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1.0 INTRODUCTION

The purpose of this document is to provide information on
alternative control techniques for volatile organic compound
(VOC) emissions from batch operations. Although the control
techniques information applies to batch processing in all
industries, the document focuses primarily on batch processes in
the following six industries: plastic materials and resins
(described by Standard Industrial Classification (SIC) Code
2821), pharmaceuticals (SIC 2833 and 2834), gum and wood
chemicals (SIC 2861), cyclic crudes and intermediates (SIC 2865),
industrial organic chemicals (SIC 2869), and agricultural
chemicals (SIC 2879). This document contains information on
emissions, controls, control options, and costs that States can
use in developing rules based on reasonably available control
technology. The document presents options only, and does not
contain a recommendation on reasonably available control
technology.



2.0 BATCH PROCESS DESCRIPTIONS

This chapter identifies and describes the most common unit
operations found in batch processing and provides descriptions of
industries that typically use batch processing. The unit
operations section of this chapter provides descriptions of the
equipment (i.e., reactors, filters, dryers, distillation columns,
extractors, crystallizers, and storage/transfer devices) used to
perform batch processing steps. In the industry description
section, four industries were selected to illustrate how these
unit operations are combined to produce polymers and resins,
pharmaceutical products, pesticides, and synthetic organic
chemicals.

Whereas the unit operations section provides general
information on equipment operation and sources of VOC emissions,
the industry description section focuses in detail on equipment
arrangements, process flows, operating conditions, and sources of
emissions. Whenever possible, information is provided that can’
be used, in conjunction with the procedures described in
subsequent chapters, to estimate VOC emissions from the five
example batch processes. Moreover, the readers may use these
examples as a guide in evaluating emissions from other specific
batch processes that use these same or similar unit operations.
2.1 UNIT OPERATIONS IN BATCH PROCESSING

The unit operations discussed are commonly used to produce,
separate, and prepare chemical products or intermediates on a
batch basis. For each unit operation, a discussion is provided
of the equipment used to accomplish that operation, key equipment
design considerations, principles of equipment operation, and
factors affecting emissions.

C2-1
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Figure 2-1. Basic design of a kettle-type batch reactor.



d to provide a more general description of the operations
:d in this stage of the process.

.1.1.1.1 Reacgtor charging. The reaction cycle is normally.
ted by charging solvents, catalysts, and raw materials into
actor. For the purpose of this description, "raw

.als" refers to compounds that are combined with other

ints to produce the desired product or intermediate. The

il charging step may be accomplished in many ways. If the

or is tied into a vacuum system, the materiais can be

ed" into the reactor by reducing the pressure in the reactor

s atmospheric. Steam jet ejectors, as shown in Figure 2-1,

icuum pumps may be used for this purpose. The hockup

action for material addition is then used to introduce

rials into the reactor. Drums c¢ontaining solvents,

Jlysts, and raw materials can be hocked up to the reactor

1g flexible (i.e., flex) hoses. A dip-leg is inserted into

drum and connected to one end of the flex hose. The other
. of the flex hose is connected to the reactor hookup
inection. When the valve located at the reactor (in the hookup
1@ shown in Figure 2-1) is opened, material in the drum flows
rough the flex hose and into the reactor due to the pressure
fferential.

Solvents, catalysts, and raw materials can also be pumped
to the reactor through the hookup connection. Portable pumps
e often used for this purpose. During the charging process,

e valves in the vent line (the manual block valve and the

ntrol valve) are normally opened to prevent reactor pressure

om increasing. The condenser is usually operated to reduce
terial losses through the vent line when volatile compounds are
esent in the reactor.

The manway may also be used to introduce materials into the
actor. Solid materials are usually added to the reactor in this
nner. The manway normally contains bolts that can be removed

open it, but some manways have latches to allow for quick
ening and closing. Solids are usually poured through the
nway opening into the reactor. Once the transfer is complete,
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_____

the manway is closed and bolted so that the reacﬁor can be
operated under pressure. In some cases, the middle part of the
manway is constructed of heavy glass or plexiglass so the
operator can view the inside of the reactor during operation.

The use of flexible hoses and quick-disconnect fittings are
typical of manual-type operations where many different products
may be manufactured in the same vessel. At other facilities
where the same batch product is manufactured routinely in the
same vessel, the reactor may be equipped with dedicated lines for
transferring materials into the reactor. The dedicated lines
connect the reactor with storage or weigh tanks containing
solvents and raw materials. These storage tanks are often
located at a higher level than the reactor so that material will
flow by gravity into the reactor once valves in the transfer
lines are opened. In some cases, a reactor may be equipped with
dedicated lines for charging certain materials that are used
often (e.g., common solvents) and also equipped with a general
hookup line for less common materials.

2.1.1.1.2 Reactant addition and reactor opexration. The
most complex step in a typical batch reaction cycle is often the
reéctant addition step. This step involves the introduction of a
reactant or reactants with the materials already charged into the
reactor (e.g., solvents, catalysts, and initiators). The
manufacture of some products involves only a single reactant
addition step. The manufacture of other products is more
complex, requiring several steps. In these cases, several
intermediates may be generated during the reaction cycle, and
different reactants may be reacted with each subsequent
intermediate.

