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FOREWORD

The U.S. Environmental Protection Agency is charged by Congress with pro-
tecting the Nation's land, .air, ‘and water resources. Under a mandate of national .
environmental laws,. the Agency strives to formulate and implement actions lead-

- . ing to a compatible balance between human activities and the ability of natural’

systems to support and nurfure life. To meet this mandate, EPA's research
program is providing data and technical support for solving environmental pro-
blems today and blﬂ.ldmg a science knowledge base necessary to manage our eco-
logical resources wisely, understand how pollutants affect our health, and pre-
vent or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency's center for
investigation of ‘technological and management approaches for reducing risks

from threais to human health and the environment: The focus of the Laboratory's
research program is on methods for the prevention. and control of pollution-to air,
land, water, and subsurface resources; protection of water quality in public water
systems;. remedzatlon ‘of contaminated sites and groundwater; and prevention and
control of indoor air pollution. The goal of this research effort is to catalyze
development and implementation of innovative, cost-effective environmental
technologies, develop scientific and engineering information needed by EPA to
support regulatory and policy decisions; and provide technical support and infor—-

mation transfer to ensure effective implementation of environmental regulations
and strategles.

This publication has been produced as part of the Laboratory's strategl.c long-
term research plan. It is published and made available by EPA's Office of Re-

search and Development to assist the user community and to link researchers
with their clients. -

E. Timothy Oppelt, Director
National Risk Management Research Laboratory

EPA REVIEW NOTICE

This report has been peer and administratively reviewed by the U.S. Environmental
Protection Agency, and approved for publication. Mention of trade names or
- commercial products does not constitute endorsement or recommendation for use.

This document is available to the public through the National Technical Information
Service, Springfield, Virginia 22161.
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-generally mandated by regulatxons Ther

(i.e., lower flow rates) of the exhaust str

Abstract

Styrene emissions from open molding processes in ﬁberglass-remforced
plastics/composites (F RP/C) and fiberglass boat bmldmg facilities are typically diluted by
general ventilation to ensure that worker exposuxes do'not exceed Occupational Safety and
Health Adrmmstratxon (OSHA) standards, "‘*’Thxs\’p actice tends to increase the: potential cost to
the facility of add-onicontrols. Furthezmore, add-on styrene emission controls are currently not

emissio controls are mfrequently used in these

industries at present.

To provide technical and cost information to companies that might choose emission
controls to reduce styrene emissions, several conventional and novel emission control
technologies that have been used to treat styrene emissions in the United States and abroad and a
few emerging technologies were exammed ‘ Control costs for these conventxonal and novel
technologies were developed and compared‘ for three hypothetlcal plarit sizes.

The results of this cost analysxs ‘ ‘tha f mcreasmg styrene concentration (i.e.,
lowering flow rate) of the exhaust. streams can sxgmﬁcantly reduce cost per ton of styrene
removed for all technologxes examined, b ause capltal and operating costs increase with
increasing flow rate.’ Therefore, a company should 1eyaluate methods to increase concentrations

cor 51denng any add-on control devices. This

report also presents air flow manageme
create a concentrated: exhaust stream vqh; (3
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Chapter 1

Introduction

The fiberglass-reinforced plastrcs/composnes (FRP/C) and fiberglass boat building'
industries have many alternatives for reducing styrene emissions. Styrene emissions can be .
reduced by (1) using resin materials and application equipment that generate less styrene
emissions, (2) improving operator techniques to reduce overspray, (3) changing open-molding
processes to 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,
can vary widely.

- Lacking the regulatory mandates, add-on pollutron control systems are not often used to
reduce styrene emissions in the FRP/C and boat building industries. Low concentrations and
high air flow rates also have made conventional emission controls very expensive and, in some
cases, less efficient in destroying the emissions. The FRP/C and boat building industries need
information on the applicabilities and costs of conventional and emerging add-on pollution
control technologres so they can make: informed decisions about the use of controls to reduce
their emissions. To meet this need the cost and performance of several conventional and |
emerging add-on pollutron control technologres and air flow management practlces potentrally
applicable to these industries have been evaluated. ——— : :

This report smnrharizes the results of literature reviews and control cost analyses. |
Background information about the industries and the characteristics of their emissions is |
provided in Chapter 2. ‘Conclusions and recommendations of this study are presented in;
Chapter 3. Various pollution control technologies are described in Chapter 4, and their costs are
" compared in Chapter 5. Air flow management practices that may reduce worker exposure and
control costs are descnbed and evaluated in Chapter 6. Costing procedures for various pollutron
control technologres are presented in Appendrx A, and instructions for using : a computer
spreadsheet cost model for add-on emission controls are presented in Appendlx B o

This report provides preliminary technical and cost information to FRP/C and boat
building companies for their use in selecting emission control technologies. . Companies should
identify those technologies that fit their production. processes and contact the vendors of those
technologles for more accurate mformatron on eqmpment costs



Chapter 2

Background

The FRP industry (excluding boat building) is large and diverse. More than 680
facilities nanonally inthe Umted States reported to.the Toxic Release Inventory (T RI) in 1992.
These facilities represent as many as 33 different Standard Industrial Classification (SIC) codes
ranging from transportation to electronics and consumer products (Pacific Environmental

* Services, 1995). ‘The FRP industry manufactures products such as bathtubs, shower stalls, spas,

truck caps, vehicle parts, tanks pipes, appliances, ladders, and railings. The FRP industry
employs a variety of manufacturing processes. As shown in Table 2-1, the main manufacturing
process is open molding. Open molding (including gel coat and resin spraymg) is responsible for
an estimated 75 percent of the 15,419 mietric tons (17,000 tons) per yeat of styrene emissions
from the' FRP mdustry This estimate is based on 1992 TRI reports (TRI 1995), and knowledge
of FRP processes and then' emission charactensucs. 5

Table 2-1 f*‘Manufactunng Processes Employed wby FRPIC lndustry R

Ma"UfECtUﬂng Process Q — o Esttmated Fac:htles Employmg Process (%)a i

Qpen: moidmg (including hand layup, get I N 60
coat spraying, and/or resin spraying) o BN

Compression molding 17,
Filament winding . . S ' B 12
Pultrusion . ’ - '8
Cultured marble castmg } 6
Continuous lamination B

*Column t"otal‘ ‘exceeds 100% because many facnhtnes employ more than one type of
manufactf ngiprocess.; i
It is conventional, to include filament wmdlng in the open moldmg classtflcatlon, however, for

N
B

_‘\moldmg was conssdered to:be: ‘hand Iayup, gel coat spraymg, andlor resin

Source: Pacific Envnronmental Sennces 1995

The ﬁberglass boat buxldmg industry represents a segment of SIC code 3732 Boat
Building and Repalrmg “The 1993 TRI report contains data from 144 boat manufacturers. The
open moldmg process is the most common production method used in fiberglass boat building.

" -Estimated styrene emissions from the these facilities was about 6,300 metric tons (6,900 tons)

(Radian, 1995).

The open-molding process usually consists of applying a liquid gel coat or resin to a
mold with a spray gun in an open environment. Styrene is emitted both during the application




stage when gel coat or resin material is atomized and sprayed onto a mold and during the post-
application period when the material cures. Most FRP/C production and boat building facilities
use high ventilation rates to ensure that styrene levels are below the 100-ppm worker exposure
limit established by the Occupational Safety and Health Administration (OSHA). Dilution
increases the volume of contaminated air and, because the cost of an add-on emission control
system is a strong function of the total air flow, these diluted air streams are more ‘costly to
control. Some facilities designate certain areas for gel coat or resin spraying to reduce the
contamination of plant air. In these cases, a spray booth eqmpped with a dry filter medium may
be used to reduce particulate emissions, but diluted styrene emissions are typlcally vented
'dlrectly to the atmosphere

Some FRP/C processes, such as pultrusxon continuous lammatron, sheet moldmg
compound (SMC) production, and resin mixing, have localized and concentrated emissions that
can be enclosed and vented to a control device. Emissions from these processes can be captured -
with lower exhaust ﬂow rates (i.e.; at higher concentratmns) than emissions from the open-
molding | process therefore, it is more feasible or less costly to treat these streams. - Most of the
existing emlssxon control devxces mstalled in the FRP/C facilities are used to treat emlssmns
from these processes - e | N . »

References

'Pacrﬁc Envrrontnental Servrces, Inc; Industry Description. Memorandum from Greg LaFlam
and Melame Proctor, Pacxﬁc Envuonmental Services, Inc., to Madeleme Strum, EPA-OAQPS
.October 15 1995 T ‘ o |

OAQPS; ‘November 28, 1995,

1987-1993 Toxics Release Inventory; EPA-749/C-95-004 (NTIS PB95-503793); U.S.
Environmental Protection Agency, Office of Pollutxon Prevention and Toxics, Washington, DC
August 1995.



Chapter 3

N T

Conclusxons and Recommendatlons |

Exhaust streams from open-moldmg processes in the F RP/C and boat burldmg fac1ht1es
are generally at low styrene concentrations and high air ﬂow rates. General (dllutlon) ventilation
is-usually used to ensure that worker exposure is lower than that allowed by OSHA standards.
Treating this low—concentratron, high-air-flow stream is more expensive than treating a low-flow
rate at higher concentration. Due to the general practice of dilution ventilation and the current
lack of specific regulatlons add-on control dev1ces are not commonly used in the FRP/C and
boat bulldmg mdustnes S ek EEE ‘ -

‘ Of the lnmted number of add-on control devrces used m the FRP/C facxlltxes in the
Umted States thermal and catalytlc oxidation are the most common The costs of novel
technologxes, including bloﬁltratxon and preconcentratron followed by recovery or oxrdanon by -
thermal or catalytic oxidation were compared. Preconcentration techniques appear to reduce the
cost of styrene control, particularly at the lower styrene concentrations (less than 100 ppm)
typically found at FRP/C and boat building facilities. However, this apparent reduction i in'cost is
significantly affected by the equipment cost assumptions used in this analysis. Therefore, FRP/C
companies should compare the costs of competmg technologies, on, a‘ case-by—case basrs

‘ ‘The capxtal and operatmg costs of all emission control devrces are strongly related to the
flow rate of the incoming stream. Cost analyses indicate, for all control devices examined, that
cost per unit of styrene removed decreases as styrene inlet concentra ion increases (i.e:, as the air’
flow rate decreases). Therefore itis probably economical to conc et ate the exhaust air stream,
using improved air flow management practlces or enclosures, before apphcatxon of add-on

emission control devices.

Improved air flow management techniques, which capture emissions at the source, or
enclosures, which prevent styrene emissions from contaminating the plant air, can reduce the
exhaust air flow rate and increase styrene concentrations in the exhaust streams from FRP/C
facilities. These approaches can maintain a safe working environment and produce a high-
concentration exhaust stream, which can be controlled with less expensive add-on control
devices.

TP




Cha[;ter 4

: \ o o Poliuﬁon Control Technologies

This chapter presents process description and discussions of conventional, novel, and -
emerging technologies that are or may be used to reduce styrene emissions from FRP/C and boat
building facilities. Section 4.1 presents conventional technologies that are proven or have been
traditionally used for VOC emission control. Section 4.2 presents novel technologies that have -
been applied in the last decade to treat low-concentration emissions and Section 4.3 presents
emerging technologies that are still under investigation in laboratory or pilot plants, or are
currently used to control VOC emissions from other industry sources.

4.1 Conventional Technologies

Conventxonal technologies include combustion (i.e., thermal and catalytic oxidation),
adsorption, and condensation, which have tradxtlonally been used to treat VOC emissions. The -
process description, applicability to FRP/C processes, typical operating conditions and control
efficiencies, and the advantage/dlsadvantage of its apphcatlon are presented for each
conventlonal technology.

4.1.1 Combustion Technologv

Combustxon is a process by wh1ch an exhaust stream containing VOCs is brought to
adequate temperature and held for a sufficient residence time to allow for oxidation of the VOCs
into the combustion byproducts of carbon dioxide (CO,) and water vapor (H,0). Theoretically,
any hydrocarbon would be oxidized according to the following equatlon : o

CHb +(a+025b)02-’aC02 +05bH20 . (4‘1)

Combustion devices are classified accordmg to how oxidation of the VOC occurs and
how heat energy from the exhaust stream is recovered. The first classification differentiates
between two oxidation methods -- thermal or catalytic -- and the second category classifies the
method of heat recovery according to whether it is recuperative or regenerative (Haberlein and
Boyd, 1995).

4.1.1.1 Thermal Oxidation

- Thermal oxidizers, also called incinerators or afterburners, use high temperatures
(typxcally between 538° and 1,093 °C [1,000° and 2,000° F]) to destroy VOC Vapors.



' Process Description. A typical thermal oxidizer includes a burner, an insulated
expansion zone (to allow sufficient hj gh-tem’perature residence time for complete combustion),
and an induced-draft exhaust fan (to pull V OC:laden gases through the afterbusner). The burner

to 60 percent are common, and ‘recovgﬁ‘e‘s of 80 percentare often practical (Cooper and Alley,

One effect of thermal recovery is to lower the inlet pollutant concentration required to
achieve autothermal operation (i.e., using the inlet pollutant as the sole fuel source to sustain the
oxidation reaction). Figure 4-1 depicts calculated styrene inlet concentrations required to achieve
autothermal operation, for thermal and catalytic oxidizers, with varying levels of heat recovery.
The calculated values are based on a thermal oxidizer temperature of 783 °C (1,450 °F),a
catalytic oxidizer temperature of 329 °C (625 °F), and an assumed heating value of 40,900 ki/kg
(17,600 Btu/Ib) for styrene. = - - ' :

Applicability to FRP/C Pro cesses. Applications of thermal and catalytic oxidizers to
FRP/C processes in the United States are listed in Table 4-1. As of October 1995, thermal or

catalytic oxidizers were being employed to control emissions from five facilities performing gel

coating and/or resin Sprayup processes, three facilities performing pultrusion, two facilities
performing continuous lamination, and one facility performing SMC production (LaFlam,
1995b). " - -

Standard operating conditions. The performance of an incinerator is commonly

characterized by three important parameters known as the "Three T's:"

. Temperature - The oxidation Teaction rate is accelerated at elevated temperatures.

Higher temperatures cause faster oxidation rates and higher destruction
efficiencies.
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. Time - For the oxidation reaction to occur, the: exhaust must remain at the reaction
temperature for a minimum amount of time, called the "residence" or "retention”
time. Greater destruction efficiencies result from longer residence times. Note

~ that the temperature and time are inversely proportional (although nonlmear) to
each other in determining destruction-efficiency.

o Turbulence - Turbulence is required to ensure that the exhaust is well-mixed
. throughout the incineration chamber. Otherwise, a packet of exhaust could pass .
through the chamber without adequate oxidation. Note that turbulence is not
directly related to either temperature or tlme but isa necessary condition for high
destruction efficiency. ‘

A review of the literature indicates a range of recommended temperature and residence
times for thermal oxrdlzers Thermal oxidizers generally operate at a temperature ranging from
650° to 870° C (1 200° t0.1,600° F) and require a minimum residence time of 0.3 second in the
combustion zone (Bethea, 1978) The thermal oxidizer at the Lasco-South Boston facility
operates at approximately 788° C (1,450° F). Most thermal oxidizers are designed to provide
no more than 1 second of residence time to the flue gas in the combustion chambers (National
Academy Press, 1983).

The VOC concentration of waste streams controlled by thermal oxidation can vary from
“the parts-per-million. (ppm) range to 25 percent of the lower explosive limit (LEL)., For styrene,
this corresponds to a concentration of approximately 2,500 ppm. VOC concentrations typically
cannot exceed 25 percent of the LEL for safety and insurance reasons. Thermal incinerators can
be designed to control flow rates in excess of 2,832 m’/rmn (100, 000 cfm). - o

f&n}mLLg_eu_y Studies indicate that a well-desrgned and -operated thermal oxidizer
can achieve at least a 98 percent destruction efficiency. ‘This corresponds to thermal ox1dlzers
that are operated at 871 C (1 600° F), with a nommal re51dence trme of 0 75 second (Farmer,
1980). - : BN

Advantagestlsadvgr_t ges The prmclpal advantages of therrnal oxrdrzers purchased as
air pollution control devices are their, demonstrated use within the FRP/C source category and
their potential for very hrgh destruction efficiency. The principal disadvantages of thermal
oxidizers purchased as air pollutron control devices are their high energy requirements (for dilute
VOC streams, partlcularly if heat recovery is below 70 percent) and the formation of additional
air pollutants (carbon dioxide and nitrogen oxides) from the combustion of auxiliary fuel.

Energy requirements and formation of carbon dioxide and. mtrogen oxides are inversely related to
the level of heat recovery. employed (i.e., increasing heat recovery decreases energy requrrementsr
and formation of other air pollutants) A regenerative thermal oxidizer operating at 816° C

(1, 500° F) produces 2to. 12 ppm of nitrogen oxides (Gribbon, 1996) An EPA study

(Sanderford, 1993) 1ndrcates that NO, formation i 1s dependent on such factors as. Oz content,




(1 950° F) w111 result in formatxon of less than 10 ppm of NO;.

Qgg_s Capltal and operatmg cost data are presented in Appendlx A and the spreadsheet
cost model is presented in Appendrx B.. _

M&M@Qwﬂm Theoretically, any in-plant natural-
gas or oil-fired boiler or heater could also be used to destroy styrene. ‘However, in-plant boilers
have limited air flow rates, and their seasonal usage limits the amount of emission reduction that
could be achieved. Also, temperatures and residence times for'in-plant boilers are lower than for
thermal oxidizers designed for air pollution control and would therefore result in lower
destruction efficiency. The principal advantages of in-plant boilers as thermal oxidizers are that
no additional combustion equipment is required and energy costs are reduced. The principal
dlsadvantages of m-plant boilers as thermal oxidizers are their uncertain destruction efficiencies

and their limited combustion air needs (boilers only requxre approxnnately 5 m3/mm (180 cfm) of
combustron air per million Btu/hour)., | .

4.1.1 2 Catalytlc Oxrdatlon o “ o

Catalytic oxidation systems pass VOC-laden exhaust through specxal catalytic beds to
facilitate the oxidation of styrene at lower temperatures. These beds usually consist of precious

metals. Catalytrc ox1d1zers can reduce the required temperature for a given destructron efficiency
by several hundred degrees Fahrenheit compared to thennal oxidizers.

[_’rgcess Descnmrgg In most cases, mlet gases to the oxidizer are heated by a small
natural-gas-fired burner (as witha thermal oxidizer, but to a much lower temperature). The
heated gases are then passed directly through the catalyst bed, which is in the same unitas the
burner. The catalyst is usually a noble metal such as palladium and platinum (other metals are
used, mcludmg chromium, manganese copper, cobalt, and nickel) deposited on an alumma
support configuration. The support configuration is frequently a honeycomb arrangement to
minimize pressure drop (relatlve toa packed bed of pellets) (Cooper and Alley, 1986)

ﬂxggn_a_&eggeu As w1th thermal ox1dlzers, thermal recovery can be used to lower
the fuel costs of catalytlc oxidizers. Thermal récovery can be performed in a recuperator (energy .
recoveries are typrcally 40 to 60 percent, with 80 percent often practrcal) orina regenerator

' (energy recovenes up to 95 percent are practlcal)

~ Catalytic oxxdlzers have mherently lower fuel costs than thermal oxidizers (due to the
lower combustron temperature in cataly’nc oxrdrzers) ‘Therefore, catalytic oxidizers require a
smaller amount of heat recovery to. achieve autothermal operation (operation in which the inlet
pollutant is the sole fuel source).: Calculated styrene inlet concentrations reqmred to achieve
autothermal operatron for catalytro and thermal oxidizers are depicted in Figure 4-1. The
required inlet concentrations were calculated by RTI, based on a thermal oxidizer temperature of

10




788 °C (1,450 °F), a catalytlc ox1dlzer temperature of 329 °C (625 °F), and a styrene heatmg
value of 40,900 J/g (17,600 Btw/1b).

Apphcgbﬂltx to FRP/Q Processes. The Cor Tec facrhty (Washmgton Court House,
'Ohio) employs a catalytic oxidizer (see Table 4-1) designed to operate at 316° to 371° C (600 °

to 700° F), with a recuperative heat exchanger that recovers heat from the exhaust and uses it to
preheat inlet air. The design flow rate is 142 m*/min (5,000 cfm) The oxidizer treats exhaust
gas streams from an automated gel coat spraying on flat panels at a rate of 102 m*min (3,600
cfin) and a resin mixing operations at a rate of 40 m*/min (1,400 cfm). Testing of the oxidizer in
1994 1nd1cated an average inlet styrene concentration (i.e., from both processes) of 240 ppm and
an average destructlon efﬁclency of approxrmately 98 percent (Patkar et al., 1994).

