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3.1 I ntroduction

Permanent total enclosures (PTES) are permanently installed structuresthat completely
surround asource (s) of emissions. PTES captureall emissionsand containthem for dischargeto
an abatement device such as an incinerator or absorber. PTES must meet each of the U.S.
Environmenta Protection Agency’s(EPA’s) fivepoint criterialistedin Table 3.1.

PTEsare unique because they accommodate production personnel within itsstructure
during operation. Consequently, they have an Occupational Safety and Health Administration
(OSHA) regulated system of air flow control for supplying fresh air to the space enclosed. By
definition they have acapturing efficiency of 100 percent and do not need to conduct acapture
efficiency test. Captureefficiency isacomponent of overal efficiency, which can beexpressed as.

OCE= CE x DE (3.1)

where OCE =overdl control efficiency,
CE  =captureefficiency, and
DE  =destructionor recovery efficiency.

Since capturing efficiency is 100%, the overall efficiency will be equal to the control device
destruction efficiency.

In addition to avoiding the need for acapture efficiency test, companies may chooseto
employ PTEsrather than other capture systemsbecause:

1. Ahighoveral control efficiency isrequired dueto regulationsor new sourcereview
involving best available control technology (BACT). For example, Subpart KK[1],
theNational Emissions Standardsfor Hazardous Air Pollutants (NESHAPs) for the
printingindustry, requiresan overal control efficiency of 95 percent for organic hazardous
air pollutants (HAPs) for packaging flexographic and rotogravure pressesusing only
add-on control. BACT for rotogravure presses has been established at 98+ percent
overal control efficiency for volatile organic compounds (VOCs). Using PTE assures
thesourceit hasfully met (and exceeded) itsregulatory requirement.

2. Implementation of morestringent standardsfor measuring the capture efficiency for an
emission source. EPA hasestablished rigorousdataquality objectivesassociated with
testing techniquesfor determining capture efficiency specified in Reference M ethod
204[2]. IngtallingaPTE canavoidthe need for secondary control inthefuture dueto
tightening Sandards.

3. Continuouscompliancerequirementsunder TitleV[3], thenew Compliance Assurance



Monitoring rule[4], New Source Performance Standards [5], and NESHAPs[6].
Using PTE smplifiesmeeting thisrequirement for captureefficiency.

Any process or operation whose emissions are not totally captured isacandidate for aPTE.
Industriesthat have used PTEsas part of control systems|7] are:

. Flexographicprinting

. Rotogravureprinting
. Coating (paper, film, fabric, plastic, and metal)
. Laminaing

. Screenprinting

. Can coating

. Plastic card coating

Duetotheincreasing useof PTES, EPA hasdevel oped amethodol ogy for estimating PTE

costs. Thismethodology ispresented in Chapter 2 of thisManua . The purpose of thischapter is
to provide aquick meansto generate study cost estimatesfor PTES.

3.2 PTE Criteria
The EPA'sfive-point criteriagivenin EPA Method 204 isreproducedin Table 3.1.

Table3.1: TheEPA Method 204: Criteriafor aPermanent Total Enclosure[2]

No. Description Requirement

1 Location of openings ~ Any natural draft opening (NDO) shall be at least four equivalent
opening diameters from each VOC emitting point unless otherwise
specified by the administrator.

2 Areas of openings The total area of all NDOs shall not exceed 5 percent of the
surface area of the enclosureis four walls, floor, and ceiling.
3 Flow rate into enclosure The average facial velocity (FV) of air through all NDOs shall be

at least 3,600 m/hr [200 ft/min (this equates to a negative
pressure difference of 0.007tin. of water or 0.013 mm Hg)]. The
direction of air flow through all NDOs must be into the enclosure.
4 Access doors/windows All access doors and windows whose areas are not included in
item 2 and are not included in the calculation in item 3 shall be
closed during routine operation of the process.
5 Emission capture All VOC emissions must be captured and contained for discharge

through a control device.
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3.3 PTE Design Parameters
PTE design takesinto account thefollowing factors|[8]:

e Compliancewith EPA Method 204
e OSHA Standards
- HedthConsderations
- Safety Consderations
- Worker Comfort
*  ProcessConfiguration
* AccesstoPTE
» Sizeof PTE
* Air-Conditioning System
* Makeup Air System

Thesefactorsaredescribed in greater detail bel ow.
331 Compliancewith EPA Method 204

CriterionNo. 1:All NDOsmust beat least four equival ent diametersfrom each emission
point.

AnNDO isaany opening in the PTE that remains open during operation and is not
connectedto aduct inwhichafanisinstaled. Thedimensionsof an NDO and itsdistancefrom
theto the nearest point of emission are measured to ensure compliancewith Criterion No. 1.

Theequivaent diameter isca culated using theformula:

= |%A
o< [ o

where D =equivaent diameter (in.),
A =areaof theNDO (sg.in.) and,
T = 3.1416.

CriterionNo. 2: Thetota areaof the NDOsmust belessthan 5 percent of the enclosure
surfacearea.

Total NDOsand enclosure areasare calculated, including walls, ceiling, and floor of the
enclosure.
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Ao <05 A, (3.4
A =LxH (3.5)
where NDO =1% of TCI Total NDO area,
i =Individual NDO area,
=Total enclosurearea,

=Total enclousurelength, and
=Enclosureheight.

e

A
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Criterion No. 3: Theaveragefacevelocity (FV) of air thru al NDOsshall beat |east
200 fpmandthedirection of flow into theenclosure.

