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Abstract

Styreneemissionsfromopen molding processesinfiberglass-reinforced
plastics/composites (FRP/C) and fiberglassboat building facilitiesaretypically diluted by
general ventilation to ensurethat worker exposures do not exceed Occupational Safety and
Health Administration (OSHA) standards. Thispracticetendsto increasethe potential cost to
thefacility of add-on controls. Furthermore, add-on styrene emission controlsare currently not
generally mandated by regulations. Therefore, emission controlsareinfrequently used inthese
industries at present.

To providetechnical and cost information to companiesthat might choose emission
controlsto reduce styrene emissions, several conventional and novel emission control
technologiesthat have been used to treat styrene emissionsin the United States and abroad and a
few emerging technologieswere examined. Control costsfor these conventional and novel
technologieswere devel oped and compared for three hypothetical plant sizes.

Theresultsof thiscost analysisindicate that increasing styrene concentration (i.e.,
lowering flow rate) of the exhaust streams can significantly reduce cost per ton of styrene
removed for all technol ogies examined, because capital and operating costsincreasewith
increasing flow rate. Therefore, acompany should eval uate methodsto increase concentrations
(i.e., lower flow rates) of the exhaust stream before considering any add-on control devices.
Thisreport also presentsair flow management practi ces and enclosure conceptsthat could be
used to create aconcentrated exhaust stream while maintaining asafe working environment.
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Chapter 1

I ntroduction

Thefiberglass-reinforced plastics/composites (FRP/C) and fiberglassboat building
industrieshave many alternativesfor reducing styrene emissions. Styreneemissionscan be
reduced by (1) using resin materialsand application equipment that generate less styrene
emissions, (2) improving operator techniquesto reduceoverspray, (3) changing open-molding
processesto closed-molding processes, and (4) using add-on emission control devices. The
amount of reduction achieved by these alternatives, taken separately or in various combinations,
canvary widely.

L acking theregulatory mandates, add-on pollution control systemsare not often used to
reduce styrene emissionsin the FRP/C and boat building industries. L ow concentrationsand
high air flow rates al so have made conventional emission controlsvery expensive and, in some
cases, lessefficient in destroying theemissions. The FRP/C and boat building industriesneed
information on the applicabilitiesand costs of conventional and emerging add-on pollution
control technologies so they can make informed decisions about the use of controlsto reduce
their emissions. To meet thisneed, the cost and performance of several conventional and
emerging add-on pollution control technologiesand air flow management practicespotentially
applicableto theseindustries have been evaluated.

Thisreport summarizestheresultsof literature reviewsand control cost analyses.
Background information about theindustries and the characteristicsof their emissionsis
provided in Chapter 2. Conclusionsand recommendations of thisstudy are presentedin
Chapter 3. Various pollution control technologies are described in Chapter 4, and their costsare
compared in Chapter 5. Air flow management practicesthat may reduce worker exposure and
control costsare described and evaluated in Chapter 6. Costing proceduresfor various pollution
control technologiesare presented in Appendix A, and instructionsfor using acomputer
spreadsheet cost model for add-on emission controlsare presented in Appendix B.

Thisreport provides preliminary technical and cost information to FRP/C and boat
building companiesfor their usein selecting emission control technologies. Companiesshould
identify thosetechnologiesthat fit their production processes and contact the vendors of those
technol ogiesfor more accurate information on equipment costs.



Chapter 2

Background

TheFRPindustry (excluding boat building) islargeand diverse. Morethan 680
facilitiesnationally in the United Statesreported to the Toxic Release Inventory (TRI) in 1992.
Thesefacilitiesrepresent asmany as 33 different Standard Industrial Classification (SIC) codes
ranging from transportation to el ectronicsand consumer products (Pacific Environmental
Services, 1995). The FRPindustry manufactures productssuch asbathtubs, shower stalls, spas,
truck caps, vehicleparts, tanks, pipes, appliances, ladders, andrailings. The FRPindustry
employsavariety of manufacturing processes. Asshownin Table 2-1, the main manufacturing
processisopen molding. Open molding (including gel coat and resin spraying) isresponsible
for an estimated 75 percent of the 15,419 metric tons (17,000 tons) per year of styrene emissions
fromthe FRPindustry. Thisestimateisbased on 1992 TRI reports (TRI 1995), and knowledge
of FRP processesand their emission characteristics.

Table 2-1. Manufacturing Processes Employed by FRP/C Industry

Manufacturing Process Estimated Facilities Employing Process (%)?
Open molding® (including hand layup, gel 60

coat spraying, and/or resin spraying)

Compression molding 17

Filament winding 12

Pultrusion 8

Cultured marble casting 6

Continuous lamination 5

#Column total exceeds 100% because many facilities employ more than one type of
manufacturing process.

®It is conventional to include filament winding in the open molding classification; however, for this
study open molding was considered to be hand layup, gel coat spraying, and/or resin spraying.

Source: Pacific Environmental Services, 1995

Thefiberglassboat building industry representsasegment of SIC code 3732, Boat
Building and Repairing. The 1993 TRI report contains datafrom 144 boat manufacturers. The
open molding processisthe most common production method used in fiberglass boat building.
Estimated styrene emissionsfrom the these facilities was about 6,300 metric tons (6,900 tons)
(Radian, 1995).

Theopen-molding processusually consists of applying aliquid gel coat or resintoa
mold with aspray gunin an open environment. Styreneisemitted both during the application
stagewhen gel coat or resin material isatomized and sprayed onto amold and during the post-
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application period when the material cures. Most FRP/C production and boat building facilities
use high ventilation ratesto ensurethat styrenelevelsare bel ow the 100-ppm worker exposure
[imit established by the Occupational Safety and Health Administration (OSHA). Dilution
increasesthe volume of contaminated air and, because the cost of an add-on emission control
systemisastrong function of thetotal air flow, these diluted air streams are more costly to
control. Somefacilitiesdesignate certain areasfor gel coat or resin spraying to reducethe
contamination of plant air. Inthese cases, aspray booth equipped with adry filter medium may
be used to reduce particulate emissions, but diluted styrene emissions aretypically vented
directly to the atmosphere.

SomeFRP/C processes, such aspultrusion, continuouslamination, sheet molding
compound (SM C) production, and resin mixing, havelocalized and concentrated emissionsthat
can be enclosed and vented to acontrol device. Emissionsfrom these processes can be captured
with lower exhaust flow rates (i.e., at higher concentrations) than emissionsfrom the open-
molding process; therefore, it ismorefeasible or less costly to treat these streams. Most of the
existing emission control devicesinstalled inthe FRP/C facilities are used to treat emissions
from these processes.

References

Pacific Environmental Services, Inc; Industry Description. Memorandum from Greg LaFlam
and M elanieProctor, Pacific Environmental Services, Inc., to Madel eine Strum, EPA-OAQPS,
October 17, 1995.

Radian Corporation; Minutesof the Boat M anufacturing P-M ACT Teleconference on October
31, 1995. Memorandum from Brian Palmer, Radian Corporation, to M adeleine Strum, EPA -
OAQPS, November 28, 1995.

1987-1993 Toxics Releaselnventory; EPA-749/C-95-004 (NTISPB95-503793); U.S.
Environmental Protection Agency, Officeof Pollution Prevention and Toxics, Washington, DC;
August 1995.



Chapter 3

Conclusonsand Recommendations

Exhaust streamsfrom open-molding processesin the FRP/C and boat building facilities
aregenerally at low styrene concentrationsand high air flow rates. General (dilution) ventilation
isusually used to ensure that worker exposureislower than that allowed by OSHA standards.
Treating thislow-concentration, high-air-flow stream ismore expensivethan treating alow-flow
rate at higher concentration. Dueto the general practice of dilution ventilation and the current
lack of specific regulations, add-on control devicesare not commonly used in the FRP/C and
boat buildingindustries.

Of the limited number of add-on control devicesused inthe FRP/C facilitiesinthe
United States, thermal and catal ytic oxidation are the most common. The costs of novel
technologies, including biofiltration and preconcentration followed by recovery or oxidation, by
thermal or catalytic oxidation werecompared. Preconcentration techniquesappear to reducethe
cost of styrene control, particularly at thelower styrene concentrations (lessthan 100 ppm)
typically found at FRP/C and boat building facilities. However, thisapparent reductionin costis
significantly affected by the equipment cost assumptionsused inthisanalysis. Therefore, FRP/C
companiesshould comparethe costsof competing technol ogieson acase-by-casebasis.

The capital and operating costs of all emission control devicesarestrongly related to the
flow rate of theincoming stream. Cost analysesindicate, for all control devices examined, that
cost per unit of styrene removed decreases as styreneinlet concentrationincreases(i.e., astheair
flow rate decreases). Therefore, itisprobably economical to concentrate the exhaust air stream,
using improved air flow management practicesor enclosures, before application of add-on
emission control devices.

Improved air flow management techniques, which capture emissionsat the source, or
enclosures, which prevent styrene emissionsfrom contaminating the plant air, can reducethe
exhaust air flow rate and increase styrene concentrationsin the exhaust streamsfrom FRP/C
facilities. These approaches can maintain asafe working environment and produce ahigh-
concentration exhaust stream, which can be controlled with less expensive add-on control
devices.



Chapter 4

Pollution Control Technologies

Thischapter presents process description and discussionsof conventional, novel, and
emerging technol ogiesthat are or may be used to reduce styrene emissionsfrom FRP/C and boat
building facilities. Section 4.1 presentsconventional technologiesthat are proven or have been
traditionally used for VOC emission control. Section 4.2 presentsnovel technologiesthat have
been applied in thelast decadeto treat |ow-concentration emissions and Section 4.3 presents
emerging technologiesthat are still under investigation inlaboratory or pilot plants, or are
currently used to control VOC emissionsfrom other industry sources.

4.1 Conventional Technologies

Conventional technol ogiesincludecombustion (i.e., thermal and catal ytic oxidation),
adsorption, and condensation, which havetraditionally been used to treat VOC emissions. The
processdescription, applicability to FRP/C processes, typical operating conditionsand control
efficiencies, and the advantage/disadvantage of itsapplication are presented for each
conventional technology.

4.1.1 Combustion Technology

Combustion isaprocess by which an exhaust stream containing V OCsisbrought to
adequate temperature and held for asufficient residencetimeto allow for oxidation of the VOCs
into the combustion byproducts of carbon dioxide (CO,) and water vapor (H,0). Theoretically,
any hydrocarbonwould be oxidized according to thefollowing equation:

CH, +(a+0.25b) O, = aCO, +0.5b H,0. (4-1)

Combustion devicesare classified according to how oxidation of the VOC occursand
how heat energy from the exhaust stream isrecovered. Thefirst classification differentiates
between two oxidation methods -- thermal or catalytic -- and the second category classifiesthe
method of heat recovery according to whether it isrecuperative or regenerative (Haberlein and
Boyd, 1995).
4.1.1.1 Thermal Oxidation

Thermal oxidizers, also called incineratorsor afterburners, use high temperatures
(typically between538° and 1,093 °C[1,000° and 2,000° F]) to destroy VOC vapors.

ProcessDescription. A typical thermal oxidizer includesaburner, aninsulated
expansion zone (to allow sufficient high-temperatureresidencetimefor complete combustion),
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and an induced-draft exhaust fan (to pull V OC-laden gasesthrough the afterburner). The burner
typically usesauxiliary fuel such asnatural gasif inlet pollutant concentrationsare not high
enough to self-sustain the oxidation reaction, once operating temperatureisreached.

Thermal Recovery. Thermal recovery isfrequently employed to lower the operating
fuel costs of thermal oxidizers. One method to recover heat from the exhaust of athermal
oxidizer istoinstall aheat exchanger. The heat exchanger may be used to preheat incoming
combustion air. Inthiscase, the heat exchanger iscalled arecuperator. Inrecuperators, energy
recoveries of 40 to 60 percent are common, and recoveries of 80 percent are often practical
(CooperandAlley, 1986).

Regenerativethermal oxidizerscycle heat energy between an exhaust and anintake
stream using an arrangement of thermal masses. Thethermal oxidizer’ shot exhaust gasheatsa
storage mass, usually a heat-resistant ceramic material. Oncethisstorage masshasreached a
preset temperature, the exhaust gasisredirected and the VOC-laden inlet gasflowsthrough the
now-heated mass. Inthismanner, thethermal energy of theincinerator’ sexhaust isrecovered.
Regenerative heat exchangerstypically achieve higher heat recoveriesthan recuperative heat
exchangers; heat recoveries of up to 95 percent are practical.

Oneeffect of thermal recovery isto lower theinlet pollutant concentration required to
achieve autothermal operation (i.e., using theinlet pollutant asthe sole fuel sourceto sustainthe
oxidation reaction). Figure4-1 depictscalculated styreneinlet concentrationsrequired to
achieve autothermal operation, for thermal and catal ytic oxidizers, with varying levelsof heat
recovery. The calculated values are based on athermal oxidizer temperature of 788 °C (1,450
°F), acatalytic oxidizer temperature of 329 °C (625 °F), and an assumed heating val ue of
40,900kJkg (17,600 Btu/lb) for styrene.

Applicability to FRP/C Processes. Applicationsof thermal and catalytic oxidizersto
FRP/C processesin the United Statesarelisted in Table 4-1. Asof October 1995, thermal or
catalytic oxidizerswere being employed to control emissionsfrom fivefacilities performing gel
coating and/or resin sprayup processes, threefacilitiesperforming pultrusion, two facilities
performing continuouslamination, and onefacility performing SM C production (LaFlam,
1995b).

Standard operating conditions. The performance of an incinerator iscommonly
characterized by threeimportant parametersknown asthe" ThreeT's:"

. Temperature - The oxidation reaction rateis accel erated at elevated temperatures.
Higher temperatures causefaster oxidation ratesand higher destruction
efficiencies.



Figure4-1



Table 4-1. Thermal and Catalytic Oxidizer Applications on Gel Coating, Resin Spray-up, Pultrusion, Continuous Lamination, and SMC
Production Processes (Source: LaFlam, 1995b).

Transportation

BMC=bulk molding compound, SMC=sheet molding compound.

Facility name City State Install Thermal Flow rate | Process(es) vented to oxidizer
Date or (cfm)
catalytic
Gel coating and resin spray-up processes

Cor Tec Company Washington Court | OH 1992 Catalytic 5,000 | Automated gel coating on flat

House panels and resin mixing tanks
Tomkins - Lasco Lancaster TX 1985 Thermal 18,000 | Gel coat and some resin spraying
Bathware
Tomkins - Lasco Elizabethtown PA 1985 Thermal 24,000 | Gel coat and some resin spraying
Bathware
Tomkins - Lasco South Boston VA 1986 Thermal 18,000 | Gel coat and some resin spraying
Bathware
A.R.E., Inc. Massillon OH 1995 Thermal 100,000 | Gel coat spraying, resin spraying,

resin storage tanks, and painting
Pultrusion and continuous lamination processes
Crane Kemlite (formerly Jonesboro AR 11/90 Thermal 26,000 | Continuous lamination and curing
BP Chemicals, Inc.) ovens
Enduro Composites Fort Worth TX 1/91 Thermal 15,000 | Continuous lamination and resin
System mixing
Owens Corning Hazleton PA 9/90 Thermal Unknown | Pultrusion
Tecton Products Fargo ND 5/92 Thermal Unknown | Pultrusion
BMC/SMC production processes

Fibercast Sand Springs OK 1992 Catalytic 2,750 | BMC mixing and centrifugal casting
Navistar Intl. Columbus OH 1/93 Thermal 14,000 | SMC production and painting




Time - For the oxidation reaction to occur, the exhaust must remain at the
reaction temperature for aminimum amount of time, called the"residence" or
"retention” time. Greater destruction efficienciesresult from longer residence
times. Notethat thetemperature and timeareinversely proportional (although
nonlinear) to each other in determining destruction efficiency.

. Turbulence - Turbulenceisrequired to ensurethat the exhaust iswell-mixed
throughout theincineration chamber. Otherwise, apacket of exhaust could pass
through the chamber without adequate oxidation. Notethat turbulenceisnot
directly related to either temperature or time but isanecessary condition for high
destructionefficiency.

A review of theliterature indicates arange of recommended temperature and residence
timesfor thermal oxidizers. Thermal oxidizersgenerally operate at atemperature ranging from
650° to 870° C (1,200° to 1,600° F) and require aminimum residence time of 0.3 second in the
combustion zone (Bethea, 1978). Thethermal oxidizer at the L asco-South Boston facility
operatesat approximately 788° C (1,450° F). Most thermal oxidizersare designed to provide
no morethan 1 second of residence timeto the flue gasin the combustion chambers (National
Academy Press, 1983).

TheV OC concentration of waste streams controlled by thermal oxidation can vary from
the parts-per-million (ppm) rangeto 25 percent of thelower explosivelimit (LEL). For styrene,
thiscorrespondsto aconcentration of approximately 2,500 ppm. VOC concentrationstypically
cannot exceed 25 percent of the LEL for safety and insurancereasons. Thermal incineratorscan
be designed to control flow ratesin excess of 2,832 m¥min (100,000 cfm).

Control Efficiency. Studiesindicatethat awell-designed and -operated thermal oxidizer
can achieve at |east a 98 percent destruction efficiency. Thiscorrespondsto thermal oxidizers
that are operated at 871° C (1,600° F), with anominal residencetime of 0.75 second (Farmer,
1980).

Advantages/Disadvantages. The principal advantages of thermal oxidizers purchased as
air pollution control devicesaretheir demonstrated use within the FRP/C source category and
their potential for very high destruction efficiency. The principal disadvantagesof thermal
oxidizerspurchased asair pollution control devicesaretheir high energy requirements (for
dilute VOC streams, particularly if heat recovery isbelow 70 percent) and the formation of
additional air pollutants (carbon dioxide and nitrogen oxides) from the combustion of auxiliary
fuel. Energy requirementsand formation of carbon dioxide and nitrogen oxidesareinversely
related tothelevel of heat recovery employed (i.e., increasing heat recovery decreasesenergy
requirements and formation of other air pollutants). A regenerativethermal oxidizer operating
at 816° C (1,500° F) produces 2 to 12 ppm of nitrogen oxides (Gribbon, 1996). An EPA study
(Sanderford, 1993) indicatesthat NO, formation is dependent on such factors as O, content,




residencetime, and combustion temperature, and even atwo-second residencetimeat 1,065° C
(1,950° F) will result in formation of lessthan 10 ppm of NO..

