systemsareemployedto achievetheselower temperatures.
TileachievableV OCremoval efficienciesfor thesesystemsareintherangeof 90to 95 percent.

The packaged systems include the refrigeration unit with the necessary pumps,
compressors, condensers/evaporators, coolant reservoirs, the VOC condenser unit and VOC
recovery tank, precooler, instrumentation and controls, and piping. Costsfor heat transfer fluids
(brines) arenot included. The purchased equipment cost for these systemsincludessalestax and
freight andiscal culated using Equation 2.29.

Capacity (gal/min) 0 2,000 4,000 6,000 8,000 10,000
S 800,000
o
[a)]

o
[}
[o)]
—
g 600,000
G
>
o
o
™ 400,000
®
@]
@)
<
(]
€ 200,000
o
5
(o
L
0
0 20 40 60 80 100 120

Capacity (tons)

Figure 2.7: Gasoline Vapor Recovery System Equipment Cost [9]
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Table 2.3: Capital Cost Factorsfor Nonpackaged (Custom)

Refrigerated Condenser Systems

CogtItem Factor
Purchased Equipment Costs

Refrigerated condenser system, EC Asestimated, A

Instrumentation 0.10A

SalesTaxes 0.03A

Freight 0.05A

Purchased equipment costs, PEC B=1.18A%
Direct Installation Costs 0.08B

Foundations & Supports 0.14B

Handling & Erection 0.08B

Electrical 0.08B

Piping 0.02B

Insulation 0.10B

Painting 0.01B

Direct Installation Costs 043B
Site Preparation AsRequired, SP
Buildings AsRequired, Bldg.
Total Direct Costs, DC 1.43B + SP+BIdg.
Indirect Costs(Installation)

Engineering 0.10B

Construction and Field Expenses 0.05B

Contractor Fees 0.10B

Start-Up 0.02B

Performance Test 001B

Contingencies 0.03B

Total Indirect Costs, IC 0.31B

Total Capital Investment=DC +IC

1.74b +SP+Bldg.

@ Purchased equipment cost factor for packaged systems is 1.08 with instrumentation included.

b For packaged systems, total capital investment = 1.15PEC,.
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Table 2.4: Suggested Annual Cost Factorsfor Refrigerated Condenser Systems

Codt Item Factor
Direct Annual Cost, DC
Operating Labor 1/2 hour per shift
Operator 15% of operator
Supervisor
Operating Materials
Maintenance
L abor 1/2 hour per shift
Material 100% of maintenance labor
Electricity
at 40°F 1.3kW/ton
at 20°F 2.2KkWi/ton
at -20°F 4.7 kWi/ton
at -50°F 5.0kW/ton
at-100°F 11.7 kW/ton

Indirect Annual Costs, IC

Overhead 60% of total labor and
maintenance material costs

Administrative Charges 2% of Total Capital Investment

Property Tax 1% of Total Capital Investment

Insurance 1% of Total Capital Investment

Capital Recovery? 0.1098 x Total Capital Investment

Recovery Credits, RC
Recoverd VOC Quiality recovered x operating hours
Total Annual Cost DC+IC-RC

@ Assuming al5year lifeat 7%[13]. See Chapter 2.
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2.4.4 |nstallation Costs

Thetotal capital investment, TCl, for packaged systemsisobtained by multiplying the
purchased equipment cost, PECp by thetotal installationfactor:[13]

Table 2.5: Electricity Requirements

Electricity (E, kW/ton) Temper ature(°F)
1.3 40
2.2 20
4.7 -20
5.0 -50
11.7 -100
TCl = 115PEC, (2.35)

For nonpackaged (custom) systems, thetotal installationfactoris1.74:
TCl = 174 PEC, (2.36)

Anitemizationof tiletotal installation factor for nonpackaged systemsisshowninTable2.3.
Depending onthesiteconditions., theinstall ation costsfor agiven system could deviate
significantly, from costsgenerated by thereaveragefactors. Guiddinesareavailablefor
adjustingtheseaverageingtalationfactors.[14]

2.5 Estimating Total Annual Cost

Thetotal annual cost (TAC) isthesum of thedirect andindirect annual costs. The
basesusedin calculating annual cost factorsaregivenin Table2.4.

