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2.1 I ntroduction

Incineration, like carbon adsorption, isone of the best known methods of industrial gas
wastedigposa. Unlikecarbon adsorption, however, incinerationisan ultimatedisposa methodin
that the obj ectionable combusti ble compoundsin thewaste gasare converted rather than collected.
On the other hand, carbon adsorption allowsrecovery of organic compoundswhich may have
morevalue aschemicasthan just their heating value. A maor advantage of incinerationisthat
virtually any gaseous organic stream can be incinerated safely and cleanly, provided proper
engineering designisused.

Theparticular gpplication of both therma and catd yticincineration to gaseouswaste streams
containing volatile organic compounds (VOCs) isdiscussed here. The U.S. Environmental
Protection Agency definesany organic compoundto beaV OC unlessitisspecifically determined
nottobeaVOC. Indeed, anumber of organics(e.g., methane) are specified asnot being VOCs.
Although both VV OC and non-V OC organic compoundsare combustibleand arethereforeimportant
inthedesign of theincinerator, thisdistinction isimportant sinceit isthe control of VOCsthat is
regulated.

2.2 Process Description

Seldom isthe waste stream to be combusted a single organic compound. Rather, itis
common to have acomplex mixture of organic compounds. Thismixtureistypicaly analyzed for
carbon, hydrogen, oxygen, and other elements; and an empirical formulaisdevel oped which
representsthe mixture. Combustion of such amixture of organic compounds containing carbon,
hydrogen, and oxygenisdescribed by theoverall exothermic reaction:

g,y z0 y

The complete combustion products CO, and H,O are relatively innocuous, making
incineration an attractive waste disposal method. When chlorinated sulfur-containing compounds
arepresent inthe mixture, the products of complete combustionincludethe acid components HCI
or SO,, respectively, inadditiontoH,0 and CO,. Ingenerd, thesestreamswould requireremoval
of the acid components by ascrubber unit, which could greatly affect the cost of theincineration
system. (Thesizing and costing of these scrubbersiscovered inthe*Wet Scrubbers’ chapter of
thisManual.)

Theheart of anincinerator systemisacombustion chamber in which theVVOC-containing
wastestreamisburned. Sincetheinlet wastegasstream temperatureisgeneraly much lower than



that required for combustion, energy must be supplied to theincinerator to raisethewaste gas
temperature. Seldom, however, isthe energy released by the combustion of thetotal organics
(VOCsand others) in thewaste gas stream sufficient to raiseits own temperatureto the desired
levels, sothat auxiliary fudl (e.g., natura gas) must be added.

The combustion of thewaste gases may be accomplished inathermal incinerator orina
catalytic incinerator. Inthe catalyticincinerator acatalyst is used to increase the rate of the
combustion reaction, dlowing thecombustionto occur at lower temperatures. Becausethecataytic
process operates at alower temperature than the thermal process, lessauxiliary fuel may be
required inthe catalytic processto preheat thewaste gas.

Auxiliary fud requirements may also be decreased, and energy efficiency improved, by
providing heat exchange between selected inlet streamsand the effluent stream. The effluent
stream contai ning the products of combustion, along with any inertsthat may have been presentin
or added to theinlet streams, can be used to preheat theincoming waste stream, auxiliary air, or
bothviaa®primary”, or recuperative, heat exchanger. Itisuseful to definethefractiona energy
recovery by the preheater or primary heat exchanger asfollows:

Fractional Energy actually recovered flue gas
Energy = Maximum energy recoverable if flue gas approaches (2.2)
Recovery lowest temperature available to heat exchanger

Theenergy actually recovered, the numerator of Equation 2.2, istheincreasein sensible
heat of thegas, e.g., waste gasor waste gasplusdilution air, being heated. The maximum energy
recoverablewould bethedecreasein sensblehest of thefluegas, if it were cooled to thetemperature
of theincoming wastegas. Whilethismaximum energy recovery would beattained only witha
very large heat exchanger, the concept of fractional energy recovery isuseful in expressing the
extent of theimprovement inenergy efficiency usnga*“ primary” heat exchanger.

Energy efficiency can befurther improved by placing another (“ secondary”™) exchanger
downstream of the primary exchanger to recover additional energy from the effluent stream (e.g.,
to generate low pressure process steam or hot water). However, secondary energy recovery is
generaly not used, unlessthereisaspecific on site usefor the steam or hot water.

Themajority of industrial gasesthat contain VVOCsare dilute mixtures of combustible
gasesinair. Insomeapplications, such asair oxidation processes, thewaste gasstreamisvery
deficientin oxygen. Depending on the oxygen content of thewaste stream, auxiliary air may be
required to combust thetotal organic content of thewastegasaswell asany auxiliary fuel that has
been used.



The concentration of combustible gasinthewaste gas stream playsanintegral roleinthe
designand operation of anincinerator. From acost standpoint, theamount of air in excessof the
stoichiometricamountsshould beminimized. For safety reasons, however, any mixturewithinthe
flammability limits, on ether thefud-rich or fudl-lean Sde of the stoichiometric mixture, presentsan
unacceptablefirehazard asafeed streamtotheincinerator. Thelower, or fud-lean, explosivelimit
(LEL) of agiven organic compound defines the minimum concentration of that compoundinair
that can produce more energy than isneeded to raiseits own temperature to the ignition point
(e.0., ignite). Similarly, the upper, or fuel-rich, explosivelimit (UEL) representsthe highest
concentration of theorganicinair thatisignitable. Inthelatter case, air islimiting thereaction.
Boththe LEL andthe UEL aremeasured a ambient conditions. Empiricaly, it hasbeen found that
mixturesof hydrocarbonsinair a their LEL haveaheating value of approximately 50 Btu/scf.

Sincethe magjority of industrial waste gasesthat contain VOCs are dilute mixtures of
combustiblegasesinair, their heating valueislow and their oxygen content exceedsthat required
to combust both the waste organics (V OCs and others) and the auxiliary fuel. If awastegas
above 50 percent LEL (about 25 Btu/scf) isencountered, it must bediluted to satify fireinsurance
regulaions. Generally, thestreamsare brought to below 25 percent LEL , lthough concentrations
from 25 percent to 50 percent are permitted provided thewaste streamis continuoudy monitored
by LEL monitors. Becauseair isthe usual diluent gas, care must be taken with preheating the
diluted stream so that it remains bel ow about 1200°F. (See discussion below on preheating.) A
tableshowing LEL, UEL, and heats of combustion for sel ected organic compoundsisgivenin
Appendix A.

Thegoal of any incineration systemisto control the amount of V OCsreleased to the
environment. Performance of a control device such asan incinerator can be described by a
control efficiency in percent (%), defined according to thefollowing equation:

Control Eff. = Olnlet mass rate VOC - Outlet mass rate VOC O % 100
= Inlet mass rate VOC H (2:3)

It isimportant to note, however, that incompl ete combustion of theinlet VOCscould
resultintheformation of other VOCsnot origindly present. For example, theincompleteoxidation
of dichloroethane canyield vinyl chloride. Both of these compoundsareVOCs. Thedefinition
givenin Equation 2.3 would still bemeaningful, however, aslong asthenewly formed VOC (e.g.,
vinyl chloride) isdetected. Thissituation necesstatesthe complete chemical analysisof theinlet
and outlet gas streamsto confirm compliance with State and Federal regulations.



Performanceof anincinerator can a so bemeasured soldly by theoutlet VOC concentreation,
usualy inpartsper million by volume (ppmv).

Thereareanumber of differentincinerator designs. Thesedesignscan bebroadly classfied
asthermd systemsand catalytic systems. Therma systemsmay bedirect flameincineratorswith
no energy recovery, flameincineratorswith arecuperative heat exchanger, or regenerative systems
which operateinacyclic modeto achieve high energy recovery. Catalytic systemsincludefixed-
bed (packed-bed or monolith) systemsand fluid-bed systems, both of which providefor energy
recovery. Thefollowing sectionsdiscussdesign aspectsof these systems.

221 Thermal Incinerators

Theheart of thethermd incinerator isanozzle-stabilized flamemaintained by acombination
of auxiliary fuel, waste gas compounds, and supplemental air added when necessary (see Figure
2.1). Upon passing through the flame, the waste gasis heated fromitsinlet temperature (e.g.,
100°F) toitsignitiontemperature. Theignitiontemperaturevariesfor different compoundsandis
usualy determined empiricdly. Itisthetemperature at which the combustion reaction rate (and
consequently the energy production rate) exceedsthe rate of heat losses, thereby raising the
temperature of the gasesto some higher value. Thus, any organic/air mixturewill igniteif its
temperatureisraisedtoasufficiently highlevel.

Theorganic-containing mixtureignitesat sometemperature between the preheat temperature
and thereaction temperature. That is, ignition, asdefined in this section, occurs at some point
during the heating of awaste stream asit passesthrough the nozzl e-stabili zed flame regardl ess of
itsconcentration. Themixture continuesto react asit flowsthrough the combustion chamber.

Therequired level of VOC control of thewaste gasthat must be achieved within thetime
that it spendsin thetherma combustion chamber dictatesthereactor temperature. Theshorter the
residencetime, the higher the reactor temperature must be. Thenominal residencetime of the
reacting waste gasin the combustion chamber is defined as the combustion chamber volume
divided by thevolumetricflow rate of thegas. Most therma unitsare designed to provideno more
than 1 second of residencetimeto thewaste gaswith typical temperaturesof 1,200 to 2,000°F.
Oncetheunitisdesigned and built, theresidencetimeisnot easily changed, so that therequired
reaction temperature becomesafunction of the particular gaseous speciesand thedesired level of
control. Table2.1lillustratesthevariability in (theoretical) reactor temperaturesthat isrequired to
destroy 99.99 percent of theinlet mass of various noxious compoundswith excessair for al-
second reactor residencetime[1].

Thesetemperatures cannot be cal culated apriori, dthoughincinerator vendorscan provide
guidelinesbased onther extensveexperience. Inpractice, most sreamsaremixturesof compounds,
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Figure2.1: Thermal Incinerator - General Case

thereby further complicating the prediction of thistemperature. Other studies [2,3,4], whichare
based on actud field test data, show that commercid incineratorsshould generdly berun at 1600°F
with anominal residencetime of 0.75 secondsto ensure 98% destruction of non-hal ogenated
organics. In some Statesthe reactor temperature and residence time of the unit are specified
rather than attempting to measure actud levelsof VOC control. The selected temperaturemust be
maintained for thefull, selected residencetimefor combustion to be compl ete.

Thesethree studiesa so concludethat mixingisacritica factor in determining thedestruction
efficiency. Eventhoughit cannot bemeasured, mixingisafactor of equa or evengreater importance
than other parameters, such astemperature. Themost feasible and efficient way toimprovethe
mixing in anincinerator isto adjust it after start-up. The 98% control level discussed in the
previous paragraph presumes such an adjustment.

Ultimately, oncetheunitisbuilt, itistheresponsibility of the user to operateand maintain
theincinerator toinsure compliance with gpplicableregulations.

Direct Hlamelncinerators

Many configurations of thermal incineratorsexist with the same goa—to raisethe VOC-
containing stream to the desired reaction temperature and hold it therefor the givenreactiontime



Table2.1: Theoretical Reactor Temperatures Required for 99.99 Percent Destruction by
Thermd Incinerationfor al-Second Residence Time[1]

Compound Temperature, °F
acrylonitrile 1,344
dlyl chloride 1,276
benzene 1,350
chlorobenzene 1,407
1,2-dichloroethane 1,368
methyl chloride 1,596
toluene 1,341
vinyl chloride 1,369

to achievetherequired destruction efficiency. Thesmplest exampleof suchasystemisthedirect
flameincinerator. With referenceto Figure 2.1, thedirect flameincinerator iscomprised only of
the combustion chamber. The waste gas preheater and the secondary energy recovery heat
exchanger areenergy recovery devicesand arenot included as part of thedirect flameincinerator.