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

In-plant Boilersand Heatersas Thermal Oxidizers. Theoretically, any in-plant natural -
gasor oil-fired boiler or heater could also be used to destroy styrene. However, in-plant boilers
havelimited air flow rates, and their seasonal usage limitsthe amount of emission reduction that
could be achieved. Also, temperaturesand residencetimesfor in-plant boilersare lower than for
thermal oxidizersdesigned for air pollution control and would thereforeresult in lower
destruction efficiency. The principal advantages of in-plant boilersasthermal oxidizersarethat
no additional combustion equipment isrequired and energy costsarereduced. The principal
disadvantagesof in-plant boilersasthermal oxidizersaretheir uncertain destruction efficiencies
and their limited combustion air needs (boilers only require approximately 5 m¥min (180 c¢fm)
of combustion air per million Btu/hour).

4.1.1.2 CatalyticOxidation

Catalytic oxidation systemspassV OC-laden exhaust through special catalytic bedsto
facilitate the oxidation of styreneat lower temperatures. These bedsusually consist of precious
metals. Catalytic oxidizerscan reducetherequired temperaturefor agiven destruction
efficiency by several hundred degrees Fahrenheit compared tothermal oxidizers.

ProcessDescription. In most cases, inlet gasesto the oxidizer are heated by asmall
natural-gas-fired burner (aswith athermal oxidizer, but to amuch lower temperature). The
heated gases are then passed directly through the catalyst bed, which isin the same unit asthe
burner. The catalyst isusually anoble metal such as palladium and platinum (other metalsare
used, including chromium, manganese, copper, cobalt, and nickel) deposited on an alumina
support configuration. Thesupport configurationisfrequently ahoneycomb arrangement to
minimize pressuredrop (relative to apacked bed of pellets) (Cooper and Alley, 1986).

Thermal Recovery. Aswith thermal oxidizers, thermal recovery can be used to lower
thefuel costsof catalytic oxidizers. Thermal recovery can be performed in arecuperator (energy
recoveriesaretypically 40 to 60 percent, with 80 percent often practical) or in aregenerator
(energy recoveriesup to 95 percent are practical).

Catalytic oxidizershaveinherently lower fuel coststhan thermal oxidizers(dueto the
lower combustion temperaturein catalytic oxidizers). Therefore, catalytic oxidizersrequirea
smaller amount of heat recovery to achieve autothermal operation (operationinwhichtheinlet
pollutant isthe sole fuel source). Calculated styreneinlet concentrationsrequired to achieve
autothermal operation for catalytic and thermal oxidizersaredepicted in Figure4-1. The
required inlet concentrationswere calculated by RTI, based on athermal oxidizer temperature of
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788 °C (1,450 °F), acatalytic oxidizer temperature of 329 °C (625 °F), and astyrene heating
value of 40,900 J/g (17,600 Btu/lb).

Applicability to FRP/C Processes. The Cor Tec facility (Washington Court House,
Ohio) employsacatalytic oxidizer (see Table 4-1) designed to operate at 316° to 371° C (600 °
to 700° F), with arecuperative heat exchanger that recovers heat from the exhaust and usesit to
preheat inlet air. Thedesign flow rateis 142 m¥min (5,000 cfm). The oxidizer treats exhaust
gas streams from an automated gel coat spraying on flat panels at arate of 102 m¥min (3,600
cfm) and aresin mixing operations at arate of 40 m¥min (1,400 cfm). Testing of the oxidizer in
1994 indicated an averageinlet styrene concentration (i.e., from both processes) of 240 ppm and
an averagedestruction efficiency of approximately 98 percent (Patkar et al., 1994).

TheCor Tecfacility and Fibercast (Sand Springs, Oklahoma) arethe only two FRP/C
facilitiesin the United States known to have a catalytic oxidizer.

Standard Operating Conditions. The catalyst bed in catalytic oxidizersgenerally
operatesat temperaturesranging between 149° and 482°C (300° and 900°F), withtemperatures
rarely exceeding538° C (1,000° F). Therequired contact time between the contaminant and the
catalyst for compl ete oxidation to occur isnormally 0.3 second (Radian Corporation, 1985).

Control Efficiency. A well-operated and maintained catal ytic oxidation unit can
achievedestruction efficiencies of 98 percent, comparableto thermal oxidation units.
Destruction efficiency would decreasein the presence of catalyst poisonsand particul ate matter
(U.S.EPA, 1995).

Advantages/Disadvantages. Catalytic oxidizershavelower energy usage and resultant
operating coststhan thermal oxidizers (with equal levelsof heat recovery). Thisoperating cost
advantage may be offset by theincreased capital cost of catalytic oxidizers. The smaller size of
catalytic oxidizersalso typically resultsin lower installation coststhan thermal oxidizerswith an
equivalent flow rate. The generation of nitrogen oxidesisvirtually eliminated with catalytic
oxidizers (dueto thelow combustion temperatures). Testing of aregenerative catalytic oxidizer
demonstrated nitrogen oxide production of lessthan 1 ppm (Gribbon, 1996).

Catalytic oxidizersmay suffer from catalyst fouling or poisoning. Some materialsthat
areconsidered catalyst poisonsinclude heavy metals(mercury, lead, iron, etc.), silicon, sulfur,
and halogens. Organic solidsor inert particul ate matter may also poison or foul catalyst beds
(Farmer, 1980).

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.
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4.1.2 Adsorption Technology

Adsorptiontechnol ogy utilizesamasstransfer processinvolvinginteractionsbetween
gaseous and solid-phase components. Thegasphaseiscaptured on the solid phase by physical
or chemical adsorption mechanisms. Most V OC adsorption systems use activated carbon asthe
solid phase, although afew systemsuse silicagels, diatomaceous earth, alumina, synthetic
zeolites, special polymer materials, or other proprietary substances.

In carbon adsorption, gaseous V OC molecul esare captured on the extensive surface
area present in the gross and molecular pore spacesin the activated carbon adsorbent. The used
carbon adsorbent isthen either discarded or regenerated. Carbon adsorption unitsare
commercially available as packaged unitsup to 1,700 m¥min (60,000 scfm) (Purcell and
Shareef, 1986).

Activated carbon isbest for adsorbing high-molecular weight and nonpolar chemical
substances. Compoundswith amolecular weight of 40 or lessdo not adsorb well on activated
carbon. Compoundswith aboiling point greater than 150° C (300° F) do not desorb well. A
highrelative humidity may interferewith the adsorption efficiency (Haberlein and Boyd, 1995).

Thefollowing sectionsdiscussthree carbon adsorption systems: (1) fixed-bed carbon
adsorption (steam regeneration), (2) fluidized-bed carbon adsorption (hot air regeneration), and
(3) activated-carbonfilter panels(disposal, no regeneration). Hybrid systemsusing carbon or
polymeric adsorption and subsequent desorption for recovery or oxidation are presentedinthe
novel technol ogiessection (Section4.2).

4.1.2.1 Fixed-Bed CarbonAdsorption

ProcessDescription. A typical fixed-bed carbon adsorption system consistsof two large
chambers, called "beds," that contain alarge quantity of activated carbon. TheV OC-laden
exhaust isfirst passed through one of the chambers, which slowly adsorbstheVOC vapor onto
the carboninthebed. When the bed approacheseither saturation (full capacity) or breakthrough
(rapid reduction in capture efficiency), the exhaust is switched to the second chamber. Steamis
then used to regenerate thefirst carbon bed. TheVOC-laden steam isallowed to condense and
theVOC iseither decanted from the condensate or chemically treated. Thetwo chambers
alternate between adsorption and regeneration, maintaining afairly constant emission control
rate.

Applicability to FRP/C Processes. Thereare no known fixed-bed carbon adsorption
systemsinstalled on FRP/C processesin the United States.

Standard Operating Conditions. Cameron-Y akima, an activated carbonvendor, reports
an average adsorption capacity of 20 percent to 50 percent, with an average of 33 percent for
compounds such as styrene (Haberlein and Boyd, 1995). Inother words, 680 kg (1,500 |b) of

12



activated carbon could adsorb 227 kg (500 1b) of styrenebeforerequiring regeneration. Typical
superficial gasvelocitiesthrough afixed-bed system are 18 to 49 m/min (60 to140 ft/min), and
resulting pressure drops are from 1,244 to 3,732 N/n¥ (5 to 15 inches of water) (Cooper and
Alley, 1986).

Control Efficiency. Control efficiency for an activated carbon systemislargely
dependent on the degreeto which the VOC isallowed to “ break through” the carbon bed (i.e.,
the carbon iscompletely or nearly completely deactivated). If the outlet of the carbon bed(s) is
monitored continuously, breakthrough can be avoided by switching bedsor replacing carbon. In
this case, adsorption efficiencies above 95 percent can be maintained.

Advantages/Disadvantages. For high-volumelow-concentrationV OC streams, carbon
adsorption haslower energy coststhanincineration. Carbon adsorption can be used to
preconcentrate styrene prior to incineration or recovery (see Section 4.2.1). Reclamation of
styrenefrom carbon adsorption may not befeasible or cost-effective, depending on chemical
purity requirementsfor thereclaimed styrene. If reclaimed styrene cannot be used, it might
requiredisposal asahazardousliquid waste. Themost likely disposal method would be
destruction in athermal incinerator designed for liquid waste or in apermited industrial kiln
operation. Theadditional cost of transportation and destruction of ahazardous|liquid waste
would need to be considered in any economic analysisof carbon adsorption and recovery.

4.1.2.2 Fluidized-Bed Carbon Adsorption

ProcessDescription. A fluidized-bed carbon adsorption system usesstyrene-containing
exhaust gasesto entrain or “fluidize” activated-carbon particles. Theactivated carbon particles
arefluidized by arecirculation fan. Therate of recirculation of the activated carbon particles
can be adjusted to handleawidevariationin VOC inlet |loadings.

MIAB (Molnbackalndustri, AB, of Sweden) hasdevel oped acontinuousduty fluidized-
bed carbon adsorption system, theMIAB C-D, inwhich VOCsare adsorbed then desorbed to a
thermal oxidizer. Thedesorbed VOCsare concentrated, thereforethethermal oxidizer hasa
lower flow rate than would otherwise be necessary. The MIAB system ispresented in the novel
technologiessection (Section 4.2.1.1) of thisreport.

Applicability to FRP/C Processes. Nofacilitiesinthe United States currently use
fluidized-bed carbon adsorption to control emissionsfrom FRP/C processes. MIAB builta
28-n/min (1,000 cfm) fluidized-bed carbon adsorption pilot unit, which was operated for 3
monthsin 1994 at an OM C boat manufacturing plant in Ryd, Sweden, in 1994. Theinlet and
outlet styrene concentrations of the pilot study were 70 and 1.4 ppm, respectively, and acontrol
efficiency of 98 percent wasachieved.
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4.1.2.3 Activated CarbonFilter Panels

ProcessDescription. A carbon filter panel system uses an activated carbon filter panel
consisting of astandard pleated-fabric dust filter that containsan inner layer of activated carbon
granules. Normally, an activated carbon filter panel is placed within the return duct of acomfort
air conditioning system, whereit gradually adsorbs odorsfrom therecirculating conditioned air.
In thisapplication, the conditioned air makes several passesthrough thefilter each hour. This
explainswhy the carbon filter panels arefashioned in the shape and size of standard air
conditioning dust filters (Haberlein and Boyd, 1995).

The Glastic Corporation (South Euclid, Ohio) installed asystem consisting of 20 passive
filter housings mounted on theroof of abuilding where compression molding, pultrusion,
laminate production, resin mixing, and bulk molding compound production were conducted.
Five of the housings (in place since February 1993) each contain 48 panels, 0.30 m x 0.61 m (1 ft
x 2 ft) inarea, and 0.15 m (6 inches) deep. Each panel contains approximately 14 kg (30 |b) of
activated carbon. Thefiltersareweighed weekly and, upon a3-kg (7-Ib) weight gain, are sent
out for regeneration. Therest of the housings, which have beenin placefor alonger time, are
situated directly abovethe several 567 n/min (20,000 cfm) plant exhaust fans. Each of these
housings contains 48 panelsthat are either 5 or 10 cm (2 or 4 inches) deep. Thesefiltersare
disposed of after use. Glastic estimated that the cost isabout $110/kg ($50/1b or $100,000/ton)
of VOC controlled. Thecompany emphasized that the systemisstill under development, and
that they would not configure the system thisway if they wereto begin again (plansareto
change out thethrowaway filtersand collect from specific point source operations)

(LaFlam, 1993).

Applicability to FRP/C Processes. The Glastic facility (Euclid, Ohio) and the U.S.
Fiberglass Product, Inc. (Middlebranch, Ohio) aretheonly two FRP/C facility inthe United
States using activated carbon filter panelsto control plant emissions. Carbon filterscould be
appliedforlow-concentration, low-mass-flow applications.

Standard Operating Conditions. Carbon filter panelsaretypically used only for low-
mass-emission-rate processes, becausethe capacity of thefiltersdoesnot allow prolonged
operation at high-mass-emission rates. Glastic Corporation uses panelscontaining 14 kg (301b)
of activated carbon, and the panelsare replaced after weekly weighing indicates aweight gain of
more than 3 kg (7 Ib).

Control Efficiency. TheVOC control efficiency of an activated carbon filter panel
system depends primarily on: (1) the degreeto which breakthrough of styrenethrough thefilter
panelsisallowed to occur, and (2) the amount of “sneakage,” or air that does not go through the
filter panels.

Advantages/Disadvantages. Carbon filter panels can be used in low-concentration
applications, with emissions spread over awide area. Similar to the fixed-bed carbon adsorption
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system, carbonfilter panel s have disadvantages, such as potential for styrene polymerization and
unlikelihood of styrenerecovery. Additionally, carbonfilter panels, because of their limited
adsorption capacity beforereplacement, are not applicableto high-emission-rate processes.
Costsper unit of styreneremoved can bevery high.

Costs. Glastic Corporation reportsacost per unit of styreneremoved of approximately
$110/kg ($50/1b or $100,000/ton) for throwaway carbonfilter panelsand approximately $20/kg
($9/1b or $18,000/ton) for regenerablefilters. These cost estimates do not include capital and
labor costs. Annual filter costsfor thefacility are on the order of $250,000 (L aFlam, 1993).

41.3 Condensation

Condensation (refrigeration) involveslowering thetemperature of aV OC-laden exhaust
stream bel ow the dewpoint (saturation temperature) of the VOC to be condensed. Figure4-2
showsRTI-calculated low-temperature saturation concentrationsfor styreneinair at
atmospheric pressure. Thevaluesinthefigure are based on styrene saturation datafrom two
sources (CRC Press, 1972, and Cooper and Alley, 1986). Thisfigureindicatesthat the
saturation concentration for styreneis 357 ppmat -23° C (-10° F), and 84 ppm at -40° C (-40°

F).

ProcessDescription. Therearetwo typesof refrigeration units: single-stage and multi-
stage units. Bothtypes typically consist of askid-mounted unit on steel beams, including a
walk-inweatherproof enclosure, air-cool ed low-temperature-refrigeration machinery with dual
pump design, storagereservoir, control panel and instrumentation, vapor condenser, and piping.
Each unit hasasystem pump, plusabypass pump to short-circuit the vapor condenser during no-
load conditions.

Applicability to FRP/C Processes. Condensation isnot commonly used to treat styrene
emissions. However, an FRP/Cfacility (Premix, Inc., Ashtabula, Ohio) recently installed a
ligquid-nitrogen condenser to recover styrene. Premix hasseveral pultrusionlinesand resin
storage and mixing tanks. Thefacility originally applied enclosure and nitrogen blanketing on
their resin tanksand process openingsto confine styrene emissions. Recently, they decided to
vent the styrene-laden nitrogen to acondenser, which usesliquid nitrogen to remove styrene.
ThisFRP/C facility iscurrently conducting astudy to examinethe styrenereuseissue. Sincethe
facility already hasanitrogen source on site, the additional cost for the condenser islessthan
that for other emission control systems (Bonner, 1995).

For condensation to beaviable control technology for open molding processes,
concentrationsin exhaust streamsat FRP/C facilitieswould need to be raised considerably from
their current typical valuesof below 100 ppm.
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Standard Operating Conditions. Single-stagerefrigerationunitstypically achieve
temperaturesbetween4° and -29° C (40° and -20° F), although some of them canreach-51° C
(-60° F). Multistage unitstypically operate between -23° and -73° C (-10° and -100° F)
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Figure4-2
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(Vatavuk, 1995). For the purposesof thisevaluation, it will be assumed that single-stage units
operateat -23° C (-10° F) and multistage unitsoperate at -40° C (-40° F).

Control Efficiency. Condensation control efficiency isdependent on the operating
temperature of the condensation system, the vapor-saturation curvefor styrene, and theinlet
styreneconcentrationto therefrigeration system.

Figure4-3depictsRTI-calculated styrene-removal efficienciesfor variousstyreneinlet
concentrations, for asingle-stage unit operating at -23° C (-10° F) (saturation concentration of
357 ppm) and amultistage unit operating at -40° C (-40° F) (saturation concentration of
84 ppm). Styreneremoval efficienciesare calculated relativeto the saturation concentrations at
-23° C(-10° F) and -40° C (-40° F), respectively. For example, the calculated removal
efficiency for asingle-stage condenser operating with an inlet concentration of 500 ppm would
be [(500-357)/500]x100 = 28.6 percent.

Advantages/Disadvantages. Condensation has an advantagerelative to oxidation in that
no additional air pollutants(e.g., carbon dioxide and nitrogen oxides) are generated. The styrene
recovered from astyrene condenser may not bereusable. Condensation isnot an economically
feasiblealternative at styrene exhaust concentrations currently found at most FRP/C facilities
(i.e., below approximately 100 ppm).

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

4.2 Novel Technologies

Novel technologies are technol ogiesthat have been applied in thelast decadeto treat
low-concentration emissions. Thesetechnologieshavebeeninstalled in European and Japanese
FRP/C or boat building facilitiesto treat styrene emissions or in the United Statesto treat paint
booth emissionsor organic vapor from soil remediation. One of the novel technologies
incorporates adsorption and desorption for subsequent recovery or oxidationinahybrid design.
In this case, the adsorption unit acts as a preconcentration stage, which creates asmaller exhaust
flow at ahigher concentration for subsequent recovery or oxidation. Thishybridtechnology is
describedin Section4.2.1. Section 4.2.2 addressesbiofiltration technology, and Section 4.2.3
presentsan ultraviol et light/activated oxygen (UV/AO) technol ogy.