25.1 Direct Annual Costs
Direct annual costs, DC, include-labor (operating and supervisory), maintenance (labor

and materials), and electricity. Operatinglabor isestimated at 1/2-hour per 8-hour shift. The
supervisory labor cost isestimated at 15% of the operating labor cost. Maintenancelaboris
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estimated at 1/2-hour per 8-hour shift.

Maintenance materials costs are assumed to equal maintenance labor costs.

Utility costsfor refrigerated condenser systemsincludeé ectricity requirementsfor the
refrigeration unit and any pumps/blowers. Thepower required by the pumps/blowersis
negligiblewhen comparedwiththerefrigerationunit power requirements. Electricity
requirementsfor refrigerated condenser systemsaresummarizedin Table2.5:
Theseestimatesweredevel oped from product literature obtained from onevendor.[9] The
electricity cost, C, canthenbecal cul ated fromthefollowing expression:

_ _R 0
Ce ) ncompressor - spe (237)
where
B, = systemoperatinghours(hr/yr)
p, = eectricitycost
Noonpressor = MeChaNical efficiency of thecompressor

25.2 Indirect Annual Costs

Indirect annual costs, I C, arecal cul ated asthe sum of capital recovery costsplus
genera and adminigtrative (G& A), overhead, property tax, andinsurancecosts. Overheadis
assumed to beequal to 60 percent of the sum of operating, supervisory, and maintenancelabor,
and maintenancematerials. Overhead cost isdiscussedin Section 1 of thisManual .

Thesystem capital recovery cost, CRC, isbased onan estimated 15-year equipment
life.[13] (See Section 1 of the Manual for adiscussion of thecapital recovery cost.) For al5-
year lifeand aninterest rate of 7 percent, thecapital recovery factoris0.1098. Thesystem
capital recovery costisthen estimated by:

R
C, = E 6 p. (2.37)

r’compressor
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G& A costs, property tax, and insurance are factored from total capital investment.

typicaly at 2 percent, 1 percent, and 1 percent, respectively.

Table2.6: Example Problem Data

Vent Stream Parameters Value
Inlet Stream Flow Rate 100 scfm?
Inlet Stream Temperature 86°F
VOC to be Condensed Acetone
VOCInlet VolumeFraction 0.0375
Required VOC Removd Efficiency .90
AntoineEquation Constantsfor Acetone:
A 7.117
B 1210.595
C 229.664
Heat of Condensation of Acetone? 12,510Btu/lb-mole
Heat Capacity of Acetone 17.90 Btu/Ib-mole-°F
SpecificHeat of Coolant® (ethyleneglycol) 0.65Btu/lb-°F

Heat Capacity of Air®

6.95 Btu/Ib-mole-°F

Annual Cost Par ameter Value
Operating L abor $15.64/hr

M ai ntenance L abor $17,2/hr
Electricity $0.0461/kWh
AcetoneResdeVaue $0.10/Ib

aStandard conditions: 77°F and 1 atmosphere.
bEvaluated at the acetone boiling point (134°F).
“These properties were evaluated at 77°F.

2.5.3 Recovery Credit
If the condensed VOC can be directly reused or sold without further treatment, then

the credit from this operation isincorporated in the total annual cost estimates. The
following equation can be used to estimate the VOC, recovery credit, RC:
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CRC = 0.1098 TCI (2.38)

where
P, = resalevalueof recovered VOC ($/1b)
W = quantity of VOC recovered (Ib/hr).

voc,con

25.4 Total Annual Cost

Thetotal annual cost (TAC) iscalculated asthe sum of thedirect andindirect annual
costs, minustherecovery credit:

RC = WVOX, con pVOC (2'39)

2.6 Example Problem 1

Theexampleproblem described inthissection showshow to apply therefrigerated
condenser systemsizing and costing proceduresto the control of avent stream consisting of
acetone, air, and anegligibleamount of moisture. Thisexampleproblem assumesarequired
removal efficiency and cal culatesthetemperatureneeded to achievethislevel of control.