Recuperativelncinerators

Recuperativeincinerators have improved energy efficiency asaresult of placing heat
exchangersinthehot outlet gasstreams. Withreferenceto Figure2.1, therecuperativeincinerator
iscomprised of thecombustion chamber, thewaste gaspreheater, and, if gppropriate, the secondary,
energy recovery heat exchanger.

Primary Energy Recovery (Preheating Inlet Streams) - Considerablefuel savingscan be
realized by using theexit (product) gasto preheat theincoming feed stream, combustion air, or
both viaaheat exchanger, asshownin Figure 2.1 inthe so-called “ recuperative” incinerator.
These heat exchangers can recover up to 70% of the energy (enthal py) in the product gas.

Thetwo typesof heat exchangers most commonly used are plate-to-plate and shell-and-
tube. Plate-to-plate exchangersoffer high efficiency energy recovery at lower cost than shell-and-
tubedesigns. Also, because of their modular configuration, plate-to-plate unitscan be built to
achieve avariety of efficiencies. But when gastemperatures exceed 1000°F, shell-and-tube
exchangersusually havelower purchase coststhan plate-to-plate designs. Moreover, shell-and-
tube exchangersoffer better long-term structural reliability than plate-to-plate units.[5] Inany
case, becausemogt incineratorsingaled are packaged units, the design (and cost) of therecuperative
heat exchangers have already beenincorporated.
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Mogt heat exchangersare not designed to withstand high temperatures, so that most of the
energy needed to reachignition issupplied by the combustion of fudl inthe combustion chamber
and only moderate preheat temperatures are sought in practice (<1200°F).

Secondary Energy Recovery (Additional Waste Energy Recovery) - It should be noted,
however, that at |east some of theenergy added by auxiliary fud inthetraditiona therma units(but
not recovered in preheating thefeed stream) can still berecovered. Additiona heat exchangers
can be added to provide process heat in theform of low pressure steam or hot water for on-site
gpplication. Obvioudy, anin-plant usefor suchlow level energy isneeded toredizethese savings.

Theneed for thishigher level of energy recovery will be dependent upon the plant site.
Theadditional heat exchanger isoften provided by theincineration unit vendor. Thecost of this
additiona heat exchanger may be estimated viastandard heat exchanger correlationsand should
be added to the costs estimated using the cost correlationsin thissection.

Regenerativelncinerators

A digtinctioninthermal incinerators can now be made onthebasisof thislimitationinthe
prehest temperature. Thetraditionad approachto energy recovery intheunits(shown schematically
inFigure2.1) still requiresasignificant amount of auxiliary fuel to beburned in the combustion
chamber when thewaste gasheating val uesaretoo low to sustain the desired reaction temperature
at themoderate preheat temperature employed. Additiona savingscan, under these conditions,
beredlized in unitswith more completetransfer of exit-stream energy. Thisistheconcept behind
the so-called excess-enthal py or regenerable burner systems. These systemsusedirect contact
heat exchangers constructed of aceramic material that can tolerate the high temperatures needed
to achieveignition of thewaste stream.

The operation of theregenerative systemisillustrated in Figure 2.2. Theinlet gasfirst
passesthrough ahot ceramic bed thereby heating the stream (and cooling the bed) toitsignition
temperature. If thedesired temperatureisnot attainable, asmall amount of auxiliary fuel isadded
inthe combustion chamber. The hot gasesthen react (rel easing energy) inthe combustion chamber
and while passing through another ceramic bed, thereby heating it to the combustion chamber
outlet temperature. The processflowsarethen switched, now feeding theinlet streamto the hot
bed. Thiscyclic processaffordsvery high energy recovery (up to 95%).

Thehigher capital costs associated with these high-performance heat exchangersand
combustion chambersmay beoffset by theincreased auxiliary fuel savingsto makesuchasystem
economica. Thecostsof theseregenerative unitswill be given separately inthe cost correlations
presented in Section 2.4. Regenerativeincineratorsare not packaged unitsbut arefield-erected
only. Accordingly, thecostsgivenin Section 2.4 for regenerative unitsarefor field-erected units.
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Figure2.2: Regenerable-Type Thermal Incinerator

2.2.2 CatalyticIncinerators

Catalyticincineratorsemploy abed of activemateria (catalyst) that facilitatesthe overall
combustionreaction givenin Equation 2.1. Thecatalyst hasthe effect of increasing thereaction
rate, enabling conversion at lower reaction temperatures than in thermal incinerator units.
Neverthel ess, thewaste stream must be preheated to atemperature sufficiently high (usualy from
300t0 900°F) toinitiate the oxidation reactions. Thewaste streamis preheated either directly in
apreheater combustion chamber or indirectly by heat exchangewith theincinerator’seffluent or
other process heat or both (Figure 2.3). The preheated gas stream i sthen passed over the catalyst
bed. Thechemical reaction (combustion) between the oxygen in the gas stream and the gaseous
pollutantstakes place at the catalyst surface. Catalyticincineration can, inprinciple, beusedto
destroy essentidly any oxidizable compoundinanair stream. However, therearepractical limits
to thetypes of compoundsthat can be oxidized dueto the poisoning effect some specieshaveon
thecatalyst. Theselimitsaredescribed below. Inaddition, most configurationsrequirealow
heating vaue of theinlet gasand aparticul ate content which islessthan somesmal value.
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Until recently, the use of catalytic oxidation for control of gaseous pollutants hasreally
been restricted to organic compounds containing only carbon, hydrogen, and oxygen. Gases
contai ning compoundswith chlorine, sulfur, and other atomsthat may deactivate the supported
noblemetd catal ystsoften used for VOC control werenot suitably controlled by catalytic oxidation
systems. Catalysts now exist, however, that are tolerant of such compounds. Most of these
catalystsaresingle or mixed meta oxides, often supported by amechanically strong carrier such
asalumina. Perhaps most of the devel opment of poison-tolerant catalysts hasfocused on the
oxidation of chlorine-containing VOCs. These compounds arewidely used as solvents and
degreasers and are often the subject of concernin VOC control. Catalysts such aschromia/
auminal6,7], cobdt oxide[8], and copper oxide/manganese oxide[ 9] havebeen used for oxidation
of gases containing chlorinated compounds. Platinum-based cataystsare activefor oxidation of
sulfur containing VOCs, although they are rapidly deactivated by the presence of chlorine.
Compounds containing atoms such as lead, arsenic, and phosphorous should, in general, be
conddered poisonsfor most oxidation catdysts. Nevertheless, their concentration may besufficiently
low so that therate of deactivation and therefore, the catalyst replacement costs, could below
enough to consider cataytic oxidation.

Aswasthe casefor thermal units, itisimpossibleto predict apriori thetemperatureand
residencetime (e.g., inverse space vel ocity) needed to obtain agiven level of conversion of a
VOC mixturein acataytic oxidation system. For example, Table2.2 from Popeet al. [3] shows
thetemperature needed for 80% conversion of anumber of VOCsover two oxidation catalystsin
aspecific reactor design. Thistable showsthat thetemperaturerequired for thisleve of converson
of different VOCs on agiven catalyst and of the same VOC on different catalysts can vary
sgnificantly.

Particulate matter, including dissolved mineralsin aerosols, can rapidly blind the pores of
catalystsand deactivatethem over time. Becauseessentidly al theactivesurface of thecatalystis
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contained inrelatively small pores, the particulate matter need not belargeto blind the catalyst.
No genera guiddinesexist asto particul ate concentration and parti culate Sizethat can betolerated
by catalystsbecause the pore sizeand volumeof catalystsvary grestly.

Thevolumetric gasflow rate and the concentration of combustiblesin thegasflowingtothe
catayticincinerator should be constant for optimal operation. Largefluctuationsintheflow rate
will causethe conversion of theVVOCstofluctuate also. Changesin the concentration or type of
organicsinthegasstream can aso affect the overall conversion of theV OC contaminants. These
changesinflow rate, organics concentration, and chemical composition aregenerally theresult of
upsetsin the manufacturing process generating the waste stream. 1t may be uneconomical to
changethe processfor the sake of making the operation of the catalytic incinerator feasible. In
such cases, thermal incinerators (discussed earlier in thischapter) or carbon adsorption (discussed
in Section 3.1 of thisManual) should be eval uated asaternative control technol ogy.

Themethod of contacting the V OC-containing streamwith the catayst servestodigtinguish
catalyticincineration systems. Both fixed-bed and fluid-bed systemsareused.

Fixed-Bed Catalytic Incinerators

Fixed-bed catalytic incinerators may useamonolith catalyst or apacked-bed catalyst.
Each of theseisdiscussed below.

Monolith Catalyst Incinerators- The most widespread method of contacting the VOC-
containing stream with the catalyst isthe catalyst monolith. Inthisschemethe cataystisaporous
solid block containing parallel, non-intersecting channelsaligned inthe direction of thegasflow.

Table2.2: Catalyst Temperatures Required for Oxidizing 80% of Inlet VOCto CO,,

°Ffor Two Catalyss
Temperature, °F

Compound CO,0, Pt - Honeycomb
acrolein 382 294
n-butanol 413 440
n-propylamine 460 489
toluene 476 373
n-butyricacid 517 451
1,1, 1-trichloroethane 661 >661
dimethyl sulfide - 512
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Monolithsoffer the advantages of minimal attrition dueto thermal expansion/ contraction during
startup/shutdown and low overall pressuredrop.

Packed-Bed Cataytic Incinerators- A second contacting schemeisasimple packed-bed
inwhich catalyst particlesare supported either inatubeor in shallow traysthrough which the gases
pass. Thefirst schemeisnot inwidespread useduetoitsinherently high pressure drop, compared
toamonolith, and the breaking of catalyst particlesdueto thermal expansionwhen the confined
catalyst bed is heated/cooled during startup/shutdown. However, thetray type arrangement,
wherethe catalyst ispelletized isused by several industries (e.g., heat-set web-offset printing).
Pelletized cata yst isadvantageous wherelarge amounts of such contaminantsas phosphorousor
silicon compoundsare present. [ 10]

Huid-Bed Catdytic Incinerators

A third contacting pattern between the gasand catalyst isafluid-bed. Fluid-bedshavethe
advantage of very high masstransfer rates, athough the overal pressuredropissomewhat higher
than for amonolith. Anadditional advantage of fluid-bedsisahigh bed-side heat transfer as
compared to anorma gasheat transfer coefficient. Thishigher heet transfer rateto heat transfer
tubesimmersed in the bed allowshigher heat rel easerates per unit volume of gas processed and
therefore may allow waste gaswith higher heating valuesto be processed without exceeding
maximum permissibletemperaturesinthecatayst bed. Inthesereactorsthe gasphasetemperature
risefromgasinlet to gasoutlet islow, depending on the extent of heat transfer through imbedded
heat transfer surfaces. The catalyst temperatures depend on therate of reaction occurring at the
catalyst surface and therate of heat exchange between the catalyst and imbedded heat transfer
surfaces.

Asagenerd rule, fluid-bed sysemsaremoretol erant of particulatesin thegasstream than
either fixed-bed or monolithic catalysts. Thisisdueto the constant abrasion of thefluidized
catdys pellets, which hd psremovethese particulatesfrom theexterior of the catd ystsinacontinuous
manner. A disadvantage of afluid-bedisthe gradual lossof catalyst by attrition. Attrition-
resistant catalysts have been devel oped to overcomethis disadvantage.[ 76]

2.2.3 Other Considerations. Packaged ver susField-Erected Units, Auxiliary
Equipment

Packaged vs. Field-Erected Units

With the exception of regenerativeincinerators, the equipment cost correlationsincluded
inthischapter arefor packaged unitsonly. They arenot vaidfor field-erected units. For regenerative
incinerators, the correlationsarevaid for field-erected unitsonly. Packaged unitsareunitsthat
have been shop fabricated and contain all eementsnecessary for operation, except for connection
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tofacilitiesat thesite, e.g., utilities. Theelementsinclude the combustion chamber, preheater,
instrumentation, fan, and the necessary structural steel, piping, and electrical equipment. This
equipment isassembled and mounted on a*“ skid” to facilitateinstallation on afoundation at the
plant sSite. Tie-intotheloca emission sourceisnot part of the packaged unit. Unitsare usually
sized to handleflow rates of < 20,000 scfm, but can be built to accommodate flow ratesup to
50,000 standard cubic feet per minute (scfm). The cost correlationsin thischapter arevalidto
50,000 scfm for packaged units, except for fluid-bed unitswhich arevalid to 25,000 scfm.