4.2.1 Preconcentration/Recovery/Oxidation Hybrid Systems
Technical information collected from variousvendorsfor four hybrid systemsis

presentedinthissection. Thesesystemsare MIAB, Thermatrix PADRE, Polyad, rotary
concentrator, and fluidized-bed preconcentration systems.
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4.2.1.1 MIAB System

MIAB (Molnbackalndustri, AB, of Sweden) manufacturesfixed-bed (MIAB F-D) and
continuousduty fluidized-bed (MIAB C-D) carbon adsorption systemsto preconcentrateVOC
emissionsand the V OCsaredesorbed for recovery or oxidation. The manufacturer’s
representativefor MIAB, Setco, Inc. (Minneapolis, MN), liststwo European applicationsfor
MIAB fixed-bed carbon adsorption systemson styrene. Thefirst application wasat the Ursvik
AB facility (ahand layup operation) in Kinna, Sweden, installedin 1991. The second
application wasat the BorealisIndustrier AB facility (an SMC production), installed in 1992,
alsoin Sweden. Characteristics of thesetwo fixed-bed applicationsare summarized in

Table4-2.

Table 4-2. MIAB Fixed-Bed Carbon Adsorption Applications in Sweden for Styrene

Removal (Source: Sundberg, 1995)

Borealis Industrier AB,
Sweden

Ursvik AB, Kinna, Sweden

Type of MIAB Unit MIAB F-D
(Fixed carbon bed,
catalytic oxidizer
destruction)

Date installed 1992

Reported Operational Parameters

Flow rate (m*/min [cfm]) 651 (23,000)
Daily operation (hours) Continuous
Inlet relative humidity (%) 50 - 90

Inlet styrene concentration (ppm) 26

Control efficiency, guaranteed (%) 90

Control efficiency, measured (%) 96

Carbon life 2 years

Reported Equipment Cost and Power Requirements

Capital cost, U.S. dollars 248,000
Main fan, kW 38

Strip air fan, kW 1
Startup heater, kW 40

Total electric costs, kWh/8 hours 480

MIAB F-R

(Fixed carbon bed, desorbed
styrene condensed for
recovery)

1991

510 (18,000)
9

50 - 90

30

90

93

Original carbon

193,000

24

40

320
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Figure4-4 showsthediagramsof MIAB F-D (fixed-bed) and MIAB C-D (continuousduty
fluidized-bed) carbon adsorption systems.

Standard Operating Conditions. TheMIAB fluidized-bed carbonadsorptionsystemis
designed so that the catal ytic oxidizer operates autothermally when used with catalytic
oxidation. Theconcentration ratio (ratio between the adsorbed and desorbed streams) is
typically approximately 1to 10.

Control Efficiency. MIAB of Sweden fabricated and operated aMIAB C-D pilot-scale
unit (approximately 28 m¥min [1,000 cfm]) for approximately 3 months. Testswere conducted
onthe MIAB C-D pilot-scale unit at the OM C-Sweden facility in Ryd, Sweden, in late 1994 and
early 1995. Flow rateand inlet and outlet concentration measurements were made after 5 days,
35 days, and 65 days of operation. Concentration measurementswere madewith a
photoionization detector. The average flow ratewas 1,690 m*/h (994 cfm). Theaverageinlet
and outlet styrene concentrationswere 69 ppm and 0.9 ppm, respectively, yielding acal cul ated
average collection efficiency of 98.7 percent (MIAB, 1995).

Advantages/Disadvantages. A stated advantage of the MIAB-C-D system isthat the use
of afluidized-bed adsorber accommodates awide range of inlet styrene concentrations
compared to fixed-bed systems. The MIAB preconcentration systems can be expected to have
many of the same advantages and di sadvantages of other carbon adsorption systems, except that
after 3to 4 yearsof operationin Sweden, the MIAB systems have not experienced styrene
polymerization problems.

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

4.2.1.2 Thermatrix PADRE® System

Thermatrix, Inc. manufacturesan on-site, self-regenerabl e adsorbent system called
PADRE that removes and recovers solventsfrom air streams. PurusInc. (in San Jose,
California) first introduced thetechnology, but thetechnology iscurrently marketed by
Thermatrix, Inc. (Mechanicsburg, PA).

ProcessDescription. The PADRE system isbased on adsorption. The system issmall
relativeto typical exhaust flowsinthe FRP/Cindustry, with thelargest current installation
handling around 198 m¥min (7,000 cfm). Thetechnology usesfixed beds, with one adsorber
on-linewhilethe other iseither desorbing or on standby. V acuum, nitrogen, and temperature
(180° C[356° F]) are used to achievethe desorption. Theexact "recipe" dependsonthe
compoundsbeing treated. The PADRE system can usefour different types of adsorbents
provided by Rohm & Haasand Dow Chemical Company. A two-stage condenser isused to
recover thedesorbed VOC asaliquid. Inafew cases, PADRE customersarerouting the offgas
to anoxidizer. Figure4-5isadiagram of the Thermatrix adsorption system.
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Standard Operating Conditions. The PADRE system ismost commonly applied to
processesinvolving low flows (lessthan 198 m¥min [7,000 cfm]) and low concentrations. The
systemistypically usedfor control of chlorinated hydrocarbons.

Control Efficiency. Thermatrix’spredecessor Purushasperformed two pilot tests
evaluating styreneremoval for the PADRE system. Thefirst test wasfor acomposite
manufacturing facility on aslipstream of 4.2 m¥min (150 cfm), with concentrations of 10 ppm
to 100 ppm (spikes). Another test was performed on the air stream containing 15 to 20 ppm of a
mixture of volatilesand water vapor from astripper operating on styrene-containing wastewater.
(LaFlam, 1995a).

Applicability to FRP/C Processes. There are no commercial installations of the PADRE
systemfor control of styrenefrom FRP/C processes, but there are approximately 50 U.S.
installationson non-FRP/C processes. Most of theseinstallationsarefor remediation
technol ogies/processes(e.g., chlorinated solvents) at Superfund sites, but PADRE systemsare
also beginning to haveother industrial applications.

The pilot study conducted for acomposite manufacturing facility showed nodropin
adsorption capacity over an unspecified desroption cycles. However, therecovered product was
glightly off-color (dueto water). A second recovery stepislikely to be needed beforethe
recovered styrene can bereused. Theability to reusetherecovered styreneisstill in question.
Theapplicability of the PADRE system will be determined by the usefulness and cost
effectivenessof recovered styrene. Inthe second pilot study, the adsorbent inthe PADRE
system lost capacity after one or two desorption cycles(LaFlam, 1995a). Therefore, an
adsorbent must betested specifically for styrene, when the PADRE system isto be considered
for styreneremoval.

Advantages/Disadvantages. The Thermatrix system may provide lower annualized costs
at low concentrationsthan thermal or catalyticincineration. However, the system hasnot been
used for FRP/C operationsinthe United States, and typical Thermatrix PADRE installationsare
at much lower flow ratesthan typical FRP/C facility exhausts.

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

4.2.1.3 Polyad™ System

ThePolyad systemismanufactured by Chematur Engineering AB/Weatherly Inc.
(Atlanta, Georgia).

ProcessDescription. Therearetwo typesof systems: Polyad preconcentration system
followed by oxidation, and Polyad-solvent recovery system. Both systemspull VOC-ladenair
through afluidized-bed adsorber. The adsorber consistsof four to six fluidized bedswith
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polymericadsorbents(i.e., Bonopore™ 1120, Dowex Optipore® 493). Regenerated adsorbent is
continuously fed to thetop bed. TheV OC-laden air passes countercurrently through the
adsorber. The polymeric adsorbent adsorbstheV OCs(styrene). Polymeric adsorbent (loaded
with VOCs) istransferred from the bottom of the adsorber to the desorption unit. Treated air,
free of VOCs, passesthrough the adsorber fan and isrel eased to the atmosphere viathe stack.

TheV OC laden polymeric adsorbent iscontinuously regenerated in either afluidized-
bed desorber or amoving-bed desorber. Desorption occursat elevated temperatures (up to 149°
C[300° F]). Inthe preconcentration system, fresh air is heated by the oxidizer flue gases before
the desorption air entersthefluidized-bed desorber; steam isused asthe heating medium in the
moving-bed desorber. Thesmall air stream, containing high concentrationsof VOCs(styrene),
leavesthefluidized-bed desorber and entersan oxidizer. For apreconcentration system treating
345 m¥min (12,500 cfm) of incoming stream, the flow rate to the oxidizer isaround 14 m¥min
(500 cfm) (LaFlam, 1995a). A concentration factor of 25isachievedinthe Polyad system. In
the catalytic oxidizer, the V OCsare converted (oxidized) to carbon dioxideand water. The
V OCsare used asthe major fuel sourcefor oxidation (minimizing thetotal energy
consumption). Themoving-bed desorber isintegrated with acondenser system to be ableto
condenseand recover theVOCs.

A diagram of the Polyad system with an oxidition unitisshowninFigure4-6. The
Polyad recovery systemissimilar to the system shown, except that arecovery condensor is
substituted for the oxidation unit.

Applicability to FRP/C Processes. A Polyad preconcentration/oxidation systemwas
installed at an American Standard facility in Salem, Ohio, in February 1996. The American
Standard facility makesseveral products, including FRP bathtubs. The Polyad system at
American Standard has atotal inlet flow rate of approximately 963 m¥min (34,000 cfm), and
treats several exhaust streamsfrom the FRP operations, asshownin Table4-3 (Ross-Bain,
1996). InMay 1995, Weatherly, Inc., provided alist of Polyad system applicationsin Europe
that included five systemsfor styreneremoval. Thesesystemsarelistedin Table 4-4.

Standard Operating Conditions. Theratio of flow rate (i.e., concentration) between
inlet and outlet of the fluidized-bed preconcentration system isdesigned on acase-by-casebasis.
However, for the American Standard (Salem, Ohio) plant, theinlet flow rateisapproximately
991 m¥min (35,000 scfm) and the (desorbed) flow rate to the oxidizer is approximately
48 m¥min (1,700 acfm), at atemperature of 93° C (200° F) (Ross-Bain, 1996).

Control Efficiency. Control efficiency of aPolyad solvent recovery systemwas
measured by the EPA during apilot test conducted on the exhaust (approximately 5.6 m¥min
[200 cfm]) of agel coat spray booth at the Eljer fiberglass bath fixturefacility in Wilson, North
Carolina, during November 1992. At that time, only the solvent recovery system wasavailable
for the pilot test. Resultsof 3 days of testing indicated an average VOC capture efficiency of
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94.18 percent, with collection efficiency increasing during each day of testing (average
collection
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Table 4-3. Processes Treated by the Polyad Control System at the American Standard Facility in

Salem, Ohio (Source: Ross-Bain, 1996)

Process

Gel coat and resin sprayup

Accelerated curing
Resin mixing

Chop spray

Total

Location

Spray booth #1 (new)
Drying (cure) booth
Mixing tank

Spray booth #2 (existing)

All

Approximate flow rate, m3/min (cfm)

680  (24,000)

57 (2,000)
28 (1,000)
198  (7.000)

963  (34,000)

Table 4-4. Polyad Applications in Europe for Styrene Removal (Source: Danielsson, 1995)

Facility name and Air flow Styrene recovery or Inlet Reported Start-up

location (m3/min, preconcentration concentration efficiency date
[acfm]) (ppm) (%)

IFO Sanitar AB 354 Recovery / 92 90/ 1989/

Bromdlla, Sweden [12,500] Preconcentration?® 97 1993?

Beton und Kunstoff 416 Recovery 46 - 92 98 1990

Industrie Schlinsog [14,700]

GmbH & Co.,

KGLauterbach/

Allmenrod, Germany

Hoesch, Metall + 1,000 Recovery Not = 90 1992

Kunstoffwerke GmbH & [35,300] reported

Co.

Diren, Germany

Norfrig A/S 912 Recovery / Not =90/ 1992/

Hvam/Kjellerup, Denmark [32,400] Preconcentration?® reported Not 19952

reported®
Isola Werke AG 198 Recovery Not reported = 90 1993
Duren, Germany [7,000]

& = Unit initially installed to recover styrene (by condensation). Now modified for
preconcentration followed by oxidation destruction.

efficiency was92.63 percent thefirst day, 94.41 percent the second day, and 95.42 percent the
third day). Collection efficiency was highest during periods of gel coat spraying (wheninlet
concentration wasabove 63 ppm) (Felix et al., 1993). Weatherly Incorporated indicated that a
preconcentration systemisnow availablefor pilot studies, and itscollection efficiency ishigher

than that of the solvent recovery system (Ross-Bain, 1996).

Advantages/Disadvantages. The Polyad system, aswith other preconcentration systems,
reducestheflow rate requirement for the oxidizer or VOC recovery device. Thiscanreduce
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total annualized costs per unit of styreneremoved, ascompared to straight thermal or catalytic
oxidation. The Polyad system ismost economically attractivefor flow rates above 283 to 340
m¥min (10,000 to 12,000 cfm) (Ross-Bain, 1996). Weatherly Incorporated recommends
preconcentration system over solvent recovery systemfor styreneremoval.

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

4.2.1.4 Rotary Concentrator System

ProcessDescription. Inarotary concentrator system, styrene-containing exhaust gases
arefiltered first to remove particul ate matter (for long-term protection of adsorbent), then pulled
through alarge, rotating honeycombwheel. Thehoneycomb isimpregnated with either
activated carbon or aspecialized zeolite adsorbent. Thewheel turnsslowly while styreneinthe
exhaust gasisadsorbed. A small sector of thewheel isisolated from the exhaust stream, then a
low volume of hot air is passed through this sector, desorbing the styreneto ahigher
concentration. Thissmall, concentrated stream isnormally conducted to an incinerator for
destruction. Figure4-7 showsarotating-wheel design and Figure4-8 showsacylinder-type
design of therotary concentrator systems. Figure 4-9 showsthe processdiagram of acombined
rotary concentrator and oxidation system.

Applicability to FRP/C Processes. Thereare no known applicationsof rotary
concentrator systemson FRP/C processesin the United States. However, Daikin of Japan
suppliescarbon-based honeycomb rotary concentrators, which are used to control emissions
from plants manufacturing hot tubs, shower stalls, etc. in Japan. There are nine applications
installed in Japan. Thefirstinstallation wasin 1984. The concentrated vapor streamsfrom
theserotary concentratorsare sent to catalytic oxidizersfor on-site destruction (Sekiguchi,
1996). Thereareat |east two zeolite concentrating rotor installationsfor styrene emissions
control at styrene-butadiene synthetic rubber plantsin Europe (Haberlein and Boyd, 1995).

Standard Operating Conditions. Styrene-laden air at ambient temperaturefirst passes
through afilter to remove particulate matter then entersthe honeycomb rotary concentrator. The
honeycomb rotor travels2to 6 revolutions per hour. Styreneadsorbed on therotary concentrator
isdesorbed by heated air at 5 to 25 percent of the original flow rate. Thetemperature of the
desorbing gasrangesfrom 66° to 120° C (150° to 250° F) for activated carbon and could be as
highas177° C (350° F) for zeolite. The styrene-concentrated gas stream isthen subject to
thermal or catalytic oxidation. The Durr pilot study at Navistar International Transportation did
not observe progressive polymerization of styrene on the surface of either carbon or zeolite
adsorbentsover themonth-long studies(Gupta, 1996).

Control Efficiency. Thestyreneremoval efficienciesfor three Daikin rotary
concentratorsin Japan range from 96.9 to 99.4 percent. For example, theinlet and outlet styrene
concentrations of arotary concentrator were 238 and 2.1 ppm, respectively. Thestyrene
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concentration in the desorbed stream to the catal ytic oxidizer was 1,160 ppm. At that
concentration, the catal ytic oxidizer was self-sustaining. Thisimpliesthat the concentration
increased or the exhaust flow rate was reduced by afactor of 5 (Sekiguchi, 1996).

Durr Industries, Inc. (Plymouth, Michigan) conducted two 1-month pilot studies at
Navistar International Transportation (Columbus, Ohio) in October 1995 to determinethe
feasibility of activated carbon and zeoliterotary concentratorsfor reducing styrene emissions
from SMC production. A split stream of 5.7 m¥min (200 cfm) wastaken from the SM C exhaust
for the pilot study. The Durr pilot study showed that the styrene removal efficiency for the
zeoliterotor was 97 percent over amonth-long study. Theaverageinlet and outlet styrene
concentrations of the zeoliterotor were 137 and 4.3 ppm, respectively. The styreneremoval
efficiency for the activated carbon rotary concentrator was 98 percent with an averageinlet
styrene concentration of 136 ppm and outlet concentration of 2.4 ppm (Gupta, 1996). A
concentration factor of 10 wasused inthe Durr pilot study, which impliesthat the desorbing
flow rateis 10 percent of theincoming flow rate.

Advantages/Disadvantages. Rotary concentrators can reduce the exhaust stream and
increaseitsconcentration for subsequent destruction. The concentration factor isdetermined
from theinlet and desorbing concentrations. For safety reason, the desorbing concentrationis
limited to 25 percent of the LEL, that is, 2,500 ppm. Typically, arotary concentrator can reduce
the exhaust flow rateto 5 to 25 percent of the original exhaust flow (i.e., aconcentration factor
of 4t0 20). Consequently, capital and operating costsfor an add-on emission control device can
bereduced significantly. A concentrated stream reduces or eliminatesthe auxiliary fuel required
to operate an incinerator, resulting in adecrease in operating cost and related emissions of
carbon and nitrogen oxides. Regenerative and recuperativethermal oxidation and catalytic
oxidation unitsaretypically used for final destruction. Selection of adestruction unitisbased
on the expected life of operation, required destruction efficiency, and operating cost.

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

4.2.1.5 Fluidized-Bed Preconcentration System

ProcessDescription. Thefluidized-bed preconcentration system appliesnewly
developed spherical adsorption materialsin afluidized-bed adsorption unit and followed by
either afluidized-bed or moving-bed desorption unit. Thissystemisparticularly useful inlarge
air flow and low VVOC concentration applications. Theoretically, ahigh concentration factor or
volumereduction ratio, ashigh as800-1,000 to 1, can be achieved for odor control application
whentheinlet loading isin the few-ppm range.

Thebasicfluidized-bed preconcentration system consistsof thefollowing general

sections: adsorber, desorber, condenser or oxidizer, processfan, mediatransfer blower, and
plumbing for VOCsrecovered from condenser. Figure 4-10 showsaflow diagram of the
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REECO/EC& C fluidized-bed preconcentrator system with an oxidizer (Biedell and Cowles,
1996). Theadsorber vessel consists of aseriesof perforated trays. Process gasentersthe vessel
in the bottom section and is directed upward through thetrays. The VOCsinthe processgasare
adsorbed by abeaded carbonaceousadsorbent (BCA) medium. Theregenerated BCA medium
constantly entersthetop of the adsorber, providing countercurrent VOC removal. The spent
BCA mediumistransferred to the desorber by an airlift blower.