2.6.1 RequiredInformationfor Design

Thefirst stepinthedesign procedureisto specificthegasstreamto beprocessed. Gas
stream parametersto beusedinthisexampleproblemarelistedin Table2.6. Thevaluesfor the
Antoineequati on constants, heat, of condensation, and heat capacity of acetoneare obtained
from Appendix 8A. Specific heat of the coolant isobtained from Perry’ sChemical Engineers
Handbook[4].

2.6.2 Equipment Sizing

Thefirst stepinrefrigerated condenser sizingisdeterminingthepartial pressureof the
VOC at theoutl et of thecondenser for agivenremoval efficiency. Giventhestreamflow rate,
inlet VOC concentration, and therequired removal efficiency, thepartia pressureof theVOC
at theoutlet can becal culated using Equation 2.5.

0.375 (1 - 0.90)

Pooc = 760 —— =~ 2
voe 1 - 0.375 (0.90)

= 43 mm Hg
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Next, thetemperature necessary to condense the required amount of VOC must be
determinedusing Equation8.7:

- [ 121059 22066418 + 32 = 16° F
@ T 7117 - log,, (43) SnT )

Thenext stepisto estimatetheVV OC condenser heat load. Calculate: (1) theVOC
flow ratefor theinlet/outlet emission streams, (2) theflow rate of thecondensed VOC, and (3)
thecondenser heat balance. Theflow rateof VOC intheinlet streamiscal culatedfrom
Equation2.8.

Mvoc,in = % (0.375) 60 = 5.74 Ib —moles

Theflow rateof VOCintheoutlet streamiscal culated using Equation 2.7 asfollows:

Ib —moles
hr

= 574 (1 - 090) = 0574

M voc, out

Finally, theflow rateof condensed VOC isca culated with Equation 2.10:

- 574 - 0574 = 5166 2 _MOles

voc, con
hr

M

Next, thecondenser heat balanceisconducted. Asindicatedin Table2.6, theacetone
heat of condensationisevaluated at itsboiling point, 134°F. However, itisassumed (for
simplicity) that all of theacetonecondensesat thecondensationtemperature, T_, = 16°F. To
estimatetheheat of condensation at 16°F, usethe Watson equation (Equation 8.13) withthe
fallowinginputs:

T. = O918°R(AppendixA)
T, = 134+460=594°R
T, = 16+ 460=476°R.

Uponsubgtitution, weaobtain:
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0 ﬂgo.%
918
12,510 S:lwg
9180

Btu
b — mole

(8H o at 16° F)

14,080

AsTable2.6 shows, the heat capacitiesof acetoneand air and the specific heat of the,
coolantwereall evaluated at, 77°F. Thistemperatureisfairly closetothecondenser mean
operatingtemperature, i.e., (86 + 16)/2=51°F. Consequently, usingtile77°Fvalueswould
not add significant additional error totheheat |oad cal cul ation.

Thechangeinenthal py of thecondensed VV OCiscal culated using Equation 2.12:

Btu
MH,,, = 5166 [14,080 + 17.90 (86 - 16)] = 79,210 o

Theenthal py changeassociated with theuncondensed VV OCiscal cul ated from Equation 2.15:

AH = (0574) (17.90) (86 - 16) = 719 —

uncon h r

Finaly, theentha py changeof thenoncondensibleair isestimated from Equation 2.16:

_ (1100 @ 0 _ Btu
AH, .. = %@ 600 - 5.7456.95 (86 - 16) = 4,654 o

Thecondenser heat loadisthen cal culated by substituting H__, H
21L

and H inEquation

uncon’ noncon

Higag = 79210 + 719 + 4,654 = 84583 %

Thenext stepisestimation of theV OC condenser size. Thelogarithmicmean
temperaturedifferenceiscal culated us ng Equation 2.18. Inthiscal cul ation:
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16-15=1°F
1+25=26°F

cool,in

cool,out

fromEquations2.19and 2.20, respectively:
_ (86 - 26) - (16 - 1)
m @n 86-26@
16-1

Thecondenser surfaceareacan then becal culated using Equation 2.17.

