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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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Figure2.1: Vapor Pressures of Selected Compoundsvs. Temperature[1]
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Figure2.2: Schematic Diagram for aRefrigerated Condenser System



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:

2-13



_ (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.
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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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Appendix B

Documentation for
Gasoline Vapor Recovery System Cost Data
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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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