The desorber section could be asmaller fluidized-bed similar to the adsorber. Theratio
of adsorber and desorber sizes can be designed to achieve the desired concentration factor of the
desorbate. Theflow diagramincorporatesasmall oxidizer for final treatment. Thefluegas
providesthe energy for desorption. Asthe BCA mediumisheated, avery small volume of inert
carrier gasflowsthrough the desorber and carriesthe desorbate out of the desorber. Auxiliary
air isadded in sufficient quantity to oxidizethe VOC ininert gas stream. Thedesign allowsfor
very small desorbate volume and makesthe subsequent oxidation very economical.

The system hasboth condensation and oxidation options. The high-concentratio/low-
volume offgas can be directed to either posttreatment device. For the condensation option, the
unit has a separater/decanter to separate VOCs and water. The VOC isthen pumped to the
storagevessel. If an oxidation unit isused, the size of the oxidizer can be determined from the
concentration and flow rate of the offgas.

Applicability to FRP/C Processes. There are no known applications of afluidized-bed
preconcentration system on FRP/C processesin the United States. The system can be used for
any application that would normally use standard fixed-bed carbon adsorbers. The system has
been used for odor control and demonstrated for hal ogenated solvents, methyl ethyl ketone
(MEK), and other similar compounds.

Standard Operating Conditions. The system issuitablefor treating diluted VOC
emissions at ambient temperature and at 35 to 50 percent relative humidity. For the oxidation
option, the desorbing gas, air, isheated to 177° C (350°F) to strip VOCsfrom the BCA medium
inthedesorber. For the condensation option, an electric heater isused to raise the temperature
of the BCA medium in the desorber, then nitrogen isblown to remove VOCsfrom the BCA
medium for subsequent condensation. Accordingtothevendor, thereisvery little pressuredrop
in the adsorber and the BCA medium has good resistanceto attrition (lessthan 2 percent per
year). Thevendor also claimsthat simplicity of design and few moving parts provide easy, low
maintenance and high reliableoperation.

Control Efficiency. EC& C’ sexperience has shown that general efficienciesin therange
of 90 to 95 percent can be expected for most VOCs (Merboth, 1996). However, control
efficiency for styrene emissions has not been demonstrated.

Advantages/Disadvantages. Thefluidized-bed preconcentration system offersahigh
concentration factor for diluted VOC emissions(e.g., odor control). Thefluidized-bed adsorber
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design hasalower pressure drop and resultsin lower energy consumption than afixed-bed
adsorber. Thefluidized-bed system usesless adsorbent than afixed bed adsorber; therefore, it
minimizes equipment size and weight. The concentration factor isdetermined by theinlet
concentration and desorbing concentration. For safety reasons, the allowableconcentrationin
the desorbing stream should not exceed 25 percent of the LEL . Inthe case of styrene emissions,
25 percent of the LEL is2,500 ppm styrene. Therefore, the concentration factor will be 250
when a 10-ppm stream is concentrated to 2,500 ppm. However, the concentrator factor will be
10 when a 250-ppm stream is concentrated to 2,500 ppm. The concentration factor may be
higher when the condensation optionisused and the VOC isrecovered asliquid.

Costs. Capital and operating cost dataare presented in Appendix A and the spreadsheet
cost model ispresented in Appendix B.

4.2.2 Biofiltration

Biofiltrationisabiologically based treatment technology. It usesmicroorganismsina
filter medium to control organic compound emissionsinan air stream. Air emissionscontaining
bi odegradabl e constituents passthrough abiol ogically active medium. Themicroorganisms
degrade the organic constituentsin the air stream to essentially carbon dioxide and water.
Biofiltration has been used for many yearsin Europe, Japan, and the United Statesfor odor
control, but the use of biofiltration to degrade more complex air emissionsfrom chemical plants
has occurred only within the past few years. Descriptionsfor two typesof biofilter systemsare
presented here.

4.2.2.1 Biofiltration System

ProcessDescription. First, contaminated air enters apreconditioning unit, wherethe
temperature, moisture level, and particulate matter of the gasare adjusted asneeded. Theairis
then evenly distributed and passed once through apacked bed. The biofilter containspacking
that houses microorganisms (Figure4-11). A moist film of microorganismsisattachedto a
stationary synthetic or natural packing material such aspeat, compost, leaves, wood bark, and/or
soil. Thebiofilter can be optimized for moisture and nutrient levels, pH control, pressure drop,
and adsorptivity. Withinthe packed bed, contaminates passfrom the air into the biomass, where
they arebiologically destroyed. Instrumentation and process controlsare provided as needed.

Standard Operating Conditions. Biofilter systemsfor VOC control are strongly affected
by the choice of the attachment medium for microorganisms. Ideal attachment mediaare
characterized by ahigh specific surface area, minimal backpressure, and asuitable surfacefor
the attachment of microorganisms. Biofilter mediaare mainly of two types: (1) anatural organic
medium composed of peat, compost |eaves, wood bark, and/or soil, or (2) aninert synthetic
medium. However, acombination of both typesis sometimes used.
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Flow rate, humidity, pH, pressuredrop, temperature, growth of biomass, and bacteria
count arecritical operating parametersfor biofiltration systems. Depending on design
specifications, unitsmay be equipped to continuously measure some of these parameters. For
example, the AMT biofiltration system at Fiberform AB maintainsapH range of 5to 7, and the
pressure drop rangesfrom 1,000 to 2,000 Pa(0.145t0 0.29 psia).

Control Efficiency. Mr. Muntersof AMT (Munters, 1995) describesbiofiltration as
“nature’ sownway of cleaning VOCsand odors” with obtainable control efficiency ashigh as99
percent. AccordingtoMr. Munters, somefacilitiesdo not measureremoval efficiency;
however, aSwedish company, Fiberform AB, hasan integrated biof ilter/heat exchange system
designed to achieve 80 to 85 percent styrene reduction in a284 m¥min (10,000 cfm) stream.
The system wasinstalled in 1991, and the company has not experienced any problemswith the
system.

Infacilitiesthat do not measureremoval efficiency, Mr. Munterssaid “ one can smell
the emitted VOC when the biofilter isnot working properly”. Healso added that often flame
ionization detectors (FID) are used to measure emissions, and, when moisture content, pH, and
total microorganismsare monitored, additional monitoringisnot necessary. He stated that
controlling the humidity isimportant for preventing channeling. AM T’ ssystems come equipped
with acomputer-operated moisture controller. Although styrenehaslow solubility inwater,
according to Mr. Munters, the biomassis porous and actsasamolecular sieve.

Applicability to FRP/C Processes. A Swedish company, Fiberform AB, that
manufacturesfiberglass hard topsfor trucksand other parts, usesan AMT biofiltration system
that wasinstalled in 1991 to treat styreneemissions. The biofiltration system isan integrated
prefabricated concrete structure with afilter bed area of 139 n? (1,500 ft). It treatsan air flow
of 283 m¥min (10,000 cfm). Fiberform AB operates 8 hours per day and is closed for a 2-week
vacation annually. The systemisdesigned to achieve 80 to 85 percent styrene reductions.

M oisture content and total microorganisumsare monitored periodically. Fiberform AB hasnot
experienced any problemswith thissystem.

Dr. P. Tognawith Envirogentold RTI (Togna, 1995) that information on the European
biofiltration systemsfor styrenetreatment has been shared mainly through conversation and not
through publishedinformation. Although biofiltrationisaproventechnology that iswidely used
in Europe, Dr. Tognasaid that he had not read or seen many published papersor articles
discussing styrenetreatment. By personal communication, he haslearned that several European
biofiltration systems have observed decreased removal efficiency after 4to 5 monthswhen
treating styrene. Researchershypothesizethat the decreased efficiency isattributed to buildup
of anacid byproduct (Togna, 1995).

A Dutchresearch group, TNO, hasdeveloped abiofilter systemto alleviatethis

problem. TNO isinvestigating thelongevity of the system through along-term bench- and pilot-
scale styrene study. Envirogen and aDutch company haveajoint venturecalled CVT America.
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CVT Americahas potential accessto license TNO’ stechnology through asister company called
CVT Bioway. (CVT Bioway isaseparate company from CVT America) TNO isperforming
their field-pilot styrene project with CV T Bioway inthe Netherlands. The TNO system hasbeen
in operation for about 9 to 12 months, and styrene removal of 90 percent and greater has been
maintained (Togna, 1995).

4.2.2.2 BiotricklingFilter System

ProcessDescription. Contaminated air entersthe biotrickling filter (Figure 4-12) and
flowsconcurrently with recircul ating water downward through acolumn filled with packing
material. Microorganismsgrow asabiofilm on the packing material and destroy the
contaminantsasthey passthrough the system. Biotrickling filtersthat employ synthetic,
inorganic media(e.g., amonolithic channelized medium and a pelletized ceramic medium) yield
more uniform gasdistribution and biological contact than thosethat do not. These
characteristicsresult in more consistent operation dueto better overall pressure drop control and
better nutrient
and pH control. Superior performance was obtai ned with effluent recycle, which controlled pH
and provided microbereseeding. Therecirculationwater allowsfor optimal control of pH,
nutrient levels, and biofilm thickness. Biotrickling filter systemscan be supplied in standard or
semi-custom sizes, with instrumentation and control packagesprovided asneeded.

Control Efficiency. Envirogen hasdevel oped abiotrickling system for treatment of
styreneto overcometheacid buildup problem. Envirogen’ sbiotricklingfilter system hasnot
been proveninthefield. However, asystem hasbeen designed to treat an air stream at a
chemical manufacturing facility that emitsstyrene. The styrene-contaminated air comesfrom
sequencing batch reactors at thefacility’ swastewater treatment system. Theflow rate of theair
stream is approximately 40 m¥min (1,400 cfm) with astyrene concentration of about 150 ppmv.
Because of customer constraints, Envirogen was not required to guaranteetheremoval
efficiency of the system. However, the operating conditions of the system, such aspH and
biomass growth control, are guaranteed. A removal efficiency of 50 percent issufficient to
meet the goal s of the customer, but aremoval efficiency of 90 percent isexpected (Togna,
1995).

Advantages/Disadvantages. Biofiltration and biotrickling systemshave several
differences. Biotrickling systemstypically contain packing that isastructured or randomly
packed synthetic material designed not to plug. Liquidisconstantly recirculated over packing
material in abiotrickling filter system, and fresh makeup water and nutrients are added as
needed. Acidintermediatesarewashed away continuously. Packinginabiofiltration systemis
typically organic matter, such ascompost and/or wood chips, that may swell and/or compact
over time. Biofiltration systemstypically operate at amoisture content of 50 percent (slightly
more or less depending upon the application), without aliquid recirculation loop. Overall,
biotrickling filter systemscan handlehigher concentration loadingsthan biofilter systems
(Togna, 1992).
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Although styrene haslow solubility in water, Dr. Tognasaid that adriving forcefor
styrenetransfer into the water/biofilm phaseisaways present dueto microbial degradation of
styrene. Thebiological matter on the packing material adsorbs and degradesthe styrene.
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Polymerization should not be aproblem, even if some carbon isadded to the packing material as
aload buffer. Styrene concentration should below enough, and microbial activity fast enough,
for degradation effectsto take place before polymerizationislikely to begin. However, Dr.
Tognahasnot seen any reports confirming hishypothesis(Togna, 1995).

When asked to explain why biofiltration was popular in Europe, Dr. Tognastated that
peoplelive closer together in Europe and that odor control isan issue. Biofiltration wasfirst
designed to eliminate that problem. Because energy -- natural gasand oil -- ismore expensivein
Europe compared to the United States, biofiltration was accepted over incineration asthe most
viable odor treatment option. Europeansthen found that biofiltration could also be used for
V OC applicationsin responseto Europe’ sstrict environmental laws. Dr. Tognaand othersin
the biofiltration community believethat biofiltration systemsthat werenot initially designed to
handleV OC applicationsare now experiencing decreased removal efficiency when used for
VOC applications. No studieswere doneinitially to evaluate the longevity of these systemsfor
VOC applications. Envirogen and its partner have since done research to address these issues
(Togna, 1995).

4.2.3 Ultraviolet/Oxidation Technology

VM Technologies, Inc. (LakeForest, CA) and Terr-AquaEnviro Systems, Inc.,
(Fontana, CA) both provideintegrated ultraviol et/oxidationtechnol ogiesto destroy VOC
emissions. TheVM system hasbeen used for air, water, and wastewater treatment. Itsmodular
design allowsthe system to handle exhaust flow rates from 1,400 to 6,400 m¥min (50,000 to
225,000 cfm). The Terr-Aquasystem hasbeeninstalled in several metal parts surface coating
operationsto treat avariety of VOCs. It wasdesigned to handle exhaust stream flow rates
ranging from 57 to 3,400 m¥min (2,000 to 120,000 cfm).

ProcessDescription. A basic schematic of the ultraviolet/oxidation system isshownin
Figure4-13. ThesystemtreatsVV OC emissionsfrom exhaust streamsfrom paint spray booths,
curing ovens, paint mixing rooms, solvent cleaning, paint stripping facilities. Theair treatment
processfollowsthese steps:

1. Contaminated air isfiltered to remove any particul ate matter.

2. Once particul ate matter are removed, the VOCs are exposed to ultraviolet light and
ozone. Thispreoxidation step breaksdowntheVOCs.

3. Theair stream is sprayed with amist in acontact chamber or through a packed-bed

scrubber, and the VOCs are absorbed into thewater. Thiscontaminated water is
subjected to more ozone in an aquareactor and isfiltered to remove particul ate matter.
4. Theexhaust air passesthrough carbon bedsto removeany remaining V OCs.
5. Thecarbonisregenerated with ozoneto destroy any VOCsadsorbed.

Standard Operating Conditions. Acceptable operating conditionsfor exhaust air streams
treated with the ultraviol et/oxidation system are asfollows (Shugarman, 1996):
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Figure4-13. Schematicof theTerr-Aqua’ sultraviolet/oxidation system.
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Temperaturerange: -1° to 66° C ( 30° to 150° F)
Relative humidity range: 0to 100 %
Flow rate: 28to 28,320 m¥min (1,000 to 1,000,000+ cfm) (modular)

Control Efficiency. Terr-Aquaclaimstheir system workswell with mixtures of various
V OCs/HAPs, including chlorinated/fluorinated compoundsand itssystemistypically guaranteed
to perform at aminimum of 95 percent control efficiency for many organic compounds
(Shugarman, 1996). TheVM system destroysand removesover 98 percent of VOCs(Viszolay,
1996). Photosensitive compounds, likethosewith benzenerings, beginto break down quicklyin
the preoxidation ultraviol et phase while other compoundsare simply excited. Solubleor
miscible VOCsare captured and neutralized very readily in the water phase aquareactor.
However, styrene does not have ahigh degree of solubility in water (Stitt, 1996).

Applicationto FRP/C Processes. BoththeVM and Terr-Aqua’ sultraviolet/oxidation
systems have been commercial for morethan 10 years; however, both companiesdo not have
any working unit for FRP/C applications. Terr-Aquahasajoint research and devel opment
agreement with the Applied Research L aboratory of Penn State University for theinvestigation,
development, and implementation of technol ogy improvementsfor ultraviol et/oxidation
systems. A fully instrumental pilot-scale ultraviol et/oxidation system hasbeeninstalled at Penn
State. Theultraviolet/oxidation system hasbeen tested at Penn State on several compounds,
including ethyl benzene. (Styrene, or vinyl benzene, ischemically similar to ethylbenzene.)
Testing of theultraviolet/oxidation system’ s performance on ethylbenzeneindicated virtually no
alteration or removal of ethyl benzeneintheultraviolet light or activated oxygen scrubber
portionsof theultraviolet/oxidation system. All ethylbenzeneremoval achieved by the system
occurred in the carbon adsorption portion of the system (Schneider, 1996).

Advantages/Disadvantages. An advantage of heterogeneous photocatalysisisits
potential to purify air at ambient temperature and pressure in the presence of O, and H,O. The
technol ogy also produces benign products, CO, and water, from the compl ete photocatal ytic
oxidation of hydrocarbons. Thedisadvantagesof ultraviol et/activated oxygentechnology are
that it ismore complex than other add-on emission control technol ogies evaluated, the UV light
and ozone generator require routine maintenance, and the ultraviolet light and activated oxygen
scrubbing portions of the Terr-Aquasystem have not been demonstrated to be effectiveinthe
destruction/removal of styrene.

Costs. Cost datawere not collected from the vendors.
4.3 Emerging Technologies

For many years, incineration, adsorption, absorption, and condensation have beenthe
control technologiesavailablefor in-processrecovery and end-of-pipecontrol of organicvapor

emissions. Innovative optionshave been slow to show commercial viability and to gainindustry
acceptance (Simmonset al., 1994). Someemerging technol ogieshave proven applicationson
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air streamsof specific manufacturing processes. Other emerging technologiesarejust beginning
to beexplored viafield applications and pilot testing, after undergoing several years of
laboratory evaluations. Information on several of theavailable emerging technologiesis
provided here. One of these new technologiesisbased on membranesthat selectively allow
permeation of organic compoundsin preferenceto air. Another isphotocatal ytic oxidation,
which takes place at ambient temperaturesin the presence of ultraviolet light.

431 MembraneTechnology

Membranevapor recovery technol ogy isbased on membranesthat selectively permeate
organic compoundsin preferenceto air. Thetransformation of membrane separation from a
laboratory study to anindustrial processwasthe development, intheearly 1960s, of the L oeb-
Sourirajan processfor making defect-free, high-flux, ultrathin membranesfor reverseosmosis
(Baker and Wijmans, 1994). Membrane separation, developed over thepast 10years, is
beginning to proveitscommercial viability and isemerging asan alternative or complementary
recovery technology for several industrial applications (see Table 4-5), such asvent gas control
andrecovery, gasolinevapor recovery, and other applicationsunder devel opment (Baker and
Wijmans, 1994). M embrane separation systemsare proving effectiveat recovering organic
vaporsfrom concentrated gas streams beforethefinal vent. Inaddition, they can be combined
with other air pollution control technol ogiesto offer compelling advantages (Simmonset al .,
1994).

Table 4-5. Selected Commercial Applications for Membrane Separation (Source: Baker and Wijmans,
1994).