AT = 325° F

A = —— =
©n 20 (325)
Inthisequation, aconservativevalueof 20 Btu//hr-ft?>-°Fisused astheoverall heat transfer
coefficient.
Thecoolant flow ratecan becal culated using Equation 2.21.

W = _ 84583 5205B
wl = 065(26-1) 7 hr

Therefrigeration capacity can beestimated from Equation 2.22 asfollows:

R = M- 7.05 tons
© 12000

Finally, thequantity of recovered V OC can beestimated using Equation 2.23:
W =5.166 x 58.08 = 300 |b/hr

voc,con

wherethemolecular wei ght of acetoneisobtained from Appendix A.
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Notethat in this example case, the partial pressure of acetone at the condenser exit
isrelatively high (43 mm Hg). In applications where much lower outlet concentrationsare
desired, a second control device (e.g., incinerator, adsorber) to operate in series with the
condenser may need to be considered.

2.6.3 Equipment Costs

Oncethesystem sizing parametershave been determined, the equi pment costscan be
calculated. For thepurposeof thisexample, acustomrefrigerated condenser system, including
arefrigerationunit, aV OC condenser, and arecovery tank will be costed.

FromTable2.2, asinglestagerefrigeration unit appearsto besuitablefor theexample
problemwith an estimated condensation temperature of 16°F and capacity of 7.05tons. Hence
Equation 2.25, whichisapplicableto unitslessthan 10tons. issel ected for estimating costs.
Application of thisequationresultsinthefollowing val uefor therefrigeration unit cost:

EC = exp [9.83- 0014 (16)+ 0.340 In(7.05)] = $28 855

V OC condenser costiscomputed using Equation2.30 asfollows:

EC,,, = 34 (130) + 3,775 = $8195

co

Recovery tank cost can be calculated from Equation2.31. Forthiscase, W, =3001Ib/hr,

whichisequivalent to45.5gal/hr (density of acetoneisabout 6.61b/gal). Assumingan 8-hour
daily operation, theinterim storage capacity requirement would be 364 gallons. Application of
Equation 2.31|eadstothefollowing:

EC,.. = 272 (364) + 1,960 = $2,950

tank

Assuming thereareno additional costsdueto precooler or other auxiliary equipment, thetotal
equipment cost iscal culated from Equation 2.32:

EC,=28,855+ 8,195 + 2,950 + 0 + 0 = $40,000

Thepurchased equipment cost includinginstrumentation, controls, taxes, andfreight isestimated
using Equation2.33:

PEC, = 118 (40,000) = $47,200
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Thetotal capital investment is calculated using Equation 2.36:

TCI = 174 (47,000) = $82128

2.6.4 Total Annual Cost

Table2.7 summarizestheestimated annual costsfor the, exampleproblem. Thecost
calculationsareshowninthetable. Direct annual costsfor refrigerated systemsincludelabor,
materials, and utilities. Labor costsare based on 8-hr/day, 5-day/week operation. Supervisory
labor iscomputed at 15 percent of operating labor, and operating and maintenancelabor areeach
based on 1/2 hr per 8-hr shift. Theelectricity costisbased onarequirement of 2.2kW/ton,
becausethe condensationtemperature (16°F) isclosetothe20°F temperaturegivenfor thisvaue.
Indirect annual costsincludeoverhead, capital recovery, administrativecharges, property tax, and
insurance.

