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FOREWORD 
. . _. . 

The U. S. Environmentd Protection Agency is charged by Congress with pro:. 
tecting the Nation's land, air, 'and water  resources. Under a mandate of national . 
environmentdi 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 nurture life. To meet this mandate, EPA's research 
program is providing data and technical support for solving environmental pro- 
blems today and bu€l&ng 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 
investfgation of 'technological and management approaches for reducing risks 
from  threzts t6 'huqan 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;  .remediation .of contaminated sites and-groundwater; and prevention ind 
control of iridoor air pollution.  The goal of this research  effort'is to catalyze 
developmbnt and implementation of innovative, cost-effective endromnental 
technologies; devdlop sci6ntific and engineering information needed by EPA to 
support c@gu$atory and policy decisio$s; and provide technical  support and info& 
mation: trpisfer to ensure effective implementation of environmental  regulations 
and strat+&s. 

This publication has been produced as part of the Laboratory's  strategic long- 
term  research plan. It  is published and made available by EPA's Office of Re- 
search and Development 
with their, clients. . 

to assist the user community and to link researchers 

. .  

E. Timothy Oppelt, Director 
National Risk Management Research  Laboratory 

EPA REVIEW NOTICE 

This report has  been  peer  and  administratively  reviewed by the US. 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. 



September 1996 
F 

Assessment of Styrene Emission Controls 
~ for FRPK and Boat,Building Industries 

by: 
Emery J. Kong,  Mark A. Bahner, and Sonji L. T a e r  

Research  Triangle  Institute 
P.O. Box 12194 1 

Research  Triangle  Park, NC 27709 

EYA Contract  68-Dl-0  1  18, W.A. 156 

EPA  Project  Officer: Noman Kaplan 
Air  Pollution  Prevention  and  Control  Division 

National  Risk  Management  Research  Laboratory 
U.S. Environmental  Protection  Agency 

Research  Triangle  Park,  NC  2771 1 

Prepared  for 

U.S. Environmental  Protection  Agency 
Office of Research and Development 

Washington,  D.C.  20460 



Abstract 

Styrene  emissions &om open  molding  processes in fiberglass-reinforced 
plasticdcomposites, ( F R F K )  and  fiberglass boa! building  facilities  -are  typicalIy  diIuted by 
general  ventilation to ensure  that  worker  exposures  ,do:not  exceed  Occupational  Safety  and 
Health Adqhistration,(OSHA). staqdatds. ".'~This'~~act~c~'tealds'~to'i~c~~ase the !potential  'cost to 
the facili6 bf add;on:jcdritrols. Furthiihoreradd-on sgene  emission  controls'are  currently  not 
generally  mandated ,by regulations,  Therefare,,  emission ,p t ro l s  are  infrequently  used in these 
industries  at  present. ;I::, $ 1 ,  ,!,,');f;,(,l ' 1 ,  ''j.', . , ,I, I,:> ,,,,,, ",.$ ,& '2: :L;,$),$:'l, 2 4 9 4  

~ To provide  technical and cost  information  to  companies  that  might  choose  emission 

1 %  technologies  that  have  been  used to tre@  styrene  &ssions in the  United  States  and  abroad  and  a 
\ few emerging  technblogies  were  exami6ed. ' Contiol costs for these  conventional' and novel 

< . jJ : , ; i , / '  '., i '*: ; . 
The  results ofthis cost  analysis  indicatd, tt& inci&sing styrene  conceiltration  (i.e., 

lowering flow rate)  of the  exhaust st&$& ' c e ,  si&fichtly reduce  cost  per  ton' of styrene 
removed  for  all  technologies  examined,  'd&causk  scipital  and  operating costs increase  with 
increasing  flaw  rate. ' Therefore,  a wmpky shu,dd'evduate methods  to  increase  concentrations 
(i.e.,  lower flow rates) of the exhaust, s ~ ~ ~ l l ~ ~ ~ ~ ~ ~ ~ c o r i s i ~ e ~ n g  ariy add-on  control  devices.  This 
'report also presents air flow managerneqf~,p+$ces~&d  enclosure  concepts  that  could  be  used to 
create  a  concentrate&l.exhaust stream WW& ;n$a;jtta$hg a  safe  working  environment. 

controls  to  reduce  styrene  emissions,  several  conventional  and  novel  emission  control 

technologies  were  developed ,,and poip@ed fob Wee ii~otheiical plaitt  sizes. 
., i,', 'k ' I , ',"'1', '!, 1 

I 
I \I): ~ ,;. 8 &  , ,I, , ' / I  ' ' li4"',., R,l!J, ,!I, , , ,  

, I,, " ' 1 ' , 

I I .' 

.. 
11 



. .  

Contents 

Abstract ............. .:I ....................................................... ii 
Figures ........................................................................ v 
Tables ....................................................................... vi 
Acronyms and Abbreviations ., .................................................. vii 

Chapter 1 Introduction ........................................................ 1 

. . .  

Chapter 2 Background ......................................... ' ............... 2 
References ....................................................... 3 

Chapter 3 Conclusions  and  Recommendations .................................... 4 

Chapter 4 Pollution  Control  Technologies ....................................... 5 
4.1 Conventional  Technologies ........................................... 5 

4.1.1.1 Thermal  Oxidation ..................................... 5 
4.1.1.2 Catalytic  Oxidation ................................... 10 

4.1.2 Adsorption  Technology ...................................... 12 
4.1.2.1 Fixed-Bed  Carbon  Adsorption ........................... 12 

4.1.2.3 Activated Carbon Filter  Panels .......................... 14 
4.1.3 Condensation .............................................. 15. 

4.2 Novel  Technologies ............................................... 17 

4.1.1: Combustion  Technology ...................................... 5 

4.1.2.2 Fluidized-Bed  Carbon  Adsorption ........................ 13 

. 4.2.1 Preconcentration/Recovery/Oxidation Hybrid  Systems ............. 17 
4.2.1.1 MIA33 System ............. ... ........................ 19 
4.2.1:.2 Thermatrix  PADRE@  System ........................... 20 

4.2.1.4 Rotary Concentrator  System ............................ 27 
4.2.1.5 Fluidized-Bed  Preconcentration  System ................... 31 

4.2.1,.3 Polyad"  System ...................................... 23 

4.2.2 Biofiltration ............................................... 34 
4.2.2.1 Biofiltration  System ................................... 34 
4.2.2.2 Biotrickling  Filter  System .............................. 37 

4.2.3 Ultraviolet/Oxidation  Technology .............................. 39 
4.3 Emerging  Technologies . : .......................................... 41 

4.3.1 Membrane  Technology ....................................... 42 
4.3.2 PhotocatalFic  Oxidation ..................................... 48 
References ...................................................... 50 

Chapter 5 Control Cost  Analyses ............................................. 55 
References ...................................................... 65 

iii 



Contents  (continued) 

Chapter 6 Ventilation and Emission Capture Systems in the FRP/C.Eacilities ......... .67 
6.1 Regulations Governing General  Ventilation  Practices. ...................... 67 
6.2 Local Air Fl6w Management ................ : . ......... . ,  ., ............. .I 69 
6.3 Spray Booth-Ad Modificatiqs .' 71 
. . . .  6:3.1 ' '  Rbcirculation ............................................... !'72 

"6.3.2 Split-Flow'f3pray Booths ........................ '. ............ '76 
6.3.3 . O&ei8pkx$'~$&i Design  Modifications ....................... . 78  

6.4 Endpsures and Tat& Enclosures ............................ , ...... .' ... . 8 2  
Regerences ....................................................... , , ,  b '  

. 8 7  

, , S I _  :#: ((,, ,,,, ':, 1,:" , , :! $,'#%'b', ;i !I, " ,,:: ' I " '  ........................................... 
, ,, 4 '  I 

f, 

8 ,  ' ,  , 

, , , , ,'I 1 I 

Appendix A Development of Cost  Functions  for  Ptyrene  Emission  Control  Technologies  A-1 
References .................................................... A-2 

Appendix B Cost  Model for Styrene  Emission  Control  Technologies ................. B-1 
References ................................. :. .................... B-7 

.i 

, ,  

iv 



P 

d 

Figures 

- No . 

4- 1 
4-2 
4-3 
4-4 

4-5 
4-;6 
4-7 
4-8 
4-9 
4-10 

4-1 1 
4-12 
4-13 
4- 14 
4- 15 

4-16 

4-17 

5- 1 
5-2 
5-3 
5-4 
5-5 

6- 1 
6-2 
6-3 
6-4 
6-5 

6-6 
6-7 
6-8 

. .  

Page 

Calculated  styrene  inlet  concentrations  required  to  achieve  autothermal  operation ...... 7 
Low-temperature  saturation  concentration of  styrene in air ........................ 16 
Styrene  removal  efficiency  for VOC condensers ............................... 18 
Diagrams of the MIAB F-D (fixed-bed)  and MLAB C-D  (continuous  fluidized-bed)  carbon 
adsorption  systems ....................................................... 21 
Diagram of the  Thermatrix A2000 adsorption  system ........................... 22 
Diagram  of  the  Potyad  FB  concentrator  system ................................ 25 
Diagram  of a rotating-wheel  rotary  concentrator  system ........................ -28  
Diagram  of  the  Durr  cylinder-type  rotary  concentrator  system .................... 29 
Process diagrq of the  Durr  combined  rotary  concentrator  and  oxidation  system ...... 30 
no& , diagitm of the  kEECOEnvironmenta1 C&C  fluidized-bed  preconcentrator 
system  with an oxidizer ...... #. ....... : .................................... 32 
Schematic of 9 open  single-bed  biofilter  system ................................ 35 
Schematic of a  biotrickling  filter 38 
Schematic of the Terr-Aqua's  ultraviolet/oxidation  system ......................... 40 
Diagram  of a  simple  membrane'module ....................................... 43 
Meplbrane  modules:  (a)  spiral-wound  module, (b) plate-and-frame  module, 
(c) hollow-fiber  contactor ..................................................... 44 
Bwic recycle,sistem. . , , I .  design ' 1  using  one  membrane  stage,  preceded  by a compressor 
a r i r l ' :  Co'ncienser .......................................................... 45 
Experimental  heterogeneous  photocatalysis  system ............................... 49 

, . 

' . ............................................ 

Equipment  cost  calculations  for  various  control  technologies ... i ............... - 5 9  
Cost  curves for a catalytic  oxidizer  with 70% heat  recovery (H.R.) ................ 61 
Cost  curves  for  a  small  plant (20 tons  per  year  inlet) ........................... 62 
Cost  curves for a medium-size  plant  (100  tons  per  year  inlet) .................... 63 
Cost  curves  for  a  large plant (400  tons  per  year  inlet) ........................... 64 

Three  methods of local  extraction  ventilation ................................. 70 
Styrene  emission  profile for a typical  spray  booth ................................ 73 
Schematic  diagram  of a  paint  spray  booth  recirculating  ventilation  system .......... 74 

Schematic  diagram  of a paint  spray  booth  combining  split-flow  and  recirculating 
ventilation ............................................................. 77 

. Mobile  zone  spray  booth ................................................. 75 

VOC emission  distribution  for  a  paint  spray  booth  at  Tyndall  Air  Force  Base ......... 79 
Schematic  diagram of a  process  using  a  small.  centrally  located  capture  device ...... -81 
Conceptual  design of an enclosure for a sink/vanity  gel  coating  operation .......... 86 

V 



A-1 Equipment  cost  assumption  for  catalytic  oxidizer  with 95% heat  recovery ......... A-6 

. A-4 Fquiprnent  cost  calculation for biofiliration ................................ A-26 

A-2  Equipment  cost  assumption for "Bsystems .............................. A-8 
A-3 Equipment  cost  calculation, for rotary concentrator  system ..................... A-20 

' .  

No. ! > ' ,  ,, 

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

1 Thermal  and  Catalytic  Oxidizer  Applications  on  Gel  Coating,  Resin  Spray-up,  Pultrusion, 
. Continuous  Lamination, and SMC Prodbction,  Processes ........................... 8 

4-2 "3 Fixed-Bed Carbon Adsoiption  Appjications  in  Sweden  for  Styrene kernoval . , 19 
4-3 Processes  Treated by the  Polyad  Contr0fiSystem"at:khe  American Standard Facility 

in  Salem,  Ohio .................... .! ................... .' .................... .26 
4-4 Polyad  Applications  in  Europe for $ tyreqq :Removal ......................... .# .. 26 

' !  , , . i [I ' I :  

4-5 Selected  Commercial  Applications  for  Membrane  Sieparition, ......... .' ........... .42 
5-1, Equations  €or  Equipment Cost ................................... : ................. -56 
5-2 . Other Cost  ,,Analysis Inputs and  Signific+tAssumptions.. ......................... - 5 8  

a, ,, ' ,  ' j iJ I ,Ti", 
, ,  - , ,, pane 
,,, ' ' 

, [  
.; , ."i, 

3 , s  , P , 

I ,  

, . I ,  , 

. ,  

-! ' I I ,  
' i  

/ /  ., ' ' ,' ! ,; . ' "  

'1 I ,  , 1, , ;!", b. ' . 8 ' ,  , . ) I  . .  
, ,,,. ' ' I  , 1 

. . 
" k . . )  

, . ,, 
, ,  

I .  

B-1 Capital  Cost  Factors  for  Emission Contql Devices';:.:. €3-3 
, S I ,  , .  , I  .......................... 

vi 



,+ 

w 

BACT 
-. BCA 

Btu 
CE 
CEFK 
CFC 
Cfin 
EC 
EC&C 
EPA 
FID 
FRPK 
A 
Wmin 
GPRMC 
H A P S  

H.R. 
k W  
kwh 
lb 

' lbh 
LEL 
MACT 
MEK 
MIAB . 

MTR 
NFPA 
OAQPS 
OMC 
OSHA 
PADRE 
PCE 
PEC 
PEL 
PIC 
PPm 

PVC 
RBWAE 
REECO 
RPC 

Psig 

I, 

$. 

. ,  

Acronyms and  Abbrewiations 

Best  Available  Control  Technology 
beaded  carbonaceous  adsorbent 
British thermal  unit 
capital  equipment  (cost) 
Unsaturated  Polyesters  Sector  Group  of  European  Chemical  Industry  Council 
chlorofluorocarbon 
cubic  feet  per  minute 
equipment  cost 
Environmental  C&C,  Inc. 
Environmental  Protection  Agency 
flame ionization  detector 
fiber-reinforced  plastics/composites 
feet 
feet  per  ininute 
European  Organization of Reinforced  PlasticdComposite  Materials 
Hazardous air pollutants 
heat  recovery 
kilowatt 
kilowatt-hour 
pound 
pounds  per hour 
Lower  Explosive  Limit 
Maximum  Achievable  Control  Technology 
methyl  ethyl  ketone 
Molnbacka  Industri, AB 
Membrane  Technology  and  Research,  Inc. 
Natiorial  Fire  Protection'  Association 
Office of Air  Quality  Planning  and  Standards 
Outboard  Marine COT. 
Occupational  Safety  and Health Administration 
Polymer  Adsorption  and  Removal 
perchloroethylene 
purchased  equipment  cost 
permissible  exposure  limits 
Pultrusion  Industry  Council 
parts per  million  (by  volume) 
pounds  per  square  inch,  gage 
polyvinyl  chloride 
resin-bath-and-wet-out-area  enclosure 
Regenerative  Environmental  Equipment Co.,'Inc. 
reinforced  plastic  composites 

, .  

vii 



a 

RTI 
scfm 
SIC 
SMC 
SP 
SPI 
TCE 
TCI 
TCP 
TDC 
tPY 
TRI 
TWA 
UV/AO 
VLA 
voc 
yr 
"C 
"F 

Research Triangle Institute 
standard cubic  feet per minute 
Standard Industrial Classification 
Sheet  Molding  Compound 
site preparation 
S C Y G ~ ~ ~  'of the Plastics Industry qi$hlqq+~~g~e~~~~im;,  ,jk, :+,y;! ' y t  , I ". VI, /I . 

/I l l w l l l , ' , ,  ~ ~ ~ ~ ~ , ~ , ~ , i ~ l ~ , ~ v e s ~ ~ t  8 ,  I l l  

E ,  1, ,3-tri~htorppropene 
To@ Direct Cost 
tor+per y w  " 
Toxics,  Release  Inventory 
time-weighted allowable 
ultraviolet  lighdactivated oxygen 
vap&--iaden  airstream 
volatile.:organic. compound 

degrees  'Celsius 
degrees  Fahrenheit 

Year :,i'' -,,; iql,~,, ' .. , 

viii 



c 

- Chapter 1 

Introduction 

The  fiberglass-reinforced  plastics/composites.  (FRP/C)  and  fiberglass  boat  building. . 
industries  have  many  alternatives  for  reducing  styrene  emissions.  Styrene  emissions  can  be 
reduced  by (1) using  resin  material's  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  alteinatives,  taken  separately  or  in  various  combinations, 
can  vary  widely. 

I .  

Lacking the regulatory  mandates,  add-on pollutioi control  systems  are  not  often  used to 
reduce  styrene  emissions  in  the FW/C and  boat  building'industries. Low concentrations &d 
high  air flow rates ais0 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  technologies so they can make ~ informed  decisions  about the use of controls to reduce 
their  emissions. To meet this need,  the  cost  and pedormyce of  several  conventional  and 1 
emerging  add-on  pollution  control  tec&ologies  and air flow  management  practices  potentially 
applicable to these  indtistries  have.been  evaluated. I ,,;, 1 .  8 '  

, ,  

This report sumimizes the  results  of  literature  reviews  and  control  cost  analyses.' :r 
Background  information  about  the  industries  and  the  characteristics  of  their  emissions is I 

provided in Chapter 2. Conclusions  and  recommendations  of this study  are  presented in' 
Chapter 3. Variow pollution  control  technologies  are  describetkiri  Chapter 4, and their  costs  are 
compared  in  Chapter 5. Air flow management  practices  that  may  reduce  worker exposure'and 
control costs  are  described and evaluated  in  :Chapter 6.  Costing  prpcedures for Wio* pollution 
control tiichologies &e  presented  in  Appendix A, and  instructions  for  using~ & computer ' ~ 

spreadsheet  cost  model  €or  add-on  emission  controls  are  presented  in Appenex B. I 

This report  provides  preliminary  technical  and  cost  information  to FW/C and  boat 
building  companies for their  use  in  selecting  emission  control  technologies. ~ Companies  should 
identifj those teclpologies thatmfit their  production.  processes and conwct the; ,vendors of those 
technologies for more  accurate Soni?ation on  equipment  costs. 