The Cor Tec facility and Flbercast (Sand Springs, Oklahoma) are the only two FRP/C
facilities in the United States known to have a catalytrc oxidizer.

Conditi n .. The catalyst bed m catalytrc oxrdlzers generally
operates at temperatures rangmg between 149° and’ 482°C (300° and 900°F), with temperatures
rarely exceedmg 538° C. (1, 000° F ). The required contact fime between the contaminant and the
catalyst for complete ox1dat10n to occur 1s normally 0.3 second (Radian Corporatlon 1985)

Qogt_rol Effig;g gx A well-operated and mamtamed catalytlc oxxdatlon unit can-achieve
destruction efﬁcrencres of 98 percent comparable to thermal oxidation units. Destruction
efficiency would decrease in the presence of catalyst poisons and particulate matter (U.S. EPA,
1995).

Advantages/Disadvantages. Catalytic oxidizers have lower energy usage and resultant
operating costs than thermal oxidizers (with equal levels of heat recovery).- This operating cost

advantage may be offset by the increased capital cost of catalytic oxidizers. The smaller size of
catalytic oxidizers also typically results in lower installation costs than thermal oxidizers with an
equivalent flow rate. The generation of nitrogen oxides is virtually eliminated with catalytic
oxidizers (due to the low combustion temperatures). Testing of a reg‘enerative catalytic oxidizer
demonstrated mtrogen oxrde productlon of less than 1 ppm (anbon 1996)

Catalytrc oxidizers may suffer from catalyst fouling or porsomng Some matenals that
are considered catalyst poisons include heavy metals (mercury, lead, iron, etc. ), silicon, sulfur,
and halogens. Organic sohds or inert particulate matter may also poxson or foul catalyst beds
(Farmer, 1980) 2 S :

Costs. Capital and operating cost data are presented in Appendlx A and the spreadsheet
cost model i is presented in Appendlx B. ‘ ‘
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412 Adsorptr'on Technology |

Adsorption technology utilizes a mass transfer process involving interactions between
gaseous and solid-phase components. The gas phase is captured on the solid phase by physical or
chemical adsorptron mechanisms. Most VOC adsorption systems use activated carbon as the
solid phase, although a few systems use silica gels, diatomaceous earth, alumrna, synthetrc
zeolites, specral polymer materrals, or other proprietary substances. -

In carbon adsorptron ‘eous VOC rnolecules are captured on the extensrve surface area
present inthe gross ‘and: molecu ar‘pore spaces in the activated carbon adsorbent The used |
carbon adsorbent:is then erther discarded or regenerated Carbon adsorptron units are”
commercially available as packaged units up to 1,700 m3/rmn (60,000 scfm) (Purcell and
Shareef 1986) - | T RS S

Actrvated carbon is. best for adsorbmg hrgh-molecular wei ght and nonpolar chemrcal
substances. Compounds with a molecular weight of 40 or less do not.adsorb well on: -activated
carbon. Compounds with a boiling point greater: than 150° C (300° F) do not desorb well.” A
high relatrve humrdrty may mterfere wrth the adsorptron efﬁcrency (Haberlern and Boyd 1995)

The followmg sections dlscuss three carborr adsorptron systems (1) ﬁxed—bed carbon
adsorption (steam regeneration), (2) ﬂurdrzed~bed carbon adsorptron (hot air regeneratron) and
(3) activated-carbon filter panels (drsposal no‘u . ge”"“ératron) Hybrrd systems using carbon or
polymeric adsorptron and subsequent desorption 0 ecovery or oxrdatron are presented in the
novel technologies section (Section 4:2)." o :

4.1.2.1 Fixed—Bed Carbon Adsorption

Process Descrrgtron A typrcal fixed-bed carbon adsorptron system consrsts of two large
chambers, called "beds," that contain a large quantity of activated carbon. The VOC-laden
exhaust is first passed through one of the chambers, which slowly adsorbs the VOC vapor onto
the carbon in the bed. When the bed approaches either saturation (full capacity) or breakthrough
(rapid reduction in capture efficiency), the exhaust is switched to the second chamber. Steam is -
then used to regenerate the first carbon bed. The VOC-laden steam is allowed to condense and
the VOC is either decanted from the condensate or chemically treated. The two chambers
alternate between adsorptron and regeneratron, marntamrng a fairly constant eémission control
rate. - Sk : : :

pphcabrhty toﬁ FRP/C Processes. There are no known fixed-bed carbon adsorption

systems installed on FRP/C processes in the Unrted States

Standard Ogeratmg Condrtrons. Carneron-Yakrma an activated carbon vendor, reports
an average adsorption capacity of 20 percent to 50 percent, with an average of 33 percent for

- compounds such as styrene (Haberlein arid Boyd, 1995). In other words, 680 kg (1,500 1b) of

N

12




activated carbon could adsorb 227 kg (500 lb) of styrene before requrnng regeneratron Typical
superficial gas velocities through a fixed-bed system are 18 to 49 m/min (60 to140 ft/min), and
resulting pressure drops are from 1 244 to 3,732 N/m? (5 to 15 mches of water) (Cooper and
Alley, 1986).

Control Efincreggy Control efﬁcrency for an activated carbon system is largely
dependent on the degree to which the VOC is allowed to “break through” the carbon bed (i.e., the
carbon is completely or nearly completely deactivated). If the outlet of the carbon bed(s) is -
monitored continuously, breakthrough can be avoided by switching beds or replacmg carbon. In
this case, adsorptlon efficiencies above 95 percent can be marntamed

Advan_tagelergadvantages For hxgh-volume low-concentratron VOC streams, carbon
adsorptron has lower energy costs thani mcmeratron Carbon adsorptron canbeusedto =
preconcentrate styrene prior to incineration or recovery (see Section 4.2: 1. Reclamation of
styrene from carbon adsorption may not be feasrble or cost-effectlve, dependmg on chemical
purity requrrements for the. reclauned styrene. ;1 If reclaiméd styrene cannot be used, it might
require dlsposal asa hazardous liquid waste.. The most: hkely drsposal method would be
destructron ina thermal mcmerator desrgned for! hqmd waste orina permited industrial kiln
operatron The addmonal cost of transportatlon and destructlon of a hazardous hqurd waste
would need to be consrdered rn any economic! analysrs of carbon adsorptron and recovery

: \; R .o ) ‘ R

4122 Flurdrzed-Bed Carbon Adsorptlon '

VoM

Process Des crl t1 n‘ A ﬂurdrzed-bed carbon adsorption system uses styrene—contammg
exhaust gases to entrain or “fluidize”. activated-carbon particles. The activated carbon particles
are fluidized by a recrrculatlon fan - The rate of reclrculatron of the actlvated carbon partrcles can
be adjusted to handle a wrde variation in, VOC mlet loadmgs | B

MIAB (Molnbacka Industn AB of Sweden) has developed a-continuous duty fluidized-
bed carbon adsorptlon system, the MIAB C-D, in which VOCs are adsorbed then desorbedtoa
thermal oxrdrzer The desorbed VOCs are concentrated, therefore the. thermal oxidizerhasa .
lower flow rate than would otherwrse be necessary. The MIAB system is presented in the novel

technologres sectron (Sectlon 4, 2 1. 1) of thrs report

%

| s. No facrhtres in the United States currently use
ﬂurdlzed-bed carbon adsorptlon to eontrol emrssrons from FRP/C processes MIAB burlt a

months in 1994 at an OMC boat manufactunng plant in Ryd Sweden in’ 1994 The inlet and
outlet styrene concentratlons of che pilot study were 70 and 1.4 ppm, respectrvely, anda control
efficiency of 98 percent was achieved.

13
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4 l 23 Acttvated Carbon Filter Panels

Ergcgss Descgpttgg A carbon ﬁlter panel system uses an activated carbon filter panel
consisting of a standard pleated-fabnc dust filter that contains an inner layer of activated carbon
- granules. Normally, an activated carbon filter panel is placed within the return duct of a comfort
air conditioning system, where it gradually adsorbs odors from the recirculating condxtroned air.
In this application, the conditioned air makes several passes through the filter each hour. This
‘explains why the carbon filter panels are fashioned in the shape and size of standard air .
condmomng dust ﬁlters (Haberlem and Boyd 1995) S

The Glastic Corporatxon (South Euchd Ohro) mstalled a system consisting of 20 passive
filter housings mounted on the roof ofa bulldmg wheré compression’ moldmg, pultrusron, |
laminate productron resin rmxmg,},and bulk moldmg compound production were conducted.

Five of the housmgs (m plac ince February 1993) eachcontain 48 panels, 0.30 m x 0.61 m (1 ft

x2 ﬁ) in area, andO 15 md;(ﬁrm ‘ eep Each panel contams approxxmately 14 kg (30 lb) of -

that the ost is about $1 10/kg ($50/lb or $100 ,000/ton)
of VOC controlléd The company emphasrzed that the system is still under development, and
that they would not configure the system this way if they. were to hegm agam (plans are to
change out the throwaway, ﬁlters and collect from specrﬁc pomt source operatlons)

(LaFlam 1L993) e Fd |

“‘u\‘-n‘

icability to F sse The Glastlc facrlrty (Euchd, LOluo) and the ts.
Flberglass Product Inc (Mrddlebranch Ohto) are the only two FRP/C facility in the United »
States using activated carbon filter panels to control plant ermssrons Carbon ﬁlters could be
applied for low-concentratron, low-mass-ﬂow apphcattons :

) “ . ‘\;,AH”‘ N

; ‘ Carbon filter panels are typrcally used only for low-
mass—exmssron-rate processes, ) \cause the capacrty of the filtersdoés not allow prolonged
operation at hrgh—mass-emrssron rates. Glastic Corporatron uses|panels containing 14 kg (30 Ib)

of activated carbon, and the panels are replaced after weekly wexghmg mdlcates a werght gain of
morethans kg (7 lb) I R I D

fficiency. ‘ThemVOC control efﬁclency ofan actlvated carbon filter panel .
system depends pnrnanly on: (” ) ]the degree to which breakthrough of styrene through the filter
panels is al ; wed 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 a wide area. Similar to the fixed-bed carbon adsorption

14
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system, carbon filter panels have disadvantages, such-as potential for styrene polymerization and
unlikelihood of styrene recovery. Additionally, carbon filter panels, because of their limited
adsorption capacity before replacement, are not applicable to high-emission-rate processes..

" Costs per unit of styrene removed can be very high..

Costs. Glastic. Corporatlon reports a cost per unit of styrene removed of approximately
$110/kg ($50/1b or $100,000/ton) for throwaway carbon filter panels and approximately $20/kg
(89/1b or $18,000/ton) for regenerable filters. These cost estimates do not include capital and
labor costs. Annual filter costs for the fac111ty are on the order of $250,000 (LaFlam, 1993).

4.1.3 Condensation

Condensation (refrigeration) involves lowering the temperature of a VOC-laden exhaust
stream below the dewpoint (saturation temperature) of the VOC to be condensed. Figure 4-2
shows RTI-calculated low-temperanlre saturation concentrations for styrene in air at atmospheric
pressure. The values in the figure are based on styrene saturation data from two sources (CRC
Press, 1972, and Cooper and Alley, 1986).. This figure indicates that the saturation concentration
for styrene is 357 ppm at -23° C (-10° F), and 84 ppm at -40° C (-40° F).

Process Description. There are two types of refrigeration units: single-stage and multi-
stage units. Both types typically consist of a skid-mounted unit on steel beams, including a
walk-in weatherproof enclosure, air-cooled low-temperature-refrigeration machinery with dual
pump design, storage reservoir, control panel and instrumentation, vapor condenser, and piping.
Each unit has a system pump, plus a bypass pump to short-circuit the vapor condenser dunng no-
load condmons

Apphcab;h:y FR E[g; Ergcesses Condensation is not commonly used to treat styrene
emissions. However, an FRP/C facility (Premix, Inc., Ashtabula, Ohio) recently installed a

liquid-nitrogen condenser to recover styrene. Premix has several pultrusion lines and resin
storage and mixing tanks. The facility originally applied enclosure and nitrogen blanketing on
their resin tanks and process openings to confine styrene emissions. Recently, they decided to
vent the styrene-laden mtrogen to a condenser, which uses liquid nitrogen to remove styrene.

. This FRP/C facility is currently conductmg a study to examine the styrene reuse issue. Since the
facility already has a nitrogen source on site, the additional cost for the condenser is less than that
for other emission control systems (Bonner, 1995).

, For condensation to be a viable control technology for open molding processes,
concentrations in exhaust streams at FRP/C facilities would need to be raised considerably from
their current typical values of below 100 ppm. :

: Standard Operating Conditions. Smgle—stage refrigeration units typically achieve
temperatures between 4° and -29° C (40° and -20° F), although some of them can reach -51° C

(-60° F). Multistage units typically operate between -23° and -73° C (-10° and -100° F)
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(Vatavuk, 1995). For the purposes of this evaluation, it will be assumed that single-stage units
operate at -23° C (-10° F) andmultista‘ge units operate at -40° C (-40° F ).

Control Efficiency. Condensation control efﬁclency is dependent on the operating
temperature of the condensation system, the vapor-saturation curve for styrene and the inlet
styrene concentration to the refngeratxon system.

: Flgure 4-3 depicts RTI-calquated styrene-removal efficiencies for various styrene inlet
concentrations, for a single-stage unit operating at -23° C (-10° F) (saturation concentration of
357 ppm) and a multistage unit operating at -40° C (-40° F) (saturation concentration of
84 ppm). Styrene removal efficiencies are calculated relative to the saturation concentrations at
-23° C (-10° F) and -40° C (-40° F), respectively. For example; the calculated removal
efficiency for a single-stage condenser operating with an inlet ooncentratlon of 500 ppm would
be [(500—357)/ 500]x100 =28.6 percent.

A_dvgntaggg/Dlsgdvmtaggs Condensatlon has an advantage relative to oxidation in that
no additional air pollutants (e.g ‘carbon dioxide and nitrogen oxides) are generated. The styrene
recovered from a styrene condenser may not be reusable. Condensation is not an economically
feasible alterna’uve at styrene exhaust concentrations currently found at most FRP/C facilities
(i.e., below approxnnately 100 ppm). :

Costs. Capltal and operatmg cost data are presented in Appendix A and the spreadsheet
cost model is presented in Appendix B.

4.2 Novel Technologies

Novel technologies are technologies that have been applied in the last decade to treat
low-concentration emissions. These technologies have been installed in European and Japanese
FRP/C or boat building facilities to treat styrene emissions or in the United States to treat paint
booth emissions or organic vapor from soil remediation. One of the novel technologies
incorporates adsorption and desorption for subsequent recovery or oxidation in a hybrid design.
In this case, the adsorption unit acts as a preconcentration stage, which creates a smaller exhaust
flow at a higher concentration for subsequent recovery or oxidation. This hybrid technology is
described in Section 4.2.1. Section 4.2.2 addresses biofiltration technology, and Section 4.2.3
presents an ultraviolet llght/actlvated oxygen (UV/AO) technology.

421 Preconcentratmn/Recovety/Oxtdatton Hybrid Systems
* Technical informaiion collected from various vendors for four hybrid systems is

presented in this section. These systems are MIAB, Thermatrix PADRE, Polyad, rotary
concentrator, and fluidized-bed preconcentration systems.
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4.2.1.1 MIAB System

MIAB (Molnbacka Industri, AB, of Sweden) manufactures fixed-bed (MIAB F-D) and
continuous duty fluidized-bed (MIAB C-D) carbon adsorption systems to preconcentrate VOC
emissions and the VOCs are desorbed for recovery or oxidation. The manufacturer’s
representative for MIAB, Setco, Inc. (aneapohs MN), lists two European applications for
MIAB fixed-bed carbon adsorption systems on styrene. The first application was at the Ursvik’
AB facility (a hand layup operation) in Kinna, Sweden, installed in 1991. The second
application was at the Borealis Industrier AB facility (an SMC production), installed in 1992,
also in Sweden. Characteristics of these two fixed-bed applications are summarized in Table 4-2.

1

Table 4-2. MIAB leed-Bed Carbon Adsorption Appllcatlons in Sweden for Styrene
‘ Removal (Source Sundberg, 1995) L ‘

" Borealis Industrier AB, . Ursvik AB; Kinna, Sweden
Sweden
Type of MIAB Unit - . MIABF-D .  MIABF-R |
: . (Fixed carbon bed,. - ({Fixed carbon bed, desorbed.
cataiytlc oxidizer styrene condensed for
‘ destructmn) . ~ recovery) .
Date installed 1.992 o 1991
Reported Operatibnal Parameters
Flow rate (m3/min [cfm]) . 651 {23,000) 510 {18,000}
Daily operation {hours) Continuous | 9 )
Inlet relative humidity (%) 50 - 90 50 - 90
Inlet styrene concentration (ppm) 26 30
Control efficiency, guaranteed (%) 90 90
Control efficiency, measured ~(%) 96 93
Carbon life 2 years Origihal carbon

Reported Equipment Cost-and Power Requirements

Capital cost, U.S. dollars 248,000 © 193,000
Main fan, kW | 38 24

Strip air fan, kW 1 1
Startup heater, kW } : 40 | 40

Total electric cdsts., kWh/8 houré ‘ 480 320
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Figure 4-4 shows the diagrams of MIAB F-D (fixed-bed) and MIAB C-D (contmuous duty
fluidized-bed) carbon adsorptlon systems.

S@dgd Operating Qg_ndltlgn The MIAB fluidized-bed carbon adsorptron system is
designed so that the catalytic oxidizer operates autothermally when used with catalytic oxidation.

The concentration ratio (ratio between the adsorbed and desorbed streams) is typrcally

- approximately 1 to 10.

antrol Eﬂxcxency MIAB of Sweden. fabncated and operated a MIAB C-D pllot-scale
unit (approximately 28 m’/min {1,000 efm]) for approximately 3 months. Tests were conducted
on the MIAB C-D pilot-scale unit at the OMC-Sweden facility in Ryd, Sweden, inlate 1994 and
early 1995. Flow rate and inlet and outlet concentration measurements were made after 5 days,
35 days, and 65 days-of operation. - Concentratlon measurements were made with a
photoionization detector. The average flow rate was 1,690 m*h (994 cfm). The average inlet
and outlet styrene concentratlons were 69 ppm and 0.9 ppm, respectlvely, yleldlng a calculated
average collectlon efﬁclencyw 6£98.7° percent (MIAB 1995)

Advantagestrs_advant_gg es. A stated advantage of the MIAB-C-D system is that the use
of a fluidized-bed adsorber accommodates a wrde““ an ge of inlet styrene concentrations compared
to fixed-bed systems:: The MIAB preconcentration systems can be expected to have many of the
same advantages and’ drsadvantages of other carbon adsorptlon systems, except that after 3 to 4
years of operation in Sweden, the MIAB systems have nlot experienced styrene polymenzatron
problems.

Costs. Capital and operatrng cost data are presented in Appendix A and the spreadsheet
cost model is presented in Appendix B.

4.2.1.2 Thermatrix PADRE® System

Thermatrix, Inc. manufactures an on-site, self-regenerable adsorbent system called
PADRE that removes and recovers solvents from air streams. Purus Inc. (in San Jose,
California) first introduced the technology, but the technology-is currently marketed by
Thermatrix, Inc. (Mechanicsburg, PA).