Total annual costisestimated using Equation 2.40. For thisexampl e case, application of
refrigerated condensation asacontrol measureresultsinanannual savingsof $37,500. AsTable
2.7 shows, theacetonerecovery creditisover twicethedirect and Indirect costscombined.
Clearly, thiscredit hasmoreinfluenceonthetotal annual cost thanany other Component.
Althoughthecredit dependsonthree parameters-theacetonerecovery rate, theannual operating
hours, and theacetonesalvage val ue ($0.10/Ib)-thelast parameter isoftenthemost difficult to
estimate. Thisismainly becausethesalvageva uevariesaccordingtothefacility locationaswell as
thecurrent state of thechemica market.
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Tablel1.7: Annua Cost for Refrigerated Condenser System Example Problem

CostItem Calculations Cost

Direct Annual Costs,DC

Operating L abor

Operator 0.5hx shiftx 2,080hx $15.64 $2,030
shift  8h yr h

Supervisor 15% of operator =0.15x 2,030 300

Operating materials -

Maintenance

Labor 0.5hx shiftx 2,080hx $17.21 2,240
shift  8h yr h

Material 100% maintenancelabor 2,240

Utilities

Electricity 7.05tonsx 2.2kw x 2,080h x $0.0461 1,750

Total DC 0.85 Ton yr kwh $3,560

Indirect Annual Costs,JC

Overhead 60% of total labor and maintenance material 4,090
=0.6(2,030+305+ 2,240+ 2,240)

Administrative charges 2% of Total Capital Investment =0.02($82,100) 1,640

Property tax 1% of Total Capital Investment =0.01($82,100) 820

Insurance 1% of Total Capital Investment =0.01($82,100) 820

Capital recovery? 0.1098x$82,100 9,010

Total IC $16,380
Recovery Credits,RC
Recovered Acetone 300lbx 2,080hx $0.10 ($62,400)
h yr b
Total Annual Cost (rounded) ($37,500)
(Savings)

aThe capital recovery cost factor, CRF, isfunction of the refrigerated condenser equipment life and

the opportunity cost of the capital (i.e., interest rate).

7% interest rate, CRF = 0.1098.

For example, for a 15 year equipment life and a



2.7 ExampleProblem 2

In thisexample problem, the alternate design procedure described in Section 2.3.8is
illustrated. Thetemperature of condensationisgiven, andtheresultant removal efficiency is
calculated. Theexamplestreaminlet parametersareidentical to Example Problem 1withthe

exceptionthat removal efficiency isnot specified and therequired temperatureof condensationis
assumed to be 16°F.

2.7.1 RequiredInformationfor Design

Thefirst stepistocalculatethepartial pressureof theV OC at the specified temperature
(16°F) using Equation 2.6tosolvefor P,

I'lload = 143Qg

Remember toconvert T_ todegreesCentigrade, i.e., 16°F=-8.9°C.

Substituting thevaluesfor the Antoineequation constantsfor acetoneaslistedin Table 2.6:

H,
R= 2 - 00119
12,000 %

P, oc =43 mmHg.

Using Equation 2.24, theremova efficiencyis.
Q, = 839R

Theremainder of thecal cul ationsinthisproblemareidentical tothosein ExampleProblem 1.
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Table2.8: Propertiesof Selected Compounds