1 



Chapter 2 

Background 

The FRP industry  (excluding  boat,building) is large'and diverse.  More than.680 
facili'es  nationally in the  United  Statesieported to"the Toxic  Release  Inventory (TRI) in  1992. 
These facilities  represent as m&y as 33-different  Standard  Industrial  Classificaiion.(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 manifactiiring 
process is open  molding.  Open  molding  (including  gel  coat  and  resin  spraying)-is  responsible for 
an estimated 75 ,percent  of the 15,419 aetric tons (17,000 ,tons) per yeif of styrene  emissions 
fiom the,FRP industry. This estimate is based on,1992 TRI teports (TRI 1995);-and  knowledge 
of FRP prbcesses;~and  their  emission  characteristics, , , . , , ,  , , . 

' .I , ,  ' 

/ /  

, ,. 
:,, . 5 

j l l  , 
4.' 

, .  ,, t 

Table 2-1 .' ' 'ianiifaciuring' Processei Employed !by F R P k  lndustiy ~ ~ ": ' ,  4 

. I  
I , , , )  rr*,, , ~ : I,$ , ,# , ,, 

, ,  
, , , ' , ,  ' ,  

? L' . ,  , , , ' a  , ,!. ,,, / .  ' 

Manufacturing Procesg, ,, ;I, , , ,&stimat@d Facilities Eritploying Process (%la . . '  

Open riuoridingb (inclu,ding 'hand layup, gel 1 )  , , , # , , I !  60 " 

, ,, 

coat spraying, and/or resin spraying) 
Compression molding 1 7., 
Filamene winding , ,,I 13' 
PultrusiaA '. ' , , ' 4 .  

,, 8 .  .8' 
Cultured M&rble, caktin;g"' 6' 

I. , I  

" ,  . 
4:'. 

Continuo& laminatioh - .:jiiii' * '  , 

"Coluqn tkjtaf ::exceeds 100% becathe many facilities employ more  than one  tvDe of 

I , , "1,, . 
' !5 

manuiac$bririg ;process.:. /]I ' 

. .  - .  

is ,con<entional,fo jnclutie  filament  winding in the open  molding' classification; however, for 
this'$tud~~~pen,,,molding .vi@ ;considered to \be ,.hand layup, gel  coat spraying, and/or resin 
spraying. 'I.IJ.,~ , . , ,  ' 

, /I,. 

,, I .  

Source: Pacific Environment& bervices, 1996 

, ' I  
7 ,  ' , ' ,  

The  fiberglass  boat bhldirgindustq represents a segment of SIC code  3732,  Boat 
Building  and Repairing. ' The k993 TRJ report contains data fiom 144 boat  manufacturers. The 
open  molding  process is the  most common  production  method  used in fiberglass boat building. 
-Estimated  styrene  emissions fkom 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 duing the  application 
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I 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 FRFVC production  and  boat  building  facilities 
use high ventiIation  rates  to  ensure  that  styrene  levels  are  below  the  100-pprn  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  'kostly.to , 

control.  Some  facilities  designate  certain  areas  for  gel  coat  or  resin  spraying  to  reduce  the 
contamination of plh t  air.  In  these  cases, a spray  booth  equipped with a  dry filter medium may 
be  used to reduce  particulate  emissions,  but  diluted  styrene  emissions are typically  vented 
directly to the atmosphere. 

I .  

' ' Some FRP/C processes,  such as pultrusion,  continuous  lamination,  sheet  molding 
compound  (SMC)  prodpction,  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 ~ ~ e r  exh&st flow rites (i.e., at  higher  concintrati9ns) than emissions'fiom the oIien- 
molding  brocebs; thirefore,  it is more  feasible or less  co,& to treat  these seems. ,Most of the 
existing dfiission c&@Ol  devices  @stalled in the FRP/C facilities  are  used  to  treat  e"issions , 

fkob t.hes+:prdcesse& ' 1  , ' ' < .  ' 
' 8 .  

:* ' ,, ( , ? ,  ' 1 , 1 , ' ,  
1 1  

1 ,  

I 4: 
1 b"  

, ,  , , , .8 , 

I ,  References , 'dl!, I '  

n, ' , , , . ,  
' I  

, , , , '  
; '  , ,  I, 

.Pacific E&iroaental Seivices,  Inc;  Industry  Description.  'Memorandum fiom Greg LdFtlam 
and' M e l ~ e  Proctor,  Pacific  Environmental  Services,  Inc., to Madeleine Strum, EPA-OAQPS, 
October,~l'7, 1995. ' 

, .r ,I ' ':I 

,hdian Corporapbn;  Minutes ofthe Boat  Manuhcturing P-MACT ,Teleconference  on  October 
3 I, .199$ ~~hh&$ofiW& fioh ' & i a n  Palmer, Radian  Corporation,  tq  Madeleine  Strum,rEPA- 
OAQPS, Novedber 28,' 1995. 

* ' '!I, ,;, 1111 ' .'; 

., , 

; ' ,  ,,I 

1987-1993 Toxics Release Inventory; EPA-749/C-95-004 (NTIS PB95-503793); U.S. 
Environmental  Protection  Agency, Office of  Pollution  Prevention  and  Toxics,  Washington,  DC; 
August 1 9b5. 
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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 fiom FRP/C 
facilities.  These  approaches can maintain a safe  working  environnient  and  produce a high- 
concentration  exhaust stream, which  can  be  controlled with less expensive add-on controi 
devices. 
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' \  , # ,  , . Pollution 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 fiom FRNC and  boat 
building  facilities.  Section 4.1 presents  conventional  technologies  that  are  proven or have  been 
traditionally  used  for VOC emission  conkol.  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  fiom  other  industry  sources. 

4.1 Conventional Technologies 

Conventional  technologies  include  combustion  (i.e.,  thermal  and  catalytic  oxidation), 
adsorption,  and  condensation,  which  have  traditionally  been  used  to  treat VOC emissions. The. 
process  description,  applicability t o  FRFVC processes,  typical  operating  conditions  and  control,. 
efficiencies,  and  the  advantage/disadvantage of its  application  are  presented for each 
conventional  technology. 

4.1.1 Combustion Technology . 

Combustion is a process  by  which an exhaust  stre-  containing VOCs is  brought  to 
adequate  temperature  and  held for a suficient residence  time to  allow  for  oxidation  of  the VOCs 
into  the.  combustion  byproducts of carbon  dioxide (Cod and  water  vapor (H20). Theoretically, 
any hydrocarbon  would  be  oxidized  according  to  the  following  equation: 

C,H, f (a + 0.25b) O2 - a CO, + 0.5 b H20. (4-1) ~ 

Combustion  devices  are  classified  according  to how oxidation of the VOC occurs  and . 
how  heat  energy  from %e exhaust  stream is recovered.  The first  classification  differentiates 
between two oxidation  methods - thermal OT 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 
(typically  between 538" and  1,093 "C [1,000" and 2,000" F]) to  destroy VOC vapors. 
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Time.- For  the  oxidation  reaction to occur,  the'.exhaust  must  remain at the reaction 
temperature  for  a minimum mount of time,'  called  the  "residence"  or  "retention" 
time.  Greater  destruction  efficiencies  result from longer  residence  times.  Note 
that  the.  temperature ~ p d  time  are  inverse1y.proportional  (although  nonlinear)  to 
each  other in determining  destruction-efficiency. 

. 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  time  but  .is  a  necessary  condition for high 
destruction  efficiency. 

' I  

A feview  of the literature  indicatem  range  of  recommended  temperature  and  residence . . . 

times  for  thernial  oxidizers.  Thermal  oxidizers  generally  bperate at a  temperattire  ranging  from 
650"  to 870" C (1,200' to, 1,600" F) and  require a minimum residence  time  of 0.3 second  in  the 
combustion  zone  (Bethea, '1 978). The  thermal  oxidizer at the Lasco-South  Boston facility 
operates  at  approximately 788" C (1,450" F). Most themal 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 stretyns controlled  by  thermal  oxidatibn can vary from 
.the parts-per-millibn (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  inexcess of 2,832 m3/min (100,000 c h ) .  

1 -  

Control'Efficiency.  Studies  indicate  that  a  well-designkdsand  -operate4  th&mal,  oxidizer 
can  achieve  at  least a,98 percent  destruction  efliciency. This corresponds  to thehal oxidizers 
that  are  operated at 871 ' C (1,600' ,F), with a nominal  residence!  time of 0.75 s&ond.(Farmer, 
1980). ' ,  I , . I (  , 

, ,  

AdvantigesIDisadvantaFes. The  principal  advantages of thermal  oxidizers  purchased , a s  

air  pollution  conkol  devices  are  their.demonstrated  use  within.th& FRPK source  category  and ., 

their  potential foi~ Lery hgh destruction  efficiency.  The  principal  disadvantages'  of  thermal 
oxidizers  purchased as &r pollution  control  devicFs  are  their high energy  requirements  (for  dilute 
VOC streams,  p&icul&ly if heat  recovery  is  below 70 percent)  and  the  formatibn of additional 
air  pollutants  (carbon  dioxide  and  nitrogen  oxides) from the  comljustion ofauxiliary  fuel. 
Energy  requirements  and  ,formation of carbon  didxide md,,niqogb oxides  'are  inversely  related  to 
the  level  of  heat recoveb ,employed,,(i.e.,  increasing  heat recoved dkcrehes'energy  requirements 
arid  formation  of  other air; 4pollutants). A regenerative hemal  oxidizer  operating at 816" C 
(1,5000 F) produces 2 to 22 ppm of nitrogen  oxides  (Gribbon, 1N6). b i I E P A  study 
(Sanderford, 1 g93) indicaies  that NOx formation js dependent on Sudh faktois a s ,  Oi'content, 

l a  8 .  . ' ,  . /. I 
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residence  time,  and  combustion  temperature,  and  even  a two-Second residence  time at 1,065 O C . .  
' (1,950' F) will' result in formation of less than 10  ppm  of NO;. "' '", 

. .  

. . COGS. Capital  and  operating  cost  data  are  ptesented in Appendix A and  the  spreadsheet 
cost  model. is presented  in Appendii B. ' 1  ' , '  I ' 

I 

3 3 .  Theoretically, 'any in-plant 'iatura- 
gas or oil-fired  boiler  or  heater  could also be used  to  destroy  styrene.  'However,  in-plant  boilers 
have l h t e d  air flow rates,  and  their  seasonal  usage  limits the amouit of  emission  reduction  that 

. could  be  achieved.  Also,  temperatures  and  residence  times foiin-plant%oiiers 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  phncipal 
disadvantages  of  in-plant  boilers as ther&al:oxidizers me their  uncertain  destruction  efficiencies 
and theit limited  combustion air needs  (boilers  only  require  approximately 5 m3/min (1 80 ch) .  of 
combustion air per million.Btukour),, , I :, " .  

4.1.1.2 Catalytic  ,Oxidation ' I  

~. 

, .  1 .  

Catalytic  oxidation  systems  pass  VOC-laden  exhaust through special  catalytic  beds .to 
facilitate fhe oxidation of styrene  at  lower  temperatures.  These beds usually  consist of precious 
metals.  Catalytic  oxidizers can reduce  the  required  temperature for "a given  destruction  eficiency 
by several  hundred  degrees  Fahrenheit  compared  to  thermal-oxidizers. 

$recess Descrigtioq. In most cases,  inlet.  gases  to  the  oxidizer  are  heated  by  a small' 
natural-gas-fired  burner (as with a thermal oxidizer,  but  to a much  lower  temperature).  The 
heated gases are then  passed  direcfly through the  catalyst  bed,  which is in thi  sake unit a s '  the ., 

burner.  The caklyst is +ually a noble  metal  such as palladium  and  platinum  (other metals a r ~  
used,  inciubing I chromium,,  maigapese, coppir, cobalg . and  nickel)  deposited on an al+ina 
support  configuration. i he  'support  configuration is frequently  a  honeycomb  arrangement  to 
minimize  pressure  drop  (relative to a  packed  bed  of  pellets)  (Cooper  and Alley, 1986). 

3, 

, I .  

ermal Reco very. As with the&qal  oxidizers,  thermal  recovexycan  be  uked tom lower 
. I '  

the fuel costs of,catalytic oxidizers. n e m a l  rkcovery carbe perfornied iri d recuperator  (energy 
recoveries  are  typically 40 :to 60 percent, with 80 'percent  often  practical) or in a  regenerator 
(energy  recoveries up to 95 percept  are  practical)., , *  

1 , ,  
I' , 

" , " I  

Catalytic  oxidizers  have  inherently  lower  fuel'  costs  than  thermal  oxidizers  (dud 'to the 
lower  combustion,temperature .in.'catdytic oxidkexs).'  ,Therefore, catalytic'oxidizers r e q ~ r e  a 
smalIer  amobnt of heat  recovery to 'achiFVe  autothermal'  operation  (operation in which  the  inlet 
pollutant is the sole fuel  source).,  ~&culated sMene inlet  'ConcentrationS required tii ~acliieve . , 

autothermal  operation  for caklytic v d  thermal oxidizers  are  depicted in Figure 4-1. The 
required  inlet  concentktio'ns  were  'dalculated by RTI, based on a thermal  oxidizer  temperature of 

1 ,  , .  
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788  "C  (1,450 OF), a  catalytic  oxidizer  temperature of 329 "C (625 OF), and a styrene  heating 
value of 40,900 J/g (1 7,600  Btu/lb). 

plicabflity to FRPIC  ProcesseS. The Cor  Tee  facility  (Washington Court House, 
Ohio) em%oys a  catalytic  oxidizer  (see  Table 4l):designed to operate  at  3  16" to 371 0 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  m3/min (5,000 cfh). The  oxidizer  treats  exhaust ' 
gas streams from an  automated  gel  coat  spraying  on flat  panels at a  rate of 102  m3/min (3,600 
c h )  and  a  resin  mixing  operations  at  a  rate of 40  m3/min  (1,400 c h ) .  Testing of the  oxidizer in 
1994  indicated an average  inlet  styrene  concentration'  (i.e., fiom both  processes)  of  240  ppm  and 
an average  destruction  efficiency'df  approximatelyyl98  percent  (Patkar  et al., 1994). 

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

, ,  

Standard , , 8  OueratinP - ,  Conditions.  The catalyst'bed in catalytic  oxidizers  generally 
operates at tpmpeqqures  ;rangibgbe&een 149" &d:482"C  (300" Ad 900 O F ) ,  with  temperatures 
rarely  exceeding,'538" 61:(1,000a F). The  required  contact  time  between the  contaminant  and  the 
catalyst  for  complete  oxidation to occyr is normally 0.3 second  (Radian  Corporation,  1985). 

, , I  z 
~ : , ,  ' ,,,,+, , 8 , .  ' ' 

, 

Control EEciency. A well-operated aid maintained  catalytic  ,oxid,ation  unit cprachieve 
destruction  e&iencies  4$98 ~er~efit,'compatable~to'thermd oxidation unik.. Destruction 
efficiency woad decred  in t@ 6resence  of  catalyst  poisons  and  particulate  matter (US EPA, 
1995). 

AdvantarreslDisadvanta~a. - 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  regenerative  catalytic  ,oxidizer 
demonstrated  nitrogen  oxide  production  of  less than 1 ppm  (Gribbon,  1996). ' , #  

, ,  

n '  

Catalytic  oxidizers  may  suffer fiom catalyst  fouling  or  poisoping.  Some  matetials that 
are considered  catalyst'poisons  include  heavy  metals  (mercury,  lead, iron, etc.), silicony8 sulfur, 
and  halogens. Organic solids  or  inert  particulate  matter may also  poison  or foul catalyst  beds 
(Farmer, 11980). , . ,  

Cos& Capital  and  operating  cost  data  are  presented in Appendix A and  the  spreadsheet 
cost  model is presented  in  Appendix B. ~ 

1 
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4.1.2 Adsorption Technology 
. ,  / I  

p ~. 

Adsorption  technology  utilizes a mass transfer  process  involving  interactions  between 
gaseous  and solid-phae components.  The  gas  phase  is  captured  on  the'solid  phase  by  physical  or 
chemical  adsbtpkion  mechanisms.  Most VOC adsorption  systems  use  activatetl  carbon  as  the 
solid"phise,  although  a few  systems  use  silica  gels,  diatomaceous  earth,  alumina,  synthetic 
zeolites,  special  polymer  materials,  or  other  proprietary  substances. 

' ,  j , :  '. . #  ~. . 
i ,  ,' 

..In carbon  adsb$tion, gaq~ous VOC.molecules  are  captured  'on  the:extensivk  Burface  area 
present in the grb'ss*'and:mol&i& pore spaces in  the  activated  carbon  adsdrberit. The'used 
ciubon adsixbent' iii thkn  sither  :discarded  or  regenerated.  Carbqn  adsorption  unit's  are 1 ' 

commercially  av4il;able  packaged  units up to 1,700 m3/min (60,000 scfm)  (Purcell  and 
Shareef, 1986). 

' , , .  ' ' 
', ' A  t ,  

, , '  . 

' , .  
, I  . ,  , .  

4 s ,  
, .  

Activated  carbon  is  best  for  adsorbing  high-mblecular  weight  and  nonpolar  chemical 
substances.  Comgounds with a molecular  weight 9f 40 or  less  do  not  ,adsorb  well  orbactivated 
carbon.  Compounds  with  a  boiling  point  greater  :than 150" C (300f F) do no1 desorb  well;.A 
high  relative  humidity  may  'interfere with' the adsorption  efficiency(Haberl&n  and  Boyd,' 1995). 