CFCs from storage tank filling Sterilizer vent gas recovery
Industrial chiller refrigerant recovery  Vinyl chloride from PVC manufacture
HCFC-123 from coating operation Solvents from pharmaceutical process
Aerosol inhaler propellant process Perfluorocarbon recovery

CFC = Chlorofluorocarbon, PVC = Polyvinyl chloride.

ProcessDescription. Many types of modules are used for membrane separations. The
diagram shown in Figure4-14 representsasimplistic arrangement of only one of these options.
A selective barrier layer, the membrane, separates afeed and aretentate stream from a
downstream permeate stream (K oros, 1995).

Three membrane separation modul eshave been devel oped by several companies.
Membrane Technology and Research, Inc. (MTR), inMenlo Park, California, and Nitto Denki in
Japan use spiral-wound modul es; GK SS Forshungszentrum Geesthacht GmbH (GK SS) in
Geesthacht-Terperhude, Germany, anditslicenseesuseplate-and-framemodul es (Baker and
Wijmans, 1994); Hoechst-Cel anese Corporation hasdevel oped ahollow-fiber membrane
contactor (Freeman, 1995; Prasad, 1995). Schematicsof aspiral-wound, aplate-and-frame,
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Figure 4-14. Diagram of a simple membrane module.

and ahollow-fiber contactor areillustrated in Figure 4-15. Spiral-wound modulesare compact.
Plate-and-frame systemsarethought to offer advantagesin flow distribution and reduce
permeate-side pressuredrops. The hollow-fiber contactor design hasahigh-membrane surface
area (Prasad, 1995).

A basic membrane system for organic emissions control consists of two steps: a
compression-condensation step followed by amembrane separation step. Thecompression-
condensation stepisconventional. The membrane separation step isbased on high-performance
composite membranesthat are 10 to 100 times more permeabl e to organic compounds than to
air (Jacobset al., 1993).

A vapor-air mixtureis compressed to 3.1 x 16 to 1.4 x 1P N/m? (45 to 200 psig). The
compressed mixtureis sent to acondenser whereitiscooled. Part of the organic vapor
condenses and isthen directed to a solvent storage tank for recycling or reuse. The
noncondensed portion of the organic mixture entersthe membrane modul es and passes across
the surface of an organophilic membrane. The organophilic membrane separatesthe gasinto
two streams, consisting of apermeate stream and asolvent-depleted stream. The permeate
stream contains most of the remaining solvent vapor for the condenser. The solvent-depleted
stream, or vent, isessentially stripped of the organic vapor. Permeateisdrawn back into the
inlet of the compressor, and the solvent-depleted air stream isvented from the system. Thistwo-
step processisillustrated in Figure 4-16 (Jacobset al ., 1993).

Transport through the membranesisinduced by maintaining the proper pressure
difference. Vapor pressure on the permeate side of the membrane must be lower than on the
feed sideto providethedriving forcefor permeation. The pressure differenceisobtained by
compressing the feed stream of the membrane modules, asin Figure4-16, or by using avacuum
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on the permeate side. Occasionally, acombination of both techniquesisused (Jacobset al.,
1993).

The key element in the processisacomposite membranethat selectively allows
permeation of organic compoundsover air. Air and organic vapors permeate the membrane at
rates dependent upon their relative permeabilities and the pressure difference acrossthe
membrane. To achieveeffectiveand economical separation, the described membrane system
illustrated in Figure 4-16 must meet three requirements:

1. Themembrane materialsmust have adequate sel ectivity to remove organic vaporsfrom
ar.

2. These materials must be formed into high-flux, defect-free membranes.

3. These membranesmust beformed into space-efficient, |low-cost membrane modules

(Jacobsetal., 1993).

Standard Operating Conditions. A key consideration in achieving separation with a
membrane system isthe selectivity of the membrane used. The composite membrane must
selectively allow permeation of organic compoundsover air. However, operating conditions
also affect system performance. One of the most important operating parametersisthe pressure
ratio acrossthe membrane. The pressureratio isthefeed pressure divided by the permeate
pressure. To provide thedriving forcefor permeation, partial vapor pressure on the permeate
side of the membrane must be lower than on the feed side.

The second operating condition that affects membrane system design isthe degree of
separation required. Theusual goal isto produce aresidue stream essentially stripped of organic
vapor, while simultaneously producing asmall, concentrated permeate stream fromwhich
organic recovery isstraightforward. Thesetwo requirementscannot befully met
simultaneously; therefore, atradeoff must be made between vapor removal from the feed gas
and permeate enrichment for the membrane system. The design term used to deal with this
tradeoff isstagecut. Stage cut isthefraction of thetotal flow that permeates the membrane. It
isequal to the permeate flow rate divided by the feed flow rate, expressed as a percentage.

Because of limitations of membrane selectivity and achievable pressureratio, it isoften
impossibleto separate two components adequately in one passthrough amembrane system.
However, better separation can be achieved using amultistage system, amultistep system, or a
single membrane unit with arecycle system. Inamultistage system, the permeatetravelsfrom
thefirst membrane separation unit to one or more additional membrane separation steps. Ina
multistep system, the residue from the first membrane separation unit travelsto one or more
additional membrane separation steps. Inasingle membrane unit with arecycle system, the
permeate iscombined with the feed stream.

Control Efficiency. Air and organic vapors permeate the membrane at rates determined
by their relative permeabilities and the pressure difference across the membrane. Becausethe
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membraneis 10 to 100 times more permeabl e to organic vapor than air, asignificant enrichment
of organic vapor on the permeate side of the membraneisachieved. Depending on the system
design, between 90 and 99.99 percent of the organic vapor isremoved from the feed stream by
the M TR process (Jacobset al., 1993).

Using avacuum and blower system instead of the compressor-condenser system, the
hollow-tube modular system used in the Hoechst-Cel anese process can achieve 50 to 90 percent
recovery for organic streams containing 1.5 to 3 percent organic by volume. Theoutlet stream
from the modules continuesto another polishing step. Thisentire process may produce a99+
percent recovery dependent upon the membrane surface area, theflow rate of theinlet stream,
the pressure drop acrossthe membrane, and the polishing steps (Prasad, 1995).

Applicability to FRP/C Processes. Based on current information, direct application of
membrane technology asaviable emission control approach isbest suited for treating
concentrated streams (greater than 1,000 ppm) (Simmonset al., 1994; Mclnnes, 1995). For
FRP/C processes, membranetechnol ogy could possibly be used following apreconcentration
stage where the VOC concentration ismaximized and thetotal air flow isminimized. The
usefulness of membranetechnology asacontrol technology will bejudged by itscost,
effectiveness, operations, and reuse of recovered styrene. Applicationsfor membranevapor
recovery technology for FRP/C processeshavenot beenidentified.

Advantages/Disadvantages. The membrane separation processrequiresno desorption
step, unlike carbon adsorption, and produces no secondary waste stream that needsfurther
treatment or disposal. The membranevapor recovery process, which combinescompression-
condensation with amembrane separation step, allowsfor recovery at higher temperaturesand
providesaconstant recovery efficiency despite fluctuation inthefeed stream conditions. This
combination of twoindividual recovery methods exploitsthe advantage of each method,
resulting in an optimized processthat achieves better results, at higher efficiency, than can be
obtained from either method alone. However, the membrane vapor recovery processisnot
efficient at high air flow ratesand low inlet concentrationstypically found in the FRP/C
processes. Even when styrene emissionsfrom the FRP/C processare preconcentrated, the
process may not be cost-effectiveto recover styrene. Also, thequality of recovered styrene has
not been evaluated for reusein resin formulation.

Costs. Membrane system costsincrease in proportion to the flow rate of theinlet stream
to betreated but arerelatively independent of the organic vapor concentration in the stream
(Simmonset al., 1994; Baker and Wijmans, 1994). In addition, costsvary from systemto
systemand are primarily determined by compression, vacuum, and piping requirements (Pinnau,
1995). Because of the current stage of development, cost datawere not requested from the
vendors.
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4.3.2 Photocatalytic Oxidation

Heterogeneous photocatal ysisisan emerging technol ogy that can beusedtotreat VOCs
inair. Itisan ambient temperature processin which the surface of anilluminated
semiconductor actsasachemical reaction catalyst. Peral and Ollisat North Carolina
State University presented research on the use of near-ultraviolet light to decompose VOC on a
continuously activated semiconductor oxide, TiQ (Peral and Ollis, 1991, 1992). Their studies
suggest that gas-solid photocatal ysis may have broad potential for the destruction of arange of
air contaminantsat room temperature. They present abrief overview of previouswork and more
recent experimental resultsfor the heterogeneous photocatal ytic oxidation of tracelevel
contaminant oxygenates. acetone, 1-butanol, butyraldehyde, and formaldehydein humidified
air. Styrenewasnot analyzedinthisstudy. However, their studies show that the degradation of
those organicstakes place over illuminated TiO,, presumably to CO,. A schematic of the
heterogeneousphotocatalysissystemisshowninFigure4-17.

ProcessDescription. The oxidation reaction takes place at ambient temperature in the
presence of ultraviolet light on theilluminated surface of some metal oxides, such as TiO,, or
sulfidesthat have semiconductive properties. Upon total oxidation in the presence of ultraviol et
light, thereaction convertsV OCsinto carbon dioxide and water. The semiconductor surface
actsasacatalyst for the oxidation of VOC inair (Peral and Ollis, 1991, 1992).

Standard Operating Conditions. Heterogeneous photocatal ytic oxidation offersthe
possibility of operation at ambient temperature. Using photocatalytic oxidationto treat dilute
mixtures of toluene, Sauer et al. (1995) observed an increase of toluene conversion to 100
percent with theaddition of chlorinated compounds, 1,1,3-trichloropropene (TCP) or
perchloroethylene (PCE). Enhanced photocatal ytic reaction rates have al so been observed when
trichloroethylene (TCE) wasadded to air lightly contaminated with iso-octane, methylene
chloride, or chloroform (Berman and Dong, 1993).

Apparent guantum yieldsexceeding 100 percent have often been measured for
photocatalytic oxidation of TCE. (Quantum yield isthe measurement of the number of
molecules converted per photon adsorbed on areactive surface.) These high photon efficiencies
indicate that chain reactions occur on the TiO, surface (Sauer et al., 1995). Moisture also has
varying effectson the conversion rates of organic compounds. For example, trace water addition
enhanced the conversion of m-xylene, but conversionwasinhibited when higher water levels
wereadded (Peral and Ollis, 1992).

Control Efficiency. The possibility of using photocatalytic purification to treat VOC-
laden air streamsdepends primarily onidentifying conditionsinwhich the apparent quantum
yield for contaminant disappearanceisnear or above 100 percent. With feed stream levelsof 10
to 20 percent toluene, Sauer et al. (1995) observed increased photocatal ytic reaction ratesfor
treatment of dilute (10 to 750 mg-m) mixtures of toluene and TCP.
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Applicability to FRP/C Processes. Documented information on the use of
heterogeneous catal ysistechnol ogy for styrene control hasnot been published. However several
studieshave been demonstrated to prove photocatal ytic conversion of aromatic compounds
including toluene, m-xylene, and ethyl benzene (I1busuki and Takeuchi, 1986; Peral and Ollis,
1992; Sauer et al., 1995; d' Hennezel and Ollis, 1995).

Advantages/Disadvantages. According to process cost estimatesby Miller and Fox
(1993), photocatal ytic treatment of lightly contaminated air iscommercially viableonly for
conversionsof high-quantum-yield reactants such astrichloroethylene or methanol/ethanol. In
addition, gas-solid photocatal ytic oxidation of air contaminants has been proven for abroad
range of contaminant classes-- aromatics, ketones, aldehydes, alcohols, etc. However, quantum
yieldsfor such conversion are often mediocre and may require the addition of chlorinated
compoundstoimprovequantum efficiency. All branched aromatic photocatalyzed degradation
ratesare enhanced by TCE addition (d’ Hennezel and Ollis, 1995). Thefinal productsobserved
during photocatal ytic oxidation of TCE were CO, and HCI. However, no gas phase
intermediateswere detected after photochemical degradation of aromatic compoundsmixed
with TCE inthe study done by d’ Hennezel and Ollis (1995).

Costs. Miller and Fox discussed the commercialization prospectsfor photocatalytic air
treatment of several contaminated air streams (Miller and Fox, 1993; Sauer et al., 1995). The
operating and capital costsfor treatment of four contaminated air streamswere estimated. The
four contaminated air streamswere: (1) soil vapor extract (100 ppm TCE), (2) air stripper vent
(50 ppm benzene, 250 ppm other VOC), (3) product dryer vent (including 25 ppm methanol, 25
ppm ethanol), and (4) apaint drying vent (10 ppm xylene, odors, plasticizers, surfactants).
Economic estimates of these processes suggest that photocatal ytic treatment of TCE or
methanol/ethanol iscost-competitivefor thesetwo high-quantum-yield reactants(d’ Hennezel
and Ollis, 1995; Sauer et al, 1995; Miller and Fox, 1993). However, cost estimatesfor treatment
for styrene-contaminated air streamswerenot included.
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Chapter 5

Control Cost Analyses

Thecostsper unit of styreneremoved were cal culated for various control technologies
described inthisreport. Calculating the cost per unit of styrene removed isatwo-step process.

1. Calculatetotal annualized cost of acontrol technology
2. Calculateamount of styreneremoved by the control technology.

Theamount of styreneremoved by acontrol deviceissimply the product of the amount
of styrene entering the control device and the control deviceremoval efficiency. For the cost
analysesdescribed in thisreport, the control efficiency of thermal oxidation was assumed to be
98 percent, the control efficiency of VOC condenserswas cal cul ated as described in Section
4.1.3, and the control efficienciesof all other control deviceswere assumed to be 95 percent.

Total annualized costsof all control technologieswere cal culated using the general
proceduresoutlined inthe EPA Officeof Air Quality Planning and Standards (OA QPS) Control
Cost Manual (Vatavuk, 1990). Specific equationsand valuesused inthe calculationsarelisted
in Tables5-1 and 5-2. Equipment costs acquired from various sourceswere used to devel op cost
functionsfor the control technologiesevaluated in thisstudy. Theoriginal costinformationis
includedin Appendix A. A computer spreadsheet cost model (STY _COST.XL Sfor Excel and
STY_COST.WK3for Lotus 1-2-3) and general instructionsfor using the cost model are
presented in Appendix B.

Control cost calculationswere performed in the order listed bel ow:

Equipment cost (EC), in dollars at the date of the quote or literature source

Equipment cost, escal ated or deescalated to July 1995 dollars.

Total direct cost (TDC)

Total capital investment (TCI)

Direct operating costs (excluding fuel and electricity costs)

Fuel cost (natural gascost, if appropriateto the control technology)

Electricity cost

Indirect operating costs(overhead, property tax, insurance, administration)

Capital recovery cost (assuming 7.5 percent interest, with 10-year depreciation)

0. Styrenerecovery cost (styrenerecovery credit[i.e., negativecost], if appropriate
tothecontrol technology)

11. Total annualized cost (July 1995 dollars)

12.  Cost per unit of pollutant removed (July 1995 dollarsper U.S. ton removed).

HOO~NOoO~WNE
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Table 5-1. Equations for Equipment Cost (EC)

Item

Condition / Value (July 1995 dollars)

Source

Catalytic oxidizer
(regenerative, heat
recovery of 95%)
Catalytic oxidizer
(recuperative, heat
recoveries of 70%
or less)

Thermal oxidizer

MIAB

Thermatrix PADRE

Polyad

Biofiltration

VOC condenser

Rotary concentator

EC&C fluidized-bed
preconcentrator

Equipment price
escalation (to July
1995)

IF Q<150,000 cfm, $[200,000+15Q]
IF Q=150,000 cfm, $[450,000+13Q]

Equations in the OAQPS Cost Manual

Equations in the OAQPS Cost Manual

$[68,181+16.8Q-2.19E°Q?]

IF Q<<3,000 cfm,
IF Q=3,000 cfm,

$[106,000N + 80,000]
$[106,000N + 25Q]

IF Q<56,000 cfm, $[214,815 + 16.8148Q
-3.8E“Q? + 5.15E°Q7]
$[363,158 + 6.538Q +

2.05E°Q2 - 7E1QY

IF Q=56,000 cfm,

$[119,136 + 15.47Q]

Single-stage =10 tons, $[0.95exp(9.26-0.007Tcon

+ 0.627InR)]
$[0.95exp(9.73-0.012Tcon
+ 0.584InR)]

Multistage,

$[97,113 + 8.34 Q + 1.38E° Q- 4.87E™ Q7]

If Q<45,000 cfm $[108,906 + 41.7Q - 1.53 E® Q?
+ 2.12E%Q7
If Q=45,000 cfm $[18.29Q]

As appropriate

Developed from quotes
from three vendors.?

OAQPS Cost Manual®

OAQPS Cost Manual®

Based on MIAB
equipment cost
quotes.°©

Based on Purus
equipment cost sheet,
dated 12/2/94.¢

Developed from Polyad
equipment cost curves,
dated July 1995.°

Developed from Boat
Manufacturing MACT
analysis, dated 8/1/95."

Chemical
Engineering, August
1995.9

Based on Durr
equipment cost quotes”

Based on
Environmental C&C
equipment cost quotes'

Chemical Engineering
Equipment Cost Index

Q= Air flow rate, in scfm (1 scfm = 0.0283 m*/min).
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Table 5-1. Equations for Equipment Cost (EC) (continued)

N=Number of adsorption/desorption units (1 unit for every 12.5 kg/h [27.5 Ib/h] of styrene).
Tcon=Condenser operating temperature (-23°C [-10°F] for single-stage, -40°C [-40°F] for multistage).

R=Refrigeration capacity, tons.

&Mack, 1996, Josephs, 1996, and Sundberg, 1996
Vatavuk, 1990

¢ Sundberg, 1996

4 Irvin, 1995

¢ LaFlam, 1995

f Haberlein and Boyd, 1995

9 Vatavuk, 1995

" Klobucar, 1996

' Merboth, 1996

I Chemical Engineering, 1995

A significant fraction of thetotal annualized cost for each of the control technologiesis
the capital recovery cost. The capital recovery costis, inturn, significantly affected by the
equipment cost of acontrol technology. Figure 5-1 presentsthe equipment cost values (in July
1995 dollars) used for each of the analyzed control technologies. For all of the technologies
presented, equipment cost isrelated to flow rate through the device (i.e., higher flow rates
require larger control devices, which cost more).