Process Description. The PADRE system is based on adsorption. The system is small
relative to typical exhaust flows in the FRP/C industry, with the largest current installation
handling around 198 m*min (7,000 cfm). The technology uses fixed beds, with one adsorber
on-line while the other is either desorbing or on standby. Vacuum, nitrogen, and temperature
(180° C [356° F]) are used to achieve the desorption. The exact "recipe" depends onthe
compounds being treated. The PADRE system can use four different types of adsorbents -
provided by Rohm & Haas and Dow Chemical Company. A two-stage condenser is used to
recover the desorbed VOC as a liquid. In a few cases, PADRE customers are routing the offgas
to an oxidizer. Figure 4-5 is a diagram of the Thermatrix adsorption system.
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Incinerator

Adsorption Filter
2]
-
Heat Exchanger
Stariup Heater
Catalytic Burner
=
v (4]
Diagram MIAB F-D
: | KRS Incinerator
- Adsorption Fitter . ..
- Desorption Unit:
Catalytic Burner
Startup Heater

Heat Exchanger

Diagram MIAB F-D

Figure 4-4. Diagrams of the MIAB F-D (fixed-bed) and MIAB C-D
- (continuous fluidized-bed) carbon adsorption systems.
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| rati The ADRE system is most commonly applied to -
‘processes mvolvmg low flows (less than 198 m*/min [7,000 cfm]) and low concentratrons The
system is typically used for control of chlonnated hydrocarbons ’ ‘

Control Efficiency. Thennatnx s predecessor Purus has performed two pilot tests
evaluating styrene removal for the PADRE system. The first test was for a composite - :
manufacturing facility on a slipstream 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 volatiles and water vapor from a stnpper operatmg on styrene-containing wastewater
(LaFlam, 1995a) :

Ap] h -abilit es. There are no commercxal mstallatrons of the PADRE
system for control of styrene frorn FRP/C processes, but there are approxrmately S50U.S.:
rnstallatrons on non-FRP/C' processes. Most of these mstallattons are for remediation.
technologres/processes (e.g.; chlorinated solvents) at Superfund srtes but PADRE systems are
also begmnmg to have other mdustnal apphcatrons o y

“The pilot study conducted fora composrte manufacturing facility showed no drop in
adsorption capacity over an unspecified desroption cycles. However, the recovered product was
slightly off-color (due to water). A second recovery step is likely to be needed before the
recovered styrene can, be reused ‘The ability to reuse the recovered styrene is still in question.
The applrcablhty of the PADRE system will be determined by the usefulness and cost
effectiveness of recovered styrene In the second pilot study, the adsorbent in the PADRE
system lost capacrty after rtwo desorption cycles (LaF lam, l995a) Therefore an
adsorbent must be‘ tested ally for styrene, when the PADRE system is to be consrdered
for styrene remo a1 . ;

] e Umted States, and typlcal Thermatnx PADRE mstallatrons are
typrcal F RP/C faclhty exhausts.

42.1.3 Polyad“‘ Syster‘fl?»f .

The Polyad system is manufactured by Chematur Engmeenng AB/W eatherly Inc.
(Atlanta, Georgia).

_rggeg_s_QeL_m;gn There are two types of systems: Polyad preconcentration system.
followed by oxidation, and Polyad-solvent recovery system. Both systems pull VOC-laden air
through a ﬂurdrzed-bed adsorber The adsorber consrsts of four to six fluidized beds with
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polymeric adsorbents (i.e., Bonopore™ 1120, Dowex Optipore® 493). Regenerated adsorbent is
-continuously fed to the top bed. The VOC-laden air passes countercurrently through the.
-adsorber. The polymeric adsorbent adsorbs the VOCs (styrene): Polymeric adsorbent (loaded
“ with VOCs) is transferred from the bottom of the adsorber to the desorption unit. Treated air,
free of VOCs passes through the adsorber fan and is released to the atmosphere vra ‘the stack.

| The VOC laden polymerre adsorbent 1s eontmuously regenerated in elther a fluidized-
.. bed desorber or a movmg-bed desorber. Desorptron occurs at elevated temperatures (up to 149°
C [300° F]). In the precoricentration system, fresh air is heated by the oxidizer flue gases before
the desorption air enters the fluidized-bed desorber; steam is used as the heating medjum in the
moving-bed desorber. The small air stream,. .containing high concentrations of VOCs (styrene),
leaves the fluidized-bed desorber and enters.an oxidizer. Fora preconcentration system treating
345 m*/min (12 500 cfm) ofi ihcoming stream the, flow rate to the oxidizer is around 14 m*/min
(500 cfm) (LaFlam l995a) A concentratxon factor of 25 is-achieved in the Polyad system rIIl
the catalytrc bxxdrzer the' VOCs ar : ‘onverted (oxrdlzed) to carbon dioxide and water b
VOCs are used as' the major fuel source for oxxdatron (numnuzmg the total energy’ consumptlon).
The movmg~bed desorber is mtegrated with a condenser system to be able to eondense and
recover the VOCs : N

R S

A dragram of the Polyad“system w1th an oxrdmon unit is shown in Frgure 4—6 )
Polyad recovery system is sumlar‘ o the system shown, except that recovery condensor s
substituted for the: oxxdatlonum ‘ R

cability to FRP/C Processes. A, Polyad preeoncentratro oxidation system was
installed at an' Amencan Standard facility in Salem, Ohio, in February 1 he An '
Standard fac1hty makes several products, mcludxng FRP bathtubs. The Polyad system at
American Standard has a total inlet flow rate of approximately 963 : ‘
treats several exhanst streams from the FRP operations, as shown:is

§tandgg Qpergtmg g;gndmg ns. The ratro of ﬂow rate (1 e coneentratron) between inlet

and outlet of the fluidized-bed  preconcentration, system is designedio \iease-by-case basis.
However, for the A&nencan Staidard (Salem, Ohio) plant the inlet: rate is approximately -
991 m*/min (35,000 scfm) and the (desorbed) flow. rate to the oxidizeris approx1mately |

48 m’/min (1,700 acfm), at a temperature of 93° C (200° F) (Ross-Bam 1996) o

Control Efficiency. Control efficiency of'a Polyad solvent recovery system was
measured by the EPA during a pllot test conducted on the exhaust (approxrmately 5.6 m*/min
[200 cfm]) of a gel coat spray booth at the Eljer fiberglass bath fixture facility in Wilson, North
Carolina, during November 1992. At that time, only the solvent recovery system was available
for the pilot test. Results of 3 days of testing indicated an average VOC capture efficiency of
94.18 percent thh collectron efﬁcrency increasing dunng each day of testing (average collection
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Table 4-3. Processes Treated by the Polyad Control-Systemn at the American Standard Facility in
Salem, Ohio {Source: Ross-Bain, 1996)

Gel coat and resin sprayup Spray booth #1 {new}~ 680 (24,000) -
Accelerated curing. 57 - (2,000)
Resin mixing 28 (1,000}

963 (34,000)

ne: Removal (Source: ﬁénielsson, 1995)

R

Table 4-4. Polyad Apblicati‘pns n

Facility‘name and Ai;‘r:‘ﬂo‘w Siyrene rq@overy or Inlet " Reported  Start-
location ~ (m%min, preconcentration concentration  efficiency up date
{acfm]) - {ppm)_ (%)

IFO Sanitar AB 354 Recovery / 92 90/ 1989/
Bromélia, Sweden {12,500] Preconcentration® .97 1993*
Beton und Kunstoff 416"~ FRecovery =~ 46-92° = 98 1990
Industrie Schlinsog (14,7001 = - ‘ .

GmbH & Co., SRR

KGLauterbach/ SR IRt

Alimenrod, Germany

Hoesch, Metall + 1,000 | . Recovery | ‘ Not > 90 1992
Kunstoffwerke GmbH & [35,300] . reported

Co. o

Diiren, Germany , ‘ ‘

Norfrig A/S 912 . ,f_i‘ecovery ! Not > 80/ 1992/
Hvam/Kjellerup, [32,400] - Preconcentration® . reported Not 19952
Denmark R K : S 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 was 92.63 percent the first day, 94.41 percent the second day, and 95.42 percent the
third day). Collection efficiency was highest during periods of gel coat spraying (when inlet
concentration was above 63 ppm) (Felix et al., 1993). Weatherly Incorporated indicated that a
preconcentration system is now available for pilot studies, and its collection efficiency is higher
than that of the solvent recovery system (Ross-Bain, 1996).

Advantages/Disadvantages. The Polyad system, as with other preconcentration systems,
reduces the flow rate requirement for the oxidizer or VOC recovery device. This can reduce total
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annualized costs per unit of styrene removed, as compared to straight thermal or catalytic
oxidation. The Polyad system is most economically attractive for 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 system for styrene removal.

Costs. Capital and operating cost data are presented in Appendlx A and the spreadsheet
cost model is presented in Appendix B. :

4.2.1.4 Rotary Concentrator System

Process Description. In a rotary concentrator system, styrene-containing exhaust gases
are filtered first to remove particulate matter (for long-term protection of adsorbent), then pulled .
through a large, rotating honeycomb wheel. The honeycomb is impregnated with either activated
~ carbon or a specialized zeolite adsorbent. The wheel turns slowly while styrene in the exhaust
gas is adsorbed. A small sector of the wheel is isolated from the exhaust stream, then a low
volume of hot air is passed through this sector, desorbing the styrene to a higher concentration.
This small, concentrated stream is normally conducted to an incinerator for destruction. Figure
'4-7 shows a rotating-wheel design and Figure 4-8 shows a cylinder-type design of thé rotary
concentrator systems. Figure 4-9 shows the process dxagram of a combmed rotary concentrator
and oxidation system ' : .

Appl@@hiﬂiﬂmm There are no known apphcatlons of rotary
concentrator systems on FRP/C processes in the United States. However, Daikin of' Japan A

supplies carbon-based honeycomb rotary concentrators, which are used to control emissions from
plants’ manufactxmng hot tubs, shower stalls, etc. in Japan. There are mne apphcatlons installed
in Japan. The first installation was in 1984. The concentrated vapor. streams from these rotary
concentrators are sent to catalyuc oxidizers for on-site destruction (Sekrguchx 1996). There are
at least two zeolite concentrating rotor installations for styrene emissions control at styrene-
butadiene synthetrc rubber plants in Europe (Haberlein and Boyd 1995).

b
! "“;":‘ g

. Styrene-laden air at ambient temperature first passes -
through a filter to remove pamculate matter then enters the honeycomb rotary concentrator. The
honeycomb rotor travels 2 t0 6 revolutrons per hour. Styrene adsorbed on the rotary concentrator
is desorbed by heated air at 5 t0 25 percent of the original flow rate. The temperature of the
desorbing gas ranges from 66° to 120°-C (150° to 250° F) for activated carbon and could be as
high as 177° C (350° F) for zeolite. The styrene-concentrated gas stream is then subject to
thermal or catalytlc oxidation.. The Durr pilot study at Navistar International Transportation did
not observe progressive polym“ 4 ization of styrene on the surface of either carbon or zeolite
adsorbents over the month—long studies (Gupta, 1996).

Control Efficiency. The styrene removal efficiencies for three Daikin rotary
concentrators in Japan range from 96.9 to 99.4 percent. For example, the inlet and outlet styrene
concentrations of a rotary concentrator were 238 and 2.1 ppm, respectively. The styrene
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concentration in the desorbed stream to the catalytic oxidizer was 1,160 ppm. At that
concentration, the catalytic oxidizer was self-sustaining. This implies that the concentration
increased or the exhaust flow rate was reduced by a factor 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 determine the
feasibility of activated carbon and zeolite rotary concentrators for reducing styrene emissions
from SMC production. A split stream of 5.7 m*/min (200 cfm) was taken from the SMC exhaust
for the pilot study. The Durr pilot study showed that the styrene removal efficiency for the
zeolite rotor was 97 percent over a month-long study. . The average inlet and outlet styrene
concentrations of the zeolite rotor were 137 and 4.3 ppm, respectively. The styrene removal
efficiency for the activated carbon rotary concentrator was 98 percent with an average inlet
styrene concentration of 136 ppm and outlet concentration of 2.4 ppm: (Gupta, 1996). A
concentration factor of 10 was used in the Durr pilot study, whlch implies that the desorbing flow
rate is 10 percent of the incoming' ﬂow rate. \

gvantageszglsadvantaggs Rotary concentrators can reduce the exhaust stream and
increase its concentration for subsequent destruct:on The eoncentratlon factor is determined
from the inlet and desorbing concentrations. For safety reason, the desorbing concentration is
limited to 25 percent of the LEL, that is, 2,500 ppm. Typlcally, a rotary concentrator can reduce
the exhaust flow rate to 5 to 25 percent of the original exhaust flow (i.e., a concentration factor of
4 to 20). Consequently, capital and operatmg costs for an add-on emission control device can be
reduced significantly. A concentrated Stream reduces or ehmmates the auxxhary fuel required to
operate an incinerator, resultmg ina decrease in operatmg cost and related emissions.of carbon
and nitrogen oxides. Regeneranve and récuperative thermal ox1datlon and eatalyne oxidation
units are typically used~ for final destruction. Selection f ‘ a destructlon unit is based on the
expected life of operation, required destruction efficiency, and operating cost.

Costs. Capital and operatmg cost data are presented in Appendix A and the spreadsheet
cost model is presented in Appendix B.

4.2.1.5 Fluidized-Bed Preconcentration System

Process Description. The fluidized-bed preconcentration system applies newly

_ developed spherical adsorption materials in a fluidized-bed adsorption unit and followed by
either a fluidized-bed or moving-bed desorption unit. This system is particularly useful in large
air flow and low VOC concentration applications. Theoretically, a high concentration factor or
volume reduction ratio, as high as 800-1,000 to 1, can be achieved for odor control apphcatlon
when the inlet loading is in the few-ppm range.

The basic fluidized-bed preconcentration system consists of the following general
sections: adsorber, desorber, condenser or oxidizer, process fan, media transfer blower, and
plumbing for VOCs recovered from condenser. Figure 4-10 shows a flow diagram of the
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Concentrated
.~ VOCs '

~ Oxidizer

. Influent Gas
Blower

Figure 4-10, Flow diagram of the REECO/EC&C ﬂmdlzed-bed preconcentrator
-system with an oxidizer.
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REECO/EC&C fluidized-bed preconcentrator system with an oxidizer (Biedell and Cowles,.
1996). The adsorber vessel consists of a series of perforated trays. Process gas enters the vessel
in the bottom section and is directed upward through the trays. The VOCs in the process gas are
adsorbed by a beaded carbonaceous adsorbent (BCA) medium. The regenerated BCA medium
constantly enters the top of the adsorber, providing countercurrent VOC removal. The spent
BCA medium is transferred to the desorber by an airlift blower. ' -

The desorber section could be a smaller fluidized-bed similar to the adsorber. The ratio
of adsorber and desorber sizes can be designed to achieve the desired concentration factor of the
desorbate. The flow diagram incorporates a small oxidizer for final treatment. The flue gas
provides the energy for desorption: As the BCA medium is heated, a very small volume of inert
carrier gas flows through the desorber and carries the desorbate out of the desorber. Auxiliary air
is added in sufficient quantity to oxidize the VOC in inert gas stream. The design allows for very
small desorbate volume and makes the subsequent oxidation very economical. ==

The system has both condensation and oxidation options: The high-concentratio/low-
volume offgas can be directed to either postireatment device. For the condensation option, the
unit has a separater/decanter to separate VOCs and water. The VOC is then pumped to the
storage vessel. If an oxidation unit is used, the size of the oxidizer can be determined from the
concentration and flow rate of the offgas. . L ’

Ammmmm There are nokn0wn”'af‘ppliq}:a‘tio¥tfs of a fluidized-bed 4

preconcentration system on FRP/C processes in 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 halogenated solvents, methyl ethy] ketone

(MEK), and other similar compounds. : :

o

perating Conditions. The system is suitable for treatinig diluted vocC.
emissions at ambient temperatureand at 35 to 50 percent relative humidity. For the oxidation
option, the desorbing gas, air, is heated to 177° C (350° F) to strip VOCs from the BCA medium
in the desorber. For the condénsation option, an electric heater is used to raise the temperature of
the BCA medium in the desorber, then nitrogen is blown to remove VOCs from the BCA o
medium for subsequent condensation. According to the vendor, there is very little pressure drop
in the adsorber and the BCA medium has good resistance to attrition (less than 2 percent per
year). The vendor also claims that simplicity of design and few moving parts provide easy, low
maintenance and high reliable operation. e A L A

4
Coh

TR
.

experience has shown that general efficienciesin the range
for most VOCs (Merboth, 1996). However, cont‘r‘;()l
 not been demonstrated. :‘ | e

¢

g ,v\‘w‘ REN ]

1,

Advantages/Disadvan ages . ""I‘hé“ﬂuidized-bed preconcentration system offers a high

concentration factor for dilﬁted VOC emissions (e.g., odor control). The fluidized-bed adsorber
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design has a lower pressure drop and results in lower energy consumptron than a ﬁxed-bed

L adsorber. The fluidized-bed system uses less adsorbent than a fixed bed adsorber; therefore, rt
*’iminimizes equipment size and weight. The concentration factor is determined by the inlet

“concentration and desorbing concentration. For safety reasons, the allowable concentration in
the desorbing stream should not exceed 25 percent of the LEL. In the case of styrene emissions,
25 percent of the LEL is 2,500 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.
thher when the condensatton optton is used and the VOC is recovered as lxquld

Costg Capltal and operatmg cost data are presented in Appendlx A and the spreadsheet
s['is presented m‘Appendrx B PR g ‘

422 Bioj*‘l‘tra*rib&

Biofiltration is a biologically based treatment technology. It uses mrcroorgamsms ina
filter mediuin ‘orgamc compound emissions in an air stream. - Air emissions contammg
brodegradable constltuents pass through a biologically active medium. The microorganisms
degrade the org‘k _ﬂ"c constituents in the air stream to essentially carbon dioxide and water.
Biofiltration has been used for many years in Europe, Japan, and the United States for odor
control, but the use of biofiltration to degrade more comiplex air emissions from chemical plants
has occurred only wrthm the past few years Descnptlons for two types of biofilter systems are
presented here o o : :

422.1 Bloﬁltratron System “

P_r_'gc_es_s__e_sqnp__rgn First, contaminated air enters a precondmomng unit, where the
temperature, moisture level, and particulate matter of the gas are adjusted as needed. The air is
then evenly dlstnbuted and passed once through a packed bed. The biofilter contains packing
that houses | mlcroorgamsms (Figure 4-11). A moist film of mrcroorgamsms is attached to a
stationary synthetrc or natural packing material such as peat, compost leaves, wood bark, and/or
soil. The biofilter can' be optnmzed for moisture and nutrient levels, pH control, pressure drop,
and adsorptrvrty Within the packed bed, contaminates pass from the air into the biomass, where.
they are blologrcally destroyed Instrumentation and process controls are provrded as needed

‘ _Conditions. Broﬁlter systems for VOC control are strongly affected
by the choice of the attachment medium for microorganisms. Ideal attachment media are
characterized by a hxgh specrfic surface area, minimal backpresmre, and a'suitable surface for the
attachment of xmcroorgamsms ‘Biofilter media are mainly of two types (1) a fiatural orgame
medium composed of peat, compost leaves, wood bark, and/or soil, or (2) an inert synthetlc

medium. However, a combination of both types is sometxmes used o
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Clean Gas

1

Contaminated Air

Biofilter

Figure 4-11. Schematic of an open single-bed biofilter system.
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Flow rate, humidity, pH, pressure drop, temperature, growth of biomass, and bacteria
count are critical operating parameters for biofiltration systems. Depending on design
specifications, units may be equipped to continuously measure some of these parameters. For
example; the AMT biofiltration system at Fiberform AB maintains a pH range of 510 7, and the
pressure drop ranges from 1 ,000 to 2 000 Pa (0. 145 to 0.29 psia).

mgﬁﬁgm Mr. Munters of AMT (Munters 1995) describes bxoﬁltranon as -
“nature’s own way of cleaning VOCs and odors”™ with obtainable control efficiency as high as 99
percent. Accordmg to Mr. Munters, some fac111t1es do not measure removal efficiency; however,
a Swedish company, Fiberform AB, has an 1ntegrated biofilter/heat exchange system designed to
5 rcent styrene reductxon ina 284 m*/min (10,000 cfm) stream. The system
was mstalled in \1}3, 91, and the company has not experienced any problems with the system.

In fac;'hnes that do not measure removal efficiency, Mr. Munters said “one can smell the
emitted VOC. when; the biofilter is not working properly’ He also added that often flame
ionization detec (F ID) are ‘used to measure emissions, and, when moisture content, pH, and
total mlcroorgamsmS are momtored additional momtonng Ais not necessary. He stated that
controlling the humidity i is 1mportant for preventmg channelmg AMT’s systems come equipped
with a computer—operated moisture controller Although styrene has low solubility in water,
according to Mr. Munters, the biomass is porous and. acts as a molecular sieve. - '

Applicability to FRP/C Processes. A Swedish company, Fiberform AB, that

manufactures fiberglass hard tops for trucks and other parts, uses an AMT biofiltration system
that was installed in 1991 to treat styrene emissions. The biofiltration system is an integrated
‘prefabricated concrete structure with a ﬁlter bed area of 139 m? (1,500 ft?). It treats an air flow
of 283 m*/min (10, OOO cfm). Fiberform AB operates 8 hours per day and is closed for a 2-week
vacation annually. The system is designed to achieve 80 to 85 percent styrene reductions.
Moisture content and total microorganisums are. monitored periodically. Fiberform AB has not
experienced any prnblems with this system. | »

Dr. P. Togna with Envirogen told RTI (Togna, 1995) that information on the European
biofiltration systems for styrene treatment has been shared mainly through conversation and not
through published information. Although biofiltration is a proven technology that is widely used
in Europe, Dr. Togna said that he had not read or seen many published papers or articles
discussing styrene treatment. By personal communication, he has learned that several European
biofiltration systems have observed decreased removal efficiency after 4 to 5 months when
treating styrene. Researchers hypothesize that the decreased efficiency is attributed to buildup of
an acid byproduct (Togna, 1995).