Conversdly, field-erected unitsmay bebuilt to any desired size. The combustion chamber,
preheater, and other equipment itemsare designed and fabricated individually, and assembled at
thesite. However, both the equipment and installation costs of field-erected unitsaretypically
higher than thosefor equiva ent-sized packaged unitsbecausethefactorsthat improveefficiency
of shop-faborication, such asuniform working environment, availability of toolsand equipment, and
moreefficient work scheduling, aregenerally not availableinthefield.

Acid Gas Scrubbers

Thefind outlet stream of any incineration system may contain certain pollutantsthat must
beremoved. Thecombustion of sulfur-containing compoundsresultsin SO, while chlorinated
compoundsyield Cl, and HCl inthe product stream. Theseacid gasesmust beremoved fromthe
gasstream if they are present at significant concentrations (regulationsfor limitson these gases
vary from stateto state). Thisremoval can beeffectedin, for instance, apacked-bed gasabsorber
(vertical scrubber) inwhichthefluegasiscontacted with acaustic scrubbing liquid. For fluid-bed
catalytic reactors, venturi scrubbersare often used because they providefor particul ateremoval
aswdl asacid gasscrubbing. Inmost casesadding ascrubber or absorber significantly increases
the cost of theincineration unit, sometimesby afactor of two. Costing of absorbersisdiscussed
inthe“GasAbsorbers’ chapter of thisManual.

If chlorinated VOCsare present in the waste gas, heat exchangers may require special
materia sof construction. Thisadded expenseisnot includedinthe costing proceduresoutlinedin
thissection.

Heat Exchangers (Preheatersand Other Waste Energy Recovery Units)

For thethermal and catalytic unitshaving some degree of energy recovery, the cost of the
primary heat exchanger isincludedinthecogt, anditsdesignisusudly doneby theincineration unit
vendor. Thecost correlations presented in thischapter include unitsboth with and without energy
recovery. Secondary energy recovery, if desired, requiresan additiona heat exchanger, whichis
also often provided by theincineration unit vendor. Costing proceduresfor secondary energy
recovery arenot included in thissection.
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Other Auxiliary Equipment

Additiona auxiliary equipment such ashoods, ductwork, precoolers, cyclones, fans, motors,
and stacks are addressed separately in other sectionsof thisManual.

224 Technology Comparison

Both thethermal and catalyticincineration systemsare designed to provide VOC control
through combustion at alevel in compliancewith gpplicable state and federa requirements. Given
thewiderangeof optionsavailable, however, it isobviousthat not every incinerator will fulfill these
requirementsat the same cost. Thissection presentsafirst step toward deciding how best to dedl
with VVOC emission abatement using incinerators considering some quditativefactors pertinent to
thetypesof incineratorsdescribed inthischapter. Itistheintent of theremainder of thissection to
provideamethod by whichthe cost of VOC control for aparticular application can be calculated.

A summary of the principal typesof incineratorsis presented in Table 2.3. From the
earlier discussons, thefollowing factorsrd ating tothe presence of contaminantsshould beconsidered
by potentia users[12]:

» Thefouling of the catalyst in acatalytic systemisapossibility. Poisonsto thesystem
include heavy metal s, phosphorous, sulfur and most hal ogens, although catalystshave
been developed that arechlorineresistant.

* Thepossibility of process upsetsthat could release any of the above poisonsor cause
fluctuationsin the heating va ueto theincinerator would favor athermal system.

» ExceptfortheNo.2 grade, fud oil should not beconsidered asauxiliary fuel toacatalytic
system dueto the sulfur and vanadiumit may contain.[10]

All of theabovefactorswould serveto increase the operating expense of acatalytic unit through
replacement costs of thecatalyst. Anadditional factor relatesto relative energy efficiency of the
varioustypesof incinerators:

* Thermal unitsgenerally require more auxiliary fuel than catalytic unitsand operate at
temperaturesthat areroughly 1000°F higher. Thisdifferenceinfuel requirement increases
asthe heating val ue of the waste stream decreases.

Ingeneral, atrade-off existsbetween the higher capital costsof catalyticincineratorsand
the higher operating costsof thermal incinerators. Thisdifferencewill beillustrated by adesign
example presented in Section 2.2.4 which treats both technol ogies.
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Table2.3: Principa VOC Incineration Technologies

Thermal Systems Catalytic Systems
- Direct FlameIncinerator - Fixed-Bed
- RecuperativeIncinerator (Direct Flamewith - Monolith
Recuperative Heat Exchanger) - Packed-Bed
- Regenerativelncinerator Operatingina
CycleMode - Fluid-Bed
2.3 General Treatment of Material and Energy Balances

Inthe s zing and costing of theincinerator and the cal cul ation of theauxiliary fud requirements,
itisnecessary to make material and energy bal ancesaround the entireincinerator unit and around
certain partsof theunit, such asthe combustion chamber or the preheater. Thissection presentsa
genera approach to making these balances.

These balances are based on the law of conservation of massand energy. They can be
stated in general equationformas

In - Out + Generation = Accumulation (2-4)

Becausetheincineration processisasteady-state process, the accumulation termis zero and
the equation becomes:

In - Out + Generation = 0 (2-5)

For mass balancesit isuseful to restrict the balances to be made on the mass of each atomic
species so that for mass balances the generation term becomes zero. However, because the
combustion reaction liberates energy, the energy bal ances around equipment where combustion
takes placewould includeagenerationterm. Thus, thesmplified equationsare

In-Out = 0, for steady - state mass balances (2.6)

In-Qut + Generation = 0,
for steady — state energy balances (27)
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For theincineration processthetwo termsInand Out are generally massterms (for a
massbaance) of theform,

where

P
Q

dengity (massper unit volume)
volumetricflow rate (volumeper unittime)

or sensible heat terms (for an energy balance) of theform,

¢ =mah = pgp(r - Ty) (29)
where
Cp = heat capacity
T = temperature

Thereferencetemperature, T, isoften takento bezero or thetemperature of aconvenient

stream, e.g., theinlet gasstream, inwhatever units Tisin, sothe T, term may not appear inthe
equations. Whenthereferencetemperatureistaken as zero, the sensible heat termsbecome

Q =rQC,T (2.10)

Energy losses, H , arealso part of the Out term and, for theincinerator process, aretaken hereto
be 10% of thetotal energy input to theincinerator.

For theincineration process, the generation term for energy balances accountsfor the
energy released through the combustion reactions. Thistermisgenerally of theform

Q =r1rQ (-Ah) (2.11)

where
(-Ah ) = heat of combustion.
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2.4 Design Procedures

Thefollowing procedureisdesigned to provide parametersfor usein devel oping astudy
cost estimate (accuracy £ 30%). Theprincipal parametersof interest are

* fluegasflow rate, uponwhich all the equipment cost correlationsare based.

* auxiliary fud requirement, whichisimportant in estimating annua operating costs.

For gpplicationswhichinvolvecontrol of waste gasstreamsthat aredilute mixturesof VOCs
inair (>20% oxygeninthewaste gasstream), theflue gasflow rateisgreater thantheinlet waste
gasflow rate by theamount of auxiliary fuel and theincreaseinthemolesof gasasaresult of the
combustion reaction. Becausethesetwo factorsusually causeonly small increasesinflow rate, a
number of S mplifying assumptionscan bemadeinthedesign calculations. For applicationswhere
diluent air must be used to adjust the combustible concentrationin thewastegasto 25% L EL and
whereauxiliary fuel and auxiliary combustion air are needed, more complete massand energy
balancesmust be made.

Thedesign procedureillustrated below isfor waste gas streamsthat are dilute mixtures of
VOCsinair (>20% oxygeninthewastegasstream). Inthisdiscussionthedesign procedurewill
beillustrated by asample problem that will be solved step-by-step.

241 StepsCommon to Thermal and Catalytic Units

Step 1 - Establish design specifications Thefirst step inthe design procedureisto determine
the specificationsof theincinerator and thewaste gasto be processed. Thefollowing parameters
of thewaste gas stream at the emission source must be available:

e Volumetricflow rate, scfm—Standard conditionsare normally 77°F and 1 atm. pressure
»  Temperature

*  Oxygen content

» Chemica compaosition of thecombustibles

* |nertscontent

» Heating value—In cases the heating value may act as a surrogate for the chemical
compositionof thecombusdtibles. Thisisparticularly truefor dilutemixturesof combustibles
inar.
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»  Particulate content—The particul ate content isimportant if catayticincineratorsareto be
coated. Anupstreamfilter may sufficeif particul ate content istoo high. Fuid-bed catdytic
incineratorscan tolerate higher parti culate contentsthan fixed-bed cata yticincinerators.

Thefollowing parametersmust be specified for theincinerator:

» Dedred control efficiency—Thisefficiency should be based on requirementsdictated by
relevant state and federal regulations.

*  Combustion chamber outlet temperature—This temperature may also be based on
requirements of aregulation or on recommendations developed during regulatory
development.

» Dedired percent energy recovery—The desired percent energy recovery should bethe
result of aprocessoptimizationinwhich costsof incineratorswith severd different levels
of energy recovery are estimated and the minimum cost design selected. Thetradeoff is
between the capital cost of the energy recovery equipment and the operating (fuel) cost.

Specificationsfor thesampleproblem aregivenin Table2.4.

Step 2 - Verify that the oxygen content of the waste gas exceeds 20% There must be
sufficient oxygen in the waste gasto support the combustion of the waste organics (including
VOCs) andtheauxiliary fud, if auxiliary fuel isneeded. It may benecessary to add auxiliary air if
the oxygen content islessthan about 20%. Thisexampleisbased on streamsthat contain >20%
oxygen, asshown below for 1000 ppmv of benzene and methylchloride:

1,000 (ppm) 10y . 1000 (ppm)

= 9989 2.12
o o < 100=998%  (212)

Air Content, Vol. % = 100 -
Thisgivesthe oxygen content in percent as.
Oxygen Content = 98.8% x 0.209 = 20.86% (2.13)

where 0.209isthe concentration of oxygeninair.

Step 3 - Calculatethe LEL and the Percent of the LEL of the gas mixture Note: If the
waste stream containsasignificant amount of inertsin addition to the nitrogen associated with the
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Tabla 2.4: Especificaciones parael Problemade Muestra

Variable Valor
RelaciPreheater Inlet Wast Gas Vol. Flow Rate, Q,;, scfm 20,000
Preheater Inlet Waste Gas Temp., T, °F 100
Composition

- Benzene Cointent, ppmv 1000

- Methyl Chloride Content, ppmv 1000

- Air Content Baance
Particulate Content Negligible
Moisture Content Negligible
Desired Control Efficiency, % 98
Desired Percent Energy Recovery, HR% 70

oxygeninair, thecaculationof LEL (and UEL) losesmeaning sincetheL EL (and UEL ) ismeasured
inmixturesof organicwithair only. A completechemica analysisisnecessary to completethe
design procedurein such acase.