Thevolumetric flow rate of each gas stream exiting and entering theenclosureare
measured or otherwise determined and thefacial velocity iscal culated using thefollowing
equation:

FV = Q=Q, (3.6)
Anpo
where Fv = facid veocity (fpm),

Q, = thetota volumetricflow fromal gasstreamsexiting theenclosure
through an exhaust duct or hood (acfm),

Q = thetota volumetricflow fromdl gasstreamsentering the enclosure
through aforced makeup air duct; zeroif noforced makeup air is
provided to theenclosure (acfm), and

Ao = tota areaof all NDOs(sqft).

TheFV should beat least 200 fpm (3,600 m/hr) for compliance. Q_isadwaysgreater than Q, the
difference being made up by theair entering the NDOs and louvers.

Thedirectionof ar flow through al NDOsismeasured or verified to beinward by measuring
the pressuredifference between theinside and outside of the PTE . Thelow pressureleg of the
deviceisconnected to tubing that terminatesinsidethe enclosure. The high pressureleg opensto
the outside of theenclosure. The outside pressurethe PTE should beat least 0.007 in. of H ,O



(0.013 mm of Hg) higher than theinside pressurefor compliance. If FV islessthan 500 fpm,
the continuousinward flow of air isverified using streamers, smoketubes, or tracer gases. If
FV isgreater than 500 fpm, the direction of air flow through the NDOs is considered to be
inward at al timeswithout verification.

Criterion No. 4: All access doors and windows whose areas are not accounted for in
Criterion No. 2 and arenot included inthe calculation for Criterion No. 3 are kept closed during
normal operation of the source(s).

CriterionNo. 5: All VOCsemitted withinthe PTE areddivered to an air pollution control
devicein order to meet thiscriterion.

3.3.2 OSHA Standards

Regulation of occupationa health and safety intheworkplaceis theresponsibility of the
Occupational Safety and Health Administration (OSHA), an organization within the Department
of Labor of the Federa government. Thefollowing section discusseshow OSHA requirements
affectthedesign of PTEs.

3.3.21 Health Considerations

OSHA adopted permissible exposurelevel s (PEL s) asthe best existing standards for
worker exposurefor alarge number of substances. PEL sareexpressed intermsof time-weighted
average (TWA-generally 8-hour), short-term exposurelevel (STEL ), and ceiling concentration
(C). OSHA standardsare publishedin 29 CFR Part 1910 Subpart Z [9]. Asnew information
becomesavailable, PEL valuesmay be changed or new substancesmay be added to the existing
lig.

Theamount of ventilation air required to maintain VVOC concentrationsbel ow PEL swithin
an enclosure can beestimated using thefollowing relationship:

n

S KE

Qi - |:l-
Omin (3.7)
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where Q ventilation air flow rate (scfm) required to stay below the PEL
for VOCi,

individual VOC,

summation over dl processesemitting VOCI,

M —
I

K fraction of processemissionsnot immediately captured by the PTE
exhaust gasstream,

E = processuncontrolled emissionrate (Ib/hr) for VOCi, and

PEL, = permissibleexposurelevel (Ib/ft*at standard conditions— 70°F and

1 atm) for VOCI.

ThePELsaregeneraly giveninunitsof milligramsper cubic meter (mg/m?®) and/or parts
per million by volume (ppmv). The PEL inlb/ft*isobtained by multiplying the PEL in mg/m3 by
62.43x10°. The PEL in ppmv isconverted to Ib/ft® at standard conditions by multiplying by a
factor of 2.6x10°M whereM isthemolecular weight. Thevolumetricflow rate, scfm, isconverted
to actual conditions (actual temperature and pressure) using ideal gaslaws. Theprocedureis
repeated for every VOC, and the highest value of Q isconsidered thedesignflow rate, Q.

New equipment isdesigned to maximize VOC capture, approximately 5to 10 percent
(K =0.05t00.10) of total processemissionsescape. For older, poorly maintained equipment
(built before 1980), thisfactor isashigh as 30 percent (K = 0.30).

Assuming completemixing of VOCswithintheenclosure, theaverage V OC concentration
intheenclosureiscd culated by thefollowing equation:

n

KE,

Ciavg = = .
QBQOhml n @ (3.8
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where average concentration (1b/ft®) for VOC,

summation over dl processesemitting VOCi,

fraction of processemissionsescapinginto theenclosure,
processemissionrate (Ib/hr) for VOCi, and

designflow rate (actua ft/min) fromtheenclosure.

iavg
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O

Inpractice, themixing of VOCswithinanenclosureisrarely complete. Mixingisafunction
of theperformance characteristicsof the ventilation system whi ch depend upon anumber of variables
suchas:

o Temperatureof theddivery supply air
e Temperaturewithinthe PTE



* Amount and locations of supply and exhaust air

e Locationsof objectswithinthe PTE

e Shapeandsizeof thePTE

* Presenceor absenceof heat sourceswithinthe PTE
* Injectionvelocity of thesupply ar

Thermd gratification dueto plant equipment resultsin the buildup of VOC concentrations
in certain areaswithinthe enclosure. To accurately determine such stratification, the engineer
needsdetailed informati on about the sources, enclosure, and ventilation system. Proper and detailed
design of the ventilation system, accounting for theamount and location of incoming air, source
locations, location of the exhaust points, amount of exhausted air, etc.

Loca concentrationsmay vary consderably by factorsfrom 1 for well-designed ventilation
systemsto 10 for poorly designed systemg] 10] in comparison to the average concentration (see
Figure3.1). Thus,

Cimax: Kl Ciavg (39)
where C... = Maximum concentration (Ib/ft?)forVOCi,
K, = 1t010(depending upon the degree of mixing/circulation), and
C = average concentration (Ib/ft3) for VOC.

iavg
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Figure3.1: Typical K, FactorsBased on Inlet and Exhaust L ocations

Theoretically, G, should not exceed PEL,. However, theaverageconcentration, C , withinan
enclosureisauseful valuefor comparison to the PEL because atypical operator isconstantly
moving withinthe PTE andisnot expected to remain at | ocationswith high concentrationsfor more
than afew minutesduring theday.
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3322 Safety Considerations

Combustiblegasesposearisk of fireor explosionto personnel and facility. Thelowest
level at which agas supportscombustioniscalled thelower flammablelimit (LFL) or lower
explosivelimit (LEL). Below thislevel thegasistoo |ean to support combustion. Thereisa
corresponding upper flammablelimit (UFL ), above which the concentrationistoo rich to support
combustion. Different gasescombust at different concentrations.