A Dutch research group, TNO, has developed a biofilter system to alleviate this
problem. TNO is investigating the longevity of the system through a long-term bench- and pilot-
scale styrene study. Envirogen and a Dutch company have a joint venture called CVT America.
CVT America has potential access to license TNO’s technology through a sister company called
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CVT Bioway. (CVT Bioway is a separate company from CVT America.) TNO is performing
their field-pilot styrene project with CVT Bioway in the Netherlands. The TNO system has been
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 Biotrickling Filter System

Process Description. Contaminated air enters the biotrickling filter (Figure 4-12) and
flows concurrently with recirculating water downward through a column filled with packing
material. Microorganisms grow as a biofilm on the packing material and destroy the
contaminants as they pass through the system. Biotrickling filters that employ synthetic, .
inorganic media (e.g., a monolithic channelized medium and a pelletized ceramic medium) yield
more uniform gas distribution and biological contact than those that do not. These characteristics
result in more consistent operation due to better overall pressure drop control and better nutrient
and pH control. Superior performance was obtained with effluent recycle, which controlled pH
and provided microbe reseeding. The recirculation water allows for optimal control of pH,
nutrient levels, and biofilm thickness. Biotrickling filter systems can be supplied in standard or
semi-custom sizes, with instrumentation and control packages provided as needed

Control Efficiency. Envn'ogen has developed a bxotncklmg system for treatment of
styrene to overcome the acid buildup problem. Envirogen’s biotrickling filter system has not
‘been proven in the field. However, a system has been designed to treat an air stream at a
chemical manufacturing faclhty that emits styrene. The styrene-contaminated air comes from
sequencing batch reactors at the facility’s wastewater treatment system.. The flow rate of the air
stream is approximately 40 m*/min (1,400 cfm) with a styrene concentration of about 150 ppmyv.
Because of customer constraints, Envxrogen was not required to guarantee the removal efficiency
of the system. However, the operating conditions of the system, such as pH and biomass growth
control, are guaranteed. A removal efficiency of 50 percent is sufﬁment to meet the goals of the
customer, but a removal efficiency of 90 percent is expected (Togna,x 1995).

Advantages/Disadvantages. Bloﬁltratlon and blotncklmg systems have several
differences. Biotrickling systems typically contain packing that is a structured or randomly
packed synthetic material designed not to plug. Liquid is constantly recirculated over packing
material in a biotrickling filter system, and fresh makeup water and nutrients are added as
needed. Acid intermediates are washed away continuously. Packing in a biofiltration system is
typically organic matter, such as compost and/or wood chips, that may swell and/or compact over
time. Biofiltration systems typically operate at a moisture content of 50 percent (slightly more or
less depending upon the application), without a liquid recirculation loop. Overall, biotrickling
filter systems can handle higher concentration loadings than biofilter systems (Togna, 1992).

Although styrene has low solubility in water, Dr. Togna said that a driving force for
styrene transfer into the water/biofilm phase is always present due to microbial degradation of
styrene. The biological matter on the packing material adsorbs and degrades the styrene.
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Polymerization should not be a problem, even if some carbon is added to the packing material as
aload buffer. Styrene concentration should be low enough, and microbial activity fast enough,

- for degradation effects to take place before polymerization is likely to begin. However, Dr.

- Togna has not seen any reports confirming his hypothesis (Togna, 1995).

- When asked to explain why biofiltration was popular in Europe, Dr. Togna stated that

| people live closer together in Europe and that odor control is an issue. Biofiltration was first

~designed to ellmmate that problem. Because energy -- natural gas and oil -- is more expensive in
Europe compared to the United States, biofiltration was accepted over incineration as the most
viable odor treatment option. Europeans then found that biofiltration could also be used for
VOC applications in response to Europe’s strict envuonmental laws. Dr. Togna and others in the
biofiltration community believe that bloﬁltratxon systems that were not initially designed to
handle VOC applications are now experiencing decreased removal efficiency when used for
voC apphcatgons No studies were done initially to evaluate the longevity of these systems for
. VoC apphcanons Envu'ogen and its partner have since. done. research to address these issues
(Togna, 1995). : - ‘

42.3 UltravzoleﬂOxtdatwn Technology

| VM Technologxes Inc. (Lake Forest CA) and Terr-Aqua Envxro Systems, Inc
(Fontana, CA) both prov1de integrated ultravmlet/oxxdatmn technologles to destroy VOC
emissions. The VM system has been used for air, water, and wastewater treatment. Its modular
" design allows the system to handle exhaust flow rates from 1,400 't0 6,400 m*min (50,000 to
225,000 cfm). The Terr-Aqua system has been installed in several metal parts surface coating
operations to treat; a variety of VOCs. It was designed to handle exhaust' stream ﬂow rates
‘ranging from 57 to 3‘,400 m®/min (2, 000 t0 120, 000 cfm), .

Process Qgs cription. A basw schematlc of the ultravxolet/oxxdatlon system is shown in
Figure 4-13. The, system treats VOC emlssmnS from exhaust streams from paint spray booths,
' curing ovens, paint mixing rooms, solvent cleamng, pamt stripping facllmes The air treatment
process follows these steps: i :

b

1. Contaminated air is filtered to remove any particulate matter.

2. Once particulate matter are remov%d the VOCs are exposed to ultraviolet hght and
‘ ozone. This preomdanon step breaks down the VOCs.
3. The air stream is sprayed with a mist in a contact chamber or through a packed-bed

scrubber, and the VOCs are absorbed into the water. This contaminated water is
, subjected to more ozone in an agua reactor and is filtered to remove particulate matter.
4, The exhaust : air passes through carbon beds to remove any remaining VOCs.
The carbon is regenerated wuh ozone to destroy any VOCs adsorbed.

w

ngmdﬁm_@ Acceptable operating conditions for exhaust air streams -
treated with the ultraviolet/oxidation system are as follows (Shugarman, 1996): - -
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¢ Temperature range: -1° to 66° C (30° to 150° F)
‘. Relative humidity range: 0to 100 % ‘
e Flow rate: 28 to 28,320 m’/mm (1 000 to 1,000, 000+ cfm) (modular)

g;gm_l:gl Efficiency. Terr-Aqua clatms their system works well with mixtures of various

' ‘VOCs/HAPs, mcludmg chlorinated/fluorinated compounds and its system is typically guaranteed
to perform at a minimum of 95 percent control efficiency for many organic compounds
(Shugarman, 1996). The VM system’destroys and removes over 98 percent of VOCs (V 1szolay, .
1996). Photosensitive compounds, like those with benzene rings, begin to break down quickly in
the preoxidation ultraviolet phase while-other compounds are simply excited. ‘Soluble or-
miscible VOCs are captured and neutralized very readily in the water phase: aqua; reactor
However styrene does not have-a hxgh degree of solublhty in water (Stltt 1996) ”

Appllcgtlgn 19 RE/Q Processes. Both the VM and Terr-Aqua $ ultravxolet/ox1datlon
systems have been co mmercml for more than 10 years; however, both companies do not have -
any workmg tmit for FRP/C apphcatxons Terr-Aqua has a joint research dnd. development
agreement with the Apphed Research Laboratory of Penn State Umversxty for the: unvesttgatlon
development ‘and unplementatmn of technology nnprovements for ultravwlet/oxxdatxon ;s‘ystems
A fully mstrumental ptlot—scale ultravmlet/omdatlon system thas| been mstalled at! Penn S‘ ate.

The ultravmlet/oxxdatlon system has been tested at Penn State on. several compounds, mcludmg
ethyl benzene, (Styrene, 6r vinyl benzene is chenncally snmlar to ethylbenzene.) Testing of the
ultraviolet/oxidation system’s performance on ethylbenzene indicated virtually no alteration or
removal of ethyl benzene in the ultraviolet hght or activated oxygen'scrubber ; portions' of the
ultrav1olet/ox1datlon system All ethylbenzene removal achieved by the system occurred m the
carbon adsorption portlon of the system (Schnelder, 1996) TR

Advantages/D ;sgc_lvgntgggs An adva:ntage of heterogeneous photooatalysxs is 1ts
potential to purify air at amblent temperatm'e and pressure in the presence of 03 and H,0. The

technology also produces bemgn products C02 and water, from the complete photocatalytlc
oxidation of hydrocarbons. /The: d1sadvantages of ultraviolet/activated oxygen technology are
that it is more complex than other add-on emission control technologies evaluated, the UV light
and ozone generator reqmre routme‘mamtenance, and the ultrav1olet hght and actlvated oxygen

destructlon/removal ¢
Costs. Cost data ‘were *”'n’ot collected from the vendors.
4.3 Emerging Technologies
For many years, 1ncmerat10n, adsorption, absorption, and condensation have been the
control technologies avaxlable for in-process recovery and end-of-pipe control of orgamc vapor
emissions. Innovative optlons have been slow to show commercial viability and to gain industry

acceptance (Slmmons et al, 1994) Some emerging technologies have proven applications on air
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streams of specific manufacturing processes. Other emerging technologles are just begmnmg to
- be explored via field applications and pilot testing, after undergomg several years of laboratory
evaluations. Information on several of the available emerging technologies is provided here.
One of these new technologies is based on membranes that selectively allow permeation of
organic compounds in preference to air. Another is photocatalync ox1datxon, which takes place
at ambient temperatures inthe presence of ultravxolet hght :

4.3.1 Membrane Technology ‘M:f‘*‘

Membrane vapor recovery technology is based-on membranes that selectlvely permeate
organic compounds in. preference toair. The transformation of membrane separation from a
laboratory study to an industrial process was the development, in the early 1960s, of the Loeb-
Sourirajan process for making defect-free, high-flux, ultrathin membranes for reverse osmosis
(Baker and. Wumans, 1994) Membrane separation, developed over the past 10 years, is
begunnng to prove its< ommerc1a1 viability and is emerging as an alternative or complementary
recovery technologyfo:' sever dustnal apphcatlons (see Table 4-5), such as vent gas control

: oving effectlve at recovenng orgamc
vapors from concen ted gasr final vent. In addmon t‘hey“;_

1994)

Table 4-5. Selecte
Wumans, 1994) .

CFCs from‘ storage'tank filling =~ Sterilizer vent gas recovery
lndustna! chiller refngerant recoyery Vinyl chloride" from PVC mannféeture )
_HCFC- 123 from coatmg opera;' ‘_‘n .Solvents. from pharmaceutlcal process .

Aerosol mhaler propellant process Perfluorocarbon recovery U
CFC = Chiorofluoroc rbon,‘,.P‘VC\ Polyvmyl chlonde* ‘

L 4

' Many types of modules are used for membrane separations. The
dlagram shown in ‘Fxgure 4—14 represents a SImphstlc arrangement of only one of these options.
A selective barrier layer, the membrane, separates a feed and a retentate stream from a
downstream permeate stream (Koros, 1995).

Three membrane separation modules have been developed by several companies.
Membrane Technology and Research, Inc. (MTR), in Menlo Park, California, and Nitto Denki in
Japan use spiral-wound modules; GKSS Forshungszentrum Geesthacht GmbH (GKSS) in
Geesthacht-Terperhude Germany, and its licensees use plate-and-frame modules (Baker and
lemans 1994); Hoechst-Celanese Corporation has developed a hollow-fiber membrane
contactor (Fr‘eema_nv 1995; Prasad, 1995). Schematics of a spiral-wound, a plate-and-frame,
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Retentate

Permeate

Figure 4-14. Diagram of a simple membrane module.

and a hollow-fiber contactor are illustrated in Figure 4-15. Spiral-wound modules are compact.
Plate-and-frame systems are thought to offer advantages in flow distribution and reduce
permeate-side pressure drops. The hollow-fiber contactor de51gn has a high-membrane surface
area (Prasad, 1995).

A basic membrane system for organic emissions control consists of two steps: a
compression-condensation step followed by a membrane separation step. The compression-
‘condensation step is conventional. The membrane separation step is based on high-performance
composite membranes that are 10 to 100 times more permeable to organic compounds than to air
(Jacobs et al 1993)

A vapor-an' mixture is compressed to 3.1 x 10° to 1.4 x 10° N/m (45 to 200 psig). The
compressed mixture is sent to a condenser where it is cooled. Part of the organic vapor
condenses and is then directed to a solvent storage tank for recycling or reuse. The
noncondensed portion of the organic mixture enters the membrane modules and passes across the
surface of an organophilic membrane. The organophilic membrane separates the gas into two
streams, consisting of a permeate stream and a solvent-depleted stream. The permeate stream
contains most of the remaining solvent vapor for the condenser. The solvent-depleted stream, or
vent, is essentially stripped of the organic vapor. Permeate is drawn back into the inlet of the
compressor, and the solvent-depleted air stream is vented from the system. This two-step
process is illustrated in Flgure 4-16 (Jacobs et al., 1993).

Transport through the membranes is induced by maintaining the proper pressure
difference. Vapor pressure on the permeate side of the membrane must be lower than on the feed
side to provide the driving force for permeation. The pressure difference is obtained by :, -
compressing the feed stream of the membrane modules, as in Figure 4-16, or by using a vacuum
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Membrane

~VOCinAir . " Conderiser Modules Vent-

Liquid VOC . { :Permeate

Figure 4-16. Basic recycling system design using one membrane stage,
preceded by a compressor and a condenser.
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on the permeate side. Occasronally, a combmatlon of both techniques is used (Jacobs et al.,
1993).

The key element in the process is a composite membrane that selectively allows
permeation of organic compounds over air. Air and organic vapors permeate the membrane at
rates dependent upon their relative permeabilities and the pressure difference across the _
membrane ‘To achieve effective and eeonomlcal separation, the described membrane system
1llustrated in Frgure 4-16 must meet three requlrements ‘

1.  The membrane materials must have adequate selectivity to remove organic vapors from
air. : ‘

2. - These materials must be formed into hlgh-ﬂux, defect—ﬁ'ee membranes.

3. . These membranes must be formed into space—efﬁcxent low-cost membrane modules

(Jacobs«vet al 1993) ‘

Sgndard Qpegatmg Qgggg ions. A key consideration in achieving separation with a
membrane system is the selectivity of the membrane used. The composite membrane must

selectively allow permeation of organic compounds over air. However, operating conditions also
affect system performance. One of the most important operating parameters is the pressure ratio
across the membrane. The pressure ratio is the feed pressure divided by the permeate pressure.
To provide the driving force for permeation, partial vapor pressure on the permeate side of the
membrane must be lower than on the feed 51de | ‘:;z, ST

The second operatmg condmon that aﬁ'ects membrane system design is the degree of
separation required. The usual goal is to produce a residue stream essentially stripped of organic
vapor, while simultaneously producing a small, concentrated permeate stream from which
organic recovery is straightforward. These two requirements cannot be fully met simultaneously;
therefore, a tradeoff must be made between vapor removal from the feed gas and permeate
enrichment for the membrane system. The desig ign term used to deal with this tradeoff is stage
cut. Stage cut is the fraction of the total flow that permeates the membrane. It is equal to the
permeate flow rate divided by the feed flow rate, expressed as a percentage.

Because of limitations of membrane selectivity and achievable pressure ratio, it is often
impossible to separate two components adequately in one pass through a membrane system.
However, better separation can be achieved using a multistage system, a multistep system, or a
single membrane unit with a recycle system. In a multistage system, the permeate travels from
the first membrane separation unit to one or more additional membrane separation steps. Ina
multistep system, the residue from the first membrane separation unit travels to one or more
additional membrane separation steps. In a single membrane unit with a recycle system, the
permeate is combined 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. Because the
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membrane is 10 to 100 tlmes more permeable to organic vapor than arr a srgmﬁcant enrichment
of organic vapor on the permeate side of the membrane is achieved.” Depending on the system
design, between 90 and 99.99 percent of the organic vapor is removed from the feed stream by
the MTR process (Jacobs et al., 1993), :

.~ Using a vacuum and blower system mstead of the cornpressor—condenser system the
hollow-tube modular system used in the Hoechst-Celanese process ¢an achieve 50 to 90 percent
recovery for orgamc streams containing 1.5 to 3 percent organic by volume. The outlet stream
from the modules continues to another polishing step. ‘This entire process may produce a 99+
percent recovery dependent upon the membrane surface area, the flow rate of the inlet stream, the
pressure drop across the membrane, and the polishing steps (Prasad 1995)

~ Applicability to FRP/C Proggsggs Based on current. 1nfonnat10n, dlrect apphcatron of
membrane technology as a viable emission control approach is best suited for treating

- concentrated streams (greater than 1,000 ppm) (Simmons et al., 1994; McInnes, 1995). For
FRP/C processes, membrane technology could’ p0551b1y be used followlng a preconcentration
stage where the VOC concentration.is maximized and the total air flow-is minimized. The
usefulness of membrane technology as a.control technology will be judged by its cost
effectrveness, operatrons, and, reuSe of recovered styrene. Applications for membrane vapor
recovery technology for F RP/C processes have not been identified:: ++

Advantages/Disadvantages. The membrane separation process requires no desorption '
step, unlike carbon adsorption, and produces no secondary waste stream that needs further
treatment or disposal. The membrane vapor recovery process, which combines compression-
‘condensation with a membrane separatron step, allows for recovery at higher temperatures and
provides a constant recovery eﬁ‘icrency despite fluctuation in the feed stream conditions. This
combination of two individual recovery methods exploits the advantage of each method,
resulting in an optimized process that achieves better results, at higher efficrency, than can be
obtained from either method alone. However, the membrane vapor recovery process is not
efficient at high air flow rates and low inlet concentrations typically found in the FRP/C
processes. Even when styrene emrssrons from the FRP/C process are preconcentrated the
process may not be cost-effectrve to recover styrene, Also, the quallty of recovered styrene has
not been evaluated for reuse m resin: formulatron

Qgs_ Membrane system costs mcrease in propomon to the ﬂow rate of the inlet stream
to be treated but are relatively mdependent of the organic vapor concentration in the stream
(Simmons et al., 1994; Baker and Wijmans, 1994). In addition, costs vary from system to
system and are primarily detemnned by compression, vacuum, and prping requirements (Pinnau,
1995). Because of the current stage of development, cost data were not;‘requested from the
vendors. : - Do S

-

S S
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_‘4.3.2 Photocatalytic Oxidation

Heterogeneous photocatalysis is an emerging technology that can be used to treat VOCs
in air. It is an ambient temperature process in which the surface.of an illuminated semiconductor
acts as a chemical reaction catalyst. Peral and Ollis at North Carolina State University presented
research on the use of near-ultraviolet light to decompose VOC on a contmuously activated’. =
sermconductor oxide, T102 (Peral and Ollis, 1991, 1992) Their studies suggest that gas-sohd
photocatalysrs may have broad potentral for the destruction of a range of air contaminants at
room temperature They present a brief overview of previous work and more recent
expenmental results for the heterogeneous photocatalytic oxidation of trace level contaminant
* oXygenates: acetone, 1-butanol, _butyraldehyde, and formaldehyde in humidified air. Styrene
was not analyzed in this study. However, their studies show that the degradation of those
organics takes place over illuminated TiO,, presumably to COz Aw schematrc of the o
heterogeneous photocatalysrs system is shown in Frgure 4-17 A

tion. The oxrdauon reactlon takes place at ambrent temperature in the
t light ¢ n the 1Ilummated surface of some metal oxrdes such as TiO,, or

asa catalyst forthe'okrdatlon of VOC in air, (Peral and Olhs, 1991 1992)

: : ,_ Heterogeneous photocatalytic oxidation offers the
possibility of operatlon at a.mbrent temperature Usmg photocatalytic oxldatron to treat dilute
mixtures of toluene, Sauer etal. (1995) observed an increase of toluene conversion to 100
percent with the addition of chlorinated compounds, 1;1 ,3-trichloropropene (TCP) or L
perchloroethylene (PCE) Enhanced photocatalytic reaction rates have also been observed when
trichloroethylene (TCE) was added to air lightly contaminated wrth 1so-octane, methylene
chloride, or chloroform (Berman and Dong, 1993) ‘

Apparent quantum yrelds exceedrng 100 percent have often been measured for
photocatalytic oxrdatron of TCE. (Quantum yxeld is the measirement of the number of
molecules converted per photon adsorbed on areactive surface.) These high photon efficiencies
indicate that cham reactions occur on the TiO, surface (Sauer et al., 1995). Moisture also has
varying effects on the conversion rates of organic compounds. For example, trace water addition
enhanced the conversion of m-xylehe, but conversron was mh1b1ted when hrgher water levels
were added (Peral and OlIrs, 1992) . ' :

: Con t_rg Emc;engz The possrblhty of using photocatalytrc punﬁcatron to treat VOC-
laden air streams depends pnmanly dn identifying conditions in which the apparent quantum
yield for contaminant disappearance is near or above 100 percent. With feed stream levels of 10
to 20 percent toluene, Sauer et al. (1995) observed increased photocatalytic reaction rates for
treatment of dilute (10 to 750 mg:m*) mixtures of toluene and TCP.
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-. Figure 4-17. ‘Experimental heterogeneous photocatalysis system.