1 

. ,  , I .  . , i  

The  following  sections  discuss  three &bo& adsorption  systems: (1) fixed-bed  carbon 

(3) activated-carbon filter panels (disposal, no <egenkr&on).'  Hybrid:  systems  using  cdrbon  or 

novel  technologies  section  (Bectibn,4!2).~* 'I" 

4.1.2.1 Fixed-Bed  Carbon  Adsorption 

I I, 

5 adsorption (stem regeneration), (2) fluidized-bed  c&bqn  adsorption  ,(hot air  regenerition), and 

I polymeric  !adsorption  and subsequent'desohtlon  for"rec0very or oxidation are presented in the 
' ! , i  I. , d 'I, 

I 
~ " ' , ,j . I ,  , 'I& 

I 
I 
i Process  !Description. A typical fixed-bed  carbon  adsorption  system  consists of two  large 
I 
I exhaust is first  passed:through one of the  chambers, which dowly  adsorbs  the VOC  vapor  onto 
1 the  carbon  in  the  bed.  When  the  .bed  approaches either  saturation  (full  capacity)  or  breakthrough 

chambers,  called  "beds,"  that  contain ii large  quantity of activated  carbon.  The  VOC-laden . ' 

~ 

(rapid  reduction inxapture efficiency),  the  exhaust is switched  to  the  second  chamber.  Steam  is 
. 1  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  adsorption  andtregeneration,  maintaining .a fairly  constant  emissionl  control 
rate. - , 1 ,  

. z  
, .  

r .  

Apdicabilitv to FRPlC  Processes.  There are no  known  fixed-bed  carbon  adsorption 
systems  installed on FR,P/C processes  in  the  United  States. 

~ 

, .,# ' 

Standard  Onerating:  Conditions. .- Cameron-Yakima, an activdted  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 aid Boyd, 1995). In other  words, 680 kg (1,500 lb) of 

12 
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4.1.2.3 . .Activated  Carbon  Filter  Panels 

Process  Description. A carbo9 filter panel system  uses an 'activated  carboh  filter  panel 
consisting of a standard  pleated-fabric  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 &ah the recirculating  contlitioped air. 
In this application, the conditioned airmakes several  passes through the filter  each hour. This 

Conditioning dwt filters :(Haberl& , .  and  Boyd;; 1995). ~' 7 

explains why' the  carbon  filter  panels  @e  fashioned  in  the. shape and size of s&dard air . ,  

AdvantaPeslDisadvantaees. Carbon  filter  panels e& 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, suchas potential  for  styrene  polymerization  and 

adsorption  capacity  before  replacement, are not  applicable to high-emission-rate  processes.. 
I unlikelihood  of  styrene  recovery.  Additionally,  carbon  filter  panels,  because  of their limited 

* Costs  per  unit  of  styrene  removed can'be very high.. 

Cost$.  Glastic  Corporation  reports  a  cost  per unit of styrene  removed  of  approximately 
$1 1Okg  ($50/lb  or $lOO,OOO/ton) for throwaway  carbon filter panels  and  approximately-$20/kg 
($9/lb or $18,00O/ton)  for,  regenerable  fdters. : These  cost  estimates do not  include  capital  and 
labor  costs.  Annual  filter  costs  for  the  facility are'on the  order  of  $250,000 (LaFlam, 1993). ' 

4.1.3 Condensation 

Condensation  (refrigeration)  involves  lowering-.the  temperature  of  a  VQC-laden  exhaust 
stream  below  the  dewpoint  (saturation  temperature) of the VOC  to  be  condensed.  Figure 4-2 
shows  RTI-calculated  low-temperature  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  Descrintioq.  There  are  two  types of refrigeration  units:  single-stage  and  multi- 
stage  units. Both types  typically  consist  of  a  skid-mounted  unit  on steel bees ,  including a 
walk-in weatherproof  enclosure,  air-cooled low-temperature-refiigeration machinery  with  dual 
pump  design,  storage  reservbir,  control  panel  and  instrumentation,  vapor  condenser,  and  piping. 
Each  unit has a  system  pump, plusa bypass  pump to short-circuit  the  vapor  condenser  during  no- 
load  conditions. 

Aqlicability to FRP/C Processes.  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  nitrogen  to  a  condenser,  which uses liquid  nitrogen  to  remove  styrene. 
This FRPK facility is currendy  conducting  a  study  to  examine  the  styrene  reuse  issue.  Since the 
facility  already has a nitrogeb  'souice  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 &ams at FRP/C facilities  would  need to be  raised  considerably from 
their  current  typical  values  of  below  100 ppm. I 

Standard OperatinP-s. Single-stage  refrigeration  typically  achieve 
temperatures  between 4 O and  -29"  C (40" and -20" F), although  some  of  them  can  reach -5 1 " C 
(-60 " F). Multistage units typically  operate between -23 " and -73 " C (-1 0 " 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 (-1 0" F)  and  multistage units operate  at -40" C (-40" F). 

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

Figure 4-3 depicts  RTX-calculated  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 op,Frating  at -40" C (-40" F) (saturation  concentration  of 
84 ppm). Styrene removal  efficiencies  are  calculated  relative to  the  saturation  concentrations  at 
-23 O C (-10 " F) and  -40" C (-40" F), respectively.  For  example,  the  calculated  removal 
efficiency for a, ,F@gle-s@ge  condenser  operating with an  inlet  concentration of 500 ppm  would 
be  [(500-357)/50'0]x100 = 28.6 percent. 

AdvantagesLDisadvantageq. Condensation has anadvantage  relative  to  oxidation in that 
no  additional air pollutants  (e.g., ckbon dioxide  and  nitrogen  oxides) are generated.  The  styrene 
recovered  from a styrene  condenier may  not  be  reusable.  Condensation is not an economically 
feasible  alternative at styrene  exhafist  concentrations  currently  found  at  most FRP/C facilities 
(i.e.,  below appqokmately' 100 ppm). 

1 ' '  

Costs.  Capital and oper&tihg  cost  data  are  presented in Appendix  A  and the spreadsheet 
cost  model is presdnted  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 fiom soil  remediation.  One of the  noveI  technologies 
incorporates  adsorption  and  desorption  for  subsequent  recovery or oxidation  in  a  hybrid  design. 
In this case, the adsoption 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 412.2 addresses  biofiltration  technology, and Section 4.2.3 
presents  an  ultraviolet  lightlactivated  oxygen (UV/AO) technology. 

4.2.1 PreconcentratiodRecovery/Oxidation Hybrid System 

Technical  information  collected fiom various  vendors  for  four  hybrid  systems is 
presented  in this section. k e s e  systems  are MIAEi, Thematrix PADRE, Poiyad,  rotary 
concentrator,  and  fluidized-bed  preconcentration  systems. . 
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4.2.1.1  'MIAB  System 
. .  

MIAB (Molnbacka  Industri, Al3, of Sweden)  manufactures  fixed-bed (MIAB F-D) and - 

continuous  duty  fluidized-bed (MLAB C-D) carbon  adsorption  systems to  preconcentrate VOC 
emissions  and  &e VOCs are  desorbed for recovery or oxidation.  The  manufacturer's 
representative for MIAB,  Setco,  Inc.  (Minneapolis, MN), lists two European  applications  for 
MIAB fixed-bed.  carbon adsorption systems on styrene. The fust 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 W o  fured-bed  qpplications  are  summarized,  in  Table  4-2. 

i 

Table 4-2. MlAB Fixed-Bed  Carbon Adsorption Applications in Sweqen for Styrene ' 

t Removal  (Source:  Sundberg, 1995) 

, ,  Borea!is lndustrier AB, Ursvik AB, Kinna,  Sweden 
Sweden 

Type of  MlAB  Unit 

Date installed 

Reported Operational Parameters 

Flow  rate (m3/min [cfml) 

Daily operation (hours) 

Inlet relative humidity (%) 

Inlet  styrene concentration (ppm) 

Control efficiency, guaranteed (%) 

MIA6 F-D 
~ ~ 

MlAB F-R ' ' 1  

(Fixed  carbon bed, (Fixed carbon bed, desorbed 
catalytic: oxidizer styrene condensed for 
destructidn) . recovery) 

1,992, ~ 

; ! I t ,  

1991 

651 123,000) 5 10 (1 8,000) 

Continuous 9 
"l 

50 - 90 50 - 90 

26  30 

90 90 

Control efficiency, measured (%) 96  93 

Carbon life 2  years  Original 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 41) 40 

Total electric costs,, kWh/8 hours 480 320 
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Figure 4-4 shows  the  diagrams  of "3 F-D (fixed-bed)  and MIAB C-D (continuous  duty 
fluidized-bed)  carbon  adsorption  systems. 

Standard  Operatin?  Conditions.  The MIAB fluidized-bed  carbon  adsorption  system is 
desimed so that  the cablytic oxidizer  operates  autothermally  when  used h t h  catalytic  oxidation. 
The  concentration  ratio  (ratio  between  the  adsorbed  and  desorbed streams) is typically 
approximately 1, to 1 0. 1 ,  

I 

1 

I 
Control Efficiency. "3 of Sweden  -fabricated and operated a MI- C-D pilot-scale 

unit (approximately28 m3!inin [l,,OOO &in]) 'for dppioximately 3 months.  Tests  were  conducted 

early 1995. Flow  rate and inlet and  outlet  concentration  measurements weremade after 5 ,days, 
35 days,  and 65 days'  of operatidri..,~Conc~n~ation~me~~e~ents were  made with a 
photoio&ation detector. The average flow rate wbs 1,690 m3/h (994 ch) .  The  average  inlet 
and olltlet  styrefie  concentrations&ere I ,  69 ppm and 0.9'ppmy  respectively,  yielding  a  calculated 
average +lIectioi 'LEciencyi df 'percent WAB, i 99s). 

~ on the "€3 C-D pilot-scale  unit  at  the  OMC-Sweden  facility  in Ryd, Sweden, inflate 1994 and 
~ 

8 "  

AdvantaeeslDisadktaEes. A stated  advmtage 6f the MIAB-C-D system is that  the  use 
of  a  fluidi'zed-bed  adsorbertacco&odatt% & wide"r#e , o f  inlet  styrene  concentrations  compared 
to  fixed-bed  systems..  The"IAl3  preconcentiation '&stems can  be  expected to have  many of the 
same  advantages  and disadvhthges ,of other  carbon  adsdxption  systems, except  that  after 3 to 4 
years of operation  in  Sweden, @e ' C l l I A B  systems k v e i ~ o t  experienced  styrene  polymerization 
problems. 

Cos&. Capital  and  operating  cost data are  presented in Appendix A and the  spreadsheet 
cost  model is presented in Appendix B. 

4.2.1.2 Thermatrix PADRE@ System 

i Thermatrix,  Inc.  manufwt&es an on-site,  self-regenerable  adsorbent  system  cafIed 
I 

I 
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). 

I 
~ Process DescriDtion.  The PADRE system is based on  adsorption.  The  system is small , 
I relative to typical exhaust flows in the FRP/C industry, with the  largest  current  installation 

handling  around 198 m3/min (7,000 c h ) .  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  on the 
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 . 

k , to an oxidizer.  Figure 4-5 is a diagram of the  Thermatrix  adsorption  system. 
i 

1 
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Figure 4-4. Diagrams of the MlAB F-D  (fixed-bed)  and MlAB C-D 
(continuous  fluidized-bed)  carbon  adsorption  systems. 
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The Polyad  system is manufactured  by  Chematur  Engineering  ABlWeatherly  Inc. 
(Atlanta,  Georgia). . I  _ I  

Process  ‘Description. There are two types of systems:  Polyad  preconcentration system, 
followed  dy  oxidation, and Polyad-solvent  recovery  system. Both systems pull  VOC-laden air 
through a fluidized-Ged  adsorber.  The  adsorber consists of four to six fluidized  beds with 

23 
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Table 4-3. Processes Treated by the Polyad Control-.System at the American Standard Facility in 
Salem, Ohio (Source:  Ross-Bain, 79961 

Facility name and Air flow S ~ r e n e  srqcovery or Inlet ' Reported Start- 
location (msjrnin, preconcabtration concentration efficiency up date 

[acfrnll ( P P 4  , , (%I 

I F 0  Sanitar AB " ,  

Btomolla,  Sweden [12,1500] preconcentration' 97 1 993a 

Beton und Kunstoff 41 d,,.. Recoveb 46 - 92'  98 19-90 
lndustrie Schlinsog t 14,7001 . .  1, I . ,  

GmbH & Co., 
KGLauterbach/ 1 8  t, 8 ,  ' ..:!,:' I , ( , / '  .I, '1 

Allmenrod,  Germany 

Hoesch, Metall -I- 1,000 Recovery Not > 90 1992 
Kunstoffwerke GmbH & 135,3001 reported 
CO. 
Duren,  Germany 

Norfrig A/S 912 Recovery 1 I' Not > 901 1992i 
Hvam/Kjellerup, [32,4001 Preconcentration' j. reported Not 1995' 
Denmark  reported' 

kola Werke AG 198 Recovery Not reported > 90 1993 
Duren,  Germany [7,0001 

. I  
1, 

354 Recovery i 92 90 i 19891 

I '  

, , ' ,  
',, , , ' I  vi- &;;? , '  1 ' 

t . , ,  .il"#'. 1) , , 

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

, A , , '  

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

AdvantagesDisadvantaFes. 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  the&  or  catalytic 
oxidation.  The  Polyad  system is most  economically  attractive for flow rates  above 283 to 340 - 

m3/min (10,000 to 12,000 cfin)  (Ross-Bain,  1996).  Weatherly  Incorporated  recommends 
preconcentration  system  over  solvent  recovery  system  for  styrene  removal. 

Costs. Capital  and  operating  cost  data  are  presented in Appendix 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 fist 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 tums slowly  while  styrene in the  exhaust 
gas is adsorbed. A small  sector  of  the  wheel is isolated fiom the e a u t  stream,  then  a low 
volume of hot  air is passed through this sector,  desorbing  the  styrene to  a  higher  concentration. 
This small, concentrated  stre- is' normally  conducted  to  incinerator for destruction.  Figure 
4-7 shows  a'rotating-wheel  design imd  Figure 4-8 shows a cylinder-type  design of the rotary 
concentrator  systems.  Figure 4-9 shows the  process  diagram of a.combined rotary concentrator 
and  oxidation  iystem. .' 

" ,  
. ,  

, , '  , 
Amlicability to FW/C Processes.  There  are  no known appiications of rotary 

concentrator  systems  on FRPK processes in the  United  States.  -However,  Daikin ofJapan 
supplies  carbon-based  honeycomb  rotary  concentrators,  which  are  used to control  emissions  from 
plants.manufacturing.hot kbs, shower stalls, etc. in Japan.  There: are'nine.applidations  installed 
in  Japan.  The  first  installation @as 1984.  The  concentrated  vapor  streams frod these rotary 
concentrators  are  sent to catalytic  ,oxidizers  for on-site  destruction (Sekipchi, 1996).  There are 
at  least two zeolite  concentrating  rotor  installations  for  styrene  emissions  conpol  at  styrene- 
butadiene  synthetic  rubber  plants in Europe  (Haberlein  and  Boyd, 1995). 

i' I ,  

Standard  Onerating Coiditions. Styrene-laden  air at ambient  temperhture  first  passes . 
through  a  filter to remove  'particulate  matter  then  enters  the  honeycomb  rotary  concentrator.  The 
honeycomb  rotor  traviAs 2"to 6:  kevolutions  per hour. Styrene  adsorbed on the rotary  concentrator 
is desorbed  by  heated  air  at 5 ti;' 25 percent  of  the  original flow rate. The  temperature of the 
desorbing  gas  ranges fiom'66" to 120°C (1 50" to 250' F)  for  activated  carbon  and  could  be as 
high as 177" C (30 " F) for  zeqlite.  The  styrene-concentrated gas stream is then  subject  to 
thermal  or  catalytic  oxidaQon.'  !The' D m  pilot'  study  at  Navistar  International  Transportation  did 
not  observe  progressive  p&ym&zation of styrene  on  the  suxface  of either  carbon or zeolite 
adsorbents  over  the montli-longlktudies  (Gupta,  1996). 

Control Efficiencv.  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 23 8 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). 

D m  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 
fiom SMC  production..  A  split  stream  of 5.7 m3/min (200 c h )  was  taken fi-om the  SMC  exhaust 
for  the  pilot  study. The D m  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 D m  pilot  study,  which  implies  that  the  desorbing flow 
rate is 10  percent  of  the  incoming*flow  rate. , '  

8 1 ,  I 

AdvantagesRIisadvantages. Rotary concentrat$s  cW,reduce  the,exhaust  stream qnd 
increase  its  concentration  for'subsequent  destruction., "e ct$icentration  factor is determined 
fiom the inlet  and  desorbing  concentiatio&.  For  safety  reasqn, &e desorbink  concentration  is 
limited  to 25 percent of the LEL, ,that  is, 2,500 ppm.  ,,Typically,  a  rotary  concentrator can  reduce 
the  exhaust  flow  rate to 5 to is perc&t ofthe  orighd e a a w t  flow  (i.e,,  a  concentration  factor of 
.4 to 20). Consequently,  capital  and  op,erafting  costs for , a q  add-on  emission  dontrol  device can be 
reduced  significantly. A concentrated btream reduces dr; Pli-tes the  auxiliary  fbel  required to 
operate an incinerator,  resfltihg in a dicreke in operat$ng  cost @d related  e&sions of carbon 
&d  nitrogen  oxides.  yegenerative aid rkuperative &&la1  oxitlation  and  catalytic  oxidation 
'units  are  typically  usedi'for ' i i i q l  despwtion.  Selection  ,f.a  dpstruction  unit  is  based  on the 
expected  life*of  operatibn,  re'iuired  destruction  efficiency,  anfl'operating  cost. 

t,llf ,/'I, , 11, , 

Costs. Capital and operating  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  usefhl  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  application 
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  fiom  condenser.  Figure 4- 10 shows  a flow diagram of the 
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Figure 4-10. .Flow diagram of the REECO/EC&C fluidized-bed  preconcentrator . 
system with an oxidizer. 
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design has a  lower  pressure  drop  and  results  in  lower  energy  consumption  than  a  fixed-bed . , 

adsorber.  The  fluidized-bed  system  uses  less  adsorbent  than a fixed bed adsorber;  therefore, it- 
hninimizes  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  eKceed 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  virill  be 250 . 
when  a  IO-ppm  stream is concentrated  to  2,500  ppm.  However,  the  concentrator factor  will be 
10  wheq  a  250-ppm s t r k n  is  concentrated  to 2,500 ppm. The coilceniraticin  factor  may  be. , 

higher  when  the'condensation  option is used and the VOC is recovered as liquid. 

, ,  

,,, 1 , d ,- , 
., - , .  

, j . ,  I .  