For fire safety, OSHA requiresthe concentration of aflammablevapor or mistinalarge
PTEs, such asan entire building or manufacturing area, not to exceed 25 percent of the LFL. For
small PTEs, such asthose enclosing asingle piece of equipment, concentrationsare limited to
10 percent of the LFL.

LFLs rardy governwhen eva uating flammakl evapor or mist concentrationsinanenclosure

because PELsaremorerestrictive. Table 3.2 displaystheLFL, safety level, and PEL for many
commonly usedindustriad solvents.

Table3.2: LFLs, Safety Levels, and PELsfor Common Industrial Solvents

Solvent LFL(ppmv) 10% LFL(ppmv) PEL(ppmv)
Acetone 25,000 2,500 1,000
Benzene 12,000 1,200 1
Ethyl alcohol 33,000 3,300 1,000
Ethyl acetate 20,000 2,000 400
Hexane 11,000 1,100 500
Isopropyl alcohol 20,000 2,000 400
Isopropyl acetate 18,000 1,800 250
Methyl alcohol 60,000 6,000 200
Methyl ethyl ketone 18,000 1,800 200
Methyl methacrylate 17,000 1,700 100
n-propyl acetate 17,000 1,700 250
n-propyl alcohol 22,000 2,200 200
Styrene 9,000 900 100
Toluene 11,000 1,100 200
Xylene 9,000 900 100

The LFL concentration determines safelevel sin enclosed spaces such as baking and
drying ovensand ductwork to protect against firesand explosions. Concentrationswithinthe
enclosure can becd culated usng proceduresgivenin Section 3.4.2.1. To estimatethe concentration
inaduct, usethefollowing equation.
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| oEXminG, (3.10)

where concentrationintheduct (Ib/ft%) under actual conditionsfor VOCi,
emission ratethrough theduct (Ib/hr) for VOCi, and

flow ratethrough theduct (actua ft3/min).

di

C
&
Q

For safety, the concentration within the duct should not exceed 25 percent of the LFL.

To safeguard against concentrationsreaching unsafelevels, PTEsand associated ducts
should be equipped with instrumentsto monitor concentrations. Additiona equipment such as
alarms can be provided to sound automatically when concentrations reach unsafelevels. The
enclosure may a so need awater sprinkler system or fire suppression system. Emergency training
for theworkersmay also berequired.

Threewidey used fire suppression systemsarewater sprinklers, carbondioxide (CO 2),
and FM 200 (agasdevel oped by Great L akes Chemical Corporation asareplacement for halon
gas). Water sprinkler systems may not be sufficient for specia environments, high risk areas,
isolated locations, or unusual hazards. For these cases, FM 200 and CO2 systemsarerequired.

3.323 Worker Comfort

Good ventilation is necessary to ensureworker comfort and provide healthful working
conditions. Theamount of ventilation requiredisexpressedintermsof roomair changes per hour
(RACg/hr), caculated using thefollowing equation:

Omin
Q b
RAGs_ 0 hr [ (3.11)
hr V

ventilationair required (actua ft¥min), and
volume of enclosure (ft®) excluding space occupied by

equipment.

where Q
V

Generally, it takes 10 to 15 RACs/hr to provide adequate worker comfort within an
enclosure. However, the RACghr are compared with the amount of ventilation (dilution) air
required to safeguard against potential health hazardsand fireand explosive conditions.
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3.33 ProcessConfiguration

Processconfiguration and thelocation of emission sourcesinfluence PTE design. If sources
arelocated closeto each other, asingle PTE can bedesigned to enclose al the sources. Insome
cases, theentire building or theroom can be converted into aPTE with just achangeinthecelling
height to satisfy RAC requirements. If the sourcesare separated by relatively large distances, it
may be more appropriateto build several PTEs. Insome cases, aPTE isbuilt around only the
emitting portion of the source (such asthe printing head of apress). For multiplesourceswithina
PTE, there are situationswhen some of the sources do not need to be controlled to comply with
regulations or permit conditions because compliant materialsare used. Insuch cases, aPTE
withinaPTE alows sourcesusing compliant materia sto bevented directly to theatmosphere. If
accesstotheemission point isnot required, asmall unmanned PTE can bebuilt aroundit. Such
PTEsare constructed as close to the emission point as possible. Although small insize, they
requireengineeringingenuity for proper design around acomplex emisson point. Severd examples
of PTEsareshownin Figures 3.2 through 3.5.

Makeup
Air Louver
oo h
| |Press#s Press #9
O Fugitive N
Pickup Ceiling Height = 29 t
Duct
[ |Press#10 14 x14t
] Rollup Door ‘
a5
Fugitive ‘
Pickup
Duct | Plate storage at |
B |:| Press #7 ‘ |
T ‘ ‘
]
12 x12 ft ‘ ]
Rollup Door [ j
D Spot Cooling/Heating Duct Makeup Scale0 ————— 20 ft
10 ft above the Floor Air Louver

Figure3.2: Manugacturing AreaasaPTE
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3.34 Accessto PTE

Accessis needed for material flow into and out of the enclosure. A variety of doors
ranging from simple personnel doors to automatic rollup or sliding doors are used. For
visual inspection of the processinthe PTE, several glasswindowsaretypically recommended.