Applicability to FRP/C Processes. Documented information on the use of

heterogeneous catalysis technology for styrene control has not been published. However several
studies have been demonstrated to prove photocatalytic conversion of aromatic compounds
including toluene, m-xylene, and ethyl benzene (Ibusuki and Takeuchi, 1986; Peral and Ollis,
1992; Sauer et al., 1995; d’Hennezel and Ollis, 1995). .

Advantages/Disadvantages. According to process cost estimates by Miller and Fox
(1993), photocatalytic treatmenit of lightly contaminated air is connnerc1ally viable only for
conversions of high-quantum-yield reactants such as trichloroethylene or methanol/ethanol. In
addition, gas-solid photocatalytic oxidation of air contaminants has been proven for a broad
range of contaminant classes -- aromatics, ketones, aldehydes, alcohols, etc. However, quantum
yields for such conversion are often mediocre and may require the addition of chlorinated
compounds to improve quantum efficiency. All branched aromatic photocatalyzed degradation
rates are enhanced by TCE addition (d’Hennezel and Ollis, 1995) The final products observed
during photocatalytic oxidation of TCE were CO, and HCIl. However, no gas phase
intermediates were detected after photochemlcal degradatlon of aromatic compounds mixed with
TCE in the study done by d’Hennezel and Olhs (1995)

Costs. Miller and Fox dtscussed the ahzatlon prospects for photocatalytic air
treatment of several contaminated air streams nd Fox, 1993; Sauer et al., 1995). The
operating and capital costs for treatment of four contammated air streams were estimated. The
four contaminated air streams were: (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) a paint drying vent (10 ppm xylene, odors, plasticizers, surfactants).
Economic estimates of these processes suggest that photocatalytic treatment of TCE or
methanol/ethanol is cost-competmve for these two high-quantum-yield reactants (d’Hennezel
and Ollis, 1995; Sauer et al, 1995 Miller, and Fox 1993) However cost. estxmates for treatment
for styrene-conta.mmated air »streams were not mcluded
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Chapter 5
Contrei Costw Analyses

. The costs per unit of styrene removed were calculated for various control technologies
descnbed in thxs report. Calculating the cost per umt of styrene removed-is a two-step process:

1. Calculate total annualized cost of a control technology
2. Calculate amount of styrene removed by the control technology.

The amount of styrene removed by a control device is simply the product of the amount
of styrene entering the control device and the control device removal efficiency. For the cost
analyses described in this report, the control efficiency of thermal oxidation was assumed tobe
98 percent, the control efficiency of VOC condensers was calculated as described in Section
4.1.3, and the control efficiencies of all other control devices were assumed to be 95 percent.

' Total annualized costs of all control technologies were calculated using the general
procedures outlined in the EPA Office of Air Quality Planning and Standards (OAQPS) Centrol
Cost Manual (Vatavuk, 1990). Specific equatxons and values used in the calculations are listed
in Tables 5-1 and 5-2. Equipment costs acquired from various sources were used to develop cost
functions for the control technologies evaluated in this study. The ongmal cost information is
included in Appendix A. A computer spreadsheet cost model (STY_COST.XLS for Excel and
STY_COST.WKS3 for Lotus 1-2-3) and general instructions for using the cost model are
presented in Appendlx B.

Control cost calculatlons were performed in the order listed below:

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

Equipment cost, escalated 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 gas cost, if appropnate to the control technology)

Electricity cost

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

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

0. Styrene recovery cost (styrene recovery credit [i.e., negative cost], if appropriate
to the control technology)

11.  Total annualized cost (July 1995 dollars) ‘

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

SO PN R W
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Table 5-1. Equations for'Equipment Cost (EC)

ltem ] -E_ondition / Value (J‘uiy 7995 dollars) | Source -

Catalytic oxidizer

(regenerative, heat

recovery of 95%)

recoveri
or less)

Thermal oxidizer
' i R PR

. $168,181+16.80-2.19€°Q7 -

MIAB
Thermatrix PADRE
Polyad
Biofiltration

VOC condenser

Rotary
concentator

EC&C fluidized-
bed
preconcentrator

Equipment price
escalation (to
July 1995)

Q= Air flow rate, in scfm (1 scfm

IF Q>150 ooo cfm, -

. %[200,000+ 15Q]

- $[450,000+ 13Q}

Equations in the OAQPS Cost;Manual ‘

IF Q<3,000 cfm,
IF Q>3,000 cfm,

IF Q<56,000 cfm,

1F Q>56,000 cfm,

'$[119,136 + 15.470)

A

Smgle-stage > 10 tons, $[0. 95exp(9.26-0.007Tcon

Multlstage,

'$[106,000N + 80,000]

$[106,000N + 260

$[214 815 + 16 81480.
=3 8E*Q? + 5.15E°Q7%

| $1363,158 + 6.538Q + .

2 OSE""QZ\ 7E "Q’]

+ 0.627InR)]

$[0.95exp({9.73-0.01 2Tcon

+ 0. 584lnR)]

$(97,113 + 8.34 Q + 1.38ES 02 487E“ 031

If @<45,000 cfm $[108 9206 + 41.7Q - 1.53 E3 Q?

+ 2.12E%Q3

As appropriate

If Q>45,000 cfm $[18.290.]

= 0.0283 m3%min).
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Developed from
quotes from three

OAQPS Cost Manual"

Based on MIAB

equrpment cost

‘ ‘quotes ¢

Based on Purus
equxpment cost sheet,

 dated 12/2/94.%

Developed from Polyad
equrprnent cost
curves dated July

Manufacth}ing MACT
analysis, dated
8/1[95 h e

Chemical
Engineering, August
1995.9 ‘

Based on Durr
eqmpment cost
quotes

Based on
Environmental C&C
equxpment cost quotes’

Chemlcal Engineering
Equnpment Cost Index




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 lb/h] of. styrene)
Tcon Condenser operatmg temperature {- 23°C [- Q°F} for smgle-stage, -40°C [-40°F] for
mumstege)

R =Refrigeration capacity, tons.

* Mack,- 1996;- -Josephs, 1996, and Sundberg, 1996
®Vatavuk, 1990

¢ Sundberg, 1996

4 lrvin, 1995

¢ LaFlam, 1995

! Haberlein and Boyd, 1995

¥ Vatavuk, 1995

" Klobucar, 1996

i Merboth, 1996

i Chemical Engineering, 1995

A significant fraction of the total annualized cost for each of the control technologies is
the capital recovery cost. The capital recovery cost is, in turn, significantly affected by the
equipment cost of a control technology. Figure 5-1 presents the equipment cost values (in July
1995 dollars) used for each of the analyzed control technologies. For all of the technologies
presented, equipment cost is related to flow rate through the device (i.e., higher flow rates require
larger control devices, which cost more).

‘ In some cases, Flgure 5- 1 presents equlpment costs for two versions of the same control
‘technology. For example, equipment costs are given for catalytic and thermal oxidizers with 70
and 95 percent heat recovery. The equipment costs for 95 percent heat recovery are significantly
higher than for 70 percent heat recovery. However, equipment costs are listed for 95 percent heat
recovery because, in some cases, particularly at low inlet concentrations, oxidation with 95
percent heat recovery produces a lower total annualized cost. In other cases, particularly at
higher inlet concentrations, oxidation with 70 percent heat recovery produces a lower total
annualized c0st; _The cost curve for the MIAB system represents a composite least-expensive
cost function for a fixed-bed or a fluidized-bed adsorber.

The costs per unit of styrene removed were calculated for three different plant sizes: a
large plant (363 metric tons [400 tons] per year of styrene at the control device inlet), a medium-
size plant (91 metric tons [100 tons] per year at the control device inlet), and a small plant
(18 metric tons [20 tons] per year at the control device inlet). These sizes were chosen, based on
RTI’s informal analysis of the FRP/C source category’s emissions. (The analysis was confined
to the apprommately 290 facilities that RTI estimated emitted more than 9.1 metric tons [10 tons]
per year of styrene, and the total emissions from these facilities were estimated at approximately
14,331 metric tons [15,800 tons] per year.) The results of this analysis indicate that
approximately 11 large facilities, with average emissions of approximately 363 metric tons (400
tons) per year, emitted one-third of the source category’s emissions. Similarly, approximately 50
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Table 5-2. Other Cost Analysis l_nputs and Significant Assumptions

ltem .

Value (July 1995 dollars)

. Source

Purchased equ:pment
cost {PEC)

Direct installation costs

Site preparation (SP)

Buildings (Bldg.)~

Indirect costs for
installation

Total capttal investment
(TCh)

Direct operating costs,

excluding electricity and .

fuel costs '
(bOC). .

Miscellaneous costs .

Indirect ‘op'erat\ing/ costs.

Plant operating
schedule

Electricity cost
Fuel.cost

Capital recovery
factor

Q= Air flow rate, in scfm (1 scfm

) ‘1 .2 X EC (mciudes 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 + Bidg.

$0.598Q + 4,840 + Miscellaneous costs
(includes operating, maintenance, and supervision

labor; annual malntenance contract; msscellaneous‘

costs)

As appropnate (mcludes catalyst and/or adsorbent'

replacement costs, startup fuel cost)

0.6(DOC} + 0. 04(TCI) {includes overhead ‘

‘admmrstratlon, propertv taxes, and msurance)

4,000 h/yr
$0.06/kWh

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

© 0.14569

‘ Manual (except

OAQPS Cost-

OAQPS Cost
Manual

- OAQPS Cost
Manual .-

. Average of

vendor quotes

" and OAQPS Cost

Manual

Based on vendor
information

OAQPS Cost

‘Manual

RT] assumption

Average of
vendor.quotes:

. Average of
v vendbr quotes ,

7. 5% mterest

10—year
depreclatloo .

= 0.0283 m*/min).
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¥

medium-size facilities, with average emissions of approximately 91 metric tons (100 tons) per
year, were estimated to.emit one-third of the source category’s emissions. Approximately 230
- small facilities, with average emissions of 18 metric tons (20 tons) per year, were estimated to

emit the final third of the source category § ‘emissions.

Figure 5-2 presents cost curves for a catalytic: ox1dlzer for each of the three plant sizes,

* assuming 4,000 hours per year of operatxon Figure 5-2 illustrates that costs per unit of styrene -
removed decrease with increasing plant size (i.e., the’ cost curve for the large plant is below the
cost curve for the small plant). This is due to the economy of scale. Figure 5-2 also indicates
that, for a given annual styrene mput costs ‘decrease with increasing inlet concentration (i.e.,
decreasing flow rate). For example for a catalytic oxidizer treating 363 metric tons (400 tons)
per year, the cost decreases from $5,200 to $1,600 per ton of styrene removed, if inlet
concentration increases from 50 to 200 pprn This represents an, annual savmgs of approxxmately
$1.4 mtlhon ‘ S - «

For a gwen annual styrene mass input to the control dewce, 1ncreasmg mlet »concentratxon

r\,

inlet concentration of 50 ppm represents a ﬂow rate of 351 m /mm (12 400 cfm), but an mlet
concentration of 100 ppm represents a flow rate of 176 m’/mm (6, 200 cfm). The flow rates
represented by various mlet concentrattons are depicted i m the upper axes on' Fxgures 53
through: 5-5.

Figure 5-3 compares costs of various technologxes, for a small plant (18 metnc tons [20
tons} per year at inlet). These cost curves are 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. The cost curves for several preconcentration technologxes (MIAB, Thermatrix
PADRE, rotary concentrator, and EC&C fluidized-bed preconcentrator) can be compared with
the cost for straight catalytic oxidation. Figure 5-3 illustrates that the costs per ton of styrene
removed are lower for the preconcentration. technologies than for stratght catalyttc (or thermal)
oxidation at an inlet concentration of 50 ppm.: ‘However, as mlet concentration increases, straight
oxidation becomes more competitive with the preconcentratton technologtes In fact, Figure 5-3
indicates that straight catalyttc oxidation is less. expensive than the Thermatrlx PADRE system at
inlet concentrations above approxrmately 250 ppm, and catalytlc oxndattom is less expensive than
the MIAB system at inlet concentrations above approx1mately 500 ppm A inlet concentrations
increase, preconcentratlon becomes less 1 necessary to reduce annual cost in fact preconcentratlon
becomes unnecessary if mlet concentrattons are htgh enough

thures 5-4 and 5-5 dlustrate costs for rnedtum—srze (91 metrtc tons [100 tons] per year
inlet) and large plants (363 metric tons. [400 tons] per year inlet), respectwely In both these
frgures, several preconcentratton technologtes are shown to be less expensive than straight
catalytic or thermal oxidation, particularly at thie inlet concentrations (below 300 ppm) typically
found in FRP/C and boat building facilities.
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Figures 5-4 and 5-5 show that as inlet concentration increases, the dlfferences in cost per _
~ unit of styrene removed among various control technologies converge. It is because the -
differences in equipment costs for various control technologies are smaller at low flow rate and
larger at high flow rate (as shown in Figure 5-1). This cost analysis also shows that condensation -
is not a cost-effective control technology due to the low styrene removal efficiency at low mlet
-concentration(as shown in Figure 4-3).

Fjgures 5-3 through 5-5 show that, for all plant sizes and all control technologies, the cost
of an add-on control system can be reduced, if flow rate can be reduced (i.e., for a given plant
size, inlet concentrations can be increased). Therefore, a company should evaluate methods of
reducing flow rates to control devices before considering any add-on emission controls.
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Chapter 6

‘Ventilation and Emissicn Capture Systems in the FRP/C Facilities

One of the most important considerations in determining the cost of any emission control
system is the volumetric flow rate of the exhaust stream to be treated. Ventilation systems in -
FRP/C facilities are currently solely designed to provide an environment that is safe for workers
and that produces good product quality. General ventilation, also called dilution ventilation, is a
common practice. This practlce supplies an ample amount of makeup air to dilute the -
contaminants to an acceptable air quality level in the workplace. However, this dilution. -
ventilation practice produces high-volume, low-concentration exhaust streams. Flow rates of
566 to 2,382 m*/min (20,000 to 100,000 cfm) are common, and exhaust concentrations are rarely
above 100 ppm. These hxgh-volume, low-concentratton exhaust streams make emission control
systems very 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 a safe environment for the operators, while significantly decreasing
exhaust flow rates These reduced exhaust ﬂow rates (mcreased concentratmns) can 51gmﬁcant1y
reduce control costs - : T

The followxng sections present the regulations governing ventilation practlces (Sectlon 6.1)
and several air flow management practices and concepts that could be applied to minimize air
flow volumes. ‘These: practxces and concepts include: local air flow management. (Section 6.2),
spray booth mpdlﬁcatlons (Section 6.3), and enclosures (Section 6.4). Each of the sections
includes a process description and discussion of process applicability, perfoxmance and costs.

6.1 Regulatlons Govermng General Ventllation Practlces

There are several OSHA regulatzons that govern the ventllatlon system de51gn in the FRP/C
industry: :

1. 29CFR 1910 1000 (OSHA 1993a): This regulatton estabhshes penmss1b1e exposure limits
(PELs) for breathable occupatlonal exposure. In areas that would result in unprotected ‘
worker exposures exceedmg these levels, workers must wear sufficient respiratory
protection (such as respirators) to bring worker breathable exposures within the allowable -
levels.

The current OSHA 8-hour Time-Weighted-Average (TWA) for employee exposure to
styrene is 100 ppm. A 50-ppm allowable was proposed by OSHA, but withdrawn later.
However, many facilities are voluntarily conforming to the 50-ppm limit. In “dilution
ventilation,” enough makeup air is supplied to lower the average exhaust concentration to
. the OSHA allowable limit. For the same amount of styrene emission to be removed, the
exhaust flow rate will be inversely related to the desired concentration in the workplace. For
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example, the volumetric flow rate for an exhaust concentratron of 50 ppm is twice as large
as for 100 ppm.

2.. 29 CFR 1910.134 (OSHA, 1993b): This regulation concerns the conditions under which
respiratory protection (respirators) should be used. Part (a) of this regulation states that: “In
the control of those occupational diseases caused by breathing air contaminated with
harmful...gases...the primary objectlve shall be to prevent atmospherxc contamination. This
shall be accomplished as far as feasible by accepted engineering control measures (for
example, enclosure or conﬁnement of the operation, general and local ventrlatlon and -
substitution of less toxic matenals) When effective engineering controls.are not feasrble or
whxle they are being’ 1nst1tuted appropnate respn'ators shall be used o

3. Regulatxon 29 CFR 1910 94 Table G-10 (OSHA 1993c): Thls table hsts mlmmum arrﬂow
- velocities that must be desrgned or mamtamed at the entrance to spray booths under various
operatmg condmons m order to meet health and safety requu'ements IR A

'
&

Operahwdltlons MR __lmg__WLo_cmL_

Manual spray gun, up o 15'm/min (50 fpm) crossdraft  ~30.5 m/min (100 fom)
Manual spray gun, up to 30.5 m/min (100 fpm) crossdraﬁ -45.7 m/min (150 fpm)
Small spray booth N T | 61 m/min (200 fpm)

4. Regulatlon 29 CFR 1910. 107 (d) ) (OSHA 1993d) This regulatxon prohxbxts ther

recirculation of exhaust air from spray ﬁmshmg operatxons from the standpomt of |.

preventmg ﬁre and explosron hazards o R

The regulatron was adopted by OSHA from National Fire Protection Association (NFPA) 33
(NFPA, 1995), “Standard for Spray Apphcatxon Using Flammable and Combustible Materials.”
The purpose of NFPA 33 was to prevent fire and explosion hazards during spray finishing
operations. A letter regarding the issue of recirculation was sent by OSHA to EPA on January
19, 1990 (Hughes et. al., 1994). The letter stated that: “Employers who fully comply with the
specifications and requirements of NFPA 33, concerning recirculation of exhaust air to an
occupied spray booth would not be cited under 29 CFR 1910 107 (d) (9), under the pohey forde
minimis v1olat10ns > The letter further stated: “However, the quahty of the respirable air in the
booth must comply, at a minimum, with the' requlrements set forth by 29 CFR 1910. 1000 which
establishes permissible exposure limits (PELs).” ‘

A review of the above OSHA regulations indicates that the design of an air flow

‘management system should; provide respirable air to the operators that meets permissible .

exposure limits and prevents fire and explosion hazards. When a spray booth is used, it should
meet the minimum airflow veloc1ty Any modlﬁcatlons to the spray booth should not vmlate the
above requirements. -

68

&




6.2 Local Air Flow Management

Process Description. General ventilation usually involves moving a lot of air throughthe
workplace; however, it is not effective when there are many emission points (e.g., open molding
productions) in an open space. It is also expensive to. move air and to heat the makeup air. Local
air flow management involves moving air pollutants from the emission source directly; therefore,

" the amount of air to be ventilated or heated is minimized. In an open space, this can be done by
directing makeup air toward the emission source and capturing the emission with an exhaust
hood in the other end (a push-pull ventilation system). If a push-pull system is not used, the
exhaust hood just picks up the emissions and the surrounding air. The capture efficiency is
generally better for a push-pull system than for an exhaust hood by itself. This section presents
several schematics of local exhaust ventilation that originally appeared in the UP-Resin Handling
Guide (GPRMC/CBFIC 1994). This section also discusses “displacement ventilation.”
Modifications to spray booths are another category of local air ﬂow management; these
modifications are dlscussed in Section 6. 3

The European Orgamzatlon of Remforced Plastle/Composne Matenals (GPRMC) and the
Unsaturated Polyesters Sector Group of European Chemical Industry Council (CEFIC) jointly
produced UP-Resin Handlmg Guide (GPRMC/CEFIC, 1994). This guide describes many
methods for improving local air flow management, including use of local extraction, in-mold
push-(movable) pull ventilation, and out-of-mold (induction) push-pull ventilation. Figure 6-1
shows these three methods of local air flow management. Local' extractlon is effective when
styrene emissions are extracted as close to the mold as possible, because the effectiveness of the
extractor decreases by a factor of four when the dlstance from the mold is doubled
(GPRMC/CEFIC, 1994). In—mold push-(movable) pull ventilation is best-suited for use with
large, female molds:(suchas in boat manufactunng) The vertlcal iduction push-pull ventilation
requires a downdraft to pull emissions away from the workplac 'Out-of-mold (induction) push-
pull ventilation can be arranged horizontally, in the form ofa (pus 1):supply air and a local (pull)
capture device (e.g., a spray booth) o

mekthod of. l"e‘ducihgl

the ]concef)‘t that there isa

In Europe, “dlsplace
worker exposutre to con
temperature gradient be | gi i
facility. Cool, “fresh” ai upplxed at a low veloclty, to the work ne. If the source of the
work zone emissions is-at a‘higher ‘ supply diriis heated and
picks up contaminants asit!ri iout of the work zone. The i imp ‘ concepts/assumptlons
behind displacement ventilation are:

~ Airis supplied at below-amblent temperature (so the “fresh” air amves at breathing-zone
level).