Theexamplechosen hereistypica, inthat thereismorethan oneVVOC component inthe
gasstream. Anapproximate method to calculatethe LEL of amixtureof compounds, LEL _ ,is
givenby Grelecki [13] as

LN

(2.14)

,_
-
m
1
Oooooo,

where
X; = volumefraction of combustible component i
LEL, = lower explosivelimitsof combustible component j (ppmv)
n = number of combustible componentsin mixture
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For theexample case,

n

x, = (L000 + 1,000) x 10® = 2,000 x 107°

i
1=1

From standard references[13] or from Appendix A,

LEL,, = 14,000 ppmv for benzene
LEL,, .= 82,5000 ppmv for methyl chloride
0 1,000 1,000 0
LEL ., = + n = 23938 ppmv

" = 000 x 14,000 2,000 x 82,500

total combustible conc. in mixture

% LEL,, = CEL. x 100 (2.15)
2,000
WLELy, = aons X 100 = 84%

Thepercent LEL of the mixtureistherefore 8.4%. Becausethisiswell below 25%, no
dilutionairisneededinthisexample. If themixture had been above 25% LEL, sufficient dilution
air would have been needed to bring the concentration of the mixtureto lessthan 25% to satisfy
fireinsuranceregulations.
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Step 4 - Calculatethe volumetric heat of combustion of the waste gasstreams, (- Ah%),
Btu/scf Theenergy content of the gas stream, expressed intermsof the heat of combustion, is
caculated asfollows:

(-an, ) = 3 (-ah, )x (2.16)
=1
where
(&Ah,,) = heat of combustion of thewaste stream (Btu/scf)
(&Ah,) =volumetric heat of combustion of component i at 25°C (Btu/scf)
X =volumefraction of component i inthewastegas
n =number of combustible componentsinthewastegas

Thehesat of combustion that should be used inthese cal culationsisthe“lower” heat of
combustion, i.e., with gaseouswater, rather than liquid water, asareaction product Sincewater
leavestheincinerator inthevapor state. From Appendix 3F or standard references[79,80]
with appropriate conversion of units, the volumetric heat of combustion at 25°C for thetwo
componentsiscalculated to beasfollows:

(-Ah ) =3,475 Btu/scf for Benzene
cBc
(-Ah ) =705 Btu/scf for mrthyl chloride
cMC
The compositions specified earlier asppmv are converted to volumefractionsas
folows

102 for benzene
10 for methyl chloride

Xg, = 1,000 ppmv O 10°
Xye = 1,000 ppmv O 10°

Using thesevauesof heat of combustion and composition, the heat of combustion of the
waste gas stream per standard cubic foot (scf) of incoming gasis
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Btu

(—Ahcw) = (3475) (10°) + (705) (102) = 418 =

scf

Assuming the waste gas is principally air, with a molecular weight of 28.97 and a
corresponding density of 0.0739 | b/scf, the heat of combustion per pound of incoming wastegas
IS

(-Ah_) = 56.6 Btu/lb

The negative heat of combustion, by convention, denotes an exothermic reaction. Also by
convention, if onerefersto heat of reaction rather than heat of combustion, then apositivevalue
denotes an exothermic reaction.

Empirically, it hasbeen found that 50 Btu/scf roughly correspondsto the LEL of organic/
air mixtures. Insurance codesrequireavalue below 25% LEL, which correspondsto about 13
Btu/scf. However, if LEL sensorsand monitorsareinstalled, one canincinerateawaste gaswith
acombustible organic content between 25 and 50% LEL, which correspondsto 13to 25 Btu/scf.

For catalytic applicationsthe heat of combustion must normally belessthan 10 Btu/scf
(for VOCsinair) to avoid excessively high temperaturesin the catalyst bed. Thisis, of course,
only an approximate guidelineand may vary from systemto system.

After Step 4, determination of the (-4h,_,) design procedure for thermal and catalytic
incineratorsisdiscussed separately, beginning with Step 5for each typeof incinerator.

24.2 Steps Specificto Thermal Units
Figure 2.1 showsageneric therma incinerator with the appropriate streams|abeled.

Step 5t - Establish thetemper atureat which theincinerator will operate Asmentionedin
Section 2.2.1, both the reactor temperature and residence time of the waste gasin the reactor
determinetheleve of VOC destruction. Ingenerd, stateand local regul ations specify therequired
level of destructionthat the customer must meet. Inthisexampleadestruction efficiency of 98 %
isspecified. Studiesby Mascone[2,3,4] show that thisdestruction efficiency canbemetina
thermal incinerator operated at atemperature, T, of 1600°F and aresidencetimeof 0.75 second.
(Note: Thishigher efficiency leve isthe minimum achievable by any new properly designed and
operated incinerator. Many incinerators can achieve destruction efficiencies of 99% or higher.)
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Step 6t - Calculatethewastegastemper atureat theexit of the preheater The extent of the
heet exchangeto becarried out inthe preheater istheresult of atechnica and economic optimization
procedurethat isnot illustrated inthisexample. AstheVVOC stream temperatureleaving the heat
exchanger, T, increases, theauxiliary fuel requirement decreases, but at theexpense of alarger
heat exchanger. However, thereareseveral important limitsonT__. First, T must not beclose
totheignitiontemperature of the organi c-containing gasto prevent damaging temperatureexcursons
ins dethe heat exchanger should thegasignite. Second, for gases containing hal ogens, sulfur, and
phosphorous (or other acid-forming atoms), theflue gastemperature after the heat exchanger, T, ,
must not drop bel ow the acid dew point. Both limitationslimit the amount of heat exchangeand
thus the maximum value of T . The calculation of the acid dew point isnot smple. Itis
recommended that vendor guidance be sought to ensure that the dew point is not reached.
Condensation of acid gaseswill result in corrosion of many of themetal sused in heat exchangers.
Asan example, fuel sulfur contentsof 1 to 2 percent can give acid dew points of about 200 to
270°F. Increasing the sulfur content to 4 percent can raisethe dew to about 290°F. Chlorineand
phosphorous haveamuch smaller effect on acid dew elevation.

With thefollowing assumptions, onecan esti mar[eTWO using Equation 2.2, the definition of
fractional energy recovery for aheat exchanger:

» Thefractiona energy recovery isspecified.

*  Theamount of auxiliary fuel, Q , and auxiliary combustionar, Q_, aresmall relativetothe

wastegas, Q, , so that the massflow rates of gases, p, Q,, and p,Q,, on both sides of the
preheater are approximately the same, or:

Py Qu = P Qq (2.17)

» Theheat capacities of the gases on both sides of the preheater are approximately the
same, regardless of composition. Thisistruefor waste streamswhich aredilute mixtures
of organicsinair, the propertiesof the streamschanging only dightly on combustion.

» Themean heat capacities abovethereference temperature of the gases on both sides of
the preheater are approximately the same regardl ess of temperature.

With these assumptions, the equation for fractional energy recovery for aheat exchanger becomes:

Fractional Enery Recovery = —
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For thisexamplewith afractiona energy recovery of 0.70, anincinerator operating
temperature, T, , of 1600°F, and awaste gasinlet temperature, T , of 100°F, thewaste gas
temperature at the end of the preheater becomes:

T =1150F (2.18)
Thetemperature of theexhaust gas, T, f can be determined by an energy balance onthe
prehegter, which, with thesaneaswmptlonsasused inderiving Equation 2.18 regarding the mass
flow ratesand average heat capacitiesof the gasesinvolved, resultsin thefollowing equation:

- Tf = Tw0 - Twi (219)

e.g., thetemperaturerisein thewaste gasisapproximately equal to thetemperature decreasein
thefluegaswithwhichitisexchanged. For thisexample, thisresultsin

T =550F (2.20)

fo

Thisvalueof TfO should bewell abovethe acid dew point of theflue gas stream.

It should berememberedthat T _should bewell below theignition temperature of the
VOC stream to prevent unwanted temperature excursionsinthepreheater. Thismust beverified
evenif thestreamiswell below the LEL becauseflammability limitscan beexpanded by raising the
reactant stream temperature. A sufficiently high preheat temperature, T, couldinitiatereaction
(with heat release) in the preheater. Thiswould ordinarily be detri mental to the materials of
congtructioninthe heat exchanger. Theoneexceptionisthetherma incinerator of theregenerable
typedescribedin Section 2.1 The 95-percent energy recovery, obtainablein regenerable systems
wouldresultinthisexampleinaT, of 1,525°F. Thesignificant reaction ratethat would occur a
thistemperatureintheceramic packl ng of the heat exchanger/reactor isby design.

Step 7t - Calculatetheauxiliary fuel requirement, Q. Auxiliary fuel will dmostinvariably be
needed for startup of theunit. However, a steady state, if the energy released by combustion of
the organics present in thewaste stream is sufficient to maintai n the reactor temperature (1600°F
intheexample), only asmall amount of auxiliary fuel (< 5% of thetotal energy input) isneededto
gabilizetheflame. Inmost cases, however, morefue than just thisstabilizing fue will berequired
to maintain thereactor temperature.

With the following assumptions, one can estimate Q_ using amass and energy balance
around thecombustion chamber and following the principlesdiscussedin Section 2.2, withreference
toFigure2.1.
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Thereferencetemperature, T, isteken astheinlet temperatureof theauxiliary fuel, T .
Noauxiliary air, Q_, isrequired.

Energy losses, H , are assumed to be 10% of thetotal energy input to theincinerator
above ambient conditions.[16,17] Thus, if the reference temperatureis near ambient
conditions,

Hye = 01 p; Q4 Cpp, (Tﬁ - Tref) (2.20)

The heat capacities of thewaste gases entering and | eaving the combustion chamber are
approximately the same, regardlessof composition. Thisistruefor waste streamswhich
aredilutemixturesof organicsinair, the propertiesof the streamschanging only dightly on
combustion.

Themean heat capacitiesabovethereferencetemperature of thewaste gasesentering and
leaving the combustion chamber are approximately the sameregardless of temperature.
Thusthe mean hesat capacity for thewaste gas stream entering or leaving the combustion
chamber should be evaluated at the average of T, and T.. For air thisassumption
introducesan error of, at most, 5% over thetemperatur&s of mterest

With these assumptions, the mass and energy balance around the combustion chamber

reducesto thefollowing equation:

Total Energy Input = r; Q; C (Tfi - Tre,) (2.21)

I nput datafor thisequation are summarized below:

Thewaste streamisessentially air so that

Con

P,,=P,,=0.0739Ib/scf, air at 77°F, Lam

=0.255Btu/lb F, the mean heat capacity of air between 77°F and 1375°F (the average

temperature of thewaste gas entering and | eaving the combustion chamber)
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Other input datato Equation 2.21 include:

Q. = Q,, = 20,000 scfm
(&Ah ) = 21,502 Btu/lb, for methane
T=T, =77°F, assume ambient conditions
R, = 0.0408 |b/ft , methaneat 77°F

= 1,600°F, Step 5t
» = 1,150°F, Step 6t
(&4h_ ) =56.6 Btu/lb, Step 4

Substituting theabovevauesinto Equation 2.21 resultsin:

Q=167 scfm (2.218)
Thevauesof the parametersin the energy balancearesummarizedin Table 2.5.

Itisingtructiveto examinethemagnitudeof thevarioustermsinthe energy balancearound
the combustor for the sample problem. Thisisdonein Table2.6. Theenergy balance shown does
not quite add to zero dueto round-off-error and s mplifying assumptions. Table2.6 showsthat the
largest inlet termisthe sensible heat of theincoming wastegas. The heat of combustion of the
organicscontained in thewaste gas stream issomewhat smd ler than that of the auxiliary methane
because of theredatively smal amount of organicsinthewastegasstream. Thelargest terminthe
outlet stream isthe sensible heat of the outgoing waste stream. Theoverall energy lossesare
based onan assumption, but arerelatively smdl. Becausethe sensibleheat contentsof theentering
and leaving waste Stream are so large, it isapparent that energy recovery isanimportant factor in
achieving energy efficiency. Infact, with zero energy recovery inthesampleproblem, theauxiliary
fuel requirementswould be 605 scfm, about four timesthe energy requirements based on 70%
energy recovery.

Step 8t - Verify that the auxiliary fuel requirement is sufficient to stabilize the bur ner
flame Only asmall amount of auxiliary fuel (< 5% of thetota energy input) isneeded to stabilize
theburner flame. Ingenerd, morefud thanjust thisstabilizing fuel will berequired to maintainthe
reactor temperature. Itiswiseto verify that theauxiliary fuel requirement calculated in Step 7t is
sufficient for stabilization. If itisinsufficient, thenaminimumamount of auixiliary fud must beused,
and the amount of energy recovery, specified earlier must be reduced to avoid exceeding the
specified temperature at which theincinerator will operate (Step 5t).