3.35 Size of PTE

Thesize of aPTE dependslargely ontwo factors: location of the sourcesand capacity
of theexisting or proposed air pollution control equipment. Large PTESrequirelarge exhaust
flow rates (hence an air pollution control device with alarge design flow rate) to provide
adequate RACg/hr for worker comfort. If the exhaust flow rate of the control device is
relatively small, asmaller PTE is adequate.

Hazardous waste 7 ft Rollup Door

storage area
| I

Overhead dryer & Overhead dryer &
10 x 10 ft Wan:UPk fugitive pickup duct fugitive pickup duct
area tanks
Mezzanine 10x 10 ftrollup door
,,,,,,,,,, S~

Ceiling height=32 ft

N
Top
dryer
12 ft
above
AN

10x 10 ftrollup door 10x 10 ftrollup door 0

Mezzanine

*ROOFMONITOR

122 ft

Figure3.3: PTE Around Several Sources
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Plan view
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‘ Esw%pexhaust \ . pply
Unwind ‘ | ‘ Special Rewind |
21x21in. | dryer |
- | insulated duct 14 e Exhaust |
Station
Web tower ali
Personnel
door

Figure3.4: PTE Around aSingle Source

PTE

Web

/ - Path

3 e
00

\ 36 in. !

Figure 3.5: Unmanned PTE (Around One Station of a Coater)
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3.3.6 Air-Conditioning System

If theingtallation of aPTE resultsin heat buildup, someair conditioning can beadded. All
air conditioning should be of aclosedloop design (return air istaken fromtheinterior of the PTE,
passesthrough coils, and isdelivered back to the PTE) to avoid violating the PTE criteria. The
necessary design criteriafor air conditioning areavailablein the appropriate American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) handbooks.

337 Makeup Air System

Whenever air isexhausted from aroom or enclosure, supply air must enter theenclosure
totakeitsplace. For low exhaust rates, air entering through NDOs, cracks, and incomplete sedl's
may beadequate. Air flow canbeincreased by ingtalinglouversinthewallsof theenclosure. For
large exhaust volumes, additional air must be provided by afan to make up for the difference
between the air exhausted and the air entering through the NDOs and cracks. In some cases
makeup air isused for spot cooling whereair isintroduced directly at thework station. The
amount of makeup air required isgiven by thefollowing equation:

Q= Q.- Quoo (312
where Q, = amount of makeup air (acfm),
Q, = exhaust flow ratefromthe PTE (acfm), and
Quo = amountof air entering the PTE through NDOs (acfm).
3.3.8 Makeup Air Fan

Thissection only considersthefan required for makeup air. Exhaust fansthat transport
gasesfromthe PTE to the control deviceare part of the control system and not consideredinthis
chapter. Theperformance of afanischaracterized by its“fan curve’ which presentsquantitatively
therel ationship between the volume of air flow, the pressure at which thisflow isdelivered, the
speed of rotation, the power required, and theefficiency. Thebasicinformation required to select
afanisthe actual volumetric flow rate and the fan static pressure (FSP). Other factors that
influencethe selection are stream characteristics, drive arrangement and mounting, operating tem-
peratures, inlet sizeand location, and efficiency. The FSPisdefined asfollows:

FSP=SP - SP - VP, (3.13)
where FSP = (in.w.c.),
SP = daticpressureat outlet (in.w.c.),
SP. = datcpressureatinlet(in.w.c.), and
VP = velocity pressureatinlet (in.w.c.).

Manufacturers provide multi-rating tablesfor fan selectionin Figure 3.6.[ 11] For every
3-16



volumetric flow rate and fan static pressure, the required fan speed (RPM) and the fan power
(BHP) aregiven. If vauesinthetablefall between desired values, interpol ationisacceptable. The
multi-rating tables are based on standard conditions of 70°F and 29.92 in. Hg pressure. For a
givenflow rateand static pressure, several fan selectionsarepossibleand itisnot unusual tofind
four or morefan sizesthat providetherequired flow rateat agiven pressuredrop. Usualy, the
fansinthemiddle of arating tablearethe most efficient (about 75-80 percent efficiency). If the
design operating parametersare near thetop or the bottom of thetable, select asmaller or larger
fan.

3.0
Py curve Selection
range
25 !
//\ \ ncurve
2.0 4 8
Hp
N\
15 3 60
1.0 2 40
0.5 1
0
2 4 6 8 10 12

Volume Flow Rate, Q, 1000 cfm

Figure3.6: Conventiona Fan Performance curve used by most manufactures

3.3.9 ExampleProblem

Toillustrate thedesign processfor aPTE, this section provides an example problemand
demonstrateshow each design parameter meetsthe EPA five-point criteria previoudy discussed
inSection 3.2.

A highvolume speciaty packaging products company located in an ozoneattainment area
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has operated an eight-color rotogravure printing press (Press#1) for 6 years, using only high
solvent inksto meet customer demandsfor quality. To meet the state control technology require-
ment, the company installed a15,000 scfm thermal incinerator. Theexistingincinerator hasbeen
tested and demonstrated adestruction efficiency of 95 percent. Dueto increased demand for its
products, the company now plansto install another eight-color rotogravure printing press (Press
#2). Inorder to meet the best avail able control technology (BACT) requirement under the Pre-
vention of Significant Deterioration (PSD) regul ations, the company proposestoinstall 215,000
scfm cataytic incinerator and apermanent total enclosurefor the new press. The maximum as-
appliedink usagefor each pressis400 Ib/hr and consists of 12 percent ethyl alcohol, 52 percent
ethyl acetate, 4.8 percent toluene, 3.2 percent hexane, and 20 percent solids by weight. The
existing configuration of thepressroomisshowninFigure3.7.