« Air is supplied at low velocity (so turbulent mixing of “fresh” and contaminated air does
not occur).
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- Figure 6-1. Three methods of local extraction ventilation.
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+ The source of the contaminants is at }ngher-than-ambrent temperatures (so contammated
" air rises out of the breathing zone).

Applicability to FRP/C Processes. RTI has no knowledge of in-mold push-(movable) pull

ventilation systems in the United States. However, such systems may exist. Vertical out-of-
“ mold (induction) push-pull ventilation systems are used to a limited extent in the U.S.
Honzontal push-pull ventxlatxon systems are bemg used in FRP/C and other industries.

There are no known applications of dlsplacement ventilation to FRP/C processes in the
United States. AirSon AB (Sweden) provides Air Shower air supply systems to industrial
facilities in 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). The intent of the study was to determine whether the AirSon
Air Shower device was able to protect workers from exposure when they roll out a wet laminate

“in a spray booth. Four air supply outlets, each supplying approximately 10 m*/min' (375 cfm) of
“fresh” (styrene-free) air, were placed in a spray booth, approximately 36 cm (14 inches) above
the workers’ heads. Personnel exposure to styrene was monitored with charcoal tubes and with a
photoromzatlon detector (provrdmg real-time measurements of styrene concentratlons) The
study indicated that Air Shower air supply systems could reduce worker exposures by a factor of
approximately 5 to 9 (i.e., from approximately 28 ppm to between 6 and 3 ppm, respectively).
However, this exposure reduction occurred only when the supply air was approximately
1 8°to 2 5 C (3 2° to 4. 5° B cooler than the amblent a1r w1thm the booth and when the
ventllatron is reqmred to evacuate styrene emissions in the work area SO that the protectlon zone
will not be disturbed.

The previous discussion indicates that use of displacement ventilation has been applied to
FRP/C manufactlmng situations to reduce worker exposure. However, the worker has to stay in
the protection zone created by the air supply system. Another important concept in the use of
displacement ventilation is that the process producing the contamination is at a higher
temperature than the ambient air or the displacement air has to be cooler than the ambient air.
However, emissions from open-mold FRP/C processes'occur at nearly ambient temperature, .
because a vast majority of the emissions from sprayup occur during spraying and pnor to the
beginning of exotherm.

6.3 Spray Booth and Modificatione

Spray booths are commonly used in the FRP/C mdustry, especially for gel coat and resin
sprayup operations, and when part sizes are small enough to fit into a spray booth. Use of a
spray booth prevents the cross-contamination created by general ventilation, because styrene
emissions are captured and exhausted directly. Open-faced spray booths are typically used when
molds are manually transferred in and out of the spray booth on wheels. Spray booths with
openings on the side walls are typically used when molds are mechanically transferred in and out
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of the spray booth. on a conveyor. The latter type of spray booth is common in hlgh-productlon

- “facilities.

In a typical spray booth a mold is placed in the center of the booth A1r is drawn into the
“front opening of the booth, travels past the mold, and exits through a filter bank at the rear of the
booth. ‘A dry filter medium is used to capture overspray, and the medmm is replaced frequently
to protect the duct work and exhaust system. The captured emissions are vented to the
atmosphere or to an emlssxon control devrce

A typtcal styrene concentrahon—versus—tlme proﬁle fora sprayup operatxon in a constant-
flow rate spray booth i is shown in Figure 6-2. The profile includes three peaks, with. average
concentrations over 200 ppm. These peaks correspond to the spraymg of three parts. The profile
also includes four “valleys,” ynth concentrations of approximately 50 ppm. These valleys
correspond to the time requrred to remove sprayed parts and to posmon a new mold for spraying.
- This profile shows that high styrene emissions result from the period of spraymg Previous RTI
testing (Kong etal., 1995) 1nd1cated that approxrmately 39 percent of total gel coatmg emissions
and approxunately 50 percent of total resin application emissions occur. dunng spraying and the
‘remainder is emitted during the post apphcatlon stage during rolling and curing: When the part

is removed from the spray booth ‘curing emissions are not captured by the spray booth and have
to be removed by the general ventilation: system ;

The followmg secttons present the modlﬁcanons to a spray booth design that could increase

the pollutant concentratlon and decrease the exhaust ﬂow thus makmg the downstream emission
controls more cost-effectlve ‘ﬁ,;) FETER

6.3.1 Recirculation

Emess_l)_@mp_t_lgg The concept of reelrculatxon had its origin in the spray patnttng
industry, as a means of lowering the flow rates (and therefore treatment costs) in paint spray
booths. Rectrculatxon involves redirecting a portion of the spray booth exhaust stream back into
the spray booth. This concept is shown in Figure 6-3. The recirculation stream may be re-

mtroduced at any locatlon in the spray booth. (e g, near the inlet face or at the center of the
booth)." ; ‘ .

Mobile Zone Associates (Knoxville, Tennessee) developed a reeirculating spray boothin
which a portion of the exhaust stream was recirculated back to the center of the spray booth.
Another feature of the Mobile Zone Associates design is that the majority of the spray booth face

is closed off, and the operator stands in-a mobile cab that traverses across the face of the booth.
The design is 1llustrated in Flgure 6-4.

A spray booth developed by EPA and Acurex Environmental Corporatron (Darvxn and Ayer,
1993) mcorporates reeu'culatxon ofa portlon of the spray booth exhaust stream to the vicinity .

72

32




500

350

300

250

200

150

i . N

Styrene Concentration, ppm

100

50

NI

b
5
-
.
-
5
5
s
L
L.
5
-
R
5
.
5
b
:\.—-a-/‘
.

11:30 11:35 11:40 ~11:45 11:50
Time of Day, 11/5/92

11:10 11:15

Figure 6-2. Styrene emission profile for a typical spray booth (Felix et al., 1993).
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of the iniet face of the spray booth. The design also includes “split-flow” ventilation (see Section
6.3.2).

_ Applicability to FRP/C Processes. There are no known applications of recirculating spray
booth designs on FRP/C processes in the United States.
. ' . ‘ ‘ ( ( .
Performance: For a spray booth with recirculation alone, the increase in control-device inlet
concentration aclueved by recirculation is directly related to the amount of recirculation. For
example, 1f 50 pe 'cent of the exhaust aur is recu'culated the control-devxce inlet concentratlon is

modlfy a si)ray b ot‘h;‘.

The Moblle one‘ Associates design increases control device inlet concentration, while
lowering worker exposure (because fresh makeup air is provided to the operator through the
opening behind the operator). One dlsadvantage of the Mobile Zone Associates design is that
spraying the sides 6f molds is more difficult than when the worker is standmg within the spray
booth. Another lvantage of the Mobile Zone Associates design is that the mechanization
associated with bile cab may result in comparatxvely high cost, relative to the other means
ofi mcreasmg co ‘devxce 1nlet concentratlons

Costs. The capltal cost for the EPA/Acurex spht-ﬂow recxrculatxon design was estimated to
be $60,000 for mc;dlfy;ng an 850-m*min (30,000 cfm) (before recirculation) spray booth.
Capital cost estimates for the Mobile Zone Associates design are not avallable at this time.

6.3.2 Splzt-FIow Spray Boaths

Emges_s_Lw&g_m;g_ In a typlcal (honzontal-ﬂow) spray booth, the part bemg sprayed does
not extend to the full height of the spray booth. Therefore, most of the spraying and post-
spraying emissions occur near the bottom of the booth. An EPA/Acurex split-flow painting
spray booth desxgn (Darvin and Ayer, 1993) takes advantage of this fact. In the EPA/Acurex
design, higher-concentration exhaust air from the bottom of the booth is directed to an emission
control device, while lower-concentration alrfrom the top of the booth is recirculated. This is
illustrated in Figure 6-5. :

- It is possible to have a split-flow spray booth without recirculation, in which case air in the
top portion of the booth is exhausted directly to the atmosphere. In this case, the capture
efficiency for VOCs emitted within the booth to an emission control device is less than 100
percent.
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licabili /C Processes. There are no known applications of split-flow spray
booths in the FRP/C mdustry |

Performance. Testing was conducted at a 4.27- m (14-ft) tall paint spray booth at Tyndall
Air Force Base in Florida (Hughes et al., 1994). Measurements of VOCs and other pollutants
were made at six different heights on the booth exhaust face: 0.46, 1.4, 2.0, 2.3, 3:2 and 4.0
meters. (1 5, 4: S5, 6.5,7.5, 10.5,and 13 feet) The results: of the VOC measurements are presented
in Figure 6-6. This. figure illustrates that the majority of the \ OCs were exhausted from the
bottom half 0 the 4. 27—m (14-ft) booth Approxtmately 9 ‘ percent of the total VOCs ex1ted

if 93 percent of the emxssmns exxt below the rmdpomt but only 50 percent of the ﬂow exits
below the mxdpomt the ¢ concentratxon factor” for a split-flow design at th 1 "dpomt would be
1.86 (i.e., 93%/50%). A split-flo 5 esign, without recirculation, at the mxd‘ int of the booth,
would therefore increase the concentration to a ¢ontrol device by a factor otl' 86. Hence,
splitting the ﬂow at the mldpomt f the booth therefore nearly doubles the ct ncentratxon to the

control device. 1 ' ¥ "

Advanta ggs_/_Q'ggm dvantages. The'main advantage of a split-flow design is that it ptoduces an

_mcrease in concentration of VOCs gomg to a control device (if spraying and: postspraymg

emissions are predominantly located near the bottom of the spray booth). The main disadvantage
of a split-flow design is the capital cost to modify an e}ustmg spray booth The area to be split
also needs to be determined at the spemﬁc spray ’oooth |

Costs. The capltal cost for the EPA/Acurex spht-ﬂow design with recirculation was
estimated to be $60,000 for modifying an 850-m*/min (30,000-cfm) (before recirculation) spray
booth.

6.3.3- Other Spray Booth Design Modifications

Process Description. Other spray booth design modifications can alter air flow and
contaminant (styrene) pickup within the spray booth to lower emission control costs. In a typical
spray booth, a part is placed in the center of the booth. Air is drawn into the “face” (front
opening) of the hood, travels past the part, and exits through a filter 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 the filter bank. This
phenomenon is evidenced by the fact that the center of the rear filter can be nearly coated with -
gel coat or resin while the edges of the filter bank are nearly clean.
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~ shown in Figure 6-7.;

A spray booth can be modified to enhance this spatial difference in concentrations. This
could involve construction of a smaller, centrally located exhaust device. 'The higher-

~ concentration exhaust collected by this device would be directed to an add-on emission control.

The lower-concentration exhaust could be vented to atmosphere, or recirculated in the spray
booth. The concept of a smaller centrally located exhaust, dxrected to end-of-pxpe controls is

Note: The followmg discussion pert \mg to centrally Iocated exhaust device is an idea

or concept that has riot yet been evaluated. RTIis evaluating thls zdea in an FRP facility
under an EPA funded program in the Summer of 1 996

In addition to spatlal chfferences in emissions w1thm spray booths there are temporal (time-
related) variations in emissions that.can be used to increase concentrations to add-on controls.
For example, each “peak” in the styrene- concentratlon proﬁle of Figure 6-2 is'approximately
4 minutes in duratlon, therefore, apprommately 12 mmutes, or 30 percent, of the 40-minute
measurement period was at “high” concentration. The centrally located exhaust device could be
activated to capture hlgh-concentratxon exhaust during the spraying period. The main exhaust of
the spray booth could be vented to atmosphere dunng the nonspraymg or low-concentration
period. Determmatxon of periods of high emlssmns could ‘be made either by ¢oncentration
measurements or by assummg high ¢ em:ssxpnsoccur dunng any period of spraying (i.e., the
small exhaust unit is actlvated by:the’ spray in

-gun tngger) An improvement o thls ventilation
arrangement is to have fresh supply-alr blown to the locatlons where the operdtor is standing (as
shown in Figure 6-7). ! :

AMW@ There are no known apphcatxons of a smaller, centrally

located exhaust device directed to ermssxon controls at any spray booth in an FRP/C facility in
the United States.

Several FRP/C facilities have fresh supply air directed to wherever the operator is standing
in the spray booth. Among these facilities are the Lasco Bathware facilities (such as the facility
in South Boston, Virginia) and the Viking Formed Products facility in Middlebury, Indiana.

Performance. No measurements of the increase in concentration achieved by a smaller,
centrally located, variable-flow-rate exhaust device have been performed to date. However, it
would be expected that such a device could achieve emission concentration factors above that
achieved by a constant-flow-rate split-flow booth (without recirculation). Measurements of the
increase in concentration achievable by a smaller, centrally located, variable-flow-rate exhaust
device are being conducted by RTI under an EPA funded program at an FRP facility in the
summer of 1996.

Advantages/Disadvantages. The main advantage of the centrally located exhaust device
discussed in this section is that it could produce an increase in concentration of VOCs going to a
control device; however the main disadvantages of this modification are (1) an add-on emission
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control device capable of handling surge of emissions has to be installed and (2) the feasibility
and cost of this modification has not been evaluated 1

Costs. It would be expected that the cost to modlfy a spray booth to include a centrally
located variable-flow-rate exhaust and a directed fresh-alr supply would be under $20,000 per
booth (for a 425-m’*/min [15,000-cfm] booth).

6.4 Enclosures and Total Enclosures

Process Description. Enclosures provide a physical barrier between the emissions and the -
surrounding environment and can be used to reduce or eliminate the dispersion of styrene vapors
from an FRP/C process. Enclosures are currently being applied to certain emission sources in
FRP/C facilities, such as covers on resin mixing tankS\ and enclosed resin baths. If an enclosure
is not ventilated, the styrene concentration in the enclcosu:e builds up to a point of equlhbnum,
after which furthIer emissions are suppressed. If an enclosure is ventilated, the exhaust
concentration is' mversely related to the exhaust flow rate: Therefore, an enclosure can prevent
emissions or can be used to create a low-ﬂow—rate, high-concentration exhaust. This section
describes how the enclosure concept can be applied to the FRP/C processes.

If an enclosure is designed to meet certain guidelines (described in EPA Method 204 [U.S.
EPA, 1995)), it is considered by EPA to be a “total enclosure,” and capture efficiency is assumed
to be 100 percent (i.e., it is'assumed that no fugitive emissions escape from the enclosure). There
are several criteria that must be met before an enclosu:e is considered to be a total enclosure:

. The total area of all natural draft openings mto the enclosure must be less than 5 percent
.of the total surface area of the enclosure.
. The air flow for all of the natural draft openings must be into the enclosure.
. wThe air velocity through the openings must be at least 61 m/min (200 ft/min).

»Exhaust pomts must be at least four eqmvalent exhaust-duct diameters from natural draft
opemngs

W&&m& Altﬁough many bmldmgs within the FRP/C industry can
be considered total enclosure, there is limited use of enclosures within buildings in the FRP/C
mdustry Two examples of the use of enclosures within bulldmgs in the FRP/C industry are
described below. These examples show that total enclosures would be feasible when

: concentrated emission sources can be isolated and enclosed thhout interferring the production

operatmn.

The first example is the Cor Tec facility (Washington Court House, Ohio) which
manufadﬁmes side-wall panels for trailers and recreational vehicles. Automated gel coat spraying
operations are conducted within a total enclosure. The enclosure is.3.6 m (12 feet) wide and 18.3
m (60 feet) long and consists of a spraying enclosure and three curing enclosures. Mylar film is
fed along a table that forms the bottom of the enclosure, and the gel coat is applied by automated
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spray guns located within the spraying enclosure 'I'he only natural draft opemng isa7.6-cm (3-
inch) -high by 3.6-m (12-foot) -long gap at the entrance to the spraying enclosure. This h
represents less than 5 percent of the total surface area of the enclosure, and the air velocity

through the opening is greater than 61 m/mm (200 ft) per mmute soa total enclosure is formed.

. The spraying- enclosure and each of the three curing enclosures are ventllated atarateof
25.5 m*/min (900 cfm), fora total flow rate of 102 m*min (3,600 cfm). The styrene mass flow
rate (to a catalytrc oxidizer) from the automated gel coat spraymg operation is 8.2 kg/h (18.1
Ib/h) (i.e., 32.8 metric ton/yr [36.2 tpyl, operating 4,000 hours per year). This means that the
average concentratron in the gel coatmg enclosure exhaust is approxrmately 310 ppm (Patkar et
al,, 1994). o :

To avoid limiting productron, the gel-coated panels are removed from the enclosure before
curing emissions have completely stopped. Testmg indicated that approximately 7 percent of the.
total emissions from the gel coating operation occur outside the enclosure (Patkar et al., 1994).

A second example is an emission study conducted by the Socrety for the Plastics Industry
(SPI)/Composrtes Institute, in cooperation with the Pultrusion Industry Council (PIC) and the
EPA Office of Research and Development. In that study enclosures were evaluated for a |
pultrusion process to determine their effects on styfene emissions in September 1995. Several
" conditions were evaluated, mcludmg partral and complete enclosure of the resin bath and wet-out
area, with a combined wet-out areajand resin bath exhaust. The exhaust from the resin bath and
wet-out area was at a very low flow rate (58 cfim compared to 198 cfm from the overall
temporary enclosure).

Performance. The SPI/’PIC/EPA testing of enclosures for the pultrusron process yielded the
following results (Schwertzer, l99®

J Wlthout an enclosure on the resin bath or wet-out area (Run Al), the concentration and
flow rate in the 8-inch duct from the temporary total enclosure constructed for testing
were 293 ppm and 5.6 m*/min (198 cfm), respectively. This represents an emission rate
of 0.42 kg/h (0.93 1b/h).

* With ventilated enclosures on the resin bath and wet-out area (Run G1), the concentration -
and flow rate in the 8-inch duct from the temporary total enclosure were 12 ppm and
5.6 m*/min (198 cfim), respectively, representing a styrene emission rate of 0.02 kg/h
-(0.04 Ib/h). The concentration and velocity in the 6-inch duct from the resin bath and wet
“out area were 719 ppm and 1.6 m*/min (58 cfm), respectively, representmg a styrene
emission rate of 0.30 kg/h (0.67 Ib/h). This represents a total emission rate of 0.32 kg/h
(0.71 1b/h). »

Based on these results, the following performance\for a ventilated resin-bath-and-wet-out-
area enclosure (RBWAE) is calculated:
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* The ventilated RBWAE produced an approximately 24 percent (from 0. 93 lb/h to
O 71 lb/h) reductlon in total emissions. \

e Without the RBWAE the concentratlon in the total temporary. encldsure exhaust was
* 293 ppm,  which is well above the OSHA allowable level 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 10 16.3 m’/min (198 ¢fm to 576 cfm) But
" if the ventilation system were redesrgned with pick up points in the right places, it is -
o hkely that concentrations in the exhaust from the TTE would be lower. " If dilution
. \venttla'non was used to bnng the total temporary enclosure exhaust down to the 12 ppm
achieved ‘with the RBWAE in place the total temporary enclosure exhaust would have to
be increased from 5.6 to 136 m*/min (198 cfm to 4,801 cfm)

-+ With the ventilated RBWAE 94 percent of the total emlssmns (1 e, 0. 67 lb/h out of 0. 71
‘ lb/h) are captured and prevented from entenng the work area.