In some cases, Figure 5-1 presents equipment costsfor two versions of the same control
technology. For example, equipment costsare given for catalytic and thermal oxidizerswith 70
and 95 percent heat recovery. Theequipment costsfor 95 percent heat recovery aresignificantly
higher than for 70 percent heat recovery. However, equipment costsarelisted for 95 percent
heat recovery because, in some cases, particularly at low inlet concentrations, oxidation with 95
percent heat recovery producesalower total annualized cost. In other cases, particularly at
higher inlet concentrations, oxidation with 70 percent heat recovery producesalower total
annualized cost. Thecost curvefor the MIAB system representsacomposite least-expensive
cost function for afixed-bed or afluidized-bed adsorber.

The costs per unit of styreneremoved were calculated for three different plant sizes: a
large plant (363 metric tons [400 tons] per year of styrene at the control deviceinlet), amedium-
size plant (91 metric tons[100 tons] per year at the control deviceinlet), and asmall plant
(18 metrictons[20 tons] per year at the control deviceinlet). These sizeswere chosen, based on
RTI’ sinformal analysisof the FRP/C source category’ semissions. (Theanalysiswasconfined
to the approximately 290 facilitiesthat RTI estimated emitted more than 9.1 metric tons[10
tons] per year of styrene, and the total emissionsfrom thesefacilities were estimated at
approximately 14,331 metric tons[15,800 tons] per year.) Theresultsof thisanalysisindicate
that approximately 11 largefacilities, with average emissions of approximately 363 metric tons
(400 tons) per year, emitted one-third of the source category’ semissions. Similarly,
approximately 50
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Table 5-2. Other Cost Analysis Inputs and Significant Assumptions

Item

Value (July 1995 dollars)

Source

Purchased equipment
cost (PEC)

Direct installation costs

Site preparation (SP)

Buildings (Bldg.)

Indirect costs for
installation

Total capital investment
(TCI)

Direct operating costs,
excluding electricity and
fuel costs

(DOC)

Miscellaneous costs

Indirect operating costs

Plant operating

schedule

Electricity cost

Fuel cost

Capital recovery
factor

1.2 X EC (includes instrumentation, sales tax,
freight)

0.30 X PEC (includes foundations and supports,
handling and erection, electrical, piping, insulation
for ductwork, painting)

$[5,000 + 2.3Q]

Not required.

0.31 X PEC (includes engineering, construction and
field expenses, contractor fees, startup,
performance test, and contingencies)

(1.61 X PEC) + SP + Bldg.

$0.598Q + 4,840 + Miscellaneous costs
(includes operating, maintenance, and supervision
labor; annual maintenance contract; miscellaneous
costs)

As appropriate (includes catalyst and/or adsorbent
replacement costs, startup fuel cost)

0.6(DOC) + 0.04(TCl) (includes overhead,

administration, property taxes, and insurance)

4,000 h/yr

$0.06/kWh

$4.27/billion joules ($4.50/million Btu)

0.14569

OAQPS Cost
Manual (except
sales tax = 5%,
not 3%o)

OAQPS Cost
Manual

Average of vendor
quotes

RTI assumption

OAQPS Cost
Manual

OAQPS Cost
Manual

Average of vendor
quotes and
OAQPS Cost
Manual

Based on vendor
information

OAQPS Cost
Manual

RTI assumption

Average of vendor
quotes

Average of vendor
quotes

7.5% interest,
10-year
depreciation

Q= Air flow rate, in scfm (1 scfm = 0.0283 m*/min).
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medium-sizefacilities, with average emissions of approximately 91 metric tons (100 tons) per
year, were estimated to emit one-third of the source category’ semissions. Approximately 230
small facilities, with average emissions of 18 metric tons (20 tons) per year, were estimated to
emit thefinal third of the source category’ semissions.

Figure 5-2 presents cost curvesfor acatalytic oxidizer, for each of the three plant sizes,
assuming 4,000 hours per year of operation. Figure5-2illustratesthat costs per unit of styrene
removed decrease with increasing plant size (i.e., the cost curvefor thelarge plant isbelow the
cost curvefor thesmall plant). Thisisdueto the economy of scale. Figure 5-2 also indicates
that, for agiven annual styreneinput, costs decrease with increasing inlet concentration (i.e.,
decreasing flow rate). For example, for acatalytic oxidizer treating 363 metric tons (400 tons)
per year, the cost decreases from $5,200 to $1,600 per ton of styreneremoved, if inlet
concentration increasesfrom 50 to 200 ppm. Thisrepresentsan annual savings of
approximately $1.4 million.

For agiven annual styrene massinput to the control device, increasing inlet
concentration represents decreasing flow rate, because massinput isthe product of
concentration and flow rate. For examplein Figure 5-3, for aplant with 18 metric tons (20 tons)
per year of styreneinput, an inlet concentration of 50 ppm represents aflow rate of 351 m¥min
(12,400 cfm), but an inlet concentration of 100 ppm represents aflow rate of 176 m¥min (6,200
cfm). Theflow ratesrepresented by variousinlet concentrations are depicted in the upper axes
onFigures5-3through 5-5.

Figure 5-3 compares costs of varioustechnologies, for asmall plant (18 metric tons[20
tons] per year at inlet). These cost curvesare based on 4,000 hours per year of operation. For
higher capacity factor (i.e., more hours of operation per year) the cost per unit of styrene
removed would decrease. Thecost curvesfor several preconcentration technologies(MIAB,
Thermatrix PADRE, rotary concentrator, and EC& C fluidized-bed preconcentrator) can be
compared with the cost for straight catal ytic oxidation. Figure 5-3illustratesthat the costs per
ton of styreneremoved arelower for the preconcentration technologiesthan for straight catalytic
(or thermal) oxidation at an inlet concentration of 50 ppm. However, asinlet concentration
increases, straight oxidation becomes more competitivewith the preconcentration technologies.
Infact, Figure 5-3indicatesthat straight catalytic oxidation islessexpensivethan the Thermatrix
PADRE system at inlet concentrations above approximately 250 ppm, and catal ytic oxidationis
lessexpensivethanthe MIAB system at inlet concentrations above approximately 500 ppm. As
inlet concentrationsincrease, preconcentration becomesless necessary to reduce annual cost;in
fact, preconcentration becomesunnecessary if inlet concentrationsare high enough.

Figures5-4 and 5-5illustrate costsfor medium-size (91 metric tons[100 tons] per year
inlet) and large plants (363 metric tons[400 tons] per year inlet), respectively. Inboth these
figures, several preconcentration technol ogiesare shownto belessexpensivethan straight
catalytic or thermal oxidation, particularly at theinlet concentrations (below 300 ppm) typically
found in FRP/C and boat building facilities.
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Figure5-3
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Figure5-4
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Figure5-5
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Figures5-4 and 5-5 show that asinlet concentration increases, the differencesin cost per
unit of styreneremoved among various control technologiesconverge. Itisbecausethe
differencesin equipment costsfor various control technologiesare smaller at low flow rate and
larger at high flow rate (asshownin Figure 5-1). Thiscost analysisalso showsthat
condensation isnot acost-effective control technology dueto thelow styreneremoval efficiency
at low inlet concentration (asshownin Figure 4-3).

Figures 5-3 through 5-5 show that, for all plant sizesand all control technologies, the cost
of an add-on control system can be reduced, if flow rate can bereduced (i.e., for agiven plant
size, inlet concentrations can beincreased). Therefore, acompany should evaluate methods of
reducing flow ratesto control devicesbefore considering any add-on emission controls.
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Chapter 6

Ventilation and Emission CaptureSystemsintheFRP/C Facilities

One of the most important considerationsin determining the cost of any emission control
systemisthe volumetric flow rate of the exhaust stream to betreated. Ventilation systemsin
FRP/Cfacilitiesarecurrently solely designed to provide an environment that is safefor workers
and that produces good product quality. General ventilation, also called dilution ventilation, isa
common practice. This practice suppliesan ample amount of makeup air to dilutethe
contaminantsto an acceptableair quality level intheworkplace. However, thisdilution
ventilation practice produces high-volume, low-concentration exhaust streams. Flow ratesof
566 to 2,382 m¥min (20,000 to 100,000 cfm) are common, and exhaust concentrations arerarely
above 100 ppm. Thesehigh-volume, low-concentration exhaust streamsmake emission control
systemsvery expensive. Proper air flow management would prevent mixing contaminated air
with clean air and capture emissions at the point of generation. Thus, proper air flow
management can maintain asafe environment for the operators, while significantly decreasing
exhaust flow rates. Thesereduced exhaust flow rates (increased concentrations) can
significantly reducecontrol costs.

Thefollowing sections present the regul ationsgoverning ventilation practices (Section 6.1)
and several air flow management practices and conceptsthat could be applied to minimizeair
flow volumes. These practicesand conceptsinclude: local air flow management (Section 6.2),
spray booth modifications (Section 6.3), and enclosures (Section 6.4). Each of the sections
includesaprocessdescription and discussion of processapplicability, performance, and costs.

6.1 RegulationsGoverningGeneral Ventilation Practices

Thereareseveral OSHA regulationsthat govern the ventilation system designin the FRP/C
industry:

1. 29CFR1910.1000(OSHA, 1993a): Thisregulation establishespermissibleexposurelimits
(PELSs) for breathable occupational exposure. In areasthat would result in unprotected
worker exposuresexceedingtheselevels, workersmust wear sufficient respiratory
protection (such asrespirators) to bring worker breathabl e exposureswithin the allowable
levels.

Thecurrent OSHA 8-hour Time-Weighted-Average (TWA) for employeeexposureto
styreneis 100 ppm. A 50-ppm allowablewas proposed by OSHA, but withdrawn later.
However, many facilitiesare voluntarily conforming to the 50-ppm limit. In*“dilution
ventilation,” enough makeup air issupplied to lower the average exhaust concentration to
the OSHA allowablelimit. For the same amount of styrene emission to be removed, the
exhaust flow rate will beinversely related to the desired concentration in the workplace.
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For example, the volumetric flow rate for an exhaust concentration of 50 ppmistwiceas
largeasfor 100 ppm.

2. 29CFR1910.134(OSHA, 1993b): Thisregulation concernsthe conditionsunder which
respiratory protection (respirators) should be used. Part (a) of thisregulation statesthat:
“In the control of those occupational diseases caused by breathing air contaminated with
harmful...gases...the primary objective shall beto prevent atmospheric contamination. This
shall beaccomplished asfar asfeasible by accepted engineering control measures (for
example, enclosure or confinement of the operation, general andlocal ventilation, and
substitution of lesstoxic materials). When effective engineering controlsare not feasible,
or whilethey are being instituted, appropriate respirators shall be used...”

3. Regulation29 CFR 1910.94, Table G-10 (OSHA, 1993c): Thistablelistsminimum airflow
velocitiesthat must be designed or maintained at the entrance to spray booths under various
operating conditionsin order to meet health and saf ety requirements.

Operating conditions Airflow velocity
Manual spray gun, up to 15 m/min (50 fpm) crossdraft 30.5m/min (100 fpm)
Manual spray gun, up to 30.5 m/min (100 fpm) crossdraft 45.7 m/min (150 fpm)
Small spray booth 61 m/min (200 fpm)

4. Regulation29 CFR 1910.107 (d) (9) (OSHA, 1993d): Thisregulation prohibitsthe
recirculation of exhaust air from spray finishing operationsfrom the standpoint of
preventing fireand explosion hazards.

Theregulation wasadopted by OSHA from National Fire Protection Association (NFPA) 33
(NFPA, 1995), “ Standard for Spray A pplication Using Flammableand Combustible M aterials.”
The purpose of NFPA 33 wasto prevent fireand explosion hazards during spray finishing
operations. A letter regarding theissue of recirculation was sent by OSHA to EPA on January
19, 1990 (Hugheset. al., 1994). Theletter stated that: “ Employerswho fully comply with the
specificationsand requirements of NFPA 33, concerning recircul ation of exhaust air to an
occupied spray booth, would not be cited under 29 CFR 1910.107 (d) (9), under the policy for de
minimisviolations.” Theletter further stated: “However, the quality of therespirableair inthe
booth must comply, at aminimum, with the requirements set forth by 29 CFR 1910.1000, which
establishes permissibleexposurelimits (PELS).”

A review of the above OSHA regulationsindicatesthat the design of an air flow
management system should providerespirableair to the operatorsthat meetspermissible
exposurelimitsand preventsfire and explosion hazards. When aspray boothisused, it should
meet the minimum airflow velocity. Any modificationsto the spray booth should not violate the
aboverequirements.
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6.2 Local Air Flow M anagement

ProcessDescription. General ventilation usually involvesmoving alot of air through the
workplace; however, itisnot effective when there are many emission points (e.g., open molding
productions) in an open space. Itisalso expensiveto moveair and to heat the makeup air.
Local air flow management involvesmoving air pollutantsfrom the emission sourcedirectly;
therefore, the amount of air to be ventilated or heated isminimized. In an open space, thiscan
be done by directing makeup air toward the emission source and capturing the emission with an
exhaust hood in the other end (apush-pull ventilation system). If apush-pull systemisnot used,
the exhaust hood just picks up the emissionsand the surrounding air. The captureefficiency is
generally better for apush-pull system than for an exhaust hood by itself. Thissection presents
several schematicsof local exhaust ventilation that originally appeared inthe UP-Resin
Handling Guide (GPRM C/CEFIC, 1994). Thissection also discusses” displacement
ventilation.” Modificationsto spray boothsare another category of local air flow management;
these modifications are discussed in Section 6.3.

TheEuropean Organization of Reinforced Plastic/Composite M aterials(GPRM C) and the
Unsaturated Polyesters Sector Group of European Chemical Industry Council (CEFIC) jointly
produced UP-ResinHandling Guide (GPRM C/CEFIC, 1994). Thisguidedescribesmany
methodsfor improving local air flow management, including use of local extraction, in-mold
push-(movable) pull ventilation, and out-of-mold (induction) push-pull ventilation. Figure6-1
showsthese three methods of local air flow management. Local extractioniseffectivewhen
styrene emissions are extracted as close to the mold as possible, because the effectiveness of the
extractor decreases by afactor of four when the distance from the mold is doubled
(GPRMC/CEFIC, 1994). In-mold push-(movable) pull ventilation isbest-suited for usewith
large, female molds (such asin boat manufacturing). Thevertical induction push-pull
ventilation requiresadowndraft to pull emissionsaway from theworkplace. Out-of-mold
(induction) push-pull ventilation can be arranged horizontally, in the form of a(push) supply air
and alocal (pull) capturedevice(e.g., aspray booth).

In Europe, “ displacement ventilation” has gained acceptance asamethod of reducing
worker exposure to contaminants. Displacement ventilation relies on the concept that thereisa
temperature gradient between air near the ceiling and air near the floor, at atypical industrial
facility. Cool, “fresh” air issupplied, at alow velocity, to thework zone. If the source of the
work zone emissionsisat ahigher temperature than the supply air, the supply air is heated and
picksup contaminantsasit rises out of thework zone. Theimportant concepts/assumptions
behind displacement ventilationare:

Airissupplied at below-ambient temperature (so the“fresh” air arrivesat breathing-zone
level).

Airissupplied at low velocity (so turbulent mixing of “fresh” and contaminated air does
not occur).
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Figure6-1
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The source of the contaminantsisat higher-than-ambient temperatures (so contaminated
air rises out of the breathing zone).

Applicability to FRP/C Processes. RTI hasno knowledge of in-mold push-(movable) pull
ventilation systemsin the United States. However, such systemsmay exist. Vertical out-of-
mold (induction) push-pull ventilation systemsare used to alimited extentinthe U.S.
Horizontal push-pull ventilation systemsare being used in FRP/C and other industries.

Thereare no known applications of displacement ventilation to FRP/C processesinthe
United States. AirSon AB (Sweden) providesAir Shower air supply systemsto industrial
facilitiesin Europe, including FRP/C facilities. A study of the displacement ventilation for
FRP/C fabrication was performed by AirSon and the Swedish National Institute of Occupational
Health (Andersson, et al., 1993). Theintent of the study wasto determine whether the AirSon
Air Shower device was ableto protect workersfrom exposure when they roll out awet laminate
inaspray booth. Four air supply outlets, each supplying approximately 10 m¥/min (375 cfm) of
“fresh” (styrene-free) air, were placed in aspray booth, approximately 36 cm (14 inches) above
theworkers' heads. Personnel exposureto styrenewas monitored with charcoal tubesand with
aphotoionization detector (providing real-time measurementsof styrene concentrations). The
study indicated that Air Shower air supply systems could reduce worker exposures by afactor of
approximately 5to 9 (i.e., from approximately 28 ppm to between 6 and 3 ppm, respectively).
However, thisexposurereduction occurred only when the supply air wasapproximately
1.8° t0 2.5° C (3.2° to 4.5° F) cooler than the ambient air within the booth and when the
operatorsremained in the protection zone created by theair supply system. Low-speed
ventilationisrequired to evacuate styrene emissionsin thework area so that the protection zone
will not be disturbed.

The previousdiscussion indicatesthat use of displacement ventilation hasbeen applied to
FRP/C manufacturing situationsto reduce worker exposure. However, theworker hasto stay in
the protection zone created by the air supply system. Another important concept in the use of
displacement ventilation isthat the process producing the contamination isat ahigher
temperature than the ambient air or the displacement air hasto be cooler than the ambient air.
However, emissionsfrom open-mold FRP/C processesoccur at nearly ambient temperature,
because avast majority of the emissionsfrom sprayup occur during spraying and prior to the
beginning of exotherm.

6.3 SprayBooth and M odifications

Spray boothsare commonly used inthe FRP/C industry, especially for gel coat and resin
sprayup operations, and when part sizesare small enough to fit into aspray booth. Useof a
spray booth preventsthe cross-contamination created by general ventilation, because styrene
emissionsare captured and exhausted directly. Open-faced spray boothsaretypically used when
moldsare manually transferred in and out of the spray booth on wheels. Spray boothswith
openingsonthesidewallsaretypically used when moldsare mechanically transferred in and out
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of the spray booth on aconveyor. Thelatter type of spray booth iscommon in high-production
facilities.

Inatypical spray booth, amold isplaced in the center of the booth. Airisdrawninto the
front opening of the booth, travels past the mold, and exitsthrough afilter bank at the rear of the
booth. A dry filter medium isused to capture overspray, and the medium isreplaced frequently
to protect the duct work and exhaust system. The captured emissionsare vented to the
atmosphere or to an emission control device.