Thischeck ismade by calculating 5% of thetotal energy input to theincinerator and
comparing it withtheauxiliary fuel energy input. Thetota energy inputisgiven asfollows:
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Table2.5: Summary of ExampleProblem VariableVauation T =77°F

Stream Subscript, j P, Ib/scf Qj,scfm Cpmj, Btu/lb °F TJ., °F
IN Sensible Heat
Auxiliary Air a na na na na
Auxiliary Fuel af 0.0408 167 1 I
Waste Gas w, 0.0739 20,000 0.255 1,150
OUT  SensibleHeat
Waste Stream f 00739 20,167 0.255 1,600

(-Ah,), waste gas = 56.6 Btu/lb
(-Ah), auxiliary fuel = 21,502 Btu/lb
na = Not Applicable

1 = Not used becaused reference temperature is taken equal to auxiliary fuel temperature.

Table2.6: Termsin Energy Balance Around Combuster - Example Problem

Stream Subscript, | Value, Btu/min
IN Sensible Heat, pijijnj(Ti—Tref)

Auxiliary Air a 0

Weaste Gas w, 404,403
OUT  SensibleHeat, ijij(Ti -T.)

Waste Stream f 578,79
OUT  Losses

10% of total energy input 57,8800
GENERATION

Heat Combustion, pJ.Qj (-Ahy)

Weaste Gas w, 83,655

Auxiliary Fue af 146,506
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Total Energy Input = r; Q; C (Tfi - Tre,) (2.22)

Auxiliary Fuel Energy Input = r, Q, (‘Ahca,) (2.23)

Theauxiliary fuel usedinthedesign, Q_, should bethelarger of 5% of thetotal energy
input (28,900 Btw/min.) and theauxiliary fuel energy input (146,500 Btw/min.). Theauxiliary fuel
used easily meetsthiscriterion.

Step Ot - Calculatethetotal volumetric flow rateof gasthrough theincinerator, Q,, The
total volumetric flow rate of gasleaving theincinerator isreferred to asthefluegasflow rate, Q,,
andisthe gasrate on which theincinerator sizing and cost correlationsare based. Thefluegas
flow rate measured at the standard conditions of 77°F and 1 atmosphere, wheretheincreasein
volumetric throughput dueto anincreasein the number of molesof gasasaresult of combustionis
neglected, isthe sum of theinlet streamsto theincinerator.

Qi = Qu + Qu + Qy

20,000 + 0 + 167

0

(2.24)

20,167 scfm

Thisresult conformswith the assumptions stated in Step 6t, e.g., themass (and volume) flow rates
on both sides of the preheater are approximately equal. Finally, it must be emphasized that steps
5t to 9t apply to therma recuperativeincineratorsonly. To calculatetheauxiliary fud requirements
for other typesof thermal incinerators (e.g., regenerative), adifferent procedure must be used.
(SeeAppendix B.)

2.4.3 Steps Specificto Catalytic Units

Figure 2.3 showsageneric catal ytic incinerator with theappropriate streamslabeled. The
approach used inthe cal culations on the catal ytic incinerator issomewhat different than that used
inthethermd incinerator. Thisdifferencearisesbecauseof additiona congtraintswhichareplaced
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onthecatalyticincinerator. Theseconstraintsareasfollows:

e Thedesired catalyst bed outlet temperatureistypically 700 to 900°F. The maximum
temperatureto which the catalyst bed can be exposed continuoudly islimited to about
1200°F. Therefore, thecombustible content of thewastegasislimited, and theamount of
heat exchangethat occursin the primary heat exchanger may belimited.

» Theinlettemperaturetothecatalyst beditsalf must beabovethecatdyticignition temperature
required to give the desired destruction efficiency in theincinerator. Therefore, the
combustible content of thewaste gasisfurther limited to that which, when combusted, will
raisethetemperaturein the catalyst bed no morethan the AT between therequired reactor
bed inlet temperature, and the desired reactor bed outl et temperature.

* Auxiliary fuel, in combination with the preheat from the primary heat exchanger, isusedto
prehest thewaste gasto thereactor inlet temperature. A minimumamount of auxiliary fuel
(<5%of thetota energy input) must be usedto stabilizetheflameinthe prehest combustion
chamber. Thishastheeffect of further limiting the combustible content of thewastegas
stream and theamount of heat exchange permissiblein the primary heat exchanger.

The steps outlined bel ow represent one approach to recogni zing these constraintsand
incorporating theminto the cal cul ation procedures.

Step 5c - Establish the desired outlet temperature of the catalyst bed, T, The energy
released by the oxidation of theVV OCsinthe catayst bed will raisethetemperature of the gasesby
an amount, AT, asthe gases pass through the catalyst bed. An outlet temperature from the
cataly<, and thusfrom thereactor, must be specified that will ensurethedesired leve of destruction
of theVOC stream. Asintherma incinerators, thisva uevariesfrom compound to compound and
alsovariesfromcatayst to catayst. Fina design of theincinerator should be doneby firmswith
experienceinincinerator design. Guiddinesgiven by Combustion Engineering [12] indicatethat
va uesfrom 300 to 900°F result in destruction efficiencies between 90 and 95 percent. To prevent
deactivation of the catalyst amaximum bed temperature of 1200°F should not be exceeded. In

the example problem the catalyst outlet temperature, T, is selected to be 900°F,

Step 6¢ - Calculatethewaste gastemper atur eat theexit of thepreheater (primary) heat
exchanger Thewastegastemperatureat theexit of the primary heat exchanger isestimated inthe
same manner asfor thetherma incinerator. Theequation for fractiona energy recovery Equation
2.18, isused, with the same assumptions as used for thethermal incinerator. For the example

problemwith afractional energy recovery of 0.70, acatalyst bed outl et temperature, T, of 900°F,

and awaste gasinlet temperature, TWI , of 100°F, the gastemperature at the exit of the preheater
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becomes

T = 660°F

WO

The same considerationsregarding the closeness of the temperature of the exhaust gas,
T, toitsdew point apply tothe catalyticincinerator asthey didto thethermal incinerator.

Step 7c- Calculatetheauxiliary fuel requirement, Q , Theauxiliary fuel requirement, Q i, is
cal culated by making mass and energy balances around the preheater combustion chamber and
the catalyst chamber. Theauxiliary fuel requirement cal culated in thismanner must be checked to
insurethat it falswithinthe congtraintsimposed by design cons derationsof the catayticincinerator.
Thesecongtraintsareasfollows:

* Theauxiliary fuel requirement must bepositive. A negativefue requirement indicatesthat
the heat of combustion of thewaste gas, (-Ah_), istoo high for the fractional energy
recovery intheprimary heat exchanger that was selected.

» Theauxiliary fuel amount must be high enough to provide astableflameinthe preheater
combustion chamber (See Step 8¢ bel ow).

An energy balance around the preheater combustion chamber and the catalyst chamber,
taken together, results in Equation 2.21, the same equation used in the thermal incinerator
caculations. Theinput datafor Equation 2.21 for the catal ytic incinerator example problem are
summarized below:

* Thewastestreamisessentialy air sothat

P = P, = 0.0739Ib/scf, air a 77°F, 1atm
0.248 Btu/lb F, themean heat capacity of air between 77°F and

780°F (the average of the preheater exit and catalyst bed outlet
temperatures)

pmair

» Other input datato Equation 2.21 include:

Q

WO

=Q,, = 20,000 scfm
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(&Ah_)  =21,502Btu/lb, for methane
T=T =77°F, asumgambient conditions
R, = 0.0408lb/ft’, methaneat 77°F
= 1,600°F, from Step 5¢

T. =1150° from Step 6¢
(&Ah_ ) =56.6Btu/lb, from Step 4

Substituting the aboveval uesinto Equation 2.21 resultsin

Q, =40scfm

If the outlet temperature of the catalyst bed, T, is 800°F, then Q_, decreasesto -6.7
scfm. Inother words, no auxiliary fuel would, theoretically, berequired at thisbed temperature.
However, asdiscussed abovein Step 8t, acertain quantity of auxiliary fuel would berequiredto
maintain burner stability.

At 70% energy recovery and 900°F outl et catal yst bed temperature, awaste gaswith a
heat of combustion, (-AhCW ), of about 79.9 Btw/Ibwould causetheauxiliary fuel requirement, Q
, to become negative, indi Cati ng the catalyst bed would exceed 900°F. At 70% energy recovery

and 800°F outlet catalyst bed temperature, thissameresult occurswith a(-AhCW ) of 52.7 Btu/lb.
Both of these heatsof combustion arerelatively low for typical wastegases. Théseresultsare, of
course, dependent on the assumption of energy |ossesfrom the combustion chamber. Thelower
theenergy losses, thelower thed lowablewaste gasheat of combustion before overheating occurs
inthecatalyst bed.

Step 8c - Verify that the auxiliary fuel requirement is sufficient to stabilize the burner
flame Only asmdl amount of auxiliary fuel (< 5% of thetotd energy input) isneeded to stabilize
theburner flame. Ingenerd, morefud thanjust thisstabilizing fuel will berequired to maintainthe
reactor temperature. Itiswiseto verify that theauxiliary fud requirement calculated in Step 7cis
aufficient for sabilization. If itisinsufficient, thenaminimumamount of auxiliary fue must beused
and the amount of energy recovery specified earlier must be reduced to avoid exceeding the
specified temperature at which theincinerator will operate (Step 5¢).

Thischeck ismadeinthesamemanner asthat in Step 8t of thethermd incinerator calculation.
Theresultsof thischeck indicatethat theauxiliary fue requirementismorethan sufficient to stabilize
theburner flame.
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Step 9c - Estimatetheinlet temperaturetothecatalyst bed, T Theinlet temperatureto the
catalyst bed must be cal culated to ensure that thelnlettemperaturelsabovethat necessary toignite
the combustible organic compoundsin the catal yst that was selected for use.

Theinlet temperatureto thecatalyst bed, T_, should be suchthat, when thetemperature
risethrough thecatalyst bed, T, isaddedtoit, ther%ultl ng temperaturelsT 900°F. Thus,

AT = T, - T (2.25)

Thevaueof AT isdetermined by an energy balancearound the preheater portion of the
combustor. The preheater isrequired to heat the gases up to the catalyst bed inlet temperature
usngauxiliary fud.! Thisenergy balanceis made with the assumptions made earlier in deriving
Equation 2.21 and further assuming that only auxiliary fuel iscombusted in the preheater portion.
Theresulting equationisvery similar to Equation 2.21 except that (1) thetermswith an f, subscript
becometermswithr, subscriptsto denote acatalytic reactor inlet stream rather than acombustor
outlet (fluegasinlet to the primary heat exchanger) and (2) theterm for combustion of thewaste
gasorganicsdoesnot appear. Theresulting equationisasfollows:

P, Qu, [C - (1.1 T -T, -01T, )]

(—Ahcm) c11c,, (1,-T4)

Pa Qur = (2.26)

Thisequationmay berearranged tosolvefor T epr|C|tIy Thisproducesan equation that
issomewhat complex and non-intuitive.

paf Qaf [ (_Ahca' ) + 11 Cpmmr Tref] + rWo QW0 Cpmmr (TW0 + 01 Tref )
Ty = (2.27)
11 Cpmair (paf Qaf + pw0 Qw

0

After substituting the exampl e problem parametersinto Equation 2.27, weobtainavalue
for T_of 693°F. Based onignitiontemperaturesshownin Table2.2, thisreactor inlet temperature
shoul d besatisfactory. Prior toamoredefinitive design, theignition temperaturesfor the specific
chemicalsshould beverified.