) E—
I Office

15 ft 10 ft é
l— —»| l¢ >

70 ft.

L

180 ft |Warehouse

Incinerator for
Press #2

Press Press
#1 #2

Ceiling height = 18 ft
Incinerator for
Press #1

100 ft

Wash
Room

Ink Room

Figure3.7: ExamplePlant Layout
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The company needsto demonstrate an overal control efficiency of 97 percent for Press #2
asrequired by the PSD permit. Becausethefacility issubject to Subpart [KK1] of the MACT
standards, an overall control efficiency of 95 percent will haveto be demonstrated for Press#1.

Tocomply withanoverd| control efficiency of 95 percent, the company must demongtrate
acaptureefficiency of 100 percent (95/0.95) for Press#1. Assuming thedestruction efficiency of
thecatdyticincinerator to beat |east 98 percent, the company must demondtrate acaptureefficiency
of 99 percent (97/0.98) for Press#2. Thedesigner decided asingle PTE around both presses
createsfewer obstructionsto thework flow and cost lesstoinstall.

With adestruction efficiency of 95 percent for the Press#1 incinerator (astested) and 98
percent for the Press#2 incinerator (asguaranteed), the company can easily demonstrate compliance
withtherequired overdl control efficiency.

Sizeof thePTE

Thepressroomis100 by 180 ft and thecellingis18ft, resulting in apressroom volume
of 324,000 cu ft. Theexhaust flow ratefrom the pressroom is 30,000 scfm (sum of the exhaust
flow ratesof thetwo incinerators). Converting the existing pressroominto aPTE requiresthe
least amount of construction and causestheleast amount of disturbance to the occupied space.
However, that sizeenclosurewill provideonly 5.6 RACs/hr while 10to 15 air changesprovide
adequate worker comfort. For thisreason, the company decided to build asmaller PTE around
the presses.

Theexisting configuration of the pressroomissuch that asmaller PTE can bebuilt easlly
by erecting only two additional walls: oneontheeast sdeof Press#2 and the other on the south
side of thetwo presses.

Inorder to provide adequate spacefor material movement at both ends of the presses, the
design placesthe southwall of the PTE, 15ft from the nearest end of thepresses. Ontheeast Side
of Press#2, adlightly larger space (20 ft wide)isselected. Theoveral dimensonsof thePTE are
65ft wide, 100t long, and 18 ft high asshownin Figure 3.8, withavolumeof 117,000 cuft. With
an exhaust flow rate of 30,000 scfm, thisprovides15 RACg/hr.
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PTEWadl Material

Typica materialsinclude sheet metal, modular panels, concrete masonry units (CMUS),
and drywall. Thetype of material used depends on the existing equipment and the extent of
congtruction obstructions. Inthisexample, theheight of theenclosureisreatively low (18 ft) and
thetota length of thewall to be constructed isonly 165ft. Inaddition, thereis plenty of roomfor
movement of equipment/materia, and thereare no obstructionsover thepresses. Therefore, any
gopropriate materid can beused, depending upon user preference. Duetothelr easeof congtruction,
portability, and appearance, the engineers sel ected modular panel sfor constructing thewalls.

Accessto the PTE (Doorsand Windows)

Most production materialsmoveto the PTE from thewarehouse, ink room, and washup
areas. Therefore, thedesignincludestwo 8 x 8 ft rollup door for the north and south wallsof the
PTE, (selected to minimizewaiting timefor materia transfersof material in and out of the PTE)
three 8 x 8 ft swing doors, two onthewest wall, and one on the southwall, and four standard size
(3 x 7 ft) personnel doors, one on each wall of the PTE. Windowsare not used. Insum, the
following accessisprovided:

Iltem Number
Swing doors (8 x 8 ft) 3
Rollup doors (8 x 8 ft) 2
Personnel doors (3 x 7 ft) 4
Windows None

Louvers

Because of the number of doors specified and the expected frequent opening of thedoors
onthewest and south wallsof the PTE, someair movement into the enclosure may occur. However,
inorder to provide better mixing and ventilation within the PTE, the designersdecided to install
onelarge (2ft x 9in.) louver on each wall of the PTE to minimize the amount of makeup air
required. Stedl louverswere selected because of their greater durability.

Makeup Air

Fromthedatagivenin Table 3.3, thetotal areaof theNDOs, notincludingthelouvers, is
198 5qin. (1.38 sqft). By EPA standards, theaveragefacial velocity must be at |east 200 fpm.
Furthermore, if thevelocity isgreater than 500 fpm, thedirection of air flow throughtheNDOsis
considered tobeinward at al timeswithout verification. Thedesignersused afacial velocity of
600 fpmto provideamargin of safety. With afacia velocity of 600 fpm, theair flow throughthe
NDOs(excluding thelouvers) is 728 scfm whichisabout 3.4 percent of thetotal air flow (30,000
scfm). By providing louvers (oneon each wall of the PTE) , thetotal NDO areaisincreased to
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1,062 5qin. (7.38 5qft) changing thetota air flow through the NDOsto 4,428 scfm. Themakeup
air requiredis 25,572 (30,000 - 4,428) scfm. Theintakefor themakeup air ison theroof of the
building and ducted into the PTE at several locationsto enhance mixing.