A typical styreneconcentration-versus-time profilefor asprayup operationin aconstant-
flow rate spray booth isshownin Figure 6-2. The profileincludesthree peaks, with average
concentrationsover 200 ppm. These peaks correspond to the spraying of three parts. The
profilealsoincludesfour “valleys,” with concentrations of approximately 50 ppm. These
valleys correspond to the timerequired to remove sprayed parts and to position anew mold for
spraying. Thisprofileshowsthat high styrene emissionsresult from the period of spraying.
PreviousRTI testing (Kong et al., 1995) indicated that approximately 39 percent of total gel
coating emissions and approximately 50 percent of total resin application emissions occur
during spraying and the remainder isemitted during the post application stage during rolling and
curing. When the part isremoved from the spray booth, curing emissions are not captured by the
spray booth and haveto beremoved by the general ventilation system.

Thefollowing sections present the modificationsto aspray booth design that could increase
the pollutant concentration and decrease the exhaust flow, thus making the downstream
emission controlsmore cost-effective.

6.3.1 Recirculation

ProcessDescription. The concept of recirculation had itsorigin in the spray painting
industry, asameans of lowering theflow rates (and therefore treatment costs) in paint spray
booths. Recirculationinvolvesredirecting aportion of the spray booth exhaust stream back into
the spray booth. Thisconcept isshowninFigure6-3. Therecirculation stream may bere-
introduced at any location in the spray booth (e.g, near theinlet face or at the center of the
booth).

MobileZoneAssociates (Knoxville, Tennessee) devel oped arecircul ating spray boothin
which aportion of the exhaust stream was recircul ated back to the center of the spray booth.
Another feature of the Mobile Zone Associates design isthat the mgjority of the spray booth face
isclosed off, and the operator standsin amobile cab that traverses across the face of the booth.
Thedesignisillustrated in Figure 6-4.

A spray booth devel oped by EPA and A curex Environmental Corporation (Darvinand Ayer,
1993) incorporatesrecirculation of aportion of the spray booth exhaust stream to the vicinity
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Figure6-2
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Figure6-3.
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Figure6-4.
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of theinlet face of the spray booth. The design alsoincludes*split-flow” ventilation (see
Section6.3.2).

Applicability to FRP/C Processes. Thereareno known applicationsof recirculating spray
booth designson FRP/C processesin the United States.

Performance. For aspray booth with recirculation alone, theincreasein control-deviceinlet
concentration achieved by recirculationisdirectly related to theamount of recirculation. For
example, if 50 percent of the exhaust air isrecirculated, the control-deviceinlet concentrationis
doubled. Similarly, if 90 percent of the exhaust air isrecirculated, the control-deviceinlet
concentrationisincreased by afactor of 10.

Advantages/Disadvantages. The advantage of recirculating spray booth exhaust isthat it
increases control deviceinlet concentration. The primary disadvantage of recirculationisthe
potential for increased worker exposure. Another disadvantage of recirculation isthe cost to
modify aspray booth.

TheM obileZone A ssociatesdesign increases control deviceinlet concentration, while
lowering worker exposure (because fresh makeup air is provided to the operator through the
opening behind the operator). One disadvantage of the M obile Zone Associatesdesignisthat
spraying the sides of moldsis more difficult than when the worker is standing within the spray
booth. Another disadvantage of the M obile Zone Associates design isthat the mechanization
associated with the mobile cab may result in comparatively high cost, relative to the other means
of increasing control deviceinlet concentrations.

Costs. The capital cost for the EPA/Acurex split-flow recirculation design was estimated to
be $60,000 for modifying an 850-m¥min (30,000 cfm) (beforerecirculation) spray booth.
Capital cost estimatesfor the Mobile Zone Associates design are not available at thistime.

6.3.2 Split-Flow SprayBooths

ProcessDescription. Inatypical (horizontal-flow) spray booth, the part being sprayed does
not extend to the full height of the spray booth. Therefore, most of the spraying and post-
spraying emissionsoccur near the bottom of thebooth. An EPA/A curex split-flow painting
spray booth design (Darvinand Ayer, 1993) takes advantage of thisfact. Inthe EPA/A curex
design, higher-concentration exhaust air from the bottom of the boothis directed to an emission
control device, whilelower-concentration air from the top of the booth isrecirculated. Thisis
illustrated in Figure 6-5.

It ispossibleto have a split-flow spray booth without recirculation, inwhich caseair inthe
top portion of the booth is exhausted directly to the atmosphere. In thiscase, the capture
efficiency for VOCs emitted within the booth to an emission control deviceislessthan 100
percent.
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Figure6-5.
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Applicability to FRP/C Processes. There are no known applications of split-flow spray
boothsinthe FRP/Cindustry.

Performance. Testing wasconducted at a4.27- m (14-ft) tall paint spray booth at Tyndall
Air ForceBasein Florida(Hugheset al., 1994). Measurementsof VOCsand other pollutants
were made at six different heights on the booth exhaust face: 0.46, 1.4, 2.0, 2.3, 3.2and 4.0
meters(1.5,4.5,6.5,7.5, 10.5, and 13 feet). Theresultsof the VOC measurementsare
presented in Figure 6-6. Thisfigureillustratesthat the majority of the VOCswere exhausted
from the bottom half of the 4.27-m (14-ft) booth. Approximately 93 percent of thetotal VOCs
exited below the 2.14-m (7-ft) midpoint of the spray booth. Inother words, if recirculation were
not used, and the spray booth exhaust were to be split at the midpoint of the booth, 93 percent of
theVOCswould be captured for delivery to the control device, assuming that VOCsdo not
escape somewhere el sein the spray booth.

Theresultsin Figure 6-6 can beinterpreted in terms of aconcentration factor. For example,
if 93 percent of the emissions exit below the midpoint, but only 50 percent of the flow exits
below the midpoint, the“ concentration factor” for asplit-flow design at the midpoint would be
1.86 (i.e., 93%/50%). A split-flow design, without recirculation, at the midpoint of the booth,
would therefore increase the concentration to acontrol device by afactor of 1.86. Hence,
splitting the flow at the midpoint of the booth therefore nearly doublesthe concentration to the
control device.

Advantages/Disadvantages. The main advantage of asplit-flow designisthat it producesan
increasein concentration of VOCsgoing to acontrol device (if spraying and postspraying
emissions are predominantly located near the bottom of the spray booth). Themain
disadvantage of asplit-flow designisthe capital cost to modify an existing spray booth. The
areato be split also needsto be determined at the specific spray booth.

Costs. Thecapital cost for the EPA/Acurex split-flow design with recirculation was
estimated to be $60,000 for modifying an 850-m7min (30,000-cfm) (beforerecirculation) spray
booth.

6.3.3 Other SprayBooth Design Modifications

ProcessDescription. Other spray booth design modifications can alter air flow and
contaminant (styrene) pickup within the spray booth to lower emission control costs. Inatypical
spray booth, apart isplaced in the center of the booth. Airisdrawn into the“face” (front
opening) of the hood, travels past the part, and exitsthrough afilter bank at the rear of the hood.
The arrangement of the part within the booth is such that higher concentrations are drawn
through the center of the filter bank than through the top or sides of thefilter bank. This
phenomenon isevidenced by the fact that the center of therear filter can be nearly coated with
gel coat or resin whilethe edges of thefilter bank are nearly clean.
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Figure6-6.
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A spray booth can be modified to enhancethisspatial differencein concentrations. This
could involve construction of asmaller, centrally located exhaust device. Thehigher-
concentration exhaust collected by thisdevice would be directed to an add-on emission control.
Thelower-concentration exhaust could be vented to atmosphere, or recirculated in the spray
booth. The concept of asmaller, centrally located exhaust directed to end-of-pipe controlsis
showninFigure6-7.

Note: Thefollowingdiscussion pertainingto centrallylocated exhaust deviceisan idea
or concept that hasnot yet been evaluated. RTI isevaluating thisideain an FRP facility
under an EPA funded program in the Summer of 1996.

In addition to spatial differencesin emissionswithin spray booths, there aretemporal (time-
related) variationsin emissionsthat can be used to increase concentrationsto add-on controls.
For example, each “ peak” inthe styrene concentration profile of Figure 6-2 isapproximately
4 minutesin duration; therefore, approximately 12 minutes, or 30 percent, of the 40-minute
measurement period wasat “high” concentration. The centrally located exhaust device could be
activated to capture high-concentration exhaust during the spraying period. The main exhaust of
the spray booth could be vented to atmosphere during the nonspraying or low-concentration
period. Determination of periods of high emissions could be made either by concentration
measurementsor by assuming high emissionsoccur during any period of spraying (i.e., the
small exhaust unit isactivated by the spray-guntrigger). Animprovement on thisventilation
arrangement isto have fresh supply-air blown to the locationswhere the operator is standing (as
showninFigure6-7).

Applicability to FRP/C Processes. There are no known applicationsof asmaller, centrally
located exhaust device directed to emission controls at any spray booth inan FRP/C facility in
the United States.

Several FRP/C facilitieshavefresh supply air directed to wherever the operator is standing
in the spray booth. Among thesefacilitiesarethe Lasco Bathwarefacilities (such asthefacility
in South Boston, Virginia) and theViking Formed Productsfacility inMiddlebury, Indiana.

Performance. No measurementsof theincreasein concentration achieved by asmaller,
centrally located, variable-flow-rate exhaust device have been performed to date. However, it
would be expected that such adevice could achieve emission concentration factors above that
achieved by aconstant-flow-rate split-flow booth (without recirculation). M easurementsof the
increasein concentration achievableby asmaller, centrally located, variable-flow-rate exhaust
devicearebeing conducted by RTI under an EPA funded program at an FRP facility inthe
summer of 1996.

Advantages/Disadvantages. The main advantage of the centrally located exhaust device

discussed inthissectionisthat it could produce an increasein concentration of VOCsgoingto a
control device; however the main disadvantages of thismodification are (1) an add-on emission

83



Figure6-7



control device capable of handling surge of emissions hasto beinstalled and (2) the feasibility
and cost of this modification has not been eval uated.

Costs. It would be expected that the cost to modify aspray booth to include acentrally
located variable-flow-rate exhaust and adirected fresh-air supply would be under $20,000 per
booth (for a425-m¥min[15,000-cfm] booth).

6.4 Enclosuresand Total Enclosures

ProcessDescription. Enclosuresprovide aphysical barrier between the emissionsand the
surrounding environment and can be used to reduce or eliminate the dispersion of styrenevapors
from an FRP/C process. Enclosuresare currently being applied to certain emission sourcesin
FRP/C facilities, such as coverson resin mixing tanks and enclosed resin baths. If an enclosure
isnot ventilated, the styrene concentration in the enclosure builds up to apoint of equilibrium,
after which further emissionsare suppressed. If an enclosureisventilated, the exhaust
concentrationisinversely related to the exhaust flow rate. Therefore, an enclosure can prevent
emissionsor can be used to create alow-flow-rate, high-concentration exhaust. Thissection
describes how the enclosure concept can be applied to the FRP/C processes.

If an enclosureisdesigned to meet certain guidelines (described in EPA Method 204 [U.S.
EPA, 1995]), itisconsidered by EPA to be a“total enclosure,” and capture efficiency is
assumed to be 100 percent (i.e., it isassumed that no fugitive emissions escape from the
enclosure). Thereare several criteriathat must be met before an enclosureis considered to bea
total enclosure:

Thetotal areaof all natural draft openingsinto the enclosure must belessthan 5 percent
of thetotal surface area of the enclosure.

» Theair flow for all of the natural draft openings must beinto the enclosure.

* Theair velocity through the openings must be at least 61 m/min (200 ft/min).

» Exhaust pointsmust be at |east four equivalent exhaust-duct diametersfrom natural draft
openings.

Applicability to FRP/C Processes. Although many buildingswithinthe FRP/C industry can
be considered total enclosure, thereislimited use of enclosureswithin buildingsinthe FRP/C
industry. Two examples of the use of enclosureswithin buildingsin the FRP/C industry are
described below. These examplesshow that total enclosureswould befeasible when
concentrated emission sources can beisolated and enclosed without interferring the production
operation.

Thefirst exampleisthe Cor Tec facility (Washington Court House, Ohio) which
manufacturesside-wall panelsfor trailersand recreational vehicles. Automated gel coat
spraying operations are conducted within atotal enclosure. Theenclosureis3.6 m (12 feet)
wideand 18.3 m (60 feet) long and consists of aspraying enclosure and three curing enclosures.
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Mylar film isfed along atable that forms the bottom of the enclosure, and the gel coat isapplied
by automated spray gunslocated within the spraying enclosure. Theonly natural draft opening
isa7.6-cm (3-inch) -high by 3.6-m (12-foot) -long gap at the entrance to the spraying enclosure.
Thisrepresentslessthan 5 percent of the total surface area of the enclosure, and theair velocity
through the opening is greater than 61 m/min (200 ft) per minute, so atotal enclosureisformed.

The spraying enclosure and each of the three curing enclosures are ventilated at arate of
25.5 m¥min (900 cfm), for atotal flow rate of 102 m¥min (3,600 cfm). The styrene mass flow
rate (to acatalytic oxidizer) from the automated gel coat spraying operationis8.2kg/h (18.1
Ib/h) (i.e., 32.8 metricton/yr [36.2 tpy], operating 4,000 hours per year). Thismeansthat the
average concentration in the gel coating enclosure exhaust isapproximately 310 ppm (Patkar et
a.,1994).

Toavoid limiting production, the gel-coated panelsare removed from the enclosure before
curing emissions have completely stopped. Testingindicated that approximately 7 percent of
thetotal emissionsfrom the gel coating operation occur outside the enclosure (Patkar et al.,
1994).

A second exampleisan emission study conducted by the Society for the PlasticsIndustry
(SPI)/Composites|nstitute, in cooperation with the Pultrusion Industry Council (PIC) andthe
EPA Office of Research and Development. Inthat study enclosureswere evaluated for a
pultrusion processto determinetheir effectson styrene emissionsin September 1995. Several
conditionswere evaluated, including partial and compl ete enclosure of theresin bath and wet-
out area, with acombined wet-out areaand resin bath exhaust. The exhaust from the resin bath
and wet-out areawas at avery low flow rate (58 cfm compared to 198 cfm from the overall
temporary enclosure).

Performance. The SPI/PIC/EPA testing of enclosuresfor the pultrusion processyielded the
following results(Schweitzer, 1996):

» Without an enclosure on theresin bath or wet-out area (Run A1) , the concentration and
flow ratein the 8-inch duct from the temporary total enclosure constructed for testing
were 293 ppm and 5.6 m¥min (198 cfm), respectively. Thisrepresentsan emission rate
of 0.42kg/h (0.931b/h).

» Withventilated enclosures on theresin bath and wet-out area(Run G1), the
concentration and flow ratein the 8-inch duct from the temporary total enclosurewere
12 ppm and 5.6 mImin (198 cfm), respectively, representing astyrene emission rate of
0.02 kg/h (0.04 1b/h). The concentration and vel ocity in the 6-inch duct from theresin
bath and wet out areawere 719 ppm and 1.6 m?min (58 cfm), respectively, representing
astyreneemission rate of 0.30 kg/h (0.67 Ib/h). Thisrepresentsatotal emission rate of
0.32kg/h (0.711b/h).
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Based ontheseresults, thefollowing performancefor aventilated resin-bath-and-wet-out-
areaenclosure(RBWAE) iscalcul ated:

» Theventilated RBWAE produced an approximately 24 percent (from 0.93 Ib/hto
0.711b/h) reductionintotal emissions.

» Without the RBWAE, the concentration in thetotal temporary enclosure exhaust was
293 ppm, whichiswell abovethe OSHA allowablelevel of 100 ppm. If dilution
ventilation was used to bring the total temporary enclosure exhaust down to 100 ppm, the
flow rate would have to be increased from 5.6 to 16.3 m¥min (198 cfmto 576 cfm). But
if the ventilation system were redesigned with pick up pointsin theright places, itis
likely that concentrationsin the exhaust from the TTE would belower. If dilution
ventilation was used to bring the total temporary enclosure exhaust down to the 12 ppm
achieved withthe RBWAE in place, thetotal temporary enclosure exhaust would haveto
beincreased from 5.6 to 136 m¥min (198 cfm to 4,801 cfm).

* Withtheventilated RBWAE, 94 percent of thetotal emissions (i.e., 0.67 Ib/h out of 0.71
Ib/h) are captured and prevented from entering thework area.

» Theenclosurewas used to capture emissionsfrom the major emission points of the
pultrusion process (resin bath and wet-out area), and to create asmall exhaust flow
(1.6 m¥min [58 cfm]) at high concentration (719 ppm) that is suitable for emission
controls.

Advantages/Disadvantages. There are potential advantages of the enclosure concept for
FRP/C processes.

» Enclosurescandramatically reduceaverageoperator breathing-zonestyreneexposures
by providing aphysical barrier between the operator and the styrene emission source.

» Enclosurescan significantly reduceflow ratesto emission controlsand therefore
significantly reducecontrol costs.

Thepotential disadvantagesof the enclosure concept are:

» Useof enclosuresmay slow production.

» Whileenclosurescan dramatically reduce aver ageoperator breathing-zonestyrene
exposures, thereisapotential for higher peak exposures (if the operator isexposed to

concentrationswithin the enclosure or when the enclosureis opened for changing setup
or for any other reasons).
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» Thehigher concentrationswithin an enclosure may increasefire hazardswithin the
facility, if the concentrationinthe enclosureexceedsLEL.

Costs. Costsare examined herefor the pultrusion wet-out-areaand resin-bath enclosure
investigated by SPI in September 1995, based on ahypothetical plant having 10 pultrusion
machinesand operating 4,000 hours per year.

Without the RBWAEs, theflow rate and concentration for each pultrusion machinewould
either be 16.3 m¥min (576 cfm) at 100 ppm (if worker exposureis at the OSHA limit), or
136 m¥min (4,801 cfm) at 12 ppm (if worker exposureis equal to what is achieved with the
RBWAE). Therefore, for 10 machines, the total flow rate would either be 163 m¥min
(5,760 cfm) at 100 ppm, or 1,360 m¥min (48,010 cfm) at 12 ppm. Both these scenarios represent
total uncontrolled emissionsof 16.7 metric tons per year (18.4 tpy). The calculated control costs
per unit of styreneremoved for acatalytic oxidizer under these two scenarioswould be
$6,371/ton and $27,515/ton, respectively. It should be noted that thesefigurescited arefrom
pilot test conditions, and not optimized.