L At equilibrium, the temperature of the catalyst bed is maintained without requiring auxiliary fuel.
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The temperature rise across the catalyst bed is thus (900 - 693) or 207°F. These
temperaturesare somewhat sensitiveto theassumption for energy lossesfromthecombustor. The
assumption for energy lossesis perhaps somewhat conservative, i.e., it causesalarger Q  tobe

estimated than would aless conservative assumption, and becomes more conservative asthe
combustor sizeand insulation areincreased.

Step 10c - Calculatethetotal volumetric flow rate of gasthrough theincinerator, Q. The
total volumetric flow rate of gasleaving theincinerator isreferred to asthefluegasflow rate, Q,,
and isthe gasrate on which theincinerator sizing and cost correlationsare based. Thefluegas
flow rate measured at the standard conditions of 77°F and 1 atmosphere, wheretheincreasein

volumetric throughput dueto anincreaseinthe number of molesof gasasaresult of combustionis
neglected, isthe sum of theinlet streamsto theincinerator.

in = Qwo + Qa+ Qaf
= 20,000 + 0/40
= 20,040scfm

Step 11c- Calculatethevolumeof catalyst in thecatalyst bed If the volumetric flow rate of
gasthrough the catalyst bed, Q, and thenominal residencetime (reciprocal spacevelocity) inthe
catayst bed areknown, thenthevolume of catalyst can beestimated. Thereexistsa complex set
of relationshipsbetween the catalyst volumeand geometry, overdl pressuredrop acrossthecataly <,
conversion of the oxidizable componentsinthegas, gastemperature, and thereactionrate. These
relationshipsare dependent on the catalyst and the type of compound being oxidized. 1tisbeyond
the scopeif thisManual to discuss these relationships, even in an approximate way. For the
purposes of cost estimation, the spacevelocity, inreciprocal timeunits, necessary to achievethe
required level of destruction can be used to approximatethe catalyst volume requirement. The
spacevelocity isdefined as

_ Qe
@ V., (2.28)
where
V. = Overdlbulk volumeof thecatalyst bed, includinginterparticlevoids (ftd)

By petro-chemical industry convention, the space vel ocity iscomputed at the conditions
of 60°F (not 77°F) and 1 atm. Thevolumetricflow rete, Q., must becorrected to these conditions.
The proper spacevelocity to achieveadesired level of conversionisbased on experimental data
for thesysteminvolved. For preciousmetal monolithic cataysts, the spacevelocity generaly lies



between 10,000 h' and 60,000 ht. (Base metal catalysts operate at lower space velocities,
ranging from 5,000 to 15,000 h1.)[75]

Thereareanumber of catalyst bed parameters, such as catalyst configuration and bed
design, that arenot significant for study type cost estimates. Accordingly, design of thesefactors
isnot discussed here.

25 Cost Analysis

Thissection presents procedures and datafor estimating capital and annual costsfor four
typesof incinerators:(1) thermal-recuperative, (2) thermal regenerative, (3) fixed-bed catalytic,
and (4) fluid-bed catalytic.

251 Estimating Total Capital | nvestment

Total capita investment, (TCI), includesthe equipment cost, EC, for theincinerator itsalf,
thecost of auxiliary equipment (e.g., ductwork), al direct and indirect install ation costs, and costs
for buildings, site preparation, offsitefacilities, land, and working capital. However, thelast five
costsusually do not apply toincinerators. (See Section 1of thisManual for adetailed description
of theelementscomprisingtheTCl.) Althoughindustry representativeswererel uctant to provide
updated costsin 1999 dollars, they did indicate costs have not significantly changed since 1988
[18,19,20]. Inaddition, SAIC obtained 11 vendor quotesfor aspecific configuration for three
types of incinerator systems (recuperative, regenerative, fixed-bed catalytic). These quotes
compared favorably to those generated from the cost equations.

2511 Equipment Costs, EC

Asdiscussedin Section 2.2.3, the EC givenin thischapter apply to packaged incinerators,
except for regenerativeincinerators. For regenerativeincinerators, the costsapply to field-erected
units. TheEC typically includesall flange-to-flange equipment needed to oxidizethewaste gas,
including theauxiliary burners, combustion chamber, catayt, primary heat exchanger (except for
the“zero heat recovery” cases), weathertight housing and insulation, fan, flow and temperature
control systems, ashort stack, and structural supports. Smaller units, e.g., typically lessthan
20,000 scfm, aretypically preassembled skid-mounted [21]. Thevariousavailableincineration
systemsare presented in four groups delineated according to their smilarity of design. These
groupsareoutlinedin Table2.7. With theexception of regenerativethermal and fluid-bed catalytic
incinerators, themaximum sizefor which costsare givenis 50,000 scfm. Althoughlarger unitsof
each technology can bebuilt, applicationsarerareat flow ratesabove 50,000 scfm. Regenerative
thermal incinerator costsare provided for flow ratesfrom 10,000 to 100,000 scfm. Fluid-bed
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catayticincinerator costsare provided for flow ratesfrom 2,000 to 25,000 scfm.

Thecost curvesareleast-squaresregressionsof cost dataprovided by different vendors. It
must be kept in mind that even for agiven incineration technol ogy, design and manufacturing
procedures vary from vendor to vendor, so that costs may vary. Asaways, once the study
estimateis completed, it isrecommended that more than one vendor be solicited for amore

Table 2.7: Scope of Cost Correlations

Incinerator Type Total (Flue) Gas FigureNumber
Flowr ate, scfm

Therma —Recuperdtive 5007 — 50,000 3.26

Therma —Regenerative 10,000 — 100,000 3.27

Fixed-Bed Cataytic 2,000 — 50,000 3.28

Fluid-Bed Catalytic 2,000 — 25,000 3.29

“ Although Figure 3.26 covers the 1,000 to 50,000 scfm range, the correlation is valid  for the
500 to 50,000 scfm range.

detailed cost estimate.

The additional expense of acid gas clean-up or particulate control isnot treated in this
section. Theequipment cost of agasabsorber to remove any acid gasesformed in theincinerator
can bequitelarge, sometimes exceeding the equipment cost of theincinerator itself evenfor smple
packed tower scrubbers[22]. For more complex absorbersthat include venturi scrubbersinstead
of, or in addition to, packed beds, the cost of the scrubber alone may be up to 4 timesthat of the
incinerator [11]. Thesemore complex absorbersare sometimes necessary when particulates, in
addition to acid gases, must beremoved from thefluegas.

Thermal Incinerators Among thethermal units, thedirect flame (0% energy recovery) and
recuperative sysemsaretreated together becausethevariousleve sof energy recovery areachieved
simply by adding heat exchanger surface area. Costsfor these unitswere provided by several
vendors[12,23,24]. TheEC of theseunitsare given asafunction of total volumetric throughput,
Qg INscfm. “Q, ", isthetotal volumeof thegaseous compoundsexiting the combustion chamber;
itisidentical totheterm,“Q,,” usedin Figures2.1and 2.2. Thisincludesthe combustion products,
nitrogen, unburned fuel and organics, and other constituents. (SeeFigure 2.4). Notethat costs
aregivenfreeonboard (F.O.B.) in April 1988 dollars'?. Based on aleast-squaresregression
analysis, alog-log relationship between throughput and EC wasfound for agivenleve of energy
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Figure2.4: Equipment Costsof Thermal Incinerators, Recuperative

recovery (HR) over theflow rate range from 500 to 50,000 scfm. Theserelationshipsare as
follows

EC = 10,294 Q2%* HR = 0% (2.29)
EC = 13149 Q2% HR = 35% (2.30)
EC = 1,7056 Q2*" HR = 50% (2.31)
EC = 21,342 Q)» HR = 70% (2.32)

Theregenerative (or excessenthal py) systemsprovide up to 95 percent heat recovery at
theexpenseof higher capita cogts. Their uniquedesign[25,26], which combinesthe heet exchanger
andreactor, issubgtantidly different fromtraditiona thermal unitsand isthereforetreated separately
inFigure2.5. TheECsof these systemsaregiven asan approximately linear function of total flow
rate over a 10,000 to 100,000 scfm range by thefollowing equation:

For information on escal ating these and the other incinerator pricesto more current dollars, refer to the

EPA report Escalation Indexes for Air Pollution Control Costs and updates thereto, all of which are
installed on the OAQPS Technology Transfer Network (CTC Bulletin Board).
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EC = 2204 x 10° + 1157 Q,, (2.33)

Again, thehigher capital costsof these units can be substantially offset by the substantial
savingsinauxiliary fuel costs.

Catalyticlncinerator The ECfor acatalyticincinerator isafunction of thetype of catalyst
contacting pattern used and thetota gasflow rate, Q,_, for agivenlevel of energy recovery. There
arethreetypesof contacting configurationsused in catd ytic systems: fixed-bed, cataytic monoalith,
andfluid-bed. TheECfor thefirst two aregenerally comparableand aregivenin Figure 2.6. The
dataprovided by several vendors[12,23,24,27] exhibited curvilinear relationshipswith Q, , for
each of theenergy recovery rates. Least squaresregressionsof the datayielded thefollowing
correlationsfor total flow rates between 2,000 and 50,000 scfm:

EC = 1105 Q2*™ HR = 0% (2.34)
EC = 3623 Q2"® HR = 35% (2.35)
EC = 1215 Q2" HR = 50% (2.36)
EC = 1443 QX*” HR = 70% (2.37)

Fluid-bed cata yticincineratorsafford certain advantages over fixed-bed catalyst unitsin
that they tolerate waste streamswith (1) higher heating values, (2) particul ate contents, and (3)
chlorinated species. For thisenhanced flexibility of feed streams, ahigher capita costisincurred,

1,200,000

800,000

400,000

95% Energy Recovery

Equipment Cost, FOB, 1999 Dollars

0 20,000 40,000 60,000 80,000 100,000 120,000

Flue Gas Volumetric Flow Rate, SCFM

Figure 2.5: Equipment Costs of Thermal Incinerators, Regenerative
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o
o
(=)
=3
o
[¢0)
o
8 K2
o =
8 .
O 0
. |
- ~ 7.
o .* -
+° / -
§>‘ 1 g // <
- -
g “1/”}/‘/
g .‘;,.r .’"
g_ / Zr —--—- 0% Energy Recovery ||
S /g(f‘ ———-35% " "
=" 50%
------- 70%
o . N I O
0 10,000 20,000 30,000 40,000 50,000

Flue Gas Volumetric Rate, SCFM

Figure 2.7: Equipment Costs of Catalytic Incinerators, Fluid-Bed

2-39



1,000,000

=
_-
Q ~ -
= Prs ’
8 1 - L —
o B rd /
> L /
- / 7
3 Bt
L 100,000 L —| -~
g o
o
O
IS
(]
£
2
=}
o -
w1 T T - Catalytic - Fluid Bed
— — — - Catalytic - Fixed Bed | |
Thermal - Recup
50% Energy Recovery
10,000 L L
1,000 10,000 100,000

Flue Gas Volumetric Flow Rate, SCFM

Figure 2.8: Equipment Costs Comparison of Incinerator Types

asindicated by the EC showninFigure 2.7. Thedatashown were provided by vendors[1,22]
and exhibited alinear relationship over therange of flow ratesfrom 2,000 to 25,000 scfm. They
can be approximated by thefollowing equations.

EC = 848 x 10° + 132 Q,, HR = 0% (2.39)
EC = 884 x 10° + 146 Q, HR = 35% (2.39)
EC = 866 x 10° + 158 Q, HR = 50% (2.40)
EC = 839 x 10* + 19.2 Q,, HR = 70% (2.41)

A comparison of thethermal, catalytic fixed-bed, and catalytic fluid-bed systemswith 50
percent energy recovery isshowninFigure2.8.

25.1.2 Installation Costs

Asexplainedin Section 1, the purchased equipment cost, PEC, isca culated by taking the
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sumof theEC andthecogt of auxiliary equipment (e.g., ductwork), taxes, freight, and instrumentation.
Averagevauesof direct and indirect instdlation factors[31] to beapplied tothe PEC aregivenin
Table 2.8 for both recuperativethermal and fixed- and fluid-bed catalyticincinerators.