, .  ' 

' , ' , Costs: l . i ,  ' , kapiw Ad operating cost da&'are'#resenied id Appendix A and the  sdreadsheet 
, . r,,, '', ' , ,  

I " ,  ' I  
, ,  , . , , , <* , ,  , , I  cost  mo&l':is  irf  Api>endix B. , . .  
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Process Descrbtion. First, contamiriated air enters  a  preconditioning unit, where  the 
temperature,  moisture'  level,  and  particulate,  matter of the gas are adj&t&d as needed.  The  air  is 
then  evenly,distdbuted &d  passed  once through a packed  bed.  The  'biofilter  contains  packing 
that  houses  hicroorganisqw  (Figure 4-1 1). A moist film of  microorganisms is attached  to  a 
stationary synthetic or n&u.h packing  material  such as peat,  compo& llaves, wood bark, andor 
soil.  The  biofilter dkn ibe optinked for moisture.  and  nutrient  levels,  pH8control,  pressure  drop, 
and adsorptivity. Wit€& the'packed bed,  contaminates pass from the au' into the biomask,  where 
they  are bioMgi,cdly'des~oyed. Instrumentation qnd .process conthis are provided as needed. , ,~ ,  1: ..,,I "," "i, ; , ,  ( '  r 

, ,  
'. ,.;. t ,'I 

, I  t&d& ' b  ' : , I;. ,1, ; ' A #  I 

f .  Biofilter  systems  for  VOC'.control  are  strongly Sected 
by the  choice of the attacfunent  medium  for  microorganisms. Ideal attachinent  media are 
characterized  by a high  specific, d a c e  area, minimal backprressGTe,'and,asuitatjle surhce for  the 
attachment of microi$rgai$smF:  Biofilter,  media are mainly of two %es:,ish( 1) a datural  organic 
medium comhsed of peg&  8compost  leaves, I wood bark,  and/or soi1;I d r  (2) km inert  synthetic 
medium.  However, a combidtion of both types is sometimes  used. 
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Clean Gas 

Contaminated Air 

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 

pressure  drop  ranges  from 1,000 to 2,000 Pa (0.145 to 0.29 psia). 
* . example,,the AMT biofiltration  system at Fibb~orm AB maintains  a pH range of 5 to 7, and  the 

Control  Efficiency. Mr. Munters of AMT (Munters, 1995) describes  biofiltration as - . 

“nature’s oyn way of cleaning  VOCs  and  odors?’  with  obtainable  control efficiency as ~ g h  as 99 
percent.  Accdrding to Mr. Munters, some fkiiities do no!- measure  removal  efficiency;.  however, 
a Swedis$  co&papy,  Fiberform AB, has zh integrated  biofilterlheat  exchange  system  designed to 
achieve 8bl t&f5’’pgrqent  styrene  reduction is a 284 m 3 / i n i n  (10,000 c h )  stream. The system 
was insdled’in &991 and  the  company has not experienced  any  problems with the system. 

4 ,  I, , , 

In ;facil&ies  that do’ ndt  measure  removal  efficiericy, Mr. Munters  said  “one  can  smell  the 
emitted VOC,.wh&n,the biofilter  is  not  working  properly”.,  He also added that  ofien  flame 
ionization det&tb#@IQ);~,ue~ed to me&ure  enilissions, and, when  moisture  kontent, pH, and 
total  mi&ik-g&hisare  mo&ored,  addition$ monitoring!is  not,  necessary,  He sked,,that 
controllii,g +e  .hu&dity is. i&portant fqr ppventi& ch&&Iing. AMT’s systehs come  equipped 
with  a  comput&-i#erated muishe codroller. Although  styrene  has low solubility  in  water, 
according  to Mr. bkuqters,  the  biomass is porous a n d . a c t s  as a molecular  sieve. -. 

ADdicability  to FRPK Processes. A Swedish  company, Fibdorm 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 
‘prefkbricated  concrete  structure with d filter bed kea of 139 m2 (1,500 a*). It  treats an air flow ‘I 

8 .  

~ of 283 m3/min (10,000 ch). Fiberform ‘ A 8  operates 8 hours  per  day and is closed  for a 2-week 
i .  vacation  ann@ly.  The  system is designed to achjeve 80 to 85 percent  styrene  reductions. 

Moisture  content  and  total.  microorganisurns  are.monitored  periodically.  Fiberform AB has  not 
experienced  any  problems witb 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  pub1ished.information.  Although  biofdtration 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 
discissing  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  efliciency 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 havi 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. f i e  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 Descriptia. 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  &d  biological  contact  than  those that  do not.  These  characteristics 
result  in  more  consistent  operation  due io better  overall  pressure  drop  conirol  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. Biotricklig filter  systems  can  be  supplied  in  standard  or 
semi-custom sizes, with instrumentation and control  packages  provided as needed. 

Control Efficiency.  Envirogen  has  developed  a  biotrickling syste%  for  treatment of 
styrene  to  overcomk  the  acid  buildup  problem.  Envirogen's  biotricklixig  filter  system  has  not 
.been  proven  in  the  field.  However,  a  system has been  designed to treat  an air stream at a 
chemical  manufacturing  facility  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 m3/min  (1,400  cfin) with a  styrene  concepttation of about 150 ppmv. 
Because of customer  constraints,  Envirogen  was  not  required  to  guarantee  the  removal  efficiency 
of the system.  However,  the  operating  conditions ofthe system, such qk pH and  biomass growth 
control, are guaranteed. A removal  efficiency of 50 percent is suff16ient to meet  the  goals of the 
customer,  but  a  removal  efficiency of 90 percent is expected  (Togna,'c 1995). 

t, 

kdvantages/Disadvantages. Biofiltration  and  biotrickling  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 andor 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  waterhiofilm  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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Polymeriiation  should  not be a  problem,  even  if  some  carbon is added to the packing  material as 
a load  buffer.  Styrene  concentration  should  be  low  enough,  and  'microbial  activity  fast  enough, 

Togna  has  not  seen  any  reports confiighkhypothesis (Togna, 1995). 

, )I 

I ,  

1 1  for  degradation  effects  to take place  before  polymerization is likely  to  begin.  However,  Dr. 

when asked to  explaih why biofiltration was popular in Emope,  Dr.  Togna  stated  that 
people  live  closer  together  in  Europe  and  that  odor  control is an issue.  Biofiltration  was  first . 

' '"designed  to  eliminate  that  problem.  Because  energy -- natural gas, and  oil -0 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 biofilbtion could'also be used  for 
VOC applications  in  response  to  Europe's  'strict  environmental  laws.  Dr.  Togna  and  others  in the 
biofiltration commhty believe  that  biofiltration  systems  that  were  not  initially  designed to 
handle VOC applications  are  now"experiencing  decreased  removal  efficiency  when  used  for 
VOC applications. No studies  were  done initially to  evaluate  the  longevity ofthese systems  for 
VOC applications.  Envirqgen  and its p-er haye  since  done  ,research to address  these  issues 
(Togna, 1995);. ', , 8 ' '  ,,q, '1,, it 

4.2.3 Ultmviolet/Oxidhtion Technology '~II 
' 8  

'%.' 

, , .  
I ;  l ' ,  

, :, 

1 

8; 

'8t 

VM Technoliigie$,  Inc. (Lake Forest, CA) and Tek-Aquq Enviro Systems,  Inc., 
(Fontma, CA)iboth,  p&vibe  integrated  ultiaviolehoxidation techologies io destroy VOC 
emissions. The VM' sistdm has been  used for 4 water, apd wastewater  treatment.  Its  modular 
design  allows the system b handle  exhaust flow  rates fiom 1,4001to  6,400  m3/min (50,000 to 
225,000 cfin). The $eq-Aqua system has been  installed in severdl  metal, parts  surface  coating 
operations to treat (a variety  of VOCs. IF was designed to:  handle e$haudstre&n flow rates 
ranging fiom 57'to'3,,400 m3/& (2,000 to 120,000 c h ) ,  , ,Im: 8 ,  1 , 

1s , 

Process  Description. A basic  schematic bf the'ultravioletloxidation system is shown  in 
Figure 4-13. Th6l;:&stern  treats VOC e@ssions  from  exhaust  streams  fiom  paint  spray  booths, 
curing  ovens, p d t  mixing rooms, solv+nj;~cledg, p q t  stripping  facilities.  The air treatment 
process  follows  these  steps: , ' , I '  

I 

, I 

1. Contaminated air is filtered to rFmove dy particulate  matter. 
2. Once  particulate  matter  are  rembved, thebOCs are  exp.osed.  to ultraviolet  light a d  

3. The air stre& is sprayed with q mist in a contact  chamber  or  through  a  packed-bed 

4. The e x h a d  :& passes  through cybon bpds to remove  any  remaining VOCs. 
5 : The  carbon is regenerated with ozone to 'hestroy any VOCs adsorbed. 

ozone.  Thispreoxidation  step b r e s   d o v  the VOCs. 

scrubber,  apd  the VOCs are  &sorbed  into  the  water. This contaminated  water is 
subjected  to  more  ozone  in an agqa  reactor  and is filtered  to  remove  particulate  matter. 

1 :  

Standard ODerati Conditions.  Acceptable  operating  conditions for'exhaust,& streams . ' 

treated with the ultraviole%xidation  sys'tem  are as follows  (Shugarman,  1996): . 
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4.3 Emerging  Technologies 

For r imy years,  incineration,  adsorption,  absorption,  and  condensation  have  been the 
control  technologies  avahable  for  in-process  recovery  and  end-of-pipe  control of organic  vapor 
emissions.  Innovative  options  have  been slow  to show commercial  viability and to gain  industry . 
acceptance  (Simmons et d., 1994).  Some  emerging  technologies  have  proven  applications  on air 

41 



c 

, ,  , %  b L '  ,, I. , , I ,  

CFCs from storagei'tank filling' Sterilizer vent  gas recovery 
, ., , 

Industrial chiller reffigerarp , ,,, ,, redovery , Vinyl  chloridevfrom PVC manufacture 
HCFC-123 from coating operation . Solverits from pharmackcrtiFal' process 

1' 

' 1 ,  ' ,. ' ', 
Aerosol ,,inh'aler  prarjellant process Perftuorocarbon tecovpry ' ,  ,. , ,  : .;, , , 

CFC = C,hforofluorq$$rbop, .PYC:s'j+ Polyvinyl chloride.'' 
" , , I  

, v r  
, ,  

x .  , , ~ f. 1 '  ' 

Process  DescriFtioq. ,.lany types ofmodules are used for membrane  separations.  The 
diagrai6 s h o h  in'iFi&e 4-14  represents  a  simplistic  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). , I  

Thee 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-fiame modules  (Baker  and 
Wijmani, 1994); Hoechst-Celanese  Corporation has developed  a  hollow-fiber  membrane 
contactor  (Freeman?  1995;  Prasad, 1995). Schematics of a  spiral-wound, a plate-and-frame, 

' .  
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Figure 4-14. Diagram of a simple membrane rnddule. 

ahd  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  design has a high-membrane  surface 
area (Prasad, 1995). 

A basic  membrane systemfor 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 i 0 to 100 times  more  permeable to  organic  compounds  than  to  air 
(Jacobs et al.,  1993). 

A vapor-air  mixture is compressed  to 3.1 x lo5 to 1.4 x 1,06 N/m2 (45 to 200 psig).  The 
compressed inixture 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 dram back  into the  inlet of the 
compressor,  and  the solventdepleted air stream is vented from the system. This two-step 
process is illustrated in Figure 4-16 (Jacobs  et al., 1993). 

, 8  ' I  

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 L,. ~ 

compressing the feed  stream of the membrane  modules, as in Figure 4-16, or by  using  a  vacuum 
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VOC in Air  Condenser  Membrane 
Modules  Vent 

I Liquid VOC 1 .: Permeate ' 

I + 
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.  Occasionally, a combination 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 'prmeate the membrane  at 
rates  dependent  upon  their  relative  permeabilities  aqd  the  pressure  difference  across  the 
membrane. ' : ? b  achieve  effective  and  econowical  separation,  the  described membrqe system . 

illuktiated in Figure 4- Z 6 must meet  f+ree requiriments: 
, 'I 

1. The,  membrane  materials  must  have  adequate  selectivity  to  remove  organic  vapors  fiom 
air. 

2. . These  materials m a t  be fd&ed into high-flux,  defect-fkee  membranes. 
3. . These  membranes bud be foiked into, spacdefficient, low-cost  membrane  modules 

I (Jacobs&  al., 1993): . , ' 

Standard  Oneratin?  Conditions. A key  consideration  in  achieving  separation with a 

' 5  ''4. I 

I ,  
" 

,; 

I 
I membrane  system is the  selectivity of the  membrane  used.  The  composite  membrane  must 

affect  system  perforrriance.  One of the  ,most  important  operating  parameters is the pressure  ratio 
across the memb-e. The  pressure  ratio is the €eed  pressure  divided  by  the  permeate  pressure. 
To provide  the  driving  force  for  peryeation,  partial  vapor  pressure on the permeate  side of the 
membrane  must :be lower than on *e feed  side. ;, s,:, , . .  I '  

I selectively  allow  permeation of organic  compo&ds  over air. However,  operating  conditions  also 

~ ~ ' ) I  
8 ,  , ' , , I  , , 

I .  
' .  

1. The  second'operating  condition'that affects membrane  system  design is the  degree  of 
separation  required. The usual go$ 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 Eequirements  cannot  be  fully  met  simultaneously; 
therefore,  a  tradeoff  must  be  made  between  vap-r removd ,firom the  feed gas and  permeate 
enrichment  for  the  membrane  system:  The  design t e k  used  to  deal with this  tradeoff is stage 

I cut. Stage  cut is the  fraction ofthe toM,flow that  permeates  the  membrane. It is equal  to  the 
permeate flow rate  divided by  the  €eed flow rate,  expressed as a  percentage. 

I 

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 multistagk  system, the  permeate  travels fiom 
the  first  membrane  separation unit to one  or  more  additional  membrane  separation  steps.  In  a 
multistep system, the residue &om the  first  membrane  separation unit travels to one or more 
additional  membrane  separation  steps. In a  single  membrane  unit with a recycle  system,  the 
peimeate is combined with the  feed  stream. 

Control Efficiencv.  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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membrine is 10 to 100 times  more  permeable  to  organic  vapor &ail-&, asignifcmt 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., 1,993). 

Using  a,vacuum and  blower  system  instead  of  the  compressoi-condenser  system,  the 
hoilow-tube' m'odul& system  used in the  Hoechst-Celanese  process  can  achieve 50 to 90 percent 
recovery for org&c  streams  containing 1.5 to 3 percent  organic  by volume. The  outlet  stream 
,from the moddes 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,  the  polishing  steps  (prasad, 1995). 

1 ,  

I 

1 '* 

Applicability  to FRP/C Process=.  B,+ued  on  current .idorm$tion,. direct, application of 
membrane  technology as a  viabie  emission  control  a'pproach is best  suitdd  for  treating 
concentrated  streams  (greater ' t h a n  1,000 ppm)  (Simmons  et  al., 1994;; McIimes,, 1995). For 
FRP/C processes,  membrane  technology  could  possibly  be used folldwing ' a  preconcentration 
stage  where the VOC concentiation:is.m@mized and'the total air fldvi+piriimized.  The 
usefilness o f  membrane  technology as a:control:'teclinology MIl'be judgeci'by its cost, 
effectiveness,  operations,  and,  reuse of re&iered  .stysene.  Applicatio&  for ,membrane  vapor 
recovery  tecl&ology  for  FRP/C  ,pr&esses  have  not  betin  identified. ' "r8 ' ' ' ~ ' ' 

m , ,  

dvantageslDisadvant-.,  The  membrane  separation  process ,requires no desorption 
step, unlte caibon  adsorptiop,;and iroduces no  secondary  waste  stream'  that  needs  further 
treatment  or  disposal.  The  membrane  vapor  recovery  'process,  which  'combines  compression- 
condensation  with  a membrie separation  step,  allows,  for  recover$  at  higher  temperatures  and 
provides a constant  recovery  efficiency  despite  fluctuation in the  feed  stream  conditions. This 
combination of G o  indiyidual  recovery  methods  explqits  the  advantdge  'of  each  method, 
resulting in in optimized  process  that ackeves better  results,  at  higher  efficiency, than can  be 
obtained from either method  alone.  Howevkr, the membrane  vapor  recovery  process is not 
efficient at high air flow rates,  and low inlet  concentrati,ons  typically  found in  the FFWC 
processes.  Gven'when  styrene  emissions  from  the FRWC process'&e,preconcentrated, the 
process  may not be  cost-effictivq tb rec0i.e; styrene,,  Also,  the  quditjr of recovered  styrene  has 
not  been evduated for &use  in 'resinfomul&on.,,, . ~ : , <  ' ,  

I ,  '. ' 
I 

Costs. Membrae s p p &  cos&increase in proportion to the flow rate  of the inlet  stream 
I. 

to  be  treated iht  are reltitively'  mdegendent  of the orgar&  vapor  coxicentxytion in.the stream 
(SirnmQns et ah, 1994; Baker  and  Wijmans, 1994). In  addition,  costs  vary  from  system  to 
system  and are primarily,, determined  by  compression,'vacuwn,  and  piping requirements  (Pinnau, 
1995). , Because of the c$re6t &ge,bfdevelopment,  cbst data wed not,'requested fiom the 
vendor$ 

1 ' VI,, ' 

1 '  ' ,  ' ~ 

',It 1/ 
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", , 4.3.2 Photocatalytic Oxidation 

Heterogeneous  photocatalysis is an emerging  technology  that  can  be  used to  treat VOCs 
in gir.' It is an ambient  temperature  process  in  which  the  surface. of an ill&nhated  se&conductor 
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 continuously  activated ' 
semiconductor  oxide,  TiO,  (Peral  and  Ollis,  1991,1992).  Their  studies  suggest  that  gas-solid , - 

photocatalysis may have,  broad  potential forthe desmction 'of a range of air  contaminants at, ' 
room temperatiire.  They  present a' brief  overview of previous  work and more  recent 
experimental,  results-  for  the  ,,heterogeneous  photocatalytic  oxidation  of  trace'  level  contaminant 
oxygenates:  acetone, l-butanoI,.~utyraIdehyde, and fonnaldehyde 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 C02 A1 schematic of the"' 
heterogeneous  photocatalysis  system is shown in Rigure 4-1,7. ' I  

I .  

r '  , 

, 8 '  

' . , Jim, 

I, , ' 

ProCkss :Descriptioa.  The  oxidation 2eaction  takes  place at ambient 'tempemwe in the presence of hkiviblet light, '.'I, I- " "  on the illtm$nated  surface' of ~sorne:heial oxides,  such ,a TiO,, or 1 

, . , '  , 
sulfides  that  ,babe'se&conductive  properties.' I.Upo~ tdtal oiridatidii in the presence of ultraviolet 
light,  the  reaction;conve&,VOCs  into  carbon  tlioxidexnd water.  -The sedconductor surface  acts 
as a  catalyst kiir'tlk oxidatqn OfPOC in aii eeral and 'Ollis,  199;l ,'I 992). 