Themakeup air required for theexample PTE isat least 25,572 scfm. Therequired static
pressure (system resistance) is determined by summing pressure |osses through the system
components. Assuming that thefanislocated inthe center on theroof of the PTE and four ducts
areinstalled to deliver makeup air through thefour wallsof the PTE, thetota length of theductis
400ft. Each duct carriesabout 6,393 cfm (aquarter of 25,572 scfm). The number of 90 degree
bendsrequiredis12. Theradiusof curvature of the bends (elbows) is1.5. Theduct diameter is
cal culated using equationsin Section 2, Chapter 1 "Hood, Ductsand Stacks'. Theflow through
each duct is6,390 scfm. Sincethe material being conveyedisfresh air, atransport velocity of
2,000fpmis selected (See Section 2, Chapter 1 "Hood, Ductsand Stacks"). Theduct diameter
(Dyis.

D, =1.128(6,390/2,000)"= 2 ft
Frictionlossesare:
F, =0.136 (¥2)**8 (2,000/1,000) +8(400/100) =0.80in. w.c. (straight
duct)
VP  =(2,000/4,016)?=0.25in. w.c. (Velocity pressure)
F, =12x0.33x 0.25=0.99in. w.c. (elbows)
Total frictionloss =1.79in.w.c=1.75w.C.

Sincetheinlet to the makeup fan will be opento theatmosphere, thevelocity pressureat itsinlet
will benegligible, the designers selected afan to provideat least 25,572 scfm (70°F and 1 atm) at
astatic pressureof at least 1.75in. w.c.

For aflow rate of 25,572 cfm and static pressure of 1.75w.c., thewheel diameter of the
fan selectedis36.5in. Therequired horsepower for thefan selectedis11.0Hp. Most of thefan
manufacturers providefan motorsand startersto match thefan load.

Duct

Theexample system requires400 ft of makeup air duct, with adiameter of 2.04 ft. From
anumber of designsand materias available, thedesignerschoose: duct fabricated from spiral-
wound, gal vanized carbon stedl shest, four galvani zed carbon stedl butterfly dampers and twelve
90 degreeelbows.

Other Consderations

Other factorsinthedesign of PTEsareair conditioners, safety equipment, hoods, lighting
and instrumentation. Although important, they are not part of the scope of thischapter.
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3.4 Estimating Total Capital Investment

Thissection presentsthe procedures and datanecessary for estimating capital costsfor
PTEs. Total capital investment, TCI, includes purchased equipment cost and direct and indirect
installation cost. Most costsin thischapter are presented in 1% quarter 1997 dollarsand represent
anationa average.

34.1 Pur chased Equipment Cost
Wadls
Materiastypically used are concrete masonry units (CMUs), drywall, sheet metal, and

modular panels. Thecost of these materia siscommonly givenintermsof $/sqft.

Table3.3: Cost for different construction material§12,18].

Wall Material Purchased cost
(1997 $/sq ft)
CMUs 1.49
Drywall 0.59
Sheet metal 1.69
Modular panels 9.76

Lexan (thermoplastic polymer) -Q in. thick 8.00
Lexan (thermoplastic polymer) -z in. thick ~ 12.00

Thetota areaof thewall is2,970 s ft. Although modular panelsare expensive, they were
sl ected because of their gppearance (finished on both sides), strength, and flexibility inmodifying
or relocating. Ataunit cost of $9.76/sq ft, the materia cost forwalls is:.

Wall material cost =$9.76/sqftx 2,970sqft = $28,987

Doors
Doorsaremadein severa standard sizes. Their pricesaregiven by units.
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Table 3.4: Cost of different door typeq[12].

Door type Purchased cost
(1997 $ each)
Strip curtain door, 3 x 7 ft 275
Strip curtain door, 8 x 8 ft 575
Personnel door, steel, 3 x 7 ft 575
Sliding door, strip curtain, 8 x 8 ft 780
Sliding door, steel 8 x 8 ft 1,240
Bump door, steel, 3 x 7 ft 1,290
Bump door, steel, 8 x 8 ft 1,830
Rollup door, low speed, 8 x 8 ft 4,255
Rollup door, high speed, 8 x 8 ft 10,165

Theestimated cost of theninedoorsneeded inthedesignis:

Personnel doors purchased cost 4 doorsx $575 each =$2,300
Swing doors purchased cost 3 doorsx $1,830 each =$5,490
Rollup doors purchased cost 2 doorsx $10,165 each = $20,330
Auxiliary Equipment
Louvers

Pricesfor louverscorrelatewd |l with thesize of thelouvers. Thefollowing equationscan
be used to estimate the national average cost of steel and duminum louvers:

Sted! louverg 13]: C= 42+35A (L5<A<7.75) (3.14)

Aluminumlowed13]: C= 47+39A (L5<A <7.75) (3.15)
where C = cost for eachlouver in 1997 dollarsand

A =surfaceareaof each louver in sqft.

Four sted louvers(2ftx 9in.) arerequired for theexample PTE. Thecrosssectiond area
of eachlouver is1.5sqft. Using equation (3.13), thelouvers' purchased costis.

Purchased cost per louver 42 +(35x 1.5) =$94.5 each
Purchased cost for 4 louvers 4 x $94.5 each = $378
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LFL Monitors

Table 3.5: Cost of LFL monitors[12,16,17]

Item Price(1997 $ each)
%LFL monitor using flame ionization detectors 10,845
%LFL monitor using catalytic bead 3,325

Because of their lower cogt, catalytic bead type L FL. monitorswere selected.
Cost of 2 catalytic bead monitors =2x $3,325 =$6,650
Safety Equipment

Table3.6: Cost of miscellaneous safety equipment[13,17]

Item Price(1997 $ each)
Smoke detector (ceiling type) 75
Smoke detector (fixed temperature) 28
Alarm bell 70
Alarm siren 131
Alarm signal 50
Flame detector 2,925

Two ceiling type smoke detectorswere sel ected.
Cost of smoke detectors(ceiling type) =2x%$75each =$150
Ductwork
Proceduresfor designing and estimating costsfor ductwork systemsaregivenin Section