Table2.9 showstheitemized ingtalation coststhat are obtained whentheseingtdlationfactorsare
appliedtothe PECsfor theexampleincinerators. Depending ontheste conditions, theinsta lation
costsfor agivenincinerator could deviate significantly from costs generated by these average
factors. Vatavuk and Neveril [31] provide someguideinesfor adjusting theaverageingallation
factorsto account for other-than-averageinstalation conditions. For unitshandling total gasflow
rateslower than 20,000 scfm theingtallation costsare minimal, amounting normaly to only utility
tie-ins(electrical and, if necessary, combustion or dilution air). Theinstallation costsfor these
smaller incineratorswould be 20 to 25% of the PEC. Smaller unitsmay beinstalled ontheroofs
of manufacturing buildingsrather than at ground level. 1n such casestheingtalation factorscould
be ashigh as (or higher than) the factors shown in Table 2.8, even though the unitswould be

“packaged.”

252 Estimating Total Annual Cost

Thetota annual cost (TAC) isthesum of thedirect and indirect annual costs. The TAC for both
examplesystemsisgivenin Table2.10, alonewith suggested factorsfor ca culating them.

2521 Direct Annua Costs

Direct annud costsfor incineratorsincludelabor (operating and supervisory), maintenance
(labor and materids), fud, eectricity, and (in catal ytic units) replacement catdyst. For therma and
catalytic units, thefuel usagerateiscalculated asshownin Sections2.3.2 and 2.3.3, respectively
where natural gas (methane) isassumed to bethefuel. (Other fuelscould be used for thermal
units)

Thedectricity costsare primarily associated with thefan needed to move the gasthrough
theincinerator. The power (inkilowatts) needed to moveagiveninlet volumetricflow rate of air
(QWi per Sections2.2.3 and 2.3.3) at atotal flange-to-flange pressure drop of APinchesof water
and combined motor/fan efficiency, € , isadapted from Equation 2.7, asfollows:

117 x 107 Q, AP

Power,, = : (2.42)

Fan efficienciesvary from 40to 70 percent [31] while motor efficienciesare usually 90 percent.

Thetotd pressuredrop acrossanincinerator system depends on the number and types of
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Table2.8: Capital Cost Factorsfor Thermal and Catalytic Incinerators[10]

CogtItem Factor
Direct Costs
Purchased equipment costs
Incinerator (EC) + auxiliary equipment? Asestimated, A
I nstrumentation® 0.10A
Salestaxes 0.03A
Freight 0.05A
Purchased equipment cost, PEC B=118A
Direct installation costs
Foundations & supports 0.08B
Handling & erection 0.14B
Electrical 004B
Piping 0.02B
Insulation for ductwork® 001B
Painting 0.01B
Direct installatoin costs 0.03B
Site preparation Asrequired, SP
Buildings Asrequired, Bldg.
Total Direct Costs, DC 1.30B + SP +Bldg.
Indirect Costs(installation)
Engineering 0.10B
Construction and field expenses 0.05B
Contractor fees 0.10B
Start-up 0.02B
Performancetest 001B
Contingencies 0.03B
Total Indirect Costs, IC 0.31B
Total Capital Invesment=DC +IC 1.61B + SP + Bldg.

@ Ductwork and any other equipment normally not included with unit furnished by incinerator vendor.

b |nstrumentation and controls often furnished with the incinerator, and those often included in the EC.

¢ If ductwork dimensions have been established, cost may be estimated based on $10 to $12/ft? of surface for fluid
application. (Alternatively, refer to Section 1.2 of thisManual. Fan housing and stacks may also be insulated.
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equipment elementsincluded inthe system and on design considerations. Theestimation of actual
pressure drop requirementsinvolves complex cal culations based on the specific system’ swaste
gasand flue gas conditions and equipment used. For the purposesof this section, however, the
approximate valuesshownin Table 2.11 can be used.

For theexamplecases, wewill assume 8,000 hours per year operation and a60% efficiency
for thefan and motor together. Using pressuredropsof 4 and 8inches of water, respectively, for
thethermal and fluid-bed catalytic incinerators, *and adding the pressure drop of 15inches of
water for 70% heat recovery, thefan power requirements can be cal culated asfollows:

Thermd Incinerator*

117 x 107 (20,900 acfm) (19 inches water )
Power,, = 060 = 774 kW

CatalyticIncinerator

117 x 107 (20,900 acfm) (23 inches water)
Power,, = 0.60 = 937 kw

Theannual e ectricity costswould bethe products of these usages, theannual operating
hours, and the electricity cost ($kWh), or:

Electricity Cost (Therma) = 77.4KW x 8,000 hours/yr x $0.059/kWh
= $36,500 per yr

Electricty Cost (Catalytic) = 93.7 KW x 8,000 hours/yr x $0.059/kWh
= $44,200 per yr

The catalyst replacement costs and scheduling are highly variable and depend onthe
nature of the catalyst, theamount of “poisons’ and particulatesin the gas stream (including the
auxiliary fud), thetemperature history of the catayst, and thedesign of theunit. Itisimpossibleto
predict the costsin agenera sense. However, noble metal monolith catal ysts operating on pure
hydrocarbon gasesinair will last longer than fluid-bed base metd cata ystsoperating on chlorinated
hydrocarbonsinar. Noblemeta catalystsared so more expens vethan base metd oxidecatdyds.
Thecatalyst lifefor many field unitsisfrom 1to 4 years. Thecost, in April 1988 dollars, of the



Table2.9: Capital Cost Factorsfor Thermal and Catalytic Incinerator [ 10]

ExampleProblems
Codt Item Cost, $
Thermal-Recuperative  Fluid-Bed
Catalytic
Direct Costs
Purchased equipment costs
Incinerator (EC) $254,200 $468,000
Auxiliary equipment - -
Sum=A 254,000 468,000
Instrumentation, 0.1A2 25,400 46,800
Salestaxes, 0.30A 7,630 14,000
Freight. 0.05A 12,700 13,400
Purchased equipment cost, B $300,000 $552,400
Direct installation costs
Foundations & supports, 0.08 B 24,000 44,200
Handling & erection, 0.14B 42,000 77,300
Electrica,0.04B 12,000 22,100
Piping, .002B 6,000 11,000
Insulation for ductwork, 0.01B 3,000 5,520
Painting, 0.01B 3,000 5,520
Direct installation costs $90,000 $165,000
Site preparation? - -
Buildings® - -
Total Direct $390,000 $718,000

Indirect Costs(installation)

Engineering, .010B 30,000 55,200
Construction and field expenses, 0.05B 15,000 27,600
Contractor fees, 0.10B 30,000 55,200

Start-up, 0.02B 6,000 11,000
Performancetest, 0.01 B 3,000 5,520
Contingencies, 0.03B 9,000 16,600

Total Indirect Costs $93,000 $171,100

Total Capital I nvestment (rounded) $483,000 $889,000

@ None of theseitemsis required.
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Table2.10: Annua Costsfor Thermal and Catalytic Incinerators

ExampleProblem
Cogt Item Suggested Factor Unit Cost? Thermal Fluid-Bed
Catalyst

Direct Annual Costs®, DC
Operating Labor

Operator 0.5 hr/shift $12.95/h. 6,480 6,480

Supervisor 15% of operator - 972 972
Operating Materials -
Maintenance

Labor 0.5 hr/shift $14.95/hr. 7,130 7,130

Materials 100% of maintenance|abor - 7,130 7,130
Catalyst replacement 100% of catalyst replaced $650/ft*for 0 15,100

metal oxide

Utilities

Natural Gas - $3.30/kft 264,500 63,400

Electricity - $0059/kWh 36,500 44,200
Total DC $321,200 $144,400
Indirect Annual Cogt, IC
Overhead 60% of sum of operating, - 13,000 17,800

supervisor, & maintenance
labor & maintenance materials
Administrative Charges 2% TCl - 9,650 17,800
Property Taxes 1%TCI - 4,830 8,900
Insurance 1%TCl - 4,830 122,700
Capital recovery® CRF[TCI - 1.08(cat. Cost)] - 68,800 122,700
$101,100 $171,300

Total Direct Cost (rounded) $422,000 $316,000

@ 1998 dollars
b Assumes 8,000 hr/yr

¢ The capital recovery cost factor, CRF, is a function of the catalyst or equipment life (typically, 2 and 10 years,
respectively) and the opportunity cost of the capital (i.e., interest rate). For example, for a 10-year equipment life

and a 7% interest rate, CRF = 0.1424
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Table2.11: Typical Pressure Drop Across Selected Equipment

Equipment Type Energy Recovery, % AP, in. H,O

Thermal Incinerators
Catalytic Fixed-bed Incinerator
Catalytic Fluid-bed Incinerator
Heat Exchangers

Heat Exchangers

Heat Exchangers

IaOD-bCPCD-P

replacement catalyst must be obtained from the vendor, but it may be estimated at $3,000/ft3 for
noble metal catalysts and $650/ft> for base metal oxide catalysts. For the example case, the
catalystisabase metal oxide because the waste gas contains achlorinated compound. Wewill
assumeatwo year catalyst life. Knowing that the catalyst volumeis 39 ft2 and using acost of
$650/ft2 and acapital recovery factor of 0.5531 (2-year life at a 7% interest rate), the annual
expensefor catalyst replacement is

117 x 107 (20,900 acfm) (23 inches water)
Power,, = 0,60 = 93.7 kW

(The* 1.08" factor coversthefreight and salestax for the replacement cataly<t.)

To calculatethefuel or eectricity annual cost, multiply thefuel usagerate (scfm) or the
electricity usage rate (kW) by the total hours per year of operation (e.g., 333 d/yr x 24 h/d =
8,000 h/yr) and by the appropriate unit cost (e.g., $/scfm for fuel and $/kWhfor electricity).

For the exampl e cases, thefuel costs can be calculated from thefuel usageratesand the
natural gasunit cost of $0.00330/scf. For thethermal incinerator example, theannual fuel costis
caculated asfollows:

Annua Fud = 0.00330 $/scf x 167 scf/min x 60 min/hr x 8,000 hr/yr

3 A fluid-bed catalytic incinerator is used because the waste gas contains a chlorinated compound which would poison the catalyst
in a fixed-bed incinerator.
4 Computed from inlet waste-gas flow rate (20,000 scfm) at preheater inlet temperature (100°F).
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Cost, Thermal = $264,500 per year

For the catdyticincinerator example. theannua fuel costisfound smilarly:

Annual Fuel Cost, Catalytic = $63,400 per year

Operating and maintenance labor are estimated as 0.5 hours per 8-hour shift each,
supervisory labor at 15% of operating |abor, and maintenance material as 100% of maintenance
labor.

2.5.2.2 Indirect Annual Costs

Theindirect (fixed) annual costsinclude capitd recovery, overhead, and property taxes, insurance,
and administrative (G& A) charges. Thelast three of these can be estimated at 1%, 1%, and 2%
of thetotal capital investment, respectively. The system capital recovery cost isbased on an
estimated 10-year equipment life. (See Section 1.2 for athorough discussion of the capita recovery
cost and the variablesthat determineit.) The system capital recovery cost isthe product of the
system capital recovery factor (CRF) and thetotal capital investment (TCl) lessthe purchased
cogt of thecatalyst (C_, x 1.08 wherethe 1.08isfor freight and salestax). Thesevaluescalculated
for theexamplecasesaregivenin Table2.47.