, / ' I  i , I  ~ , ' , *':Ih8; 

Standard  Operating  Conditions.  Heteroge@eous  photocatalytic  oxidation'  offers the 
possibility of bpeiation at ambient  temperature.' Using photocadytic oxidation  to  treat  dilute 
mixtures of toluene,  Sauer et al. (1095)  observed an increase of toluene  conversion to 100 
percent with the  addition of  cvohqted compounds,  1,1,3-tridiloropropene PCP) or 
perchloroethylene (PCE). Enhance4  photocatalytic  r&tion  rates  have  also  been  observed  when 
trichloroethylene (TCE) , w a s  added to air lightly  contaminated  with  iso-octane,  methylene 
chloride, or chloroiform (Bbbm' and Dong, 1 9 3 ) .  

i . 1  

. ,  , ' . ~  ' * . '  

Apparent.,quantuq  yields'kxceeding, 1:OO:percent  have often been measured for . 

photocatalytic ox&&ion ofTdE.1   ant^@ yield is the measiiiicment of the  number of 
molecules coiveded per ph&on:  adsorbed on a  reactive  surf'ace.)  These  high  photon  efficiencies 
indicate  that  chain  'reactiom'occur on the  TiOz surface (Sauer et al., 1995).  Moisture also has 
varying  effects on the  conversion  rates of organic  compounds.  For  example, kace  water  addition 
enhanced  the  conversion ofm-xyl&~, but  conversion.was  inhibited  when'tiigher  water  levels 
were  added:(Perd~:@nd Ollis, 3992). mi, , *  ' !  , 

, '~ , , , ,  I .  

8 1  
' .  

I ' / 1  ,. I 

. 1  

control Efficiency. ;.The possibility ofusing pbotocatalytiq  $urifiCatilOn to treat VOC- 
laden  air streims depends pimarily dn identifling  conditions in'kliich the  apparent quantum 
yield  for contakkht 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 dilute1  (1 0 to 750 mg.m-3) mixtwes of toluene  and TCP. 
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Figure 4-17. 'Experimental heterogeneous  photocatalysis system. 
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A@icabilit_v to FRPK Processes.  Documented  information on the we of 
heterogeneous  catalysis  technology  for  styrene  control has not  been  published.  However  seveFal 
studies  have  been  demonstrated  to  prove  photocatalytic  conversion of aromatic  compounds 

. including  toluene,  m-xylene,  and  ethyl  benzene  (Ibusuki  and  Takeuchi,  3986;  Peral  and  Ollis, 
' 1992;  Sauer et al.,  1995;  d'Hepneze1 and Ollis,  1995). 

AdvantaEesiTXsadvantaw.  According  to  process  cost  estimates by Miller  and  Fox 
(1  993), photocatalytic  treatment of lightly  contaminated air is commercially  viable only for 
conversions of high-quantum-yield  reactants  such as trichloroethylene or methanoI/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 €or 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'Henneze1 and pllis, 1995).  The final products  observed 
during  photocatalytic  oxidation ,of TCE  were' CO, &d HCI. However, no gas phase 
intermediates  were  detected'aftei  gdiotocheinical  'debadation of aromatic  compounds  mixed with 
TCE in the study  done by d'Hennezel  and  :Oliis  (1995). I ~ . 

, . '  , '1 I '  

j ;;>,, 1 ,  , '  

Costs.  Miller and Fox.discussed  ther~&@ekialization prospects for photocatalytic  air 
treatment of several  contaminated &r stre&s''Will& hd Fox,.,1993;  Sauer et al., 1995).  The 
operating  and  capital  costs  for  treatment of four cbhtaminated -dr streams  were  estimated.  The 
four  contaminated air streams  were: (I) soi1,vppor  extract  (100  ppm  TCE), (2) air stripper  vent 
(50 pprn  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 
methanoVethano1 is cost-coqktitive for  these two high-quantum-yieldmreactants (d'Henneze1 
and Ollis,  1995;  Sauer et al, Fp95; Miller, and Fox, 1993). Howkyer,  cobt  egtimates for  treatment 
for styrene-contarhindteited  air'Is&e&b  were bot &ly&d. 

' 8  j. . ) ,  , ,  

, y ., , I ,  , , ,  , 

.< I ,  
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Chapter 5 
~ .I 

Control Cost Analyses 

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

1. Calculate  total  annualized cost of a control  technology 
2.  Calculate Fount 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  to  'be 
98  percent, the control  efficiency of-VO-C 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)  Control 
Cost  Manual (Vatavuk, 199Q).  Specific  equations  and vdues 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  contro1  technologies  evaluated in this study.  The  original  cost  information is 
included in Appendix A. A  computer  spreadsheet  cost  model (STY-COST.XLS for  Excel  and 
STY-COST.W for Lotus 1-2-3) and general  instmctiohs  for ushg tlie cost model  are 
presented in Appendix B. 

, ,  
' I  " 

Control  cost  calculations  were  performed  in  the  order  listed  below: 

1. 
2. 
3. 
4. 
5. 
6.  
7. 
8. 
9. 
10. 

11. 
12. 

Equipment  cost (EC),.in dollars at thedate 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 appropriate  to  the  control  technology) 
Electricity  cost 
Indirqct  operating  costs  (overhead,  property tax, insurance,  administration) 
Capit$  recovery  cost  (assuming 7.5 percent  interest, with 10-year  depreciation) 
Styrene  recovery  cost  (styrene  recovery  credit  [i.e.,  negative  cost],  if  appropriate 
to the  control  technology) 
Total  annualized  cost  (July 1995 dollars) 
Cost perunit of  pollutant  removed  (July  1995  dollars per U.S. ton removed). 

, .  
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Table 5-1. Equations for.Equiprnent Cost  (ECI 

Item  Condition / Value (July 1995 dollars)  Source 
: Catalytic oxidizer IF Q< 150,000 cfm, 1, I '  $[200,000'+  15Ql Developed from 

ob less) 

Thermal  oxidizer 
" I  

, I  I 

M IAB 

Thermatrix PADRE 

Polyad 

VOC condenser 

Rotary 
concentator 

EC&C fluidized- 
bed 
preconcentrator 

Equipment  price 
escalation (to 
July 1995) 

' :  , , ' $  : t,,' , 1 

$,, ' I, , .  
' , ! ,  'GI,, 

, '  I 

Equations in the OAQPS Cost Manual, 

$168,181  -t~16.8Q-2.19E-5Q2] . , '  " '  

) 1  - ,  

I '; , '  
, .  

IF Q<3,000 cfm, , $[106,0dON + 80,0001 
IF Q>3,000 cfrn, $[106,00ON, + 25QI 

IF Q<56,000'cfm, $[214,815,  +,,,16.8i48Q 

tF Q> 56,000 cfm, $[363,15@* 4 6.538Q + 

: , ;  ' ,, , ' ,  ' 
8 5  

' >  

. , -3.8E'4Q2:'+ 5.1 5E-'Q3] 

2.05E-5Q2'- 7k11Qs] 
, , ; '1 

$1119,136 + 15.4701 
, 1 8  

, .  r 

ii 

Single-stage > 10 tons, S10.95exp19.26-0.007Tcon 

Multistage, $[0.95exp(9.73-0.012Tcon 
+ 0.627lnR)l 

+ 0.5841nRlJ : 

$197,113 + 8.34 Q + 1 .38E5 Q2- 4.87E3l  Q31 

If Q<45,000 cfm $[108,906 + 41.7Q - 1.53 P3 Q2 
+ 2.1 2E-*Q31 
If Q>45,000 cfm $[18.29QI 

As appropriate 

quotes from three 
yc$dors'.a ' ' I '  

OAQPS Cost Manualb 

Based ,on MIAs 
equipment cost 
quotes.c 

Based on Purus 
equipment cost sheet, 
dated 1,2J?/94.* 

Developed' from Polyad 
e,quibment' cost 
curveb,,,dated July 
11995,.$l 8 ,  , 

ITevelbp'eb lfrom Boat 
7 '  ,, ~ , 1, 

Manhfacduilng MACT . 
anaiysis, dated 
8/1/95?4 ~, I 

, #  
$ 8  

, 17 

Chemical 
EnginBering, August 
1995.0 

8 :  5 

Bgsed on Durr 
equipmient cost 
quoqesh' 

Based'on 
Environmental  C&C 
equipment cost quotes' 

Chemical Engineering' 
Equ'ipment Cost Index 

1 ,  

Q= Air flow-rate, in scfm (1 scfrn = 0.0283 m3/min). 
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. ' Table 5-1. Equations for Equipment Cost IEC) (continued) 

N=Number of. adsorptjonldesorption  units. (1:'unit 'for every 12.5 kglh f27.5 Ib/hJ of  styrene).. I 

Tcon =Condenser  operating  temperature (-23"C-[-lQ"F} for  single-stage, -40°C 1-40'9 for 
multistage), 
R = Refrigeration  capacity, tons. 

a Mack; 1996;: Josephs, 1996, and  Sundberg, 1996 
bVatavuk, 1390 

Sundberg, 1996 
lrvin,' 1995 

e LaFlam, 1995 
' Haberlein-  and Boyd, 1995 

. ,  

Vatavuk, 1995 
Klobucar, 1996 
Merboth,, 1996 
Chemical Engineering, 1995 

, ,  
8 ,  , 

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,  Figure 5-1 presents  equipment  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 cost. The  cost  cywe  for  the MIAB system  represents  a  composite  least-expensive 
cost h c t i o n  for a  fured-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 
(1 8 metric  tons [20 tons]  per  year at the  contiol  device  inlet).  These  sizes  were  chosen,  based on 
RTI's informal analysis of the FRP/C source  category's  emissions.  (The  analysis was confiied 
to the appro$&ately 290. facilities  that RTI estimated  emitted  more  than  9.1  metric  tons [ 10  tons] 
per  year s f  styrene, and the  total  emissions fkom these  facilities  were  estimated at approximately 
14,33,1  metric  tons [15,8OO tons] per year.)  The results of this analysis  iridicate  that 
approximately 1 1 large  facilities, with average  emissions of approximately  363  metric  tons (400 
tons) per ye&,  emitted  one-third  of  the  source  category's  emissions.  Similarly,  approximately 50 
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Table 5-2. Other Cost Analysis Inputs and  Significant Assumptions 

Purchased 4 ,  equipment 
cost (PEC) 

, .  
kern . ,. Value (July 1995 dollars) , .  , Source 

I .2 X EC (includes, kmmkitatSo6, sales -tax,- OAQPS Cost 
freight) Manual (except 

Direct installation  costs 

Site  preparation (SP) 

Buildings (Bldg.)b 

Indirect  costs for 
instaltation 

Total  capital'investment 
VCU 

Direct  operating costs, 
excluding electricity  and 
fuel costs 
(DOC). . 

Miscellaneous costs 

, ,  

. .  . .  

Indirect op'eraqng costs. 

Plant operating 
schedule 

Electr,icity cost 

. Fuel. cost 

Capital  recovery 
factor 

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

$15,000 + 2.301 

Not required. 

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

(1.61 X FECI + SP + Bldg. 
I ,  

$0.598(1 + 4,840 + Miscellaneous costs 
(includes operating,  maintenance, and supervision 
labor;  annual maintenance contract; miscellaneous 
costs) ' l  i 

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

0.6(DOC) + 0,.04(TCIl (includes overhead, 
administration, 1 .  property taxes, and insurance) 

4,000 h/yr 

$O.OG/kWh 
. .  

$4,27/billion joules ($4.50/miIlion Btu) 
u , 

, .  

0.1  4569 
, ,  . , _ (  

,, . 

OAQPS Cost 
Manual ,, , I 

I , ,  . , 
. , , , 8  

I , ( '  

'+ , , 

OAQPS Cost 
M.apua1 , , 

Average of 
vendor quotes 
and OAQPS Cost 
Manual 

Based on vendor 
information 

OAQPS cost 
Manual 

RTI assumption 
. ,  

Averige 'of 
vendor !quotes, 

Average of 
vendbr quotes 

7.5%' idterest, 
1 0-year 
depreciation 

, 
# ,  

. '  I 

05: Air flow rate, in scfm (1 scfm = 0.0283 m3/min). 
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medium-size  fadilities,  .With  average  emissions  of  approiimately 9 1  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's'emissions. 

. ,  

Figure 5-2 presents  cost  curvqs for a catalytic  oxidizer,  for  each  of the three  plant  sizes, 
assuming 4,bOO hours  per  year of operation:  Figure 5-2 'illustrates  that  costs  per  unit  of  styrene 
removed  decrease  with  increasing p b t  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  i$put;  ,costs  decredse  with  increasing  inlet  concentration  (i.e., 
decreasing flow rate).  For  exam$le, for'a catalytic  oxidizer  treating 363 metric  tons (400 tuns) 
per  year,  the  cost  decreases  from'$5,200  to'  $1,600  per ton of styrene  removed,  if  inlet 
concentration  increases  from 50 $0 200'ppm. This  represents a~ annual  savings of approximately 
$1.4 million. 

I ,  
I , ,  , ( . %  

. ,. ". , 

.". ",? I , .  

For  a  given  'annual  styrene ma& input  to  the  contrpl  device,  increasing  inletrconcentration 
represents decreking flow]rate,  :because mass input is the:product'of  concentration and flow rate. 
For  example in Figurk 5-3, for  a  plant  with 18 metric  tons (20-tons) per  year of styrene  input, an 
inlet  concentration of 50 ppm  represents  a'flow3rate of 351 m3/min ($2,400 cfm), but an inlet 
concentration  of 100 ppm represents a flow .rate of 176 m3/min ,(6,200 cfm). 'The flow  rates 
represented by various  inlet  concentrations are depicted  in'lthe  upperlaxes ,on-Figures '5-3' 
through. 5-5. 0, ' 

' . '  

Figure 5-3 compares  costs of  various technologies, for a smdl'plant (18 metric  tons [20 
tons] 'per year  at inlet), These  cost  curves  are  based  on 4,000 hours per,yeh of operation.  For 
higher  capacity  factor  (i.e., mo& hours  of  operation  per  year) the cost per  unit of styrene  removed 
would decrease.  The  cost  cuives for several  preconcentration  technologies- ( " 3 ,  Thermatrix 
PADRE, rotary  concentrator,  and EC&C fluidized-bed  preconcentrator) c& be compsiredmwith 
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  straight  (atalytic  (or  thermal) 
oxidation  at an inlet  concentration of 50 ppm.  .However, 1% inlet  concbntrdtion;  increases,  straight 
oxidation  becomes  more  competitive  with  the  preconcentqtion  techno!ogi&s. In fact,  Figure 5-3 
indicates  that  straight  catalytic  oxidation is less  expensive , . ., ., I. ~ thm,&the T$&m~trix,€?ADM system at 
inlet  concentrations  above  approximately '250 ppm,  and  catalytik  'oxidation;; is less  expensive than 
the MIAB system  at  inlet  concentrations  a5ove  approximately Siao'p&n. As inlet  concentrations 
increase,  preconcentration ,+ , becomes , .,1, , ! , less necessary  to  reduce andual: c+t; in  fact,:  preconcentration 
becomes . I  unnecessary if inlet  concentrations &e bigh  enough. 

, .  
2, <A " ., L~ , 

~ Figures 5-4 and 5-5 illus&afe  costs  for  medium-size  ;(91  metric  tons [lo0 tons]  per yea' 
inlet)  and  large  plants (363 metric  ltons [400 tons],  per  year  inlet),  respectively. In both  these 
figures,  several preconcentratiQntFchnologies are shown  to  be  less  expensive than straight 
catalytic or thermal oxidation;  p&icularlyLat the inlet  concenirations  (below 300 ppm)  typically 
found  in  FRP/C'and  boat  building  facilities. 

60 



" 

b 
8 

0 
0 
[D 

0 

-61 





c v) 

0 w 
0 
0 



“ 0  

1 64 

0 
cu 0 

0 
0 
F 

0 



,E 

~. , _-. , 

Figures  5-4  and 5-5 show  that as inlet concentration'increases, the  differences in cost per 
unit of styrene  removed  among  various  control  technologies  converge. It is because the, - , 

d~mences in  eq&pment 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 inlet 
concentration-(as shown in Figure 4-3). 

Figures  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 Emission  Capture Systems in the FRWC .Facilities 

One  of  the mo$ 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 . 
FRPK 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 practick  supplies'an  ample 'mount of makeup air  to  dilute the 
contaminants to an aqceptable  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 m3/min (20,000 to l,OO,OOO c k )  are common, and exhaust  concentrations &e rarely 
above I00 ppm.  These high-+olume, low-concentration  exhaust  streams  make  emission  control 
systems,very  expensive.  Proper air flok 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  envirohment for  the  operators,  while  significantly  decreasing 
exhaust  flow  rates. ' T&e reduced  exhaust  flow  rates  (increased  ConcenFations) can  significantly 
reduce- cbntrot'costs.' ' 

! ,  , .# 
, ~ ,  

, I  ' , '  
, .  ,, , I  

The follQying ,se@tioris  present  the  regulations  governing  ventilation  practices  (Section 6. I)  
and  several air flow mabagement  practices  and  concepts  that  could  be  applied to hinimize air 
flow  volumes. T&se~~pr&ctices and  concepts  include:  IocaI air flow  management  (Section 6.2), 
spray  booth q5difrcations'(Section 6.3), and  enclosures  (Section 6.4). Each  of the sections 
includes  a  zjrocess  description  and  discussion of process  applicability,  performance,  and  costs. 