Critical Boiling  Molecular Heat of Heat
Compound Temp.?  Poaint Weight  Condensation” Capacity® State
(°R) (°F) (Ib/lb-mole)  (Btu/lb-mole) (Btw/Ibmole °F)
Acetone 918 134 58.08 12,510 30.22  Liquid
17.90 Gas
Acetylene 555 -119 26.02 7,290 10.50 Gas
Acrylonitrile - 171 53.06 14,040 15.24 Gas
Aniline 1259 364 93.13 19,160 4590 Liquid
2591 Gas
Benzene 1012 176 78.11 13,230 1952 Liquid
Benzonitrile 1259 376 103.12 19,800 26.07 Gas
Butane 766 31 58.12 9,630 23.29 Gas
Chloroethane 829 54 64.52 10,610 14.97 Gas
Chloroform 966 143 119.39 12,740 15.63 Gas
Chloromethan 750 -12 50.49 9,260 9.74 Gas
e
Cyclobutane - 55 56.10 10,410 17.26 Gas
Cyclohexane 997 177 84.16 12,890 37.4 Liquid
25.40 Gas
Cyclopentane 921 121 70.13 11,740 30.80 Liquid
19.84 Gas
Cyclopropane 716 -27 42.08 8,630 13.37 Gas
Diethyl ether 840 94 74.12 11,480 40.8 Liquid
26.89 Gas
Dimethylamin 788 a4 45.09 11,390 16.50 Gas
e
Ethylbenzene 1111 277 106.17 15,300 30.69 Gas
Ethylene oxide 845 51 44.05 10,980 1154 Gas
Heptane 973 209 100.12 13,640 53.76  Liquid
39.67 Gas
Hexane 914 156 86.18 12,410 452  Liquid
34.20 Gas
Methanol 923 148 32.04 14,830 19.40 Liquid
10.49 Gas
Octane 1024 258 114.23 14,810 45.14 Gas
Pentane 846 97 72.15 11,090 28.73 Gas
Toluene 1065 231 92.14 14,270 37.58 Liquid
24.77 Gas
0 - Xylene 1135 292 106.17 15,840 449  Liquid
31.85 Gas
m- Xylene 1111 282 106.17 15,640 43.8 Liquid
30.49 Gas
p - Xylene 1109 281 106.17 15.480 30.32 Gas

Reprinted with permission from Lange's Handbook of Chemistry (12th edition), Table 9-7.[15]

® Reprinted with permission from Lange's Handbook of Chemistry (12th edition), Table 9-4.[15]

(Measured at boiling point.)

¢ Reprinted with permission from Lange's Handbook of Chemistry (12th edition), Table 9-2.[15]
(Measured at 77°F.)
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Table2.9: Antoine Equation Constantsfor Selected Compounds®

Antoine Equation Constants Valid Temperature
Compound Range (°F)
A B C

Acetone 7.117 1210.59555 229.66 Liquid
Acetylene 7.100 711.0 2534 -116to -98
Acrylonitrile 7.039 1232.53 222.47 -4t0 248
Aniline 7.320 1731.515 206.049 216 to 365
Benzene 6.905 1211.033 220.790 46 to 217
Benzonitrile 6.746 1436.72 181.0 Liquid
Butane 6.809 935.86 238.73 -107 to 66
Chloroethane 6.986 1030.01 238.61 -69to 54
Chloroethylene 6.891 905.01 239.48 -85t09
Chloroform 6.493 929.44 196.03 -31t0 142
Chloromethane 7.0933 948.58 249.34 -103t0 23
Cyanic acid 7.569 1251.86 243.79 -105t021
Cyclobutane 6.916 1054.54 241.37 -76to 54
Cyclohexane 6.841 1201.53 222.65 6810 178
Cyclopentane 6.887 1124.16 231.36 -40to0 162
Cyclopropane 6.888 856.01 246.50 -130to -26
Diethyl ether 6.920 1064.07 228.80 -78t0 68
Diethylamine 5.801 583.30 144.1 88 to 142
Dimethylamine 7.082 960.242 221.67 -98to 44
Dioxane- 1,4 7.432 1554.68 240.34 68 to 221
Ethyl benzene 6.975 1424.255 213.21 7910 327
Ethylene oxide 7.128 1054.54 2371.76 -56to 54
Heptane 6.897 1264.90 216.54 28 to 255
Hexane 6.876 1171.17 224.41 -13t0 198
Methanol 7.897 1474.08 229.13 710149
Octane 6.919 1351.99 209.15 66 to 306
Pentane 6.853 1064.84 233.01 -581t0136
Toluene 6.955 1344.8 219.48 43t0 279
Vinyl acetate 7.210 1296.13 226.66 7210 162
0 - Xylene 6.999 1474.679 213.69 90 to 342
m- Xylene 7.009 1462.266 215.11 8210331
p - Xylene 6.991 1453.430 215.31 810331