2, Chapter 1“Hoods, Ductsand Stacks’ of thisManua . Thetotal ductwork cost iscomprised of
the cost of itscomponents: straight duct, el bows and dampers
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Table3.7: Cost of Ductwork

Iltem Quanity Cost
Straight duct cost ($/ft) =1.71(24) 0% = $33.49/1t
Total cost for 400 ft =$33.49/ft x 400 ft =$13,395
Elbow cost ($) =58.9 g 0:0633(24) = $269 each
Cost for 12 elbows =12 x $269 =$3,229
Damper cost (3$) =50.2 e 00597(24) = $210 each
Cost for four dampers =4 x $210 =$840
Total cost for ductwork =$13,395 +3,229 + 840 = $17,464

Fans, Motors, and Startersfor Makeup Air

Thefan cost equation ispresented asfollows:

C=56.3D*? (1225 <D < 36.5) (3.16)
where C = costin 1997 dollars, and
D = fanwhee diameter (in.).

Thewhed diameter of themakeup air fan is36.5in. By substituting in Equation 11.14,
thetotal cost of thefan, belt-driven motor, and starter is$4,219.

| nstrumentation
Oneof thefive-point criteriafor aPTE isto maintain anegative pressure of 0.007 in. w.c.
inthe PTE. Thisrequiresan extremely senditive and reliable pressuremonitor. Inadditiontothe

monitor, most vendorsrecommend apressure surge damper (to dampen sudden pressure changes).
The pricesfor the equipment are given below.

Table3.8: Cost of instrumentation equipment [ 14]

Item Price(1997 $ each)
Differential pressure monitor 487
Surge damper 22
Alarm 20
Total cost $529
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Freight and Taxes

Freight charges depend upon the distance between the siteand vendor. Salestaxesdepend
upon thelocation of the siteand the vendor. National average valuesfor freight and taxesare
5 percent and 3 percent of thetotal equipment cost.

Table 3.9: Total Purchase Equipment Cost (PEC)

Item
Basic and Auxiliary Equipment Cost ($)
Walls 28,987
Doors 29,270
Louvers 378
LFL monitors 6,650
Smoke detectors 150
Makeup air ductwork 17,465
Fan, motor, starter 4.219
Total equipment cost (TEC) 87,120
Instrumentation Equipment 529
Freight charges 0.05x87,120 4,356
Taxes 0.03x87,120 2,614
Total Purchased Equipment Cost (PEC) 94,619

34.2 Installation Cost

Direct Ingtallation Cost

Thedirectingtdlation cost consistsof installation costsfor the basi ¢ equipment, auxiliary
equipment, and instrumentation.

Walls
Magjor factorsaffecting theinstallation cost for wallsare the exi sting equipment and extent of
obstructions. Thenational average costsof installation for wallsassuming moderate obstructions

aregivenin Table3.10 (multiply these costsby afactor of 1.5for severe obstructionto construction
[12,15]):
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Table3.10: Cost of Wall Installation Based on Material[12,18]

Wall material

Direct installation cost (1997 $/sq ft)

CMU

Drywall

Sheet metal

Modular panels

Lexan (thermoplastic polymer) -Q in. thick
Lexan (thermoplastic polymer) -a in. thick

*Assumed same as drywall[12,18]

3.10
2.90
12.91
7.97
2.90*

2.90*

Installation cost of modular panel wallswithanareaof 2,970 sqft:

= $7.97/sq ft x 2,970 sq ft = $23,671

Table 3.11: Cost of door installation based on type[12]

Door type

Direct installation cost(1997 $ each)

Strip curtain door, 3 x7 ft 240

Strip curtain door, 8 x 8 ft 285

Personnel door, steel, 3 x 7 ft 415

Sliding door, strip curtain, 8 x 8 ft 890

Sliding door, steel, 8 x 8 ft 1,745

Bump door, steel, 3 x 7 ft 730

Bump door, steel, 8 x 8 ft 2,575

Rollup door, low speed, 8 x 8 ft 3,045

Rollup door, high speed, 8 x 8 ft 3,910

Personnel door installation cost 4 doors x $415 each = $1,660

Swing doors installation cost 3 doors x $2,575 each = $7,725

Rollup door installation cost 2 doors x $3,910 each = $7,820
Total = $18,035

Auxiliary Equipment

Louvers
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Thelabor cost for installing louvers correspondsto thesize of thelouver. Thefollowing
equations can be used to estimate the nationa average cost of ingtalation for steel and aluminum
louvers

Sted louverq 13]: C=8+17A eaxh (15<A<7.75) (3.17)
Aluminumlouwverd13]: C=9+1.9A eaxch (1.5<A<7.75) (3.18)
where C costin 1997 dollars, and

A louver surfaceareain s ft.

Theareaof theselected louversis 1.5 sq. ft, therefore:

Louver ingtdlation cost 8+(1.7x15) = $10.55each
Installation cost for 4 louvers 4x$10.55each = $42
LFL Monitors
Table3.12: Ingtallation cost for LFL monitors
ltem Installation cost(1997 $ each)
%LFL monitor using flame ionization detectors 2,700
%LFL monitor using catalytic beads 1,000

Total Installation cost of two catalytic bead monitors= 2 x $1,000 each = $2,000
Ducts

Asdiscussedin Section 2, Chapter 1, theinstallation cost for ductwork variesfrom 25
to 50 percent of thematerial cost. Assuming anaverage of 37.5 percent, theinstallation cost for

themakeup air ductwork isestimated as:

37.5% x material cost
0.375x $17,464 =$ 6,549

Makeup air duct installation cost

Fans, Motors, and Startersfor Makeup Air

Installation costsfor fans, motors, and sartersare given by thefollowing equations:
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Fang16]: C=51.89D -380.9 (10 < D < 20) (3.19)
Motord17]: C=43+2.16H (2 <H<100) (3.20)
Starterg18]: C=78.68Ln(H) - 15 (2 < H < 100) (3.22)
where C =costin 1997 dollars,
D =fanwhed diameter (in.),
H

=fan motor and starter horsepower, and
Ln(H) =natura log of horsepower.