6.1 Regulations  Governing General Ventilation  Practices 

There  are  several OSHA regulations  that  govern the ventilation  system  design in the FRP/C 
industry: 

1. 29 CFR 191 0.1000 (ClSHA, 1993a): This regulation  establishes  permissible  exposure  limits 
(PELS) for  breathable  bccupational  exposure.  In  areas  that  would  result  in  unprotected 
worker  'exposures  exceeding  these  levels,  workers  must  wear  suEficient  respiratory 
protection  (such as resbiators) to  bring  worker  breathable  exposures  within  the  alloMiable 
levels. 

. ,  , ,  

The  current OSHA 8-hour  Time-Weighted-Average (TWA) for employee  exposure to 
styrene is 100 ppm. A 50-ppm  allowable wasproposed by OSHA, but  withdrawn  later. 

. However,  many  facilities  are voluntarily coxforming 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 ainount 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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2. 

3. 

4. 

example,  the  volumetric flow rate for an exhaust  concentration  of 50 ppm  is  twice as large 
as for 100  ppm. 

29 CFR 1910.1 34 (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 ContaminatecLwith 
harmhl.,.gases.,.the  primary  objective shall 'be  to  prevent  atmospheric  contamination. This 
shall  be  dccomplished as fixas feasible by  accepted  engineering control measures  (for 
example,  enclosure or confxnement of the  operation,  general  and  local  ventilation,  and 
substitution af less  toxic  mateirials). w e n  effective  engineering  controls  .are  not  feasible,  or 
while  they  are  being  instituted,  appropriate  respiiators shall be ...used..." . .  

. .  , ,  
,, , , 

1 I. 

) ,  

Regulation 2,9' CFR  '1  91 0.94, Table  G-10 (OSHA, 1993~): This table  lists minimum airflow' 
vefoqities  thsit,m*t Be desigried:'or mainbed  at  the  entrance to spray  booths  *der  various 
opersiting  conditions  &order 10 meet  health &d safety requirements. I ,,, 1 :  ' > '  

, I .8 

,' 1 ,  
,. ' , a , ,  

" 7 , 

( 1  Operatin? conditions 
i 

, ,  

, " ,' ,' .Airflow velocity 
~ a n m ~  spray 'm +.:to $m/iriin (50  crossdraft draft ..-30.5 d m i n  (100 @m): 
Manual spray gun, up'io 30.5 dmin (100 fpm) crossdraft .45.7 drnin (150 @m) 
Small  spray booth 6,1. d m i n  (200 Qrn] 

Regulatio@,WC:FR  t1910.107 (dl (9) (OSHA, 1993d),: This regulation  prohibits thqi 
recirculation of exhaust  air  from  .kpray finishing operations f?om ,the sfandpokt of : i  
preventing fire atld  explosion  h+ds: ' ' ' ,, , I 

'( 1 

. -  

1 ' .  
i: 2, b: 

, m  

, ,  
1 r., "I 

;. hi : ' 

The  regulation was adopted  by OSHA from Nationd,Fire Protection  Association W P A )  33 
(NFPA, 1995), "Standard for Spray AP;Eji&itiOn Uiiig Flammable  and  Combustible  Materials." 
The  purpose of NFPA 33 was to prevent  fire and explosion  hazards  during  spray  finishing 
operations. A letter regakding the  issue of recirculation was sent by OSHA to EPA on J&uary 
19,  1990  (Hughes  et.  al., 1994). The  letter  stated that: "&mployers who fully comply with the 
specifications  and  requirements of NFPA 33, concerning  recirculation of exhaust  air  to &I 
occupied  spray  bo&  would m t  be cited,&der 29 CFR 1910.107  (d) (9), under the polivy 'for de 
minimis viplations."  The  letter  further stded: "However,  the quality of the  respirable  air in the 
booth must comply,  at  amipimqm, with the'kequirements  set forth by 29 CFR 191 O.lOOQ, which 
establishes  perniissible  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  qelocity. Any modifications  to  the  spray book should not  violate  the 
above  requirements. 

, ,. 
. ,  

, ,  
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6.2 Local Air Flow .Management 

Process  Descriptioq.  General  Ventilation usually involves  moving a lot of air through-the 
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 fiom  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 p,ush-pull  system is not  used, the 
exhaust  hood just picks  up  the  emissions  and-  the surrowding 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  Handzing 
Guide (GPRMCKEFIC,’ 1994). , This section also discusses  “displacement  ventilation.” 
Modifications  to  spray  booths  are  anpther,  category  of  local air flow management;  these 
modifications  are  discussea in Section 6.3. 

X I  

The European  Organization of Reinforced  Plastic/Composite  Materials  (GPRMC)  and the 
Unsaturated  Polyesters  Sec$or  Group  of  European  Chemical  Indus&y  Council  (CEFIC) jointly 
produced UP-Resin  Handling  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. Locall~exhction is effective  when 
styrene  emissions are extracted  close $0 .L$e mold as possible,  ;because  the  effectiveness  of the 
extractor  decreases  by a factor  off;&  whenmthe’distance fiom  thb’&old is doubled 
(GPRMC/CEFIC, 1994). Ii$mold~push-(movable)  pull  ventilation, is best-suited for use with 
large,  female rnolds(such.8s in boatmatiufacturing).  The vertick i&tuction  push-pull  ventilation 
requires a downdn&to  pull’  einissiohs awa) flo& the, worlrplace.~irllO~-of-moldJ (induction)  push- 
pull  ventilation  can be arradged horizondy, in ;the form of a, (p~s~jr;supply aiqand  a  local  (pull) 
capture  device  (e.g.,  a  spray booth). , , ’ i ,  ,., ‘ s t :  , 

’II 1 

1 ’ : , ,  , . ,A, ” 

In  Europe,  “displace@$nt  ventilation” has gAined 
work+  exposure  to cont&@dntk.~’~Displacement that there is a 
temperature  gradierit bet$& k r  near  the  ceiling 
facaity. COOI, “fresh” stii i$!’idp&d, at  a low v&locity, to the  ,w&  +ne.,  If the ,source ofthe 
work  zone  emissions ‘isa&ighkr , , ’  ‘ I ,  , temperature &an the  supply ai&tie supply air& heated  and 
picks  up  cantaminants  as:i$,~$is;es  &ut  of  the  work  zone.  The impowt Sconceptshkmptions 
behind  displacement  ven$ldion  are: 

ut ’ ,  i’,/il,(ll,i 

Air is supplied  at  below-ambient  temperature (so the  “fresh”  air  arrives at breathing-zone 

9 Air is supplied  at  low  velocity  (so  turbulent mixing of “fresh” and  contaminated air does 
level). 

not  occur). 
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A.r>plicability to FRP/C Processes. RTI has no  knowiedge  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. 
Horizontal  push-puliventilation  systems are being used in FRP/C and  other  industries. 

There are no known  applications  of  displacement  ventilation to FRP/C processes  in  the 
United  States.  AirSon AI3 (Sweden)  provides Air Shower air  supply  systems  to  industrial 
facilitiesin Europe,  including FRP/C facilities. A study of the displacement  ventilation  for 
FW/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 m3/min (375 cfm) of 
"fresh"  (styrene-fiee) air, were  .placed in a spray booth, approximately 36 crn (14 inches)  above 
the  workers'  heads.'  Personnel  exposure to styrene  was  monitored with  charcoal  tubes,  and  with  a 
photoion&atitin  detector (providhg real-time  measurements of styrene  concentrations).  The 
study  indicated  $at 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 Q ~ Y  when  the  svpply air was approximately 
1 .So to 2.5 O C (3.2 to 4.5 O ,  F) cooler than the  ambient air vi%hin the  booth  'and  when  the 
operatorb 'rkmaine"ed in'the protection  zone  created by the air supply  system.  Low-speed 
ventilatibnlis  required' to evacuate  styrene  emissionsmin  the  work  area so that  the  protection  zone 
will not  be  disturbed. 

The previous  discussion  indicates  that  use of displacement  ventilation has been  applied  to 
FRPK manufacturing  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  prior  to  the 
beginning  of  exotherm. 

6.3 Spray Booth and Modifications 

Spray booths are  commonly  used in the FRPIC industry, especially  for  gel  coat  and  resin 
sprayup oberatiois, '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 cofllfnon in high-production 
-facilities. 

In  a  typical  spray booth, a  mold is placed  in the center  of  the  booth. Air is d r a w  into  the 
* front  opening of the  booth,'travels  past the mo1d;and exits  through  a  filter bank at the rear of the 

booth. A dry filter mediuq is used  to  capture  overspray,  and  the  medium is replaced  frequently 
to  protect' the  duct work and  exhaust  system.  ,The  captured  emissions  are  vented to the 
atmosphere or  to an emission  control  device. 

, I  

A typical styrene,,concentration-versus-time profile  for  a  sprayup  operation in a constant- 
flow rate  spray  booth rs shown in  Figure 6-2. The  profile  includes  three'  peaks, Gth average 
concentrations''over 200 ppm.  These  peaks  correspond  to  the  spraying of three parts. The  profile 
also includes  four "valleys," yi th  concentrations  of  approximately 50 ppm.  These  vaileys 
correspond' to the time  required  to  remove  sprayed  parts  and  to  position  a  new mold, for spraying. 

. T h i s ,  profile shows 'hi high istyrme  emissidG  result from the p&od.of  spraying.  Previous RTI 
testing  (Kong et al., 1995) indicated,that  approximately 39 percent of total  gel  coating  emissions 
and  approximately 50 percent of total  resin'  app'lication  emissions  occurduring  spraying  and  the 
remainder is emitted,  'during  the  post'  application  stage  during  rolling  and  cuiing;.  When the part 
is removed  from @e spray 'booth, curipg  emissions  are  not  captured  by  the  spray booth;and have 
to be,-removed by the generd -ventilatio'bsy$em.. , '  ' ,  

~ 

. -  
, , , 'I,,;- $ , . k . &  ,. 8 '  

The  following  sectiobs  present the;4yodifications to a spray bsoth+design  that  could  increase 
the  polludmt  conce&ation;,and I ;  , decreaie  the.exhaust flow, t h ~  miking the'dotvptream emission 

, I. controls  more  Cost-eEectiye. :;, i , ,  ,' , 

6.3.1 Recirculation 

Process  Description.  The  concept of recirculation  had  its  origin in the spray  painting 
industry, as a  means of ioweing the flow rates  (and  therefore  treatment  costs) in paint  spray 
booths. Recirculation  iqvolves  redirecting a portion  of  the  spray booth exhaitst stream back  into 
the spray  bootli. This concept is shown in Figure 6-3. The  recirculation  stream may be  re- 
introduced  at  any  1ocation.in  the  spray  booth  (e.g,  near  the  inlet  face or at the  center of the 
booth). ~ 

Mobile  Zone  Associates  (Knoxville,  Tennessee)  developed  a  recirculating  spray  booth  in 
which  a  portion of the  exhaust  stream was recirculated  back  to  thexenter 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 illustrated in Figure 6-4. I , , 

.. . 

A.spray  booth  developed by EPA and Acurex  Environmental Corporation (Dq-vin and  Ayer, 
1993) incorporates recircukion of a portion of ,the spray  -booth  exhaust stream to the,  'vicinity . ' 

. ,  
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Figure 6-2. Styrene  emission  .profile  for a typical spray booth (Felix et al., 1993). 
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Figure 6-3. Schematic  diagram of a paint  spray  booth 
recirculating  ventilation  System. 
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of  the  inlet face of the spray  booth.  The  design also includes  "split-flow"  ventilation  (see  Section 
6.3.2). 

J.lpplicabilit_v  to FRWC Processes.  There  are no known applications of recirculating  spray 
booth  designs  on FRPIC processes in the  United  States. 

r 

Performance. For a  spray  booth with recirculation  alone,  the  increase  in  control-device  inlet 
concentration  achieved  by  recirculation  is  d&ctly  related' to the amount of recirqlation. For 
example,  if 50 percedt df the ejdi'akt air is recirculated,  the controldevice inlet  concentration is 
doubled. SEmila@, if 90 percent of @e exhaat air is recirculated,  the  control-device  inlet 
conceqp&&m (is ' I  , ,  ';$&eased  by  .a:faqtor of.!O. 

,,, ,, (,I' , ,,, ' # I  

:& 
Advantages/Disad&n&qe$.,a, The ,&vantage of recirculating  spray  booth  exhaust is that it 

increases  conqql  d&ice'&et  concentration. The primary  disadvantage of recirculation  is the 
potenti$ for &&eased  ,%orker  expasure.  Another  disadvantage of recirculation  is  the  cost to . 
modi@  a  spray;.&@. 1 ,  , ,, ! . 'I e; , ,  1' , 

: ,, 
I "  

The  MobilaZc$e  Associates  design  inGreases  control  device  inlet  .concentration,  while 
lowering  workersexposure  (because  fresh  makeup  air is provided  to  the  operator through the 
opening  behind  &e  operator).  One  disadvantage of the  Mobile  Zone  Associates design is that 
spraying  the  sid& bfmolds  is more  =cult than when the worker is standing within the spray 
booth.  Another  $isqiivrntage.of the Mobile  Zone'Associates  design is that  themechanization 
associated with &e:&c$ile  cab mayresult in  comparatively  high cost, relative  to  the  other  means 
of increasing  con&& ,d&vice  inlet  coiiqntrations. 

II. ';% 

, ~ qit/ . , 
I;,, I '  

,, , ,A?. ' . .  ' 

Costs.  The  $pi&  kost for the EPNAcurex  split-flow  recirculation  design  was  estimated  to 
be $60,000 for rnodiejpg an 850-m3/min (30,000 cfin)  (before  recirculation)  spray  booth. 
Capital  cost estiqptes 'fpr the Mobile  Zone  Associates  design are not,  available  at  this  time. 

63.2 Split-FcowlSpraJ Bo,oths I '  

, ' ~ ~ p \ I I ; ' ? ' b ,  ' , 

' 1 1 ,  , '  , 
I 

Process  Description In a typical  (horizontaf-flow)  spray  booth,  the  part  being  sprayed  does 
not extend  to  the fullkheight of the spray  booth.  Therefore,  most of the  spraying  and  post- 
spraying  emissiods o ~ c k  near  the bottom of the booth. An EPNAcurex  split-flow  painting 
spray  booth  desigb @&in akd  Ayer,  1993)  takes  advantage  of this fact. In the  EPNAcurex 
design,  higher-concentration  exhaust air from the bottom of the  booth is directed to an  emission 
control  device,  while  lower-concentration airfhm 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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Treatment 

Figure 6-5. Schematic  diagram of a  paint  spray  booth  combining 
split-flow and  recirculating  ventilation. 
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Applicability  to FRPE Processeq.  There are no known applications of split-flow  spray 
booths in the FW/C industry. 

6.3.3 ~ Other Spray Booth Design  Modificaiions 

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 tbrough 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 fiter can be nearly  coated with 
gel  coat or resin  while  the edges of the  filter-bank are nearly clean. 
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Figure 6-6. VOC emission distribution for a paint spray booth 
at Tyndalt Air Force Base (Hughes et al., 1994). 
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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' smalleTj,  centrally  1,gcated  exhaust,  directed. to  end-of-pipe controls is 

,,,.( I " , I  shom,,in Figwe 6-7.,: ~ " ' g;'' " ~ l " ~ ' ~ ~ ! , ~ ~ ~ ! ~ ~ , ~ , ' , ' ~ ~  ,.,Il,ii+,bf ,,,, I , ,  ,;,l,,r~l,J~ , , 1 
. .  i ' 1  

I 1 $I,,, 
, , 1 :5+:*,, 

Note:  The following discirssidn pertaining to centrally  located  exhatcst  device is an  idea 
or  concept that has @ot  yet been evaluated , RTI is evaluating thelidea in ah FRP facility 
under an EPA, fundedprogram in  the  Summer of 1996. 

, - _. ,,, 

In  addition  to  spatial  differences  in  emissiohs within spray  booths, there"pe temporal  (time- 
related)  variations in  emissionsl  'that can be  used to increase  concentrations tci add-on  controls. 
For-example,  eabh ''peak" in the  styrene  concentration prGfi1e  of  'Figure 6-2 igtlapproximately 
4 minutes in d&atio&;,''therefore,  approximately 12 minutes,.or 30 percent, odthe -40-minute 
measurement  peiiod $as at "high" conceqtra4ion. The centrally  located  .exhaust  device  could  be 
activated to capme bjgh-concentration  e@a+t  during the spraying  period. '$'he main  exhaust of 
the  spray  booth  could 'be, vented  to  atmoskheG  d&ng ffie nonspraying  or  loy$boncentration 
period. Detennibtionyof periods of high @dbsioqs co4ld:be  made  either  by88kncentration 
measurements  orlby  @suming high emissip;r&,occur~didin~ any  period of,spr&ing (i.e., the 
small  exhaust munit is activated  by"th4  ~spra$-gbd'$iggerj,. h imprbvement od%his ventilation 
arrangement is to have lfresh supply-iir bl&h tp i,fie'locations  where  the  ope&or is standing (as 
shown in Figure 6-7): , ' 

, , , 8  
I ,  , I I ,  ' ' 4 ' 1  

ApplicabiIitv  to F R t .  There ire no known applications  of a smaller,  centrally 
located  exhaust  device  directed to emission  controls  at any spray  booth  in an FRPIC  facility  in 
the United  States. t 

Several FRPIC 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,  Vikginia)  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  pedomned  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 FRF' facility in the 
susnmer of 1996. 

AdvantaPes/DisadvantaPes. 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? , 

Costs. It would be  expected  that  the cost  to  modify  'a  spray booth to  include  a  centrally 
located  variable-flow-rate  exhaust  and a directed  fresh-air  supply  would  be  under  $20,000  per 
booth  (for .a 425-m3/min [ 15,000-ch] booth). t;!,;/d.: ,,u!, , , ,d$!,, ~ 

' 1 1 ,  q$i' 
6.4 Enclosures and Total Enclosures 

,.:\; \,;I , 1, 
I;, ' ',I\ , '$ 1, 

" ,  # , ,  Iq 
," : I t  

" >, , , , I  "#, 

Process  Description.  Enclosures  provide  a  physical  barrier  between  the  emissions  and  the - . 

surrounding  environment  and  can  be used to reduce Oi eliminate  the  dispersion of styrene  vapors 
fiom an FW/C process.  Enclosures are currently  beipg  applied  to  certain  emission  sotuces in 
FRPK-faci,lities, such as covers on resin mixing ta&il'apd enclosed  resin  baths.  If an enclosure 
is not  ventilated,:'the  styrene  concentration in the enck&iie  builds  up to  a  point of equilibrium, 
after  which ii.ut&r emissions  are,suppressed. If an en&sure,is ventilated,  the exhaust, 
concentration is'nversely related  to  the  exhaust flow x$&$ Therefore, an enclosure  .caq  prevent 
emissions  or can, be  used to creatk a low-flow-rate,  high-qoncentration  exhaust. This section 
describes  how the enclosure  concept can be  applied tS)&i, FRPK processes. 