®Reprinted with permission from Lange's Handbook of Chemistry (12th edition), Table 10-8.[15]
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As mentioned in Section 2.4.3, vendor cost data were obtained that related the equipment
cost ($) of packaged gasoline vapor recovery systems to the process flow capacity (gal/
min). Thesedataneeded to betransformed, in order to develop Equation 2.34, which relates
equipment cost ($) to system refrigeration capacity (R, tons), asfollows:

EC,=4,910R + 212,000

To makethistransformation, we needed to devel op an expression relating flow capacity torefrig-
eration capacity. Thefirst stepwasto determinetheinlet partial pressure (P, ;) of the VOC-
gasoling, inthiscase. Aswasdonein Section 3.1, we assumed that the VVOC vapor was saturated
and, thus, inequilibriumwiththeVVOC iquid. This, inturn, meant that we could equate the partial
pressure to the vapor pressure. The“model” gasoline had aReid vapor pressure of 10 and a
molecular weight of 66 Ib/Ib-mole, as shown in Section 4.3 of Compilation of Air Pollutant
Emission Factors(FPA publication AP-42, Fourth Edition, September 1985). For thisgasoline,

thefollowing Antoine equation constantswere used:

A =12.5733
B =6386.1
C=613

These constantswere obtained by extrapol ating avail able vapor pressurevs. temperature datafor
gasolinefound in Section 4.3 of AP-42. Upon substi-tuting these constants and an assumed inlet
temperatureof 77°F (25°C) into the Antoine equation and solving for theinlet partial pressure

(Pyoein) Weobtain:
_ B
|Og PVOC,in =A- Tin +C
=125733 63861
T 25+ 613

Piocin =366 mmHg

If the system operates at atmospheric pressure (760 mm Hg), thispartia pressurewould corre-
spondtoaV OC volumefractionintheinlet stream of :

_ 366 mm
yVOC,in - 760 mm

= 0482
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Theoutlet partial pressure (P, ) and volumefraction are calculated inasimilar way. The

condensation (outl et) temperature used in these cal cu-l ationsis-80°F (-62°C), thetypical oper-
ating Temperaturefor the gasoline vapor recovery unitsfor which thevendor supplied costs.

6386.1
l0g Pyoc oy =125733 - 62 + 613

Procouw =962 mmHg

Thiscorrespondsto avolumefractionintheoutlet stream (y,. ) of:

9.62 mm

yVOC,out = 760 mm = 00127

Substitution of P

voc.ou A Yyoc i INtO Equation 2.24 yieldsthe condenser removal efficiency (n):

_ (760 x 0.482) - 9.62
~0482(760 - 9.62)

= 0.986

Thenext stepin determining theinlet and outlet VOC hourly molar flow rates(M, ., and M
respectively). AsEquation2.8shows, M,
flowrate, Q. , (scfm).

in’

voc,out’

,isafunctionofy, . andthetotal i nI et volumetric

Now, becausethe gasolinevapor flow ratesaretypicaly expressed in gallongminute, we haveto
convertthemto scfm. Thisisdoneasfollows:

- @galg L 1340, scfm
Qi = Q min 748 gal 134Q,

Substituting thesevariablesinto Equation 2.8, weobtain:

0134Q Ib — mole
Myoc,in = 397 : (0.482)(60) = 0.00989Q, @T@

WeobtainM, . ,, from Equation2.9:

_ 4 Ib - moles
Myocou = 0'00989Qg (1 ‘0.986) =138 x10 Qg @T@
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And according to Equation 2.10, the amount of gasoline vapor condensed (M

difference between M, .., and M

) isthe

Voc,con:

voc,out”

