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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)

e m



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.

Equation 1.1

As ten-3-3 jndicates, the Freundlich isothermisapower functionthat plotsasa
straight lineon log-log paper. Conveniently, for the concentrations/partia pressuresnormally
encountered in carbon adsorber operation, most VV OC-activated carbon adsorption conformsto
i =, 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.
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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)
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I

o
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|
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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.
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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

]
=

1-31



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]

1-32



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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