I f  an enclosure is designed to meet  certain  guidelines  (described in EPA Method 204 P . S .  
EPA, '1 995]), 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 fiom the enclosure).  There 
are  several  criteria that must  be  met  before ai enclosure is considered to be a total  enclosure: 

1 ,  

..,ip";The total area of all natural drafi  openings into the enclosure  must  be  less than 5 percent 

, :  v e  air flow for ofthe natural draft openings  must be into  the  enclosure. 
' i,,The. air  velocity through'the openings  must  be  at  least 61 d m i n  (200  Wmin). 
,I/ &haust I points  must  be  at  least four equivalent,eeaust-duct diameters from natural draft 

, "ibpenings. 

, A F R P / C .  Aldough many  buildihgs  within  the FRP/C industry can 

~ of the total  surface  area  of the enclosure. 

, .  

I", 
, '  

be  con&idered total  enclosure,  there is limited  use of enclosures within buildings  in  the FRP/C 
industr). Two examples,  of  the use of enclosures within buildings  in  the FRPK industry  are 
desckded below. These  examples show that  'total encloskes would  be  'feasible  when 
concedrated emission  sources  can..  be  isolated  and  enclosed  without  inteflerring  the  production 
operatio= 

The  first  example is the Cor Tec  facility  (Washington Court House,  Ohio)  which 
mdnuf&ues 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.  The odynatural draft opening is:a 7.6-cm (3- 
inch)  -high  by 3.6-m (12-foot)  -long  gap at the  entrance  to  the  spraying  enclosure.  This 
represents  less  than 5 percent  of the  total  surface  area  of  the  enclosure,  and  the air velocity 
through  the  opening  is  greater thari 61 d m i n  (200-ft) per  minute, so a total  enclosure is formed. 

The  spraying-enclosure  and  each:of  the  three  curing  enclosures  are  ventilated at a  rate -of . 

25.5 m3/min (900 cfm), fora total  flow  rate of 102  m3/min  (3,600  cfin).  The styrenemass flow 
rate  (to  a  catalytic  oxidizer)  from  the  automated  gel  coat  spraying  operation is 8.2 kg/h (18.1 
Ibih)  (i.e., 32.8 metric todyr 136.2 tpy], operating  4,000  hours  per  year). ,This means that  the 
average  concentration in the  gel  coating  enclosure  .exhaust  is  approximately 3 10  pprn  (Patkar  et 
al.,  1994). . .  

To avoid  limiting  production,  the  gel-coated  panels  are  removed  fkom  the  enclosure  before 
curing  emissions  have  coinpletely  stopped.  Testihg  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  Society  for  the Plastics  Industry 
(SPI)/Composites  Institute, in cooperation with the Pultrusion  Industry  Council  (PIC)  and  the 
EPA OEce of Research,  and'Develbpment.  In that study  enclosures  were  evaluated  for a 
pultrusion  process to determine  their  effects  on styiene emissions in September  1995.  Several 
conditions  were  evaluated,  including  partial  and  complete  enclosure of the  resin  bath  and  wet-out 
area, with a combined  wet-out  bea@nd  resin  bath  exhaust. The exha-' fiom the  resin  bath  and 
wet-out  area was at a very low flo* rate (58 cfin  compared  to  198  cfin  fiom  the  overall 
temporary  enclosure). 

Performance. The SPI/PIC/EPA  testing  of  enclosures  for  the  pultrusion  process  yielded  the 
following rehlts (Schweitzer,  1996): 

Without an enclostke  on  the  resin  bath  or  wet-out  area (Rh AI) , the  concentration  and 
flow rate in the 8-ihch  duct  from  the  temporary  total  enclosure  constructed for  testing 
were  293  ppm  and 5.6 m3/min  (198  cfin),  respectively. This represents  an  emission  rate 
of  0.42 k g h  (0.93 lbh). 

With  ventilated  enclosures  on  the  resin  bath  and  wet-out  area (Run Gl), the  concentration 
and  flow rate in the 8-inch  duct  from  the  temporary  total  enclosure  were  12  ppm  and 
5.6  m3/min (1 98 c h ) ,  respectively,  representing  a  styrene  emission  rate of 0.02 kg/h 
(0.04 lbh). The  concentration  and  velocity in the 6-inch  duct  from  the  resin bath and  wet 
out  area  were  719 ppm  and 1.6 m3/min (58 cfin),  respectively,  representing  a  styrene 
emission  rate of 0.30 kg/h (0.67  lb/h). This represents a total  emission  rate of 0.32 kg& 

' (0.71  lb/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  (fiom 0.93 lbh  to _ .  

, _ j  0.71 lbh) reduction: &total emissions. 
, , ., " ,  

Without  the R33 WAE; the  concentration in the  total  temporary  enclbsure  exha&  was 
.: ,293 ppm, which is wel1,above  the OSHA allowable  level of 100 ppm.  If  dilution 

ventilation was used to bring  the  total  temporary  eqclosure  exhaust  dowdl  to IO0 ppm, the 
' ' , e , ,  flow rate wbuf'ii ha& io be increased from .5.6 to 16.3 m3/min (198 cfm'fo'576 cfm). But 

I .  , ' if the  ventilation systeh"were redesigned  with  pick up  points  in  the'  right  places, it  is ' 7  

' ' likely  that  concentiations in the  exhaust from the TTE would be  lowet. If dilution 

-' ..achiev&tGth the RBWAE in &e, tk total  temporary  enclosure  exhaust w o u ~  Bave to 
ventilation  was  used  to 'bring the total  temporary  enclosure  exhaust dom to  ,the 12 ppm 

be  increased from 5.6 to 136 m3/min (198 cfin to 4,801 c h ) .  
. ' ,  

* With  the  ventilated RBW& '94 percent ofthe : t o4  emissiom  (i.e.,,0.67  lb/h out of 0.71 
lbh) h e  capiyred  &d  prevented  fiom  entering  the  work,area. ' ,  ', . \ :. . I  

>*,' . , ,  

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

., (1.6 m 3 / m i n  [58 cfnil) at high concehation (719-ppm) that is suitable for emission 
con&ls. ' 8  ! ' ., , 

j ,  'k , 1 I " 

' I  1 

"!>, ,, 
-Advzintages/Disadvintw. There are potential  advantages ofthe enclosure  concept for 

FRP/C prbcesses: ~ 

, ,  
8' , ,  

r 

Enclosures can dramatically  reduce  average  operator  breathing-zone  styrene  exposures  by 
providing  a  physical  barrier  between  ,the  operator  and  the  styrene  emission  source. 

. -. ? 

I Enclosures  can  significantly  reduce  flow  rates  to  emission  controls and therefore 
4 significantly  reduce  control  costs. 

The  potential  disadvantages G f  the enclosure  concept  are: 

Use of enclosures  may slow production. 

While  enclosures  can  'dramatically  reduce average operator  breathing-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 b y  other  reasons). 

. The  higher  concentrations  within an enclosure  may  increase fire hazards within the 
* _  facility, if the  concentration in the enclosure  exceeds LEL. 
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Costs, Costs are  examined  here  for  the  pultrusion  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 RBWMs, the flow  rate and concentration for each pultmion machine would 
either  be  16.3  m3/min (5.76 cfm) at 100 ppm (if worker  exposure is at the OSHA limit),  or 
136 rn3/min (4,801 c h ) a t  12ppm (if  worker  exposure is equal  to  what is achieved with the 
RBWAE). Therefore,  for 10 machines,  the  total flow rate would  either  be  163  m3/min 
(5,760 cfm)  at l o 0  ppm, or 1,360 m3/min (48,010  cfm)  at 12 ppm, Both  these  scenarios  represent 
total  uncontrolled  emissions  of 16.7 metric  tons  per  year (Hi4 tpy). The  calculated  control  costs 
per unit of styreqe  removed for a catalytic  bxidizer under these two scenarios would be 
$6,371/ton and $27,515/ton,  respectively. It should  be  noted  that  these  figures  cited  are fiorn ' 

pilot  test  conditions,  and not optimized. 

The  ventilated RBWAEs alone  produce  a 23 percent,  or  3.8-metric-todyr  (4.2-tpy), 
reduction  in  emissions. I f  the  total  capital  investment  to  install the 10 RI3WAEs (with 
ventilation  system) is assumed to 'be $100,000, and a capital recovery factor of 0.1459 is used, 
the  total ann& 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 cfin, with a concentration of 719 ppm. The  calculated  control  cost  fbr a catalytic  oxidizer 
under this scenario is $2,226hon of styrene. Assuming a 95 percent!  control'  kfficiency,  the 
catalytic  oxidizer  will  remove  13.5 tpy of styrene., The average annual cost  per  ton of styrene 
avoided usiqg the enclosures' apd rpmoved using a 95 percent  'efficiency caaytic oxidizer is 
$2,52zton  (%3,474/ton'x 4 3  ton,$$2,226/ton x' 13-5 tdn)/(4.2  tqn +13.5 ton). Note: The cost 
per unit of styrene em&ions'e#&tated by this, analysis is directly proportional to the 
assumed capital invesdkept. I $;, 

' 1  , '  ,, !1 ~ 

This cost analysis  i&iicates *kt enclosures  ha& &e ability,&  sigbificantly  reduce  control 
costs per unit of poilu&  remdved  (or  avoided) hike pdtrusion process or  similar  processes, 
such as SMC productic&&d &.~t$iuous lamination,when  concentrated  emission  sources  can  be 
isolated and enclosed dthout ihterfering with the operation. 

I , ,  

,I, 

Note: The followiHk d&cwsiott pertaining to enclosures for open molding processes is an 
idea or concept that has hot yet been evaluated RTI k evaluating this concept in art FRP 
facility under an EPA fupdedprogram in the Sumker oyI996. 

Jt 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 
sinks  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 sinWvanity 
gel coating operation. 
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The  enclosure  would  be  a  "box," with a limited  natursl-draft  opening for inserting  the  spray 
gun and  viewing  the,spraying  operation. If possib1e;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 fI ow 
rate  sufficientonly  to  maintain  flow  into  the  enclosure.. Ifpossible, the flow would  be  sufficient 
to  maintain a velocity  of 61 dmin (200 ftlmin) 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  dould  consist  of  noniigid sides on  a  rigid, frame, 
which  would  lower its cost.  The  most  important  aspects  of  the  enclosure  concept are: 

. ,  . ,  
' .  

, ., 
I .  

The  operator  stands , /  outside  the enclosue, placing  only the  spray  gun  inside  the 

Openings to the'  enclosure  are as limited as possible, with a goal of less  than 5, percent of 

Exhaust fiom  the  enclosure is a s ,  low ai possible,  maintdining  @y  enough flow to keep 

One  important  consideration & the  design of qh enclosure are the,  physical  considerations of 

. (  enciosure.', 

the total  enclosure  sWace.,&ea. ' : '' 

emissions  from  escaping from the opening (s). 

1 '  ' , '  ,. ' I 

I ' /  , , ' !  
, ,  , 

moving  the part into &d  out oftlie enclosure, and the,  timing for removal ofthe part  from the 
enclosure. 'he  enclosure  design  needs  to  incorporate  a  method  by  which  the  part can ;$e moved 
into the  enclosure  and  ,renidyedlfrom  the  entilbsde. ' As the enclosure is opened'  to  rembve the 
part,  styrene ernissioqsi the,encldsbe dy escdp&i RTI testbg wong et a11,1,995) hgs 
indicated thai appmximately 39,peraent of teal gel'coating  emissions o,ccur d&ng  the:!spraying 
process,  and  approximately 50 perc'ent of resiq  tipplic@ion emissions  occur dying spraying. 
Therefore,  ev6nlthoughi8Fajiture , I:!', , ' b y  be 100 pkrknt dhile the p& is within the  ,enclos+e, 
uncaptured ebissibns Hay bcc4 iy&mthe $4 i$ 'butside  the enclosk& The  ;;fekibilit$  of  the 
enclosure  comept for, open m o i ~ ~ ~ r ~ c e s s ' ~ i $ , ~ b e ~ ~  evaluated in an EPA Mded  prbam in the 
summer of 1996. 

, I  

I, 
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Development of Cost Functions for Styrene Emission Control  Technologies 

This Appendix  presents  the original cost  data  collected  fiom  various  vendors.  Other 
references,  including  the  OAQPS  Control  Cost Manual (Vatavuk,  1990),  a  report,  and  a  paper  in 
the Chemica2  Engineering magazine  are  listed. The original  equipment  cost  data  were  fitted with 
linear  regression  to  develop  cost  functions  for  equipment  costs. The equipment  cost hctions 

. 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  fiom 
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  cost  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 throu& 
3.32 in the OAQPS Control  Cost Manual. Fuel  requirements  were  calculated  based  on  the 
principles of thermodynamics, and 10 percent  insulation  losses.  Electricity  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  fkom  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  fiom  the " 3 ' 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). 
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The  equipment  cost  curve  for  the  rotary  concentrator  system was based on equipment  cost 
quotations fiom Dm, Industries  (Klobucar,  Facsimile  dated  March 14,1996). The equipment 
cost  curve and &st quotations from Dun: are  depicted in Figure.A-3.  Quotes of rotary 
concentrator  equipment  cost from Munters  Corporation (Drohan, Facsimile  dated January 3., 
1996) q e  also s h o w  in Figure A-3. However, Mwters Corporation  does  not  have  industrial 
systems in place, while Durr lndytries~~qs sever$ operating’systems in Japgn;,8therefore,  the 
Durr estimattk, od?, bere use$ td develop cost mfiiilctions. 

b 

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 s c h  by  several  vendors in a  report  (Haberlein and Boyd, 1995j. The 
equipmentcost  curve  and cost quotations are depicted  in  Figure A-4. 

References 
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' RNGUIL  ENVIRONMENTAL SYSTEMS INC. 

' ) '  Facsimile Cover S8he,et 
..,. 

To: Mark Bahner 
. Company: RTI 

Phone: ' ' ,  

Fax: -1-91  9-541-71 55 

..From: Tim Josephs, 
Company: Anguil  Environmental 

Phone: 414-332-0230 
Fax: 4 14-332-4375 

. .  

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  95%  heat  recovery. 

SIZE . CAPITAL COST 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 (91 0)852-9655 or our office.  Thank  you for your  interest. 

Regards, 
Anguil  Environmental  Systems, 
Mr. Timothy E. Josephs 

I cc Mr. David 8el1,  Diversified  Equipment 

I A-3 
4927 North Lydell Avenue 0 Milwaukee, Wisconsin 53217 
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DATE: February 8,1996 TIME: 3:32 PM 

TO: Mark Bahner 
1 ,' .< 

PNONE: 
FAX: . 91 9-541 -71 55 

FROM: Stan Mack PAONE: 908-20561 74 
Engelhard F W  - ,908-205-6j 46 

'I 8!, 

1 ,. 

RE: . RCO costs . , i 
' I ',, ' >> 

cc: S. Gribbon 

As we discussed, Engelkd is Wifling to provide you a cost-comparison of a 1 SOK CFM 
RTO and RCO. These casts are FOB Michigan and do not include any instalation costs. 

' We made some assumptions regarding .the materids of construction that may be required for this type of application. ,3 , 

The capital costs for an RCO &n be, the same or slightly less than an RTO. For this 
application we've assur~~ed equivalent capital costs. Therefore,'the dvanatges for an 
RCO include: 

1. Lower &el consumption 

2. .Lower electrical costs 

3. Lower weigh, which may be important ifthe unit is placed on a roof. 

Capital cost: $2,430,000 

Operating Cost: RCO YO Savings 

Fuel (%/HR) 71.40 54.80 23 

Electrical (%/HR) 52.70 38.40 27 

Total ($/HR) 124.10 93 2 0  25 

(There is no contribution to the heat load fiom the solvent} 



Manufacturers' Representative#, Impoiteie, Export& and .Agents 

To : Mark B- J a n u a z y  26,1996 

Fro- 

In my letter of January 24 I indicated that f had asked MLAB to confkm the 
assumptions that I used to adapt the costs to the 16 hr duty cycle. This morning I 
received a fax fdm MIAB indicating that they had sized the MIAB P for 16 hrs 
rather than using the two unite as described in my letter of January 24. 
The foilowing are the costs that f wodd like you to use for the MtAB F. f appreciate 
your assistance in assuring that the costs match the duty cyde .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 Ploricka. .Please call if you have my questions. 

Best Regards, f3 

. .  

. .  . .  

, ,  

The catalytic. ihdinerator .is sized 1 /10 of the MIAB-F flow -rate 
* 

/ i  
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December 22,1995 
Emery Kong 
Rearch Triangle Institute 
P-0. Box 12194 
Research Triangle Park, NC 2770s- 

Dear Emery, 

The followiing =e budget costs for the MlAB VOC-.concentrator~ The catalytic 1 .  

incinerator costs are included as a reference. Please call me if you need any furthe$ 
idomation or have any questions. . 

3137 Hemepin Ave. Suite 101, Minneapolis, MN 55408 
Phone (612) 825!j566 Fax (612) 625 -7102 
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Facsimile. Cover Sheet 
To: 'EMERY KONG 

Company: ' RESEARCH TRIANGLE INSTITUTE 
Phone: 919-541-5964 

Fax:'.' 91 9-541-71 55 
. ,  

, .  
' .  From: CHARLES L. IRVIN, PE 

AREA MANAGER 
Company:, PURUS 

Phone: 8717-697-7835 
Fax: 717-697-7823 

, .  , , 1  
'I ,' 

Datb: 'Novembei 8,1995 
Pages Including this, , I '  ' 

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  casts for the abatment 
system. 



. " 

PAGE E12 
. . .  