. The enclosure was used to capture emissions from the major emission points of the
pultrusron process (resin bath and wet-out area), and to create a small exhaust flow

. (1.6 m3/mm [58 cfm]) at hlgh concentratton (719-ppm) that is stutable for emtsswn
controls e o

mtages/Disadvantages. There are potential advantages of the enclosure concept for
FRP/Cprocesses e S K

. Enclosures can dramatically reduce average operator breathmg-zone styrene exposures by '
prov1d1ng a physrcal bamer between the operator and the styrene emission source. -

. Enclosures can srgmﬁcantly reduce flow rates to emission controls and therefore
- srgmﬁcantly reduce control costs. : L :

The potenttal dlsadvantages of theenclosure concept are:
e Use of enclosures may slow production.
- o While enclosures can dramatically reduce average operator breatlung-zone styrene
. exposures, there is a potential for higher peak exposures (if the operator is exposed to
concentrations within the enclosure or when the enclosure is opened for changing setup

or for any other reasons)

"o The hxgher concentrations within an enclosure may increase fire hazards within the
facility, if the concentration in the enclosure exceeds LEL.
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ng Costs are examined here for the pultru516n wet-out-area and resin-bath enclosure
investigated by SPI in September 1995, based on a hypothetical plant having 10 pultrusion
machines and operating 4,000 hours per year.

Without the RBWAES, the flow rate and concentration for each pultrusion machine would
either be 16.3 m¥min (576 cfm) at 100 ppm (if worker exposure is at the OSHA limit), or
136 m*/min (4,801 cfm)at 12 ppm (if worker exposure is 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 cfi) at 12 ppm. Both these scenarios represent
total uncontrolled emissions of 16.7 metric tons per year (18.4 tpy). The calculated control costs
per unit of styrene removed for a catalytic oxidizer under these two scenarios would be
$6,371/ton and $27,515/ton, respectively. It should be noted that these figures cited are from
pilot test conditions, and not optimized.

The ventilated RBWAEs alone p‘roduce a 23 percent, or 3.8-métric-ton/yr (4.2-tpy),
reduction in emissions. If the total capital investment to install the 10 RBWAESs (with
ventilation system) is assumed to be $100,000, and a capital recovery factor of 0.1459 is used,
the total annual cost of the enclosures is $14,590. The cost per unit of emissions reduced
(avoided) is $3,474/ton ($14,590/ 4.2 tons). The total exhaust flow for the 10 RBWAEs would
be 580 cfm, with a concentration of 719 ppm. The calculated control cost for a catalytic oxidizer
under this scenario is $2, 226/ton of styrene. Assuminga95 percent control efficiency, the
catalytic ox1dlzer will remove 13.5 tpy of styrene The average annual cost per ton of styrene
avoided using the enclosures and removed using a 95 percent efficiency catalytic oxidizer is
$2,522/ton (3$3,474/tonx 4.2 ton +$2,226/ton x 13.5 ton)/(4 2 ton +13.5 ton). Note: The cost
per unit of styrene emxssnons d mmated by thls analysxs is dn-ectly proportional to the
assumed capital mvestment :

This cost analysxs dlcates Lt enclosures havel‘ the ablhty to 51gmf cantly reduce control
costs per unit of polluti removed (or avoided) in the pultrusmn process or similar processes,
such as SMC productxon and coxmnuous lamination, when concentrated emission sources can be
isolated and enclosed without interfering with the operation.

Note: The foIlowir‘t;é discussion pertaining to enclosures for open molding processes is an
idea or concept that has not yet been evaluated, RII is evaluating this concept in an FRP
JSacility under an EPA fanded program in the Summer of 1996.

It may be possible to use enclosures to contain spraying emissions in open molding
processes. Enclosures may be particularly suited to facilities that spray parts of nearly uniform
size and shape and conduct spraying in well-defined locations, for example, the gel coating of
sinkks and vanities in the cultured marble industry and gel coating and chop sprayup in the tub
and shower industry. The concept of an enclosure for a sink/vanity gel coating operation is
illustrated in Figure 6-8.
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Figure 6-8. Conceptual design of an enclosure for a sinklvanity
gel coating operation.
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The enclosure would be a “box,” with a lumted natural-draft opening for inserting the spray
gun and vrewmg the spraying operation. If possible; the area of the opening would be less than 5
percent of the total enclosure surface area. The operator would stand outside the enclosure,
extending only his hand or arm inside the enclosure.  The enclosure would have an exhaust flow
rate sufficient only to maintain flow into the enclosure. If possible, the flow would be sufﬁcrent
to maintain a velocity of 61 m/min (200 ft/min) through any natural draft opening in the .
enclosure The enclosure would have no structural function (i.e., the enclosure would only need
to support itself). Therefore, the enclosure could consist of nonrigid sides on a rigid frame,
which would lower its cost. The most 1mportant aspects of the enclosure concept are:

. The operator stands outsrde the enclosure placlng only the spray gun msrde the
~ enclosure.
. Opemngs to the enclosure are as hmlted as possrble, thh a goal of less than S percent of
the total enclosure surfacearea. "0 ¢
o Exhaust from the enclosure is as low as possrble mamtammg only enough ﬂow to keep
emissions from escapmg from the opemng (s) :

One 1mportant consrderatlon m the desrgn of an enclosure are the physxcal consxderatlons of
moving the part into and out of the enclosure, and the timing for removal of the part ﬁ~orn the
enclosure. The enclosure design needs to mcorporate a method by which the part can be moved
into the enclosure and removed, from the enclosure " As the enclosure is opened to remove the
part, styrene emrssrons in the' enclosure may escape ' RTI testing (Kong et al., l995) has ‘
indicated that approxrmately 39: percent of total gel coating emissions occur dunng the spraying
process, and approxrmately 50 percent of resm apphcatron emissions occur during spraying.
Therefore, even though\ capture may'be 100 per t whxle the patt is within the enclosure,
uncaptured emrssrons m ccur when the part tis ou atside the enclosure The: feasrbrlrty of the
enclosure concept for open moldmg” process 1s bemg evaluated in an EPA funded program in the
summer of 1996. ‘ ‘
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APPENDIX A

Development of Cost Functions for Styrene Emission Control Technologies

This Appendix presents the original cost data collected from various vendors. Other
references, including the OAQPS Control Cost Manual (Vatavuk, 1990), a report, and a paper in
the Chemical Engineering magazine are listed. The original equipment cost data were fitted with
linear regression to develop cost functions for equipment costs. The equipment cost functions
for various styrene emission control technologies are presented in Table 5-1.

Equipment cost curves for thermal oxidizers (at all heat recovery levels) were taken from
equipment cost equations 3.24 through 3.27 in the OAQPS Control Cost Manual. Fuel
requirements were calculated based on the principles of thermodynamics, and an assumed 10
percent insulation losses. - Electricity requirements were based on equations presented in the
OAQPS Control Cost Manual, except that the electricity requirement for thermal oxidation with
95 percent heat recovery was based on quotations by an equipment vendor.

Equipment 'cdst‘curves for catalytic oxidizers with recuperative heat recovery (i.e., with heat
recoveries of 0, 35, 50 and 70 percent) were taken from equipment cost equations 3.29 through
3.32 in the OAQPS Control Cost Manual. Fuel requirements were calculated based on the
principles of thennodynarmcs, and 10 percent insulation losses. Electnclty requirements were
based on equations in the OAQPS Control Cost Manual.

The equipment cost curve for catalytic oxidizers with regenerative heat recovery (i.e., with
heat recovery of 95 percent) was based on equipment cost quotations from three vendors (Anguil
Envirorimental Systems, Engelhard Corporation, and Setco, Inc.). The equipment cost curve and
the cost quotations are depicted in Figure A-1.

The equipment cost curves for VOC condensers were based on equations presented in a
paper by Vatavuk (Vatavuk, 1995).

The equipment cost curve for the MIAB system was based on quotations from the MIAB’s
U.S. representative, Setco, Incorporated (Sundberg, Facsimiles dated December 22, 1995 and
January 26, 1996). The equipment cost curve and cost quotations are depicted in Figure A-2.

The equipment cost curve for the Thermatrix PADRE system was based on budgetary
quotation from Purus (Irvin, Facsimile dated November 8, 1995).

The equipment cost curve for the Polyad system were based on the midpoint (center) of
upper and lower cost curves provided by Polyad’s representative, Weatherly Inc. (Danielsson,
Facsimile dated April 26, 1995).




The equipment cost curve for the rotary concentrator system was based on equipment cost
quotations from Durr, Industries (Klobucar, Facsimile dated March 14, 1996). The equipment
cost curve and cost quotations from Durr are depicted in Figure A-3. Quotes of rotary
concentrator equipment cost from Munters Corporation (Drohan, Facsimile dated January 3,
1996) are also shown in Figure A-3. However, Munters Corporation does not have industrial
systems in place, whlle Durr Industries has sev al operatmg systems in Japan; therefore, the
Durr esnmates only, were used to develop cost furicti '

The equipment cost curve for the fluidized-bed preconcentrator system was based on cost
data provided by Environmental C&C, Inc. (Merboth, Letter dated March 28, 1996).

The equipment cost curve for biofiltration was developed based on budgetary quotes for an
exhaust flow rate of 52,000 scfm by several vendors in a report (Haberlein and Boyd, 1995). The
equipment-cost curve and cost quotations are depicted in Figure A-4.
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~ ANGUIL ENVIRONMENTAL SYSTEMS INC.

‘Facsimile Cover Sheet

To: Mark Bahne
Company: RTI ,
Phone: :
Fax: 1-919-541-7155

From: Tim Josephs
Company: Anguil Environmental
Phone: 414-332-0230
Fax: 414-332-4375

Date: 1-31-96
Pages including this One
cover page:

Mark,

Sorry about the delay in getting this information back to you. The information is
for a catalytic regenerative oxidizer with 85% heat recovery.

SIZE ° CAPITALCOST OPERATING COST
5000 scfm-  $254,000.00 $1.68 per hour

20,000 scfm- $460,000.00 $9.25 per hour
50,000 scfm- $740,000.00 $16.31 per hour

We hope this information meets your needs. If you. have any questions, please
feel free to call our local representative, Mr. David Bell of Diversified Equipment
at (810)852-9655 or our office. Thank you for your interest.

Reg’érds,
Anguil Environmental Systems,
Mr. Timothy E. Josephs

cc.  Mr. David Bell, Diversified Equipment

A-3
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ENCELHARD CORPORATION v
101 WOOD AVENUE
" ISELIN, NEW mzsar en30-6770

F‘axvCove'r Sheet

pate:  February 8, 1996 TIME: 3:32 PM

Wy
p

TO! Mark Bahner PHONE: | o
FAX: 91 9-541-?155
FROM: Stan Mack PHONE: | ‘1908-205-61 74
: Engelhard .« FAX: ‘;908-205—6146
RE: - RCO Costs e
cc: S. Gribbon

Number of pages including cover sheet: [1]

Message

As we discussed, Engelhard is willing to provide you a cost-comparison of a 150K CFM
RTO and RCO. These costs are FOB Michigan and do not include any instalation costs.

" We made some assumptions regarding the matenals of constmcnon that may be requxred
for this type of application.

The capltal costs for an RCO can be the same or shghtly less than an RTO. For this
application we’ve assumed equivalent capital costs. Therefore, the advanatges for an
RCO include:

1. Lower fuel consumption
2. Lower electrical costs

3. Lower weight, which may be important if the unit is placed on a roof.

Capital cost: $2,430,000
Operating Cost: RTO RCO . % Savings
Fuel S/HR) 7140 5480 = 23 ‘
" Electrical ($/HR) 52.70 38.40 27
Total (S/HR) 124.10 93.20 25

{There is no contribution to the heat load from the solvent}
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SETCO, INC.

Manufacturers' Representatives, Importers, Bxpo:teri and Agents

To : Mark Bahper BRI January 26, 1996
From; Ron Sundberg

In my letter of January 24 I indicated that I had asked MIAB to confirm the
assumptions that I used to adapt the costs to the 16 hr duty cycle. This morning 1
received a fax from MIAB indicating that they had sized the MIAB F for 16 hrs
rather than using the two units as described in my letter of January 24.

The following are the costs that I would like you to use for the MIAB . I appreciate
your assistance in assuring that the costs match the duty cycle that you are using.

I would appreciate the opportunity to review the paper prior to publication. I hope
to be able to attend the presentation in Florida. -Please call if you have any questions.

Best Regards, ‘

- Ronald E. Sun{iberg

MIAB - ¥~ SIZED FOR 18 HR DUTY CYCLE

Alr Flow CFM] 10,000 | 60,000 | 100,000
N ' MIAB F MIABF | MIABF |
~ [Concentrator] $188,400 | $462,000 | $836,000

07,000

—Canalytic Incinerator] $110,000 | $4 $627,000.

Total MIAB - F 298400 | $869,000 | $1,463,000
F?a'ﬁ'ﬁpergy " kWh/ yﬂ[ sz.-#oo‘ 315.006 ,-‘524.060’
Carbon Replacement]s/ton siysen S 5 N v 5
sm;ﬁ?ﬁm&@ MBra/yr. ——53435 | 287135 | ©.342.47
| Heater| | - L

The catalytic. ihcviﬂveifa“tor is sized 1/10 of the MIAB-F flow.rate

3137 Hennepin Ave. Suite 101, Minneapolis, MN 55408
Phone (612) 825-5566 Fax (612) 825-7102
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SETCO, INC.

Manufacturers' Representatives, Importers, Exporters and Agents

' December 22, 1995
Emery Kong -
Rearch Triangle Institute
P.O.Box 12194 \ ,
Research Triangle Park, NC 27709

Dear Emery, |
The following are budget costs for the MIAB VOC "‘cohcentra"corl “ The catalytic 3

incinerator costs are included as a reference. Please call me if you need any further
information or have any questions. . o > :

“Air Flow CEM] 10000 | 50,000
A " MIABD "F'" l

MIAB F
Concentrator] $157,000 | $439,600 .
I . |
| Catalytic Incinerator]  $77,000 | $269,500 |  $418,000 |
Total MIAB - $23L,000 | $709,100 | $1,196,730

| MIABC | MIABC | MiABC ]
Concentrator] $157,000 | $584,040 | $1,111,560 ] &

Catilyfic Tnclnerator | $77,000 | $269,500 | #416,000

| ) Il N — b '
Total M MIAL-B”-'—C( | $234000| $853590 | 51,529,560

- Tappreci t!}e opportunity to participate in the pi'eparation of your technical paper
Z"submiss on the Air and Waste Management Association.

s
oL :

3137 Hennepin Ave. Suite 101, Minneapolis, MN 55408
Phone (612) 825-5566 Fax (612) 825-7102
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Facsimile Cover Sheet

To:
Company:
Phone:

Fax'f

FrOm .

Combény )

Phone:
Fax'

Date

EMERY KONG

'RESEARCH TRIANGLE INSTITUTE
'919-541-5964
a 919-541-7155

*CHARLESL IRVIN, PE
'AREA MANAGER
PURUS
| 717-697-7835
717-697-7623

‘ijovemberS 1995
Pages including this

cover page: 3

Comments: .

The attached budgetary pricing and spread sheet where done for an FRP
manufacture in Ohio and where based on results of a slip stream pilot study
done at there plant on there main stack.

The spread sheet was developed to help them decide what in plant engineering
controlls should be instituted up stream to lower capitol costs for the abatment

system.
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BUDGETARY QUOTATION

PURUS A-4000 VAPOR TREATMENT SYSTEM

‘ Site: Cohdiiions

To: TedK.

Mjor ‘contamitnant(s)

" Styrene

~ Company: Confidential

Maxxmum concentration ppm(v)
Site: Ohio ‘ ‘

35

17.41

Quote ref.#: 27064i02rev.

30,000

Date: 30-Jun-94

104,448

(12 Month Minimum-includes all mamtc‘ i

Operating Cost Estimate $ Cost / Hour
Electrical Costs $1.69
Inert gas costs R 1K
Contaminant Removal:Costs . C($T32)

Blower Costs. - | 5000 A

N L

Total Operating Costs: = . ($4.86)

Projected first Month Total Operating Costs:

$750,000

 $22,500
537.560
$1,500

S Cost/Lb VOC
$0.10

. $0.06
(30.42)
'$0.00

(50.'25) |

($2,281)

i) Final quotation requires specific site assessment; maximum incoming flow rate and contaminants are as shown

ii) System includes Air Treatment Equipment Only

it)) Electrical costs based upon utility Kwh rate of: $0.08

iv) Contaminant removal cost (3/barrel) assumed 1o be: ($125)
Guarantee:

service contract directly from Purus.

During the 90 day warranty period, Purus offers a money back guarantee that the
system will meet the stated effluent goals when the influent conditions are within
those specified. The above warranty may be extended through the purchase of a

A-10
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iy i Vveaneriy _
FACSIMILE TRANSMISSION

DATE: April 26, 1995 _ ' ‘ '

: FAX NO.: (919) 941-0234

- TO: Pacific Environmental Services, Inc. A
e NO. OF PAGES INCLUDING:COVER

ATTIN: ‘
o 10
FROM: Magnus Damelsson :

SUBJECT: Telcphone meetmg. Styfeue Control Technology.
REFERENCE:  Your fax of March 27,1995,

Chematur Engmeenng AB/Weatherly Inc g
USAaddress B

~ 1100 Spnng StreetNW Smte 800
Aﬂama,GABOBOQ Lo
w1 (404) 873-5030
: _FAX. (404) 873-1303

| ‘Em'opeadiress ik

'PO Box 430 o
. §-69127 Karlskoga
 Sweden . |
-0 1-46-586—86500
,FAX 011-46-586-59450

12 ;A_,‘US stm’butor

o ‘Sameasll * o

Weatherlylne. ﬁ'.aﬁh.i«am : o Telephone | Tetex Telefa
g&qg&msvm NW, ' 404-873.5030 810-751-8477 404'87;-1303
A“g:ria.ceorsasoaos A-12

g1/1°d ‘ ‘)?t} A"DMMIHT™M Jr.CT . oD e




.,,,,,. Weatherly

1.3,

1.4,

2.

gise d

LS.

‘Costs

2.1

Name of technology:
Polyad™
Description of techrology:

Two types of systems: Polyad™ pre-concentranon followed by oxidation and
PolyadTM solvent recovery: -Both systems using & fluidized bed adsorber. VOC laden
air is pulled through 8.fluidized bed adsorber. The adsorber consists of 4-6 fluidized
beds with polymeric adsorbents (i.e, Bonopore 1120, Dow XUS 43493).
Regenerated sdsorbent is continuously fed to the top-bed. The VOC laden air passes
counter-currently through the adsorber. The polymmc adsorbent adsorbs the VOCs
(styrene). Polymeric adsorbent (loaded with VOCs) is transferred from the bottom of
the adsorber to the desorption unit. Air, free of VOCs, passes through the adsorber
fan and is released to the atmosphere via the stack. .

The loaded polymeric adsorbent is continuously regenerated (desorbed) in either a
fluidized bed desorber (pre-concentration system) or a moving bed desorber (solvent
recovery system). Desorpuon occurs at elevated temperature (300°F). In the pre-
concentration system’ fresh air is heated by the oxidizer flue gases before the
desorption air enters the fuidized bed desorber, while steam is used as a heating media
in the moving bed desorber. The small air stream leaving the fluidized bed desorber,
containing high concentrations of VOCs (styrene) enters 2 catalytic oxidized, where
the VOCs are converted (oxidized) to carbon dioxide and water. The VOCs are used
as the majar fuel source for the oxidation (minimizing the total energy consumption)..
The moving bed desorber is integrated with a condensor system to be able to
condense and recover the VOCs,

For more detailed description of the technology, see enclosed process description for
the Polyad™ pre-concentration and solvent recovery systems.

Industrial applications:
See enclos'ed data sheet. Please note that relative humidity has no impact on the

adsorption capacity, as polymeric adsorbent are hydrophobic. We have systems that
have been in operation on saturated air streams as well as on very dry air streams.

. Capital Costs:

See enclosed diagrams for Polyad™ pre-concentration and solvent recovery.

A-13
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| ﬁ,':,'ﬂ Weatherly

2.2 Operation costs:

The main operating cost is electricity for the main air fan. The ‘tofai operating costs for
the Polyad™ systems are typical less than $3 per cfm a year (assuming 8760 hours per
year operation). Example, 20,000 acfin system will have an annual operating cost of

less than $60,000 per year.
- Please do aot hesitate 0 contact us i you any questions or additonsl informaton
+ WEATHERLY INC.

- Magais A" Danielsson -

s
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Diirr ‘ Environmental Divisien R
" Industries, 14492 Sheldon Road 313.207.8500
Ine. Plymouth, M} 48170 313.207.8030 Fax

Facsimile Transmission

Date: : -03/14/96 ' Reference Number:

. Ter . ‘Mark Bahner . From:
Company. N - ’ Department:
Pﬁone: | Phone: -
Fac  (919)5417155 Fax
Number af ﬁaggg (including cover sheei); | 1 Copy to: ‘
Subject :Concentraifor Data for Styrene Abatement

Joe Klobucar

Research & Development

(313) 207-8500
(313) 207-8930
Ajay Gupta

Here is our concéntrator data for styrene abatement. Please look this over and let me

know if you have any questiongsor comments.