253 Cost Comparison for Example Case

TheexampleVVOC stream defined in Section 2.2.4.1 servestoillustrate sometypicd characteristics
of thermd and cataytic systems. Thetotal annua costsshownin Table2.47 show that thecatalytic
sysem’'sauxiliary fuel costsaresignificantly lower than those of thethermal unit. Thedisparity is
enough to offset the higher capital costsof the catalytic incinerator over the assumed 10-year
lifetime of theunits. Two factorsthat should be noted in the comparison of thesetwo systemsare
(2) the 98 percent level of destruction met by thethermal incinerator may bedifficult to reach by
the cataytic system (thismay beimportant in some cases), and (2) theexamplewaste streamisof
particularly low hesting va ue (4 Btu/scf) which favorsthe cata ytic syslem dueto thelower auxiliary
fud requirements.
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Appendix A

Properties of Selected Compounds
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Table2.12: Limitsof Flammability of Combustible Organic Compoundsin Air
at Atmospheric Pressure, Room Temperature[79]

Compound Molecular LEL® UEL®
Weight (volume %) (volume %)

Methane 16.04 5.00 15.00
Ethane 30.07 3.00 12.50
Propane 44.09 212 9.35
Butane 58.12 1.86 841
Pentane 72.15 1.40 7.80
Hexane 86.17 1.18 7.40
Octane 114.23 0.95

Nonane 128.25 0.83

Decane 142.28 0.77

Ethylene 28.05 2.75 28.60
Propylene 42.08 2.00 11.10
Acetylene 26.04 250 80.00
Cyclohexane 84.16 1.26 7.75
Benzene 7811 1.40 7.10
Toluene 92.13 1.27 6.75

a Lower Explosive Limit
b Upper Explosive Limit
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Table2.13: Molar Heat Capabilities of Gasesat Zero Pressure[25]

Cp:a+bT+cT2+dT3;Tin°K

C

1

fTTZ c,dT

T, T

C, in calories/g-moles®K Btu/lb-mole°R

Compound a b x 10? c x 10° d x 10% Temperature
Range (°K)
Methane 4.750 1.200 0.3030 -2.630 273-1500
Ethane 1.648 4,124 -1.530 1.740 273-1500
Propane -0.966 7.279 -3.755 7.580 273-1500
Butane 0.945 8.873 -4.380 8.360 273-1500
Pentane 1.618 10.85 -5.365 10.10 273-1500
Hexane 1.657 13.19 -6.844 13.78 273-1500
Cyclopentane -12.957 13.087 -1.447 1641 273-1500
Cyclohexane -15.935 16.454 -9.203 19.27 273-1500
Benzene -8.650 11578 -7.540 1854 273-1500
Toluene -8.213 13.357 -8.230 19.20 273-1500
Nitrogen 6.903 -0.037553  0.1930 -0.6861 273-1500
Oxygen 6.085 0.3631 -0.1709 0.3133 273-1500
Air 6.713 0.04697 0.1147 -0.4696 273-1500
CarbonDioxide  5.316 1.4285 -0.8362 1.784 273-1500




Table 2.14: Heatsof Combustion of Selected Gaseous Organic Compounds[80]

Molecular
Compound Weight (callg) -Ah (Btu per Ib)
Methane 16.04 11,9533 21,502
Ethane 30.07 11,349.6 20,416
Propane 44.09 11,079.2 19,929
Butane 58.12 10,932.3 19,665
Pentane 72.15 10,839.7 19,499
Hexane 86.17 10,780.0 19,391
Octane 114.23 10,737.2 19,256
Nonane 128.25 10,680.0 19,211
Decane 142.28 10,659.7 19,175
Ethylene 28.05 11,2717 20,276
Propylene 42.08 10,942.3 19,683
Acetylene 26.04 10,476.7 19,001
Cyclohexane 84.16 9,698.4 19,846
Benzene 78.11 9,698.4 17,446
Toluene 92.13 9,784.7 17,601
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Appendix B

Design Procedure for Non-Recuper ative
Thermal Incinerators
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Not all thermal incineratorsare equipped with recuperative heat exchangersto transfer
energy fromtheflue gas stream to theincoming waste gas stream. Thesenon-recuperative units
useother mechanismsto recovery fluegasenergy. Oneof thesetypesistheregenerativeincinerator.
Asdiscussed in asubsection of Section 2.1 entitled Regenerative Incinerators, aregenerative
incinerator accomplishesenergy recovery by conveying thefluegasthrough aceramic bed which
capturesaportion of the stream’sentha py. After aswitching mechanismisengaged, theincoming
waste gas passes through thishot bed and iswarmed to itsignition temperature. Thisprocessis
illustratedin Figure 2.2.

Whilewe can determinethe streaminlet and outl et temperaturesfor arecuperative heat
exchanger fairly accurately, we cannot dwaysdo so for aregenerativeincinerator bed. For one
thing, these beds do not behave liketypical heat exchangers. The bed temperature profilesare
oftendifficult to predict. Moreimportantly, because regenerativeincineratorsdo not operate at
steady state conditions, thetemperatureswithin the bedsand many other partsof theunit vary with
time. For that reason, it ismore convenient to view theentireregenerativeincinerator asa*“ black
box” intowhichwastegasand auxiliary fuel flow and fromwhich flue gasemanates. Aroundthis
black box we may makemassand energy baances. Inthisway, weneed not makeany assumptions
about what occurs inside the incinerator regarding temperatures, flowrates, or other stream
parameters.

However, to determinetheauxiliary fuel requirement for regenerativeincineratorsviathe
procedure shown inthisappendix we haveto maketwo key assumptions, viz.: (1) thetemperatures
and flowrates of all streamsentering and leaving theincinerator are at steady state and (2) the
combustion temperature (and by inference, the heat lossfraction) are constant aswell. Theother
assumptionswill beaddressed inthefollowing design steps:

Steps1to4: Thesearethesameasthosefor thermal recuperative and catalytic incinerators.
(SeeSection2.4.1.)

Step 5t - Establish theincinerator oper atingtemper ature: Becausetheir designsaremore
resistant to thermal stressesand becausethey can achievevery high heat recoveries, regenerative
incineratorsare usually operated at higher temperaturesthan recuperative units. Consequently,
higher VOC destruction efficienciesare achieved. Operating temperaturesof 1800 to 2000°F
aretypica.

Step 6t - Calculatethewaste gastemper atureat theexit of thepreheater: Asexplained
above, regenerativeincineratorsdo not employ preheaters. The preheatingisdoneby andwithin
the ceramic beds. Moreover, because the massand energy balances are made around the entire
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unit, we do not need to know thetemperature of the preheated waste gasto calculate the auxiliary
fud requirement.

Step 7t - Calculatetheauxiliary fuel requirement, Q. Becausearegenerativeincinerator
recoversnearly all of theenergy from the combustion (flue) gas, itsauxiliary fuel requirement is

Flue Gas
(fo)
Auxiliary Fuel Incinerator Unit Waste Gas
(af) - (Any Type) (wi)

usually lower than that for arecuperativeincinerator. However, asdiscussed above, thisfuel
reguirement isdetermined viamassand energy balancestaken around the entire unit, not just the
combustion chamber. Consider thefollowing diagram:

Taking massand energy balancesaround theincinerator, weobtain:
Massbaance:

Mass in = Mass out

Mass fuel + Mass waste gas = Mass flue gas

Py t PuiQui = Pl
Energy bdance:
Next, wetake an energy ba ance around theincinerator unit:

Energy in - Energy out + Energy generated = 0
Thetermsof theenergy bad anceequation aretheinlet wastegasand outl et fluegasentha pies
(H,; andH, , respectively), theenergy loss(H, ), and the waste gasVOC and fuel (natural gas)

heat contents(H_, andH__, inturn):

Hy-(Ho+H)+(H,,; +H) =0
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Thevariablescomprising each of thetermsin thisenergy balanceequation arelistedin
Table2.6. They are:

Hoi = 20iQuiComui(Tui = Trep)

Hfo =P fOQfOCpme(TfO ) Tref)

H = 70,QC(Ts - T

Hoi = £uiQui-4AN,,)

Hcaf - P anaf(_Ahcaf)
where

n = energy lossfrom combustion chamber (fractional)
combustion temperature (°F)

fi

We next substitute these variablesinto Equation 2.51 and solvefor thefuel massrate
(0,Q,)- Whendoing so, we make thefollowing assumptions:

* Thestreamsflowingto and fromtheincinerator are at steady state conditions.
» Theauxiliary ar requirementsarezero.

e Theambient, reference, and fuel inlet temperaturesareequal (77°F). (Thisassumption
resultsintheinlet fuel stream having azero enthalpy.)

» Theheat capacitiesof the gas streamsto and from the unit are approximately the same,
regardlessof composition.
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» The mean heat capacities of the streams above the reference temperature (77°F) are
approximately equal, regardless of temperature. Further, the mean heat capacity of the
waste gas/flue gas stream entering/leaving theincinerator iseva uated at the average of the
inlet (T ) and combustion (T,) temperatures. Thatis, Cpnwi = Cp . Cp o Cpm.

Whenwedoal this, weget thefollowing expression:

PoiQui Cpm(Twi T - [pfonOCpm(Tfo “Te) t 10,Q; Cpm(Tfi -Tedl +
(Energyin) (Energy out)

[0, Qui-Ahg,) + P Qu(-AN )] =0
(Energy generated)

Substitutionfor p, Q, per Equation 3.357 aboveyields:

[0, Qwicpm(Twi'Tref)] - [ncpm(panaf + 0, Qu) (T T +
Cpm(paf o T PuiQui) (T Tl +10,Q,i(-4h,,) + 0, Q,(-4h )] =0

Findly, solvingfor po_Q ., theauxiliary fuel massrate (Ib/min):

P Quil Cpm[n(Tfi T + (Tey - T, - (AR, )}, Qy
= { (-Ahcaf) - Cpm[T](Tﬂ - Tref) + (Tfo - Tref)]}

Equation 3.361 providestheauxiliary fue requirement for any typeof thermd incinerator,
asitisindependent of any intermediate variables, such asthetemperature of the preheated waste
gas. Clearly, thisequation can be used with regenerativeincinerators, aslong asthe above-stated
assumptionshold.

Thehest lossfraction () will vary according to theincinerator type, how theincinerator
componentsare configured intheunit, the construction materidss, thetype and amount of insulation,
and other factors. For instance, for recuperativeincinerators, ) isapproximately 0.10. The for
regenerativeincineratorsisconsderably lower, however. Therearetwo reasonsfor this. First,
the components of aregenerative incinerator—combustion chamber, ceramic beds, etc.—are
housed in asingle enclosure, whilein arecuperativeincinerator the combustion chamber, heat
exchanger, and interconnecting ductwork are housed separately, thus offering more heat transfer
area. Second, becauseregenerative unitsarelined with ceramic, they are better insulated than
recuperativeincinerators.
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To gain an estimate of thisheat |ossfraction, we contacted two regenerativeincinerator
vendors. [94,95] Based ontheheat |lossdatathat they supplied, wecalculated valuesranging
from 0.002t00.015(0.2t01.5%). Thesevauesvaried according to theincinerator configuration
(vertical or horizonta), thewaste gasflow rate, the ambient temperature, and the wind speed.

Step 8t - Verify that the auxiliary fuel requirement is sufficient to stabilize the bur ner
flame: Asexplainedin Section 2.4.2, only asmall amount (< 5% of thetotal energy input) is
needed to stabilizetheburner flame. With recuperativeincinerators, theauxiliary fuel requirement
isusudly much larger than theburner stabilization requirement, sothat thisconstraint rarely comes
into play. With regenerativeincinerators, however, theauxiliary fuel requirement may beaslow or
lower than thefuel needed to stabilizetheburner. Therefore, itisimportant to comparethesetwo
requirements. ThiscomparisonismadeviaEquations3.326 and 3.327. If theauxiliary fue isless,
theminimum fuel requirement would be set at 5% of thetota energy inpuit.

Step 9t - Calculate the flue gas volumetric flow rate, Q.: Aswith thermal recuperative
incinerators, theregenerativeincinerator fluegasflow rateistherate used to sizeand cost the unit.
Measured at standard conditions (1 atmosphereand 77°F), Q.. isthe sum of theinlet waste gas
(Q,) andfuel (Q,) flow rates. Butsince Q_ for regenerative unitsissmall comparedtoQ ., the
waste gasand fluegasflowsshould bevirtualy identical.
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