Theventilated RBWA Esaloneproducea23 percent, or 3.8-metric-ton/yr (4.2-tpy),
reductioninemissions. If thetotal capital investment to install the 10 RBWAEs (with
ventilation system) isassumed to be $100,000, and a capital recovery factor of 0.1459 isused,
thetotal annual cost of the enclosuresis $14,590. The cost per unit of emissions reduced
(avoided) is$3,474/ton ($14,590/ 4.2 tons). Thetotal exhaust flow for the 10 RBWAEswould
be 580 cfm, with aconcentration of 719 ppm. The calculated control cost for acatalytic
oxidizer under thisscenario is$2,226/ton of styrene. Assuming a95 percent control efficiency,
the catalytic oxidizer will remove 13.5 tpy of styrene. The average annual cost per ton of styrene
avoided using the enclosures and removed using a95 percent efficiency catalyticoxidizeris
$2,522/ton ($3,474/ton x 4.2 ton +$2,226/ton x 13.5ton)/(4.2ton +13.5ton). Note: Thecost
per unit of styreneemissionseleminated by thisanalysisisdirectly proportional tothe
assumed capital investment.

Thiscost analysisindicatesthat enclosures havethe ability to significantly reduce control
costsper unit of pollution removed (or avoided) in the pultrusion process or similar processes,
such as SM C production and continuous|amination, when concentrated emission sourcescan be
isolated and enclosed without interfering with the operation.

Note: Thefollowingdiscussion pertainingto enclosuresfor open molding processesisan
idea or concept that hasnot yet been evaluated. RTI isevaluating thisconcept in an FRP
facility under an EPA funded program in the Summer of 1996.

It may be possibleto use enclosuresto contain spraying emissionsin open molding
processes. Enclosuresmay be particularly suited to facilitiesthat spray parts of nearly uniform
size and shape and conduct spraying in well-defined |ocations, for example, the gel coating of
sinksand vanitiesin the cultured marbleindustry and gel coating and chop sprayup inthetub
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and shower industry. The concept of an enclosurefor asink/vanity gel coating operationis
illustrated in Figure 6-8.
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Figure6-8.
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Theenclosurewould bea®box,” with alimited natural-draft opening for inserting the spray
gun and viewing the spraying operation. If possible, the areaof the opening would belessthan 5
percent of thetotal enclosure surfacearea. The operator would stand outside the enclosure,
extending only hishand or arminside the enclosure. The enclosure would have an exhaust flow
rate sufficient only to maintain flow into the enclosure. If possible, the flow would be sufficient
to maintain avelocity of 61 m/min (200 ft/min) through any natural draft openinginthe
enclosure. Theenclosurewould have no structural function (i.e., theenclosurewould only need
to support itself). Therefore, the enclosure could consist of nonrigid sideson arigid frame,
which would lower itscost. The most important aspects of the enclosure concept are:

» Theoperator standsoutsidethe enclosure, placing only the spray guninsidethe
enclosure.

* Openingsto the enclosure are aslimited as possible, with agoal of lessthan 5 percent of
thetotal enclosure surface area.

» Exhaust from the enclosureisaslow as possible, maintaining only enough flow to keep
emissionsfrom escaping from the opening (s).

Oneimportant considerationin the design of an enclosure arethe physical considerations of
moving the part into and out of the enclosure, and the timing for removal of the part from the
enclosure. Theenclosure design needsto incorporate amethod by which the part can be moved
into the enclosure and removed from the enclosure. Asthe enclosureisopened toremovethe
part, styrene emissionsin the enclosure may escape. RTI testing (Kong et al., 1995) has
indicated that approximately 39 percent of total gel coating emissions occur during the spraying
process, and approximately 50 percent of resin application emissionsoccur during spraying.
Therefore, even though capture may be 100 percent whilethe partiswithin the enclosure,
uncaptured emissions may occur when the part isoutside the enclosure. Thefeasibility of the
enclosure concept for open molding processisbeing evaluated in an EPA funded programinthe
summer of 1996.
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APPENDIX A

Development of Cost Functionsfor StyreneEmission Control Technologies

ThisAppendix presentsthe original cost datacollected from variousvendors. Other
references, including the OA QPS Control Cost Manual (Vatavuk, 1990), areport, and apaper in
the Chemical Engineering magazine arelisted. The original equipment cost datawerefitted
with linear regression to develop cost functionsfor equipment costs. The equipment cost
functionsfor various styrene emission control technologiesare presentedin Table 5-1.

Equipment cost curvesfor thermal oxidizers (at all heat recovery levels) weretaken from
equipment cost equations 3.24 through 3.27 in the OA QPS Control Cost Manual. Fuel
requirementswere cal cul ated based on the principles of thermodynamics, and an assumed 10
percent insulation losses. Electricity requirementswere based on equations presented in the
OAQPS Control Cost Manual, except that the el ectricity requirement for thermal oxidation with
95 percent heat recovery was based on quotations by an equi pment vendor.

Equipment cost curvesfor catalytic oxidizerswith recuperative heat recovery (i.e., with heat
recoveriesof 0, 35, 50 and 70 percent) were taken from equi pment cost equations 3.29 through
3.32inthe OAQPS Control Cost Manual. Fuel requirementswere cal culated based on the
principlesof thermodynamics, and 10 percent insulation losses. Electricity requirementswere
based on equationsin the OA QPS Control Cost Manual.

The equipment cost curvefor catalytic oxidizerswith regenerative heat recovery (i.e., with
heat recovery of 95 percent) was based on equipment cost quotationsfrom three vendors
(Anguil Environmental Systems, Engelhard Corporation, and Setco, Inc.). Theequipment cost
curve and the cost quotationsaredepicted in Figure A-1.

The equipment cost curvesfor VOC condenserswere based on equations presented ina
paper by Vatavuk (Vatavuk, 1995).

Theequipment cost curvefor the MIAB system was based on quotationsfromthe MIAB’s
U.S. representative, Setco, Incorporated (Sundberg, Facsimilesdated December 22, 1995 and
January 26, 1996). The equipment cost curve and cost quotationsare depicted in Figure A-2.

Theequipment cost curvefor the Thermatrix PADRE system was based on budgetary
guotationfrom Purus(Irvin, Facsimiledated November 8, 1995).

The equipment cost curvefor the Polyad system were based on the midpoint (center) of

upper and lower cost curvesprovided by Polyad’ srepresentative, Weatherly Inc. (Danielsson,
Facsimiledated April 26, 1995).
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The equipment cost curvefor therotary concentrator system was based on equipment cost
guotationsfrom Durr, Industries (Klobucar, Facsimiledated March 14, 1996). The equipment
cost curve and cost quotationsfrom Durr are depicted in Figure A-3. Quotesof rotary
concentrator equipment cost from Munters Corporation (Drohan, Facsimiledated January 3,
1996) arealso shownin Figure A-3. However, Munters Corporation doesnot haveindustrial
systemsin place, while Durr Industries has several operating systemsin Japan; therefore, the
Durr estimates, only, were used to devel op cost functions.

The equipment cost curvefor thefluidized-bed preconcentrator system was based on cost
dataprovided by Environmental C& C, Inc. (Merboth, L etter dated M arch 28, 1996).

Theequipment cost curvefor biofiltration was developed based on budgetary quotesfor an
exhaust flow rate of 52,000 scfm by several vendorsin areport (Haberlein and Boyd, 1995).
The equipment cost curve and cost quotationsare depicted in Figure A-4.

References

Haberlein, R.A.,and Boyd, D., Maximum Achievable Control Technology for a Hypothetical
FiberglassBoat Manufacturing Facility, prepared for National M arine M anufacturers
Association, August 1, 1995.

Vatavuk, W.M.; OAQPSControl Cost Manual, 4th Ed. EPA-450/3-90-006 (NTISPB90-
169954); U.S. Environmental Protection Agency, Officeof Air Quality Planning and Standards,
Research TrianglePark, NC, January 1990.

Vatavuk, W.M.; “A Potpourri of Equipment Prices,” Chemical Engineering, August 1995;
pp 68-73.



APPENDIX B

Cost M odel for StyreneEmission Control Technologies

A discussion of the computer spreadsheet cost model (STY _COST.XL Sfor Excel and

STY_COST.WK3for Lotus1-2-3) developedfor thisprojectisincluded inthisAppendix. This
cost model includes aseparate spreadsheet for each of the control technologiesevaluated. These
spreadsheets are listed by the order of appearancein the cost model:

A) EC&C-EC& Cfluidized-bed preconcentrator system
B) Rotary - rotary concentrator system

C) Catalytic- catalytic oxidation process

D) Condenser - condensation process

E) MIAB-MIABsystem

F) Polyad-Polyadsystem

G) Thermal - thermal oxidation process

H) PADRE-Thermatrix PADRE system

I) Biofiltration- biofiltration process

General instructionsfor usingthespr eadsheetsinthecost model:

1)

2)

3)

Under “Inputs’ in Column B, enter two of thefollowing threeitems:
a) Flow rate(cfm),

b) Control deviceinput mass (tons per year), or

¢) Concentration (at control deviceinlet) (ppm).

Do not enter valuesfor all three items; the program will calculate (in Column C) the value
for theitem that you left blank.

Enter input valuesin Column B for items such as Facility Operating Schedule (hours per
year), electricity cost ($/kilowatt-hour), and fuel cost ($/million Btu). All inputsmust bein
the correct units.

If you have received a plant-specific quote for the cost of aparticular control device, enter
that cost in thefirst row having thetitle “ Equipment Cost (EC)”. Notethat the costsfor
other control devicesin these spreadsheetsarein July 1995 dollars. Therefore, you must
de-escalate the cost in the second row titled “ Equipment Cost (EC)” into July 1995 dollars,
if youwill becomparing your site-specific equipment cost with other non-site-specific costs
listed inthese spreadsheets.



4)

Read about how the cal culationswere devel oped for items such as:

a) “Total Direct Costs(TDC)” - based on capital cost factorsshownin TableB-1,

b) “ Total Capital Investment (TCI)” - based on capital cost factorsshownin TableB-1,
¢) “Direct Operating Costs, excluding fuel and electricity costs”,

d) “Overhead, Property Taxes, Insurance, Administration”, and

e) “Capital Recovery Cost”.

Adjust these calculationsasneeded. For example:

a) Thelinestitled “ Total Direct Costs(TDC)” contain an assumed site preparation cost of
$(5,000 + 2.3[flow rate]). Thisnon-site-specific site preparation cost isthe average of
vendor quotesand it isassumed for every control technology. If you have site-specific
Site preparation costs, insert these in place of the cal culated site-preparation costs.

b) Thelinestitled “Total Direct Costs(TDC)” contain an assumed building cost of zero
(i.e., itisassumed that the control deviceisnot located inside abuilding. If abuilding
must be built to house the control device at your plant, add this cost to the “ Total Direct
Costs’.

¢) The*“Capital Recovery Cost” calculation assumesacapital recovery factor of 0.14569,
which represents a 10-year depreciation at a7.5% annual interest rate. Thiscapital
recovery factor can be changed to represent a specific situation (for example, the capital
recovery factor for 10-year depreciation at 10 percent interest is0.16275).



TableB-1. Capital Cost Factorsfor Emission Control Devices®

Cost Item Factor
Direct Costs
Purchased equipment costs
Emission control device (EC) + auxiliary equipment Asestimated, A
Instrumentation 0.10A
Salestaxes 0.05A
Freight 0.05A
Purchased equipment cost, PEC B=120A
Direct installation costs
Foundations& supports 0.08B
Handling & erection 0.14B
Electrica 0.04B
Piping 0.02B
Insulationfor ductwork 0.01B
Painting 0.01B
Direct installation cost 0.30B
Site preparation Asrequired, SP
Buildings Asrequired, Bldg.
Total Direct Cost, DC 1.30 B + SP + Bldg.
Indirect Costs(installation)
Engineering 0.10B
Construction and field expenses 0.05B
Contractor fees 0.10B
Start-up 0.02B
Performancetest 0.01B
Contingencies 0.03B
Total Indirect Cost, IC 0.31B
Total Capital Investment =DC + IC 1.61 B + SP + Bldg.

aSource: Vatavuk, 1990 (Table 3-8, except sal estax taken as5%, i nstead of 3%, for amorerealistic situation)
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Explanation of spreadsheet equations

Row/Cell
Flow rate(cfm)/C3

Control deviceinput mass

(tonglyear)/C4

Concentration (ppm)/C5

Electrical power (kW)

Explanation

If flow rateinputincell B3is*“zero” (i.e., if flow ratein cell B3
isleft blank), thisequation will calculate the flow ratein cfm,
based on the control deviceinput intons per year, the facility
operationin hoursper year, and the control deviceinlet
concentrationinppm. Conversion factors: 2000 | b/ton;

454,000 mg/Ib; 60 min/hr; 4.326 mg/n? per ppm of styrene; 35.3
ft3/md.

If control deviceinput massincell B4is*“zero” (i.e., if input
massin cell B4 isleft blank), this equation will calcul ate the
input massin tons per year, based on the flow rate, thefacility
operationin hoursper year, and the control deviceinlet
concentrationinppm. Conversion factors: 2000 | b/ton;

454,000 mg/lb; 60 min/hr; 4.326 mg/nt per ppm of styrene; 35.3
ft3/md.

If control deviceinlet concentrationincell B5is“zero” (i.e., if
the control deviceinlet concentration in cell B5isleft blank),
thisequation will calculate the control deviceinlet
concentration, based on theflow rate, thefacility operating
schedulein hoursper year, and control deviceinput massintons
per year. Conversion factors: 2000 |b/ton; 454,000 mg/lb; 60
min/hr; 4.326 mg/n? per ppm of styrene; 35.3 f&/n.

Thisequation calculatesthe el ectrical power consumption of the
control deviceat any flow rate. Electrical power consumption
for most of the control deviceswas based on vendor quotes,
except where power consumption was based on equationsin the
OAQPS Cost Manual. In most cases, the vendor supplied
electrical power consumptionsfor one or two flow rates. In
these cases, el ectrical power was assumed to belinear with flow
rate.



Row/Cell
Fuel usage (Btu/hr)

Equipment Cost (EC),
(Vendor quotes)

Equipment Cost (EC),
(July 1995dollars)

Total Capital Investment
%)

Direct Operating Costs,
excluding fuel and
electricity costs($).

Explanation

Fuel usagewaseither calculated from first principles (such as
for catalytic and thermal oxidation), or was based on vendor
guotes (such asfor therotary concentrator). Fuel usageis
dependent on flow ratein cfm, heat recovery percentage,
oxidizer designtemperature, and styreneinlet concentration.
Conversionfactors/constants: 60 min/hr; air density of 0.0751
ft¥lb at 68°F; air specific heat of 0.241 or 0.245 Btu/lb,-°F (for
catalytic or thermal oxidation, respectively); dividethe
calcuated heat recovery value by 100 to get percentage heat
recovery; 1.1 represents 10 percent insul ation heat | oss; 0.00475
Btu/ppm of styrene.

Thisequation cal cul ates the equipment cost as afunction of
flow rate. The equations were typically based on polynomial- or
straight-linecurvefitting of vendor quotes.

All equipment costswere escalated (or de-escalated, if
appropriate) to July 1995 dollars, using the Chemical
Engineering magazine equipment cost index. Thevalue of this
index inJuly 1995was428.1 (referenced to 1957-1959 at 100).

Based on the OAQPS Cost Manual (except salestax taken as
5%, instead of 3%, for a more redlistic situation), this equation
calculatestotal direct cost, based on equipment cost, site
preparation cost, and cost of buildingsto house the control
device. Sitepreparation cost isassumed to be $(5,000
+2.3[flow rate, cfml]), for all control devices. Cost of buildings
to house control devicesisassumed to be zero (all control
devicesassumed to be outdoors).

Includes maintenance costs. Maintenance costsare based on 4
hours per week, 52 weeks per year, at alabor rate of $25/hour,
for a10,000 cfm control system. Costsfor other control sizes
areassumed to belinearly related to flowrate. Anadditional 15
percent isadded for supervisory cost. Anannual maintenance
contract of $4,840 isassumed for each control device. Where
appropriate, additional costs, such asmediareplacement costs,
areincludedin Direct Operating Cost. Fuel and electricity costs
areseparately cal culated based on vendor quotes.



Row/Cell

Fuel costs($/year),
calculated separately from
Direct Operating Cost

Electricity cost ($/year),
calculated separately from
Direct Operating Cost

Overhead, property tax,
insurance, administration
($lyear)

Capital Recovery Cost
($lyear)

Total Annualized Cost
($lyear)

Explanation

If Fuel Usage (Btu/hr) iscalculated to be positive, annual fuel
cost isthe product of the Fuel Usage (Btu/hr) timesFacility
Operating Schedule (hours/year) timesthefuel cost ($/Btu). If
Fuel Usagewas calculated to be negative (i.e., autothermal
operation), fuel cost was assumed to berepresented by 5 percent
(0.05) of the heating value of the styrenein theincoming
stream. Thisfactor of 5 percent is based on discussion inthe
OAQPS Cost Manual about maintaining astableflamewithin
theoxidizer.

Electricity cost ($/year) isthe product of Electrical Power
required (kW) timesfacility operating schedule (hours/year)
timeselectricity cost ($/kWhr).

Overhead cost was cal culated based on 60 percent of Direct
Operating Costs ($/year) and other costswere cal cul ated based
on 4 percent of Total Capital Investment ($/year), asoutlined in
the OAQPS Cost Manual.

Capital Recovery Cost ($/year) was obtained by multiplying the
Total Capital Investment by a capital recovery factor. The
capital recovery factor (CRF) can be calculated by thefollowing
eguation:

CRF =i (1+)V([1+]™1),

wherei= annual interest rate (%), and
n=number of yearsof depreciation.

The capital recovery factor assumed in these spreadsheetswas
0.14569 (7.5%, 10-year depreciation).

Total annualized cost isthe sum of all annualized costs,
including direct operating costs, fuel costs, electricity costs,
overhead, property tax, insurance, administration, and capital
recovery cost.



Row/Cdll Explanation

Cost per unit of pollutant Thisisobtained by dividing thetotal annualized cost ($/year) by
removed ($/ton) the amount of pollutant removed (tons per year). The amount of
pollutant removed isthe product of the Control Device Input
Mass (tons/year) timesthe control deviceefficiency (expressed
asafraction). Inthese spreadsheets, thermal oxidation was
assumed to have acontrol device efficiency of 98% (i.e., 0.98).
All other control deviceswere assumed to have 95% control
efficiency, except for VOC condensers. Theefficienciesof
V OC condenserswere cal culated based on the saturation curve
for styrene gasand a specified operating temperaturefor the
VOC condenser.
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Figure 4-13. Schematic of the Terr-Aqua’s ultraviolet/oxidation system.
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