Ib—moles@

Myoc.con = 0.00975Q, o

Thefind stepisto calculatethe condenser heet load. Thisload isafunction of theinlet, outlet, and
condensate molar flow rates, theinlet and conden-sation temperatures, the heat capacitiesof the
VOCandair, and the VOC heat of condensation. TheVOC heat capacity and heat of conden-
sation dataused are based on pentane and butane chemical properties, thelargest components of
gasoline, and were obtained from CHRISHazardous Chemical Data (U.S. Coast Guard, U.S.
Department of Transportation, June 1985).

Heat capacities (Btu/lb-mole-°F):

C

p.voC

26.6
6.95

p,air

Heat of condensation of VVOC: 9,240 Btu/lb-mole

Substitution of these data, the molar flow rates, and the temperaturesinto Equations2.12, 2.15
and 2.16 yiddsthefollowing enthal py changesin Btu/hr:

sH, =  1308Q
sHy=  0572Q,
sHoo=  116Q,

The condenser heat load (H, ;) isthe sum of these three enthal py changes (Equation 2.11):
H. .= 143Qg

Therefrigeration capacity (R, tons) iscomputed from Equation 2.22:

R = Miows__ 0.0119Q
12,000 .

Thislast equation rel atestherefrigeration capacity (tons) to theinlet gaso-linevapor flow rate (gal/
min). Solvingfor Qg, intermsof R, weobtain:

Q,=839R
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Finally, we substitute this relationship into the equipment cost ($) vs. vapor flow rate (Qg)
correlation, which-was devel oped from the vendor cost data:

EC, =585Q,+ 212,000
= 58.5(83.9R) + 212,000
= 4,910R + 212,000

Notethat thislast expressionisidentica to Equation 2.34.
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1.1 I ntroduction

Faringisavolatile combustion control processfor organic compound (VOC) inwhichthe
VOCsarepipedtoaremote, usudly elevated, location and burned inan openflameintheopen air
using aspecialy designed burner tip, auxiliary fuel, and steam or air to promote mixing for nearly
complete (>98%) VOC destruction. Completenessof combustioninaflareisgoverned by flame
temperature, res dencetimein thecombustion zone, turbulent mixing of the componentsto complete
the oxidation reaction, and avail able oxygenfor freeradicd formation. Combustioniscompleteif
all VOCsare converted to carbon dioxide and water. Incomplete combustion resultsin some of
the VOC being unaltered or converted to other organic compounds such asa dehydesor acids.

Theflaring process can produce some undesirabl e by-productsincluding noise, smoke,
heat radiation, light, sulfur oxides (SO,), nitrogen oxides (NO ), carbon monoxide (CO), and an
additional sourceof ignitionwherenot desired. However, by proper design thesecan beminimized.

111 FlareTypes

Flaresaregenerally categorizedintwoways: (1) by theheight of theflaretip (i.e., ground
or elevated), and (2) by the method of enhancing mixing at theflaretip (i.e., seam-assisted, air-
assisted, pressure-assisted, or non-assisted). Elevating theflare can prevent potentialy dangerous
conditionsat ground level wherethe openflame(i.e., anignition source) islocated near aprocess
unit. Further, the products of combustion can be dispersed above working areasto reducethe
effectsof noise, heat, smoke, and objectionable odors.

Inmost flares, combustion occursby meansof adiffusonflame. A diffusonflameisone
inwhichair diffusesacrossthe boundary of thefuel/combustion product stream toward the center
of thefuel flow, forming theenvel ope of acombustible gasmixturearound acoreof fud gas. This
mixture, onignition, establishesastable flamezone around thegas coreabovetheburner tip. This
inner gascoreisheated by diffusion of hot combustion productsfrom theflame zone.

Cracking can occur with theformation of small hot particlesof carbonthat givetheflame
itscharacterigticluminosity. If thereisan oxygen deficiency and