Sincetheingtalation cost equation gppliesonly to diametersof 10to 20in. Theingalation
cost for a36.5in. fan can be cal culated on the basis of two fanswith awhee diameter of 18.25in.
each. Thisyiddsafaninstalation cost of $1,132. Theingtdlation cost of asinglefan 36.5in.in
diameter can al so be cal culated based on extrapolation of Equation 3.19. Thisyields:

Faningtdlation cost =(51.89x 36.5) - 380.9 =$1,513.
Equation 3.20yields:

Fan motor installation cost =43 +(2.16x 11) =$67
Equation3.21yields:

Motor starter ingtallationcost = 78.68 Ln(11.0) -15 =$174

Total fan, motor, and starter cost = $1,513+67+174 =$1,754

I nstrumentation

Table 3.13: Installation cost for instrumentation components|13,15]

ltem Installation cost(1997 $ each)
Differential pressure monitor 200

Surge damper 20

Alarm 60

Total 280

| ndirect Installation Cost

Indirect installation costsare generally estimated from aseries of factors applied to the
purchased equipment cost. For PTES, these costs are not dependent on the purchased equipment
cost and national averageindirect costsrelated to install ation are used.
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Table3.14: Indirect Installation Costs[12,15]

Engineering $5,000
Contractors 15,000
Compliance Test 2,500
Total indirect $22,500

Thetotal capital investment (TCI) isthe sum of the purchased equipment cost, direct
ingtdlation cost, and indirect install ation cost.

Table3.15: Tota Capital Investment

Item Cost (%)
Purchased Equipment 94,619
Direct Installation Cost
Walls 23,671
Doors 18,035
Louvers 42
LFL monitors 2,000
Smoke detectors 78
Makeup air 6,549
Ductwork
Fan, motor, starter 1,754
Differential pressure 200
Monitor
Surge damper 20
Alarm 60
Indirect Installation Cost 22,500
Total Capital Investment 169,528
3.5 Estimating Total Annual Cost

Thetotal annua costisthesum of direct and indirect annua costsand therecovery credit.
Recovery creditsrepresent the value of materials or energy recovered by the control system.
Recovery creditsare usually associated with control equipment not applicableto PTES.
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351 Direct Annual Cost

Thereareno costsfor operating, supervisory labor, operating materids, or waste disposa
dlocatedtoaPTE. Maintenance costswill beminimal, except for such minor expensesaspainting,
repairs, or cdibration of instruments. Theoperating costistheonefor only utilitieseectricity used
to operate the auxiliary equipment such as supply fansfor makeup air and air conditioning if
needed.

Thenational averageectricity cost for operating the supply fanis estimated asfollows:

_[L175x10"P.QAPSE

C
. n (3.22
where C, = dectricity cost ($/yr),

1.175x 10* = adimensonlessconversionfactor,
P, = dectricity price($/kwWh),
Q = exhaust flow rate (acfm),
AP = datic pressuredrop through the makeup air system (in. w.c.),
S = gpecificgravity withrespecttoair (=1),
o = operating hoursper year and
n = combined fan-motor efficiency.

Theélectricity cost iscalculated asfollows:

Makeup air flow rate = 26,200 acfm

Static pressuredrop = 1.75in.w.c.

Electricity price = $0.06/kWh

Operating hours = 8,760 hr/yr (maximum possiblein ayear)
Overdl efficiency = 0.75

Subgtituting these valuesyieldsadirect annual cost of $3,775 per year.
35.2 Indirect Annual Cost
The indirect annual costs for a PTE include property taxes, insurance, general and

administrative charges, overhead, and capital recovery costs. These costscan be estimated from
thetotal capita investment (TCI) using standard factorsfrom thisManual asgiven below:
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Table3.16: Indirect Annual Cost Factors

Item Factor

Property taxes 1% of TCI
Insurance 1% of TCI
General & administrative 2% of TCI
Capital Recovery Capital Recovery Factor x TCI

TheTCl is$169,528. Overhead isnot considered becauseit isbased on the sum of the
operating, supervisory, and maintenancelabor and materiascosts, which arenegligiblefor aPTE.
For theexample PTE, the cost for thefirst threeitemsis:

Property taxes = 0.01x%$169,528 = 1,695
Insurance = 0.01x%$169,528 = 1,695
Generd and administrative = 0.02x%$169,528 = 3,391

Totd = $6,781

The capital recovery factor (CRF) isafunction of the economic life of the equipment and the
interest charged on thetotd capitd investment previoudy discussedinthisManud:

CRF = | (1+1)V[(1+)"-1]

annual interest rateinfraction (i.e., 7% =0.07) and
economiclifeinyears.

where [
n

For aPTE, theeconomic lifeisthe same asthelife of the building which might be 20-
30 yearsor of the particular equipment enclosed by the PTE which might beless. Theinterest rate
vauerecommended by the Office of Management and Budget (OMB) is7 percent. (Thisreplaces
the 10 percent rate previously recommended by OMB.) Aneconomic lifeof 30 yearsand an
interest rate of 7 percent yieldsa CRF of 0.080586.

Capital recovery = 0.080586 x TCI
= 0.080586 x 169,528 = $13,662
Total annual indirect cost = $6,781 +$13,662 = $20,443.
Tota annual costiscalculated asfollows:
Totd direct cost = 3,775
Totdl indirect cost = 20,443
TOTAL = $24,218
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