7 }A W%

seph M. Kiobucar, P.E. ,
roduct Development Supervisor

DURR] <&~ ' The Darr Group




WV 22:04 '96/VLIE

SIXLLVAYALS

Oz:.wm._. moz<_2¢0.._mmm ‘dN=LUVLS: xmgonn Z@:.(oz:Om zOF(._._ﬁ.mz_ omo:._oz_ ._.Oz o
- IN HLNOWA '8°0°d SI 1SOD ANIWINDI 'S
. SWILSAS TV HOA 120 S OLLYY NOLLYYINIONOD v
AONIIOIF33 TYWHIHL %06 SYH Y3ZIAIXO IAILYHINIOIY € -
AONIIONA43 WINNIHL %09 SYH Y3ZIAIXO 3ALVHIdNDAY T+
wm<m> S AY3AT INFWIOV143Y Viaanw zo_._.mmoma< HOJ S1 180D m:Omzs._wum_E | ‘310N

6L0 000 000 00'0 000 - mzspm uoyiwu NOLLINNSNOD T13Nn4
LogL (514 960t VoL CY: M NOLLAWNSNOO TYORLOT 1T
000'89$ 00V'¥SS 1009°0¥$ 00z'L2$ - 009'¢H$ UvaAEsn LS00 SNO3INVTIZOSIN
962'02¢'28 . . 62.'0i6'LS$ 08¢'Z15'14 €96'780't$ . - Lov'66YS \ $sn (03) LS02 ANTFWAND3
A m>:<mmzmomz IAULVHENIOZY SAILVHINIOIY JAILYHANIOSIY 3AILYNIJINOIY

000'05Z 000 _000°0G1 - 000'001 00008 W98

z5°0 08°t 8L'0 120 000 YH/NLE Loyl NOILIWNSNOD 13n4d
VoL s8¢ €'ve L rel MY NOLLAWNSNOD TYORILOI S
00z'22$ . 009'tL$ 0€S'viS ove'TLs 066'8$ Uv3aALSN 1SO0 SNO3INVTIZOSIN
Z96'ze0'ts Lov'eeve Lot'1£es - veelezs . eeL'eees $sn (03) 15CO ANaWIINDI
IALVHINIOAY FAILYHINOIN IAIVHIINDIY 3AIVHIINOFY FAILYMIENOIY

000'001 000'05 000'0€ 00002 000'S) - (NEL

(80 190 - 9¢°0 - £2°0 00°0 HH/NLE uolnu NOILIKNSNOD 13N
Ty LE Lot ¢e 9'9 ‘ MY NOLLJWNSNOD TWOIMLDI13
0KE'ZLS 066'8$ - 0£8'9% 068'¢$ ov0'vs HvaAgsn LSOO SNO3INVTIZOSIN

vE6'0LZ$ . 6EL'EEZE | €a'lGIS 208'tol$ 8i6'6r1$ gsn (03) 1500 INIWJINOI
INLYYIINOTY FALVHIANOTY FAILVHIANOTY IALLVHAANOIY 3AILYYINO3Y

000'0Z 000G _ 00004 00S'L 000’6 W28

A-18

I 0027 ANl An Ly v

oo

¢0'd




e B g . e w

A N ‘ feiSlaPelaluleleteu} al
- ()Munters
January 3, 1996
Research Triangle Institute
PO Box 12194 \
Research Triangle Park, NC 27709-2194
Attention:  Mr. Emery Kong, Research Chemical Engineer
Dear Mr. Kong,

Thank you for your inte}est in Munters Zeol rotor concentrator systems.

As we discussed, Munters Zeol is interested in deve!apmg concentrator technology for
styrene emissions.

To date, Zeol concentrator technology has not been demonstrated to be compat:b!e
with styrene, therefore the following budget costs are speculative.

Capital
; Equipment Operating
CFM Cost Cost (per hour
- 10,000 $400,000 \ £3
30,000 $650,000 _ $7
50,000 $800,000 $9
100,000 $1,500,000 $18

This letter is beihg mailed with standard literature which discusses the operation and
performance of the system. ‘

Sincerely,

MMW

Derrick Drohan
. Division Manager
Munters Corporation - Zeol Division

z7\kong
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‘Environmental C&C, Inc. .. . | &

' 146 VLEY ROAD _ I ' 331 S. RIVER DRIVE #2
 SCOTIA, NEW YORK 12302 ' : TEMPE, ARIZONA 85281

. 518-372-8115 FAX 518-372-8135 602-8293-7112 FAX 602-829-7147

March 28; 1996

To: Emery Kong
RTI

From: John Merboth
EC&C

Subject: EC&C VOC Abatement Systems

Enclosed is summary pricing information and a process description regarding our
VOC abatement products. The pricing data is for basic systems from a wide range of
VOC removal applications. While we currently have no field installations for styrene
-removal, we feel that our system would be very suitable for the styrene concentration
ranges specified in your paper. ‘ '

I hope that you will find this information useful., Pleése call if you have any |
questions or if we can be of further assistance. - . | '
Sincerely,

/f&z@éaé

A-21




Fluid Bed VOC Abatement System -

* The basic system has the following components:
- Process asr blower
Air lift blower
Fluidized bed adsorber
Moving bed desorber
Condenser
Solvent storage tank.
QOPERATION:

* Process air coﬁtéiniﬁg VOCs enters the bottom of the adsorption fOWér, and
passes upward through a series of sieve trays. ‘ .

* BCA (beaded carbonaceous adsorbent) on the sieve trays is fluidized by the air,
as VOCs are removed in the counter-current fashion. .

* Cleaned air exits the top of the adsorber. Spent BCA accumulates at the bottom
of the adsorber. '

* BCA flows as a moving bed through the desorber heat exchanger. VOCs are
desorbed as the BCA is heated. '

* A very small amount of carrier gas (air or nitrogen) flows counter-current to the
BCA flow, transferring the vapors to the condenser.

* Condensed solvent flows to the solvent tank for storage and reuse.

'BASIC SYSTEM TYPES:

- There are standard, skid mounted units starting at 35 cfm. Larger custom units up to
141,000 cfm have been installed.
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MAXIMUM ACHIEVABLE CONTROL TECHNOLOGY
. FOR A
BEYPOTHETICAL

- FIBERGLASS BOAI MANUFACTURING EACILITY

i 1
i

prepared for

Mr.,John McKnight :
Environmental Compliance & Government Relatlons
National Marine: Manufacturers Assoczatlon
3050 K Street, Suite $#145
Washlngton, DC 20007

|

‘Robert Aﬁ Haberleln, Ph.D.
Englneerlng Environmental

100 A Annapolls Street
Annapclls, MD 21401

under the direction of

" Daniel P. Boyd, Ph.D.
Daniel P. Boyd & Company
Wye Hall, Wye Island
Queenstown, Maryland

August 1, 1995

DRAFT
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Envirogen recommends a five (5) month pilot test on the
actual exhaust stream at an estimated testing cost .of $33,520.
This cost does include sampling expenses. According to
Envirogen, the pilot test is necessary for several reasons [97]:

"A field pilot test will confirm that biofiltration will
consistently degrade styrene at a high rate. More
importantly, the pilot testing will determine the critical
biofilter design parameters: contact time pressure drop, and
maximum contaminant loading." ‘

Finally, PPC Bioton recommends a three (3) month pilot test
on the actual exhaust stream at a cost of $24,000.  This cost
does not include the expense of test sampling or laboratory
analysis, which 'is at least $12,000 extra. PPC indicates that
pilot test is needed to verify the adaption of the bacteria to
styrene, determine”the control efficiency of the biofilter on the
actual exhaust stream and establish the size of the full-scale

installation [96].

CONTROL COSTS

Although biofilters do not appear to be commercially proven
in the fiberglass industry, bid requests and requests for control
performance guarantees were prepared and submitted to the
following biofilter vendors: ‘ :
Comprimo
Emprosol
Envirogen
PPC Bioton

All four vendors provided cost estimates to install and operate a
biofilter control system for a fiberglass facility very similar
to the Boat Plant. A summary of these four quotes is listed
below: ” ‘ ; ‘ : '

COMPRIMO EMPROSOL ENVIROGEN PPC

Equipment  $1,008,000 = §1,649,000  $1,020,000 $1,300,000
(installed) z ‘ : ~

Service unknown unknown " unknown unknown
(annual) 5 ‘ o | ‘ '

Media cost $55,900 - $345,000 $150,000 $ 210,000
(less labor) o C :

Media life l to 5 yr ‘ 2 yr 3 to5 yr 4 to 6 yr

Nutrients  unknown $3,000. . unknown unknown
(annual) ‘ C ‘

Chemicals - unknown - 84,000 © unknown unknown
(annual) - . » : < “

Electricity “unknown $139,100 $136,700 $46,000
(annual) ' ’ (less blower)

Water . unknown ' $1,000 $1,000 unknown
(annual) . '
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APPENDIXB

‘Cost Model for Styrene Emissi(;h Control Technologies

A discussion of the computer spreadsheet cost model (STY_COST.XLS for Excel and

STY_COST.WK3 for Lotus 1-2-3) developed for this project is included in this Appendix. This
cost model includes a separate spreadsheet for each of the control technologles evaluated. These
spreadsheets are listed by the order of appearance in the cost model '

)

2)

3)

A) EC&C - EC&C fluidized-bed preconcentrator system :

- B) Rotary - rotary concentrator system

C) Catalytic - catalytic oxidation process = .
D) Condenser - condensation process - |
E) MIAB - MIAB system

F) Polyad - Polyad system \

G) Thermal - thermal oxidation process

H) PADRE - Thermatrix PADRE system

I) Biofiltration - biofiltration process

‘General instructions for using the spreadsheets in the cost model: |

Under “Inputs” in Column B, enter two of the following three items:
a) Flow rate (cfm),

b) Control device input mass (tons per year), or

c) Concentration (at control device inlet) (ppm).

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

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

If you have received a plant-specific quote for the cost of a particular control device, enter
that cost in the first row having the title “Equipment Cost (EC)”. Note that the costs for
other control devices in these spreadsheets are in July 1995 dollars. Therefore, you must de-
escalate the cost in the second row titled “Equipment Cost (EC)” into July 1995 dollars, if
you will be comparing your site-specific equipment cost with other non-site-specific costs
listed in these spreadsheets.

B-1




4)

Read about how the calculations were developed for items such as:

a) “Total Direct Costs (TDC)” - based on capttal cost factors shown in Table B-1,
b) “Total Capital Investment (TCI)” - 'based on capltal cost factors shown in Table B-1,
c) “Direct Operatmg Costs, excluding fuel and electncxty costs”,

a) The lines titled “Total Direct Costs (TDC)” contain an assumed site preparation cost of
$(5,000 + 2.3[flow rate]). This ‘non-site-5p ec1f‘c site preparation cost is the average of
vendor quotes and it is assumed for everyco trol technology If you have sxte-specxﬁc
site preparauon costs, msert these in. plac:‘ of the calculated sxte-preparauon costs

b) The lines titled “Total Direct Costs (TDC)” contain an assumed bmldmg cost of zero (x e.,
it is assumed that the control device is not located inside a bulldmg Ifa bmldmg must be
built to house.the control device at your plant add thls cost to the “Total Dl‘rect Costs”.

c) The “Capital Recovery Cost” calculation assumes a capltal recovery factor of 0 14569
which represents a 10-year depreciation at a 7.5% annual interest rate. This capital
recovery factor can be changed to represent a specific situation (for example the capital
recovery factor for 10-year depreciation at: 10 percent interest is 0. 16275)

A\e
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Table B-1. Cagital Cost Factors for Emission Control Devices® - SR o

Cost Item \ “Factor
Direct Costs

Purchased equipment costs ‘ « E
Emission control device (EC) + auxiliary equipment ~ As estimated, A
Instrumentation ‘ . 0.10A
. Sales taxes - R o : 0.05 A
Freight o _ . 0.05A
Purchased equipment cost, PEC o B=120A

Direct installation costs ,
Foundations & supports o ~ 0.08 B
Handling & erection : - 0.14B
Electrical ' | 0.04B
Piping . . | * 0.02B
Insulation for ductwork 001B
Painting = ‘ 001B
. Direct installation cost ‘ " 0.30B
Site preparation As required, SP
Buildings - As required, Bldg.
| Total Direct Cost, DC ' : " 1.30B +SP + Bldg.
Indirect Costs (installation)

Engineering ‘ | o - 0.10B
Construction and field expenses ‘ . 0.05B
Contractor fees 0.10B
Start-up : o _ 0.02B
Performance test 001B
Contingencies . e 0.03B
' Total Indirect Cost, IC o 031B

b ]

Total Capital Investment = DC +IC__ | - 1.61 B + SP + Bldg.

* Source: Vatavuk, 1990 (Table 3-8, except sales tax taken as 5%, instead of 3%, for a more realistic situation)
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Explanation of spreadsheet equations

Row/Cel
Flow rate (cfin)/C3

Control device input mass
(tons/year)/C4

- Concentration (ppm)/C5

Electrical power (kW)

If flow rate input in cell B3 is “zero” (i.e., if flow rate in cell B3
is left blank), this equation will calculate the, ﬂow rate in cfm,
based on the control device input in tons per year, the fac1hty
operation in hours per year, and the control devrce mlet
concentration in ppm. Conversion factors: 12000, lb/tcm, .
454,000 mg/1b; 60 mm/hr' 4326 mg/m3 per ppm o
£3/m?. i

If control device input mass in cell B4 is ' zero 4
mass in cell B4 is left blank), this equatlon will ¢ ‘;
input mass in tons per year, based on the flow rate, th
operation in hours per year, and the control dev1ce inl
concentration in ppm. Conversion factors: 2000 b/t ‘
454,000 mg/Ib; 60 min/hr; 4.326 mg/m3 per:;ppm of’ styrene, 353
ft3/m?>.

If control device inlet concentration in cell BS is “zero” (i.e., if
the control device inlet concentration in cell BS is left blank),
this equation will calculate the control device inlet
concentration, based on the flow rate, the facility Aope‘rating
schedule in hours per year, and control device input mass in tons
per year. Conversion factors: 2000 Ib/ton; 454,000 mg/lb 60
min/hr; 4.326 mg/m’ per ppm of styrene; 35.3 f3/md..

This equation calculates the electrical power consumptlon of the

-control device at any flow rate. Electrical power consumptron

for most of the control devices was based on.vendor quotes,
except where power consumption was based on equations in the
OAQPS Cost Manual. In most cases, the vendor supplied
electrical power consumptions for one or two ﬂow rates. In
these cases, electncal power was assumed to be linear with flow
rate :

B-4
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w/Cell
Fuel usage (Btwhr)

Equipment Cost (EC),
(Vendor quotes)

Equipment Cost (EC),’
(July 1995 dollars)

Total Capital Investment
(%)

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

Explanation

. Fuel usage was either calculated from first pnncxples (such as

for catalytic and thermal ox1dat10n) or was based on vendor.

~ quotes (such as for the rotary concentrator). Fuel usage is

dependent on flow rate in cfim, heat recovery percentage,
oxidizer design temperature, and styrene inlet concentration.

“"Conversion factors/constants: 60 min/hr; air density of 0.0751 -
* ft¥/Ib at 68 °F; air specific heat of 0.241 or 0.245 Btw/lb_-°F (for
- catalytic or thermal oxidation, respectively); divide the calcuated

heat recovery value by 100 to get percentage heat recovery; 1.1
represents. 10 percent insulation heat loss, O 00475 Btu/ppm of -

. styrene.

This equatlon calculates the equipment cost as a fuhcﬁod of flow
rate. The equations were typically based on polynomlal- or
stralght-lme curve ﬁttmg of vendor quotes. i

All equlpment costs were escalated: (or de-escalated, if
appropnate) to July 1995 dollars, using the Chemical
Engineering magazine equipment cost index. ' The value of this
index in July 1995 was 428.1 (referenced to 1957-1959 at 100).

Based on the OAQPS Cost Manual (except sales tax taken as
5%, instead of 3%, for a more reahstlc situation), this equatlon
calculates total direct cost, based on equipment cost, site
preparation cost, and cost of bmldmgs to house the control
device., Site preparatlon cost is assumed to be $(5,000 +2.3[flow
rate, cfm]), for al ‘\control devnces Cost of buildings to house
control devxces 1s assumed to' be zero (all control devices
assumed to be outdoors) :

Includes mamtenance costs. Mamtenance costs are based on 4

hours per week, 52 ‘Weeks per year, at a labor rate of $25/hour,

trol system.. Costs for other control sizes

( ‘ Yearly related to flowrate. An additional 15
percent is added for supervisory cost. An annual maintenance
contract of $4,840'is assumed for each control device. Where
appropriate, additional costs, such as media replacement costs,
are included in Direct Operating Cost. Fuel and electricity costs
are separately calculated based on vendor quotes.

for ”' 10 OOb cﬁp c
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'Row/Cell

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

- Explanation e
- If Fuel Usage (Btu/hr).is calculated to be positive, annual fuel .

cost is the product of the Fuel Usage (Btu/hr) times Facility

" Operating Schedule (hours/year) times the fuel cost ($/Btu). If
- Fuel Usage was calculated to be negative (i.e., autothermal -

o operatron), fuel cost was assumed to be represented by 5 percent .

N (0.05) of the heating value of the styrene in the incoming stream.

- This factor of 5 percent is based on discussion in the OAQPS

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

Overhead, property tax

insurance, administration

($/year) -

Capital Recovery; Cost
($/year)

Total Annualized Cost
($/year) ‘

~“Cost Manual about maintaining a. stable flame within the
’ "oxldxzer ‘

wElectncuy cost ($Iyear) is the product of Electrical Power

required (kW) times facility operatmg schedule (hours/year)
trmes electr1c1ty cost ($/kWhr)

S Overhead cost was calculated based on 60 percent of Direct -

Operatmg Costs ($/year) and other costs were calculated based

$yea was obtained by multiplying the
“apital Investment by a capltal recovery factor. The
‘recovery factor (CRF) can be calculated by the. followmg

CRF f('"1+i)"l([1:ﬁ‘i‘j"i-1)

where i= annual mterest rate (%), and
n= number of years of depreclatlon

The capxtal recovery factor assumed in these spreadsheets was

0. 14569 (1.5%, 10—year depreciation).

‘ Total annuahzed cost lS the sum of all annualxzed costs,

' overhead property tax, msurance admmlstratlon, and capltal

I'CCOVCl'y COSt a

on 4‘=percent of Total Capltai Investrnent ($/year) as outlmed in.




Row/Cell . Explanation

Cost per unit of pollutant This is obtained by dividing the total annualized cost ($/year) by
. removed ($ton) =~ . the amount of pollutant removed (tons per year). ‘The amount of
pollutant removed is the product of the Control Device Input

Mass (tons/year) times the control device efficiency (expressed
~* asafraction). In these spreadsheets, thermal oxidation was |
~ assumed to have a control device efficiency of 98% (i.e., 0.98). *
All other control devices were assumed to have 95% control
efficiency, except for VOC condensers: The efficiencies of
VOC condensers were calculated based on the saturation curve -
~ for styrene gasand a spec:lﬁed operatmg temperature for the
vOoC condenser N S

‘References

Vatavuk, W.M.; OAQPS Control Cost Manual, 4th Ed. EPA-450/3-90-006 (NTIS PB90-.
169954); U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards,
Research Tnangle Park, NC, January 1990.
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emission control technologies that have been used or could be used to treat styrene:
emissions from open molding processes in fiberglass-reinforced plastics/compo-
sites (FRP/C) and fiberglass boat building facilities. Control costs for these con-
ventional and novel technologies were developed and compared for three hypothetical
plant sizes. The results of this cost analysis indicate that (1) preconcentration by ad-
sorption followed by desorption for recovery or oxidation appears to reduce the over-
all cost of styrene control, particularly at the lower styrene concentrations (< 100
ppm) typically found at these facilities, and (2) increasing the styrene concentration
(i.e., Lowering the flow rate) of the exhaust streams can significantly reduce the
cost per ton of styrene removed for all technologies examined, because capital and
operating costs decrease with decreasing exhaust flow rate. Therefore, a company
should evaluate methods to increase concentrations (i.e. reduce flow rates) of the
exhaust stream before considering any add-on control devices. The report also pre-
sents air flow management practices and enclosure concepts that could be used to
create a concentrated exhaust stream while maintaining a safe working environment.
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