$750,000 

$22,500 

$1,500 

S Cost I Lb VOC 
$0.1 0. 
$0.06 
($0.42) 
l * . o o  

($0.26) 

($2,281) 

i )  Rnal quotolion requires spec@ site assessment; mmlmum incomingflow rate and contaminants are as shown 
ii) &stem indudes Alr Tmairnenl Equlpmetd On& 
iig EIccMcol costs based upan utility Kwh rate o$ 30.08 
iv) Contaminat removal cost (Shamel) arstllllcd to be: ($125) 
Guarantee: 

'During the 90 ahy wmart typerid P u m  oflers a money back parantee thut  the 
system wiii meet the stated efluenf gmIs when the influent condjtioflp are within 
those pcified n e  above w m m t y  mqy be extended through the purchase of P 
service contract &rect&fiom Punts. 
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ilf,ll i vvearnerry 
FACSIMILE TRANSMISSION 

DA'lX: April 26,1995 

TO: 
FAX NO.: (919) 941-0234 

Pacific Envitonmental Services, Inc. 



For more detailed description of the technology, see d o s e d  process description for 
the Potyadrat pre-concemation zuid solvent ~ C C O Y C ~ ~  systems. 

1.5. Iadustral applications: 

2. -costs 

2.1. . Capital Costs: 

See enclosed d i  for P o w  pmncentration and sokt  recovery. 
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DiiW Endmenbl Diviswn 
Industries, 14492 ShelddrrRoad 31 3.207.8500 
lnc. Pfymouth, MI 48170 

Facsimile Transmission 

Date: . 0311 4/96 

To: Mark Bahner 

Company: 

Phone: 

F k  (919) 541-7155 

Number of pages (including wver sheet): 
a*!. 

Reference Number: 

From: 

Department' 

Phone: 

Fax: 

1 copy to: 

Subject l 'Concentrator Data for Styrene Abatement 

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

roduct Development Supervisor 

Joe Kfobucar 

Research 8 Development 

(313) 207-8500. I 

(313) 207-8930 

Ajay Gupta 
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January 3, 1996 :. 

Research Trlangie I n m e  
PO Box 12194 
Research Triangle Park, NC 27709-21 94 

Attention: Mr. Emery Kong,. Research Chern-mr Engineer 

Dear Mr. Kong, 

Thank you for  your  interest in Munters ZeoI. rotor concentrator  systems. 

As we discussed,  Muriters Zeol is interested in developing  concentrator technofogy for .. 

styrene  emissions. 

To date, Zeol  concentrator  technology has not been demonstrated to be compatible 
with  styrene, therefore the folfowing budget costs are speculative. 

Capitat 

CFM 

10,000 
. 30,000 

50,000 
100,000 

Equipment 
cost 

$400,000 
$650,000 
$900,000 

$3 
$7 
$9 

$1,500,000 $1 8 

This letter is being  mailed with standard  literature which discusses the, operation and 
performance of thel system. 

Sincerely, 

Dem'ck Drohan 
Division Manager 
Munters Corporation - Zeoi Division 
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bEnvironmentaI C&C, Inc. . _. . . , .  , 

331 S. RIVER DRIVE #2 
TEMPE, ARIZONA 85281 

6028247112 FAX 602-8291147 

March 28;- 1996 

To: E m 9  Kong 
RTI 

From: John Merboth 
EC&C 

Subject: EC&C VOC Abatement Systems 

Enclosed is summary pricing in€omation and a process  description  regarding our 
VOC abatement products. The pricing data is. for basic systems from a wide range of 
VOC removal appIications. While  we  cunrently  have no field installations for styrene 

.I removd, we feel that our system would be very suitable for the styrene concentration 
rages specified in y o u  paper, 

I hope that you will find  thisinformation  UseM  Please call if you have any 
questions or ifwe can be of further assistance. 

\ 
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Fluid Bed VOC Abatement System . 
8 .  

" , ,  

.* 1 

* The basic system has the  following  components: 

Pr'ocess  air  blower 

Air .lift  blower 

Fluidized bed adsorber 

Moving  bed  desorber 

Condenser 

Solvent  storage tank. * 

* Process air containing VOCs enters the bottom of the adsorption tower, 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-cwrent fahion. 

*. CIeaned 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. 

There are standard, skid mounted units starting at 35 cfin. Larger custom units up to 
141,000 cfin  havebeen  installed. 

. A-22 
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MAXI" ACHIEVABLE CONTROL TECHNOLOGY 
FOR A 

HYPOTHETICAIt 
FIBERGLASS BOAT ""Jl?ACTURING FACILITY 

f, 
< 

prepared for 

Mr . ''.I: J o b , ;  McKnight 
Environmental Comphance 6r Government' Relations 

National Marine',:,Manufacturers Association 
3050 K $tree$, Suite #I45 
Washi$gton, DC 20007 

., . 4 ' /  ~ 

t \  

" 1, 
I' 

, , ,, 'i by" 
"' 1, 

-Robert A;, Haberlein, Ph .D . 
Engineerang Environmental 
100 A *napolis Street 
Annap&is, MD 21401 

under the direct ion of 

' Daniel P . Boyd, Ph .D, 
Daniel P. Boyd 6 Company 
Wye Hall, Wye Island 
Queenst own, ' 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 sampli-ng expenses. According to 
Envirogen,  the pilot test is. necessary for several- reasons (971: 

'*A field pilot test Will confirm that biofiltration will 
consistent2y  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 includd the'expense 'of test sampling o r  laboratory 
analysis# rrhich 'is at 'least $12,000'. extra. PPC  indicates that 
pi.lot test, is needed to verify the adaption ,of  the bacteria  to 
styrene, determine"'the 'control  efficiency of the biofilter on the 
actual exhatist' stream and establish'the size of the full-scale 
install'ation ['96;] . 

~s 

CONTROL COSTS I 

. ,, 

Although biofilters do not appear  to  be, commercially proven 
in  the^ Silbetglass  industry, bid  requests  and requests for control 
performarice 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 nery similar 
to the Boat Plant. A summary of  these f o u r  quotes is listed 
below: 

COMPRIMO 

Equipment $1,008,000 
(installed) 

Service , - unknown 

Media  cost $55,900 

Media l i f e  1 to 5 yr 

Nutrients unknown 

Chemicals unknown 

Electricity unknown 

Water unknown 

(annual) 

(less labor) 

(annual) 

(annual) 

(annual} 

(annual) 

EMPROSOL 

$1,649,000 

unknown 

$345,000 

2 yr 

$3,000 

$4,000 

$139,100 

$1,000 

ENVIROGEN 

$1,020,000 

unknown 

$150,000 

3 to 5 yr 

unknown 

: unknown 
I ,  

$136,700 

$1,000 

PPC 

$1,300,000 

unknown 

$ 210,000 . 

4 to 6 yr 

unknown 

unknown 

$46,000 
(less blower) 

unknown 
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3 .. . APPENDIX B ' 

Cost Model for Styrene  Emission  Control  Technologies 
. ,  

A discussion  of  the  coniputer  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  technologies  evaluated.  These 
spreadsheets  are  listed  by  the  order  of  appearance  in  the cost model: ' (  

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 - "3 system 
F) Polyad - Polyad  system . , 

G) Therinal- thermal  oxidation  process 
H) , PADRE - Themiatrix PADRE system 
I)  Biofiltration - biofiltration  process 

I i 
, ,  

L d :  . 

, , I,, , ,  I . ' , ,, ' I'.i,.' ' , . '  
. .  

' 1  , '  , #  
' ,  

-General instmctions'for using the  spreadsheets in the  cost  modei: 
,~ 

, , . I ,  , 'Y , '  

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

Do 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). A11 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. 
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4) Read  about  how the calculations  were  developed  for  items such as: 

a)  “Total  Direct Costs (TDCY, - based on capital  cost.  factors shown in  Table B-1, 
b) “Total  Capital  hvestrnent’fTCI)” - based  on  capital  cost  factors  shown in Table  B-1, 
c) “Direct  Operating  Costs,  excluding  fuel..and  electricity  costs”, 

a) The lines  titled  “Total  Direct  Costs (TDC).’” contain  an  assumed  site,preparation  cost of 
$1(5,000 + 2.3Cflow rate]).  This  non-site-s~ecific  site  preparation  cost ,is the average  of 
vendor,  quotes and.it is esumed for every  kon&ol:  technology. If you have  8site-specific 
site preearation  costs,  insert  these inm8piacd’df thk’calculated  site-preparation  costs. I ;.P 

‘ I ,  1 
< a  

b) The  lines  titled  “Total  Direct  Costs (TDC)” contain an assumed  building  cost  of  zerd (Le., 
it is  assumed  that  the  control  device  is  not  located inside,  a  building, If a;building  must  be 
built  to hot@ the  control.  device at your hl+t, idd this  cost to the "fatal Jlirect Costs”. 

c) The  “Capital  Recovery  Cost”  calculation  assumes  a capiblrecovery 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  represen3 a specific  ,situation  (for  example, athe capital 
recovery  factor  for  10-year  depreciation, at ;lo percent  interest is 0.16275). 

t , /.I. 

’ I8 - 1  

I ,  ,” ’ ~, 8 ’  

, , ,  4, . . ’ :  ._ . ”  
, ,;,; ~ , 8 ,  

,, ’, 



F Table B- 1. Capital  Cost  Factors for Emission  Control  Devices" 
Cost  Item  Factor 

~~ ~ 

Direct  Costs 
Purchased  equipment COSIS 

, 

Emission  control  device  (EC) + auxiliary  equipment ' As estimated, A 
Instrumentation 0.10 A 

'I Sales taxes 0.05 A 
Freight 0.05 A 

B = 1.20 A Purchased  equipment  cost,  PEC ' 

- 
Direct  installation Costs 

Foundations & supports 
Handli,ng: '& erection 
Electrical 
Piping 
Insulation :for ductwork 
Painting 

, ,'Direct installation  cost 

Site preparation 
Buildings 

0.08 B 
0.14 B 
0.04 B 
0.02 B 
0.01 B 
0.01 B 
0.30 B 

As required, SP 
As required,  Bidg. 

Total  Direct  Cost, DC 

Engineering 
Construction and field  expenses 

, .  

> Contractor  fees 
start-up . '  
Performance  test 
Contingencies . 

Total  Indirect  Cost, IC 

0.10 B 
0.05 B 
0.10 B 
0.02 B 
0.01 B 
0.03 8 
0.31 B 

Total  Capital  Znvestment = DC + IC 1.61 B + SP + Bldg. 

a 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! Explanatioq 

Flow rate  (cfin)/C3 If flow  rate  input  in  cell B3 is "zero"  (i.e., if flow rate  in  cell B3 
'I , 1 !'/,+ 

,, , , I , ,  , , I .  is left blank), thjis eqiiation will  calculate  the ,,flow '&e in cfm, , 

8 ,  I operation, in hours per  yeary  and  the  control  device i&t :; , ,, ' 

' , ', 454,000, mg/Ib;, SO'&;'h.3$6 mg/d per ipm ,p,ftyrene; 35.3 

based  on the qontrok device  input in tons  per yea, ,;the  fmiIiw' 

concen&ioq ip p$m. 8conversioq factgFs::!2QOQ ~/fcjop;, 

f t3 / i i3 .  

: , 

, ,  ., , ,.,,, @, ,~ '~ IJ l  ' 1  , . "  4' 
, <I; ,, , A, ;di, , , , ! l ~ ~ ~ ~ ~ , ~ ~ ~ ~ , ~ ~ , ~ ~ ~ , , ~ ~ ~ , ~ ,  , 

/' , , ' , , A  > 7 , ) ; , , / 4 1 , 1  iL.',$#Ylb , ,  ? 

Control  device  input mass If  control  device  input mass in cell B4 is ''zero''(i.e.!i {f+p,ut 
(tons/year)/C4 mass in cell B4 is left  blank), this equatidn :kill c&&bte the 

input mass in  tons  per  year,  based  on the.flow rate,  &p,lf&lity 
operation in hours per  yeary  and  the cdntrol de&$' d b t  )I! 
concentration in ppm. conversion  factors: SOOD, I$/d+h:i :I;, , I :  

454,000 mgllb; 60 m W ,  4.326 mg/m3 pq;,pp$ qf,&&ne; 35.3 
Wm3. 

Concentration  (ppm)/C5  If  control  device  inlet  concentration in cell B5 is "zero"  (i.e., if 
the  control  device  inlet  concentration in cell B5 is left  blank), 
this equation  will  calculate  the  control-.device  inlet 
concentration,  based on the flow rate,  the  facility  operating 
schedule in hours per  year,  and  control  device  input  mass in tons 
per year:  Conversion  factors: 2000 lblton; 4854,?00 mg/lb; 60 
mi*, 4.326-rng/m3 per  ppm  of  styrene; 35.3 f t 3 h 3 .  

Electrical power (kw) This equation  calculates the electrical  power consqnption of  the 
.control  device at any flow rate.  Electrical  power consyption 
for  most of the control  devices was based on'venaor quotbs, 
except  where  power conkmption 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,  electrical  power w a s '  assumed to !be hear &dh flow 
rate. ' \  

,,. . 
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. .  

b RowKell Explanatioq 

1. Fuel  usage  (Btulhr) ' , Fuel  usage was either  calculated  from first principles  (such as 

quotes  (such as for  the  rotary  concentrator).  Fuel  usage  is 
dependent  on flow rate  in  cfin,  heat  recovery  percentage, 
oxidizer  design  temperature, and styrene  inlet  concentration. 

' '. Conversion  factors/constants: 60 minflu, air density of 0.075 1 
' ft3/lh at 68 OF; air specific  heat of 0.241 or 0.245 Btu/lb,-"F (for 

' I . catalytic  or  thermal  oxidation,  respectively);  divide  the  calcuated 
heat  recovery  value by 100 to  get  percentage  heat  recovery;  1.1 

. represents. PO percent  insulation  heat loss; 0.00475 Btu/gpm of 
styiene. '1 -2 8 ,  , I  

It for  catalytic and  thermal  oxidation), or wai based  on  vendor. 

Equipment  Cost  (EC), p i s  equation  calculates  the  eq&ment  cost, as a  function ofhow 
(Vendor  quotes)  ratq.  :The  equations  ,were  typically,  based on polynomial-  br 

Equipment  Cost  (EC),  'All equip&int costs; were escalated- (oi de-escalated,  if 
(July 1995 dollars)  appropriate)  to"3uly '1995 dollars,'u&g the Chemical 

' . ,  

sdght-line curve  fitting of vendor quotes 

I Engineeriqg  magazine  equipment  cost  index. ' m e  value  of this 
index$ JuIy 1995 was 428.1 (referenced to 1957-1959 at  100). 

~ o t a ~  Capital  Investment ~asd On Qle OA~PS Cost kd&(except sales tax taken as 
($1 5%, instead of 3%, fpr  a more realistic  situation), this equation 

. .  

calculates total $rect,cost, bqed on equipment  cost,  site 
preparation  cos&  and  cost of build&gs to house  the  control 
device.,  Site.pr6paration  cost$ assmed to  be $(5,000 +2.3[flow 
raie, i&ni), for ;&I:: coho1 deyices.  Cost  of  buildings  to house 
conkol devices): 'is 'hsumed  to be zero  (all  control  devices 
assqiped I '  1, , ,  ,' , to ,', be dutdhrs). , r r  ip 1 , I , , , 

11 '  ;I, , 

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

Inc&des  maintenan&  boosts: Makenance costs  are  based on 4 
hours; per  week, , 5 2  'pqeeks  per year,, at a  labor  rate  of $25/ho~r, 
foT , , ~ ~ ~ " o , o o ~  , , ' 8  ,, , #  ~cfn+o~~ol,syStem.~ Costs for other  control  sizes 
are hs~eb to $e lhearly related to flowrate. An additional  15 
perdgdt 'is &ied'fpl?&bewisOry  gost. ~n s~nnual maintenance 
contraGt of %4,84Ois  assumed for,  each  control  device.  Where 
appropriate,  additional  costs,  such as media  replacement  costs, 
are included in Direct Operatkg  Cost.  Fuel  and  electricity  costs 
are  separately  calculated based on  vendor  quotes. 
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.Row/Cell 

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

. -  , '  ' , 
I .  

, .  

~ ,,# I ,  

" )  

, )  

' ,  

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

Overhead,  propeEy fax, 
insurance,  administration 

, ,  
. ,  

L 

($/Ye=> 

Total  Annualized  Cost 
($/Year) 

. !. 

.\ % 
\>: 
..  

';. 

Exdanation 

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 
operation),  fuel  cost wai assumed  to be  represented  by 5 percent . 

(Oi05) of  the  heating  value 'of the  styrene in  the  incoming  stream. 
This factor of 5 percent is based on discussion in the OAQPS 
Cost Manual  about  maintaining  a stable flame  within the 

"oxidizer. 

cledtricity  cost  ($/year)  'is ttie product of  Electrical  Power 
required (kW) times  facility  operating  schedule (hourdyear) 
times  electricity  cost  ($/kWhr).:,, 

Oyethead  cost was cdculafed ,based on 60  percent  iif  Direct - 

Opbiating Costs ($/year),and othe?  costs  were  calculated  based 
o,n 4 percent  of:Total  Capital  Investment  ($/year), as outlined in 

, i  .i , .  ~ * -  , ' 

r .  

, ,  . 

, ., 

. ,  

, .  ~ I, 

dk'bAQPS 'costIManual. 
! ,;;;:e ,; , ' ' ,  / ,  

, ! ' ,  . I , (  , , I 

I, 1 ,  

e 

The capital reco%!ry factor  assumed in these  spreadsheets  was 
0.14569 I .  (7.5%, 10-year  depreciation). 

Total  annualized cost i s  the, sum,of all  annualized  costs, 
including  direct'bberating  'costs,  fuel  costs,  electricity  costs, 
overbeid, propeity  t8x,  'insurance,  administration,  and capital 
recoyery  cost. ~ '1 ' l o  

' , '  

, . c  
, ,  

I , I  
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Row/Cell ExDlanation 
, ~, . 

, I  . .  

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/ye&)  times  the control device  efficiency  (expressed, 
as a fraction). In these  spreadsheets,  thermal  oGdation.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 - ' I 

for  styrene gas and  a  specified  operating,  temperature  for  the 
VOC  .condenser. I 

, , ,  , , '  
I ( . #  3 
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