The operation of the reactor during the reactant addition
step is affected primarily by two factors: (1) the kinetics of
the specific reaction and (2) the capabilities of the reactor
design. The reaction kinetics define the desired cperating
conditions. However, 1imits on the conditions that can be
obtained during operation are often defined by the reactor
design. Four important operating variables that are monitored

2-5 -



and controlled during the reactant addition step are: the
addition rate of the reactant, the reactor temperature, the
reactor pressure, and the degree of mixing. The addition rate is
closely tied to the reactant concentration, which optimizes the
generation of the desired product. If undesirable by-products
are generated when a reactant is available in excess, it would be
necessary to monitor the addition rate closely to avoid operating
with a reactant concentration that is too high. 1In other cases,
the reactant concentration is not critical and, therefore, tight
control of the reactant feed rate is not required.

The reactant addition step may be accomplished in the same
way that materials are added to the reactor during the charging
step. When the reactant feed rate must be tightly controlled, a
metering pump is sometimes used. If the reaction rate is known,

" the reactant feed rate can be adjusted using the pump to maintain
a proper concentration of the reactant. In other cases,
operating parameters such as temperature and pressure determine
how rapidly the reactant is added to the reactor. For example,
if the reaction is exothermic, the cooling capacity of the
reactor may determine how rapidly a reactant can be fed. The
monitoring and control of operating variables other than the
reactant addition rate are discussed in more detail below.

The reactor shown in Figure 2-1 is equipped with a typical
temperature control system. The reactor is "jacketed" so that
either cooling water or steam can be circulated around the shell
of the reactor. For example, steam may be required initially to
heat reactor contents to elevated temperatures due to kinetic
considerations, while cooling water is required at a later time
to quench or stop the reaction at a desired conversion level. A
thermocouple is typically inserted into the side of the reactor
and used to monitor the reactor temperature. The temperature
read by the thermocouple is normally transmitted to controllers
that manipulate the action of the automatic cooling water and
steam valves.

Figure 2-1 also shows the scheme used to control the reactor
pressure. A sensor located on top of the reactor measures
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pressure in the reactor headspace. This pressure reading is
transmitted to controllers that operate flow valves on the vent
line (during atmospheric pressure operation) or the ejector inlet
line (during vacuum operation). Both lines may be fitted with
condensers to minimize losses of volatile materials when they are
purged from the reactor. The condensed materials are refluxed
back to the reactor through the return line. As discussed
earlier, the reactant addition rate is sometimes governed by
operating variables such as the reactor pressure. The cooling
capacity of the condenser and the sizing of the vent line both
affect the operating pressure. In some cases, the reactant feed
rate must be slowed to prevent overpressuring of the reactor or |
to reduce material losses through the vent line.

The degree of mixing is another operating variable that must
be controlled during many reaction processes. The reactor shown
in Figure 2-1 is equipped with an agitator for mixing. In some
designs, a variable speed motor is installed so that the mixing
rate can be adjusted. In addition to the agitator, mixing can be
accomplished using the recycle line and the reactor transfer
pump. The contents of the reactor are mixed by pumping material
at the bottom of the reactor through the recycle line and back
into the top of the reactor. The valve located in the recycle
line can be manually throttled to control the recycle flow rate.
This recycling process may be conducted with or without the
agitator running, depending on the mixing needs of the specific
reaction.

2.1.1.1.3 Discharging reactor contents. Once the reaction
step is complete, product purification steps are usually
required. These steps may involve a number of unit operations
such as crystallization, distillation, filtration, and others.
Some of these steps, such as solvent recovery, may be conducted
'in the reactor vessel. Other steps require more specialized
equipment. These unit operations will be discussed in subsequent
sections. For the purpose of this section, it is assumed that
the contents of the reactor are discharged following the reaction
step and the reactor is prepared for the next batch.
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The contents of the reactor can be discharged by gravity or
by using a transfer pump. If a pump is not available, nitrogen
pressure Or air pressure may be used to transfer material. Flex
hoses can be used to connect the transfer line to the next
equipment piece, such as a batch distillation column. At one
end, the flex hose would be attached to the connection shown on
the discharge side of the pump. On therther end, the flex hose
would be attached to a similar connection on the distillation
columrni. The contents of the reactor would be transferred to the
still by opening valves in the transfer line at the reactor and
distillation column and starting the transfer pump, if necessary.

After the contents have been transferred, it is often
necessary to thoroughly clean the reactor. This cleanup is
essential if a different product is to be produced in the next
batch. If another batch of the same product is planned for the
reactor, cleanup may not be required. In cases where the reactor
needs thorough cleaning, it is often washed with water to remove
residual product or catalyst. If water-insoluble compounds must
be removed from the reactor, a solvent rinse is often required
prior to starting .the next batch. Both of these steps generate
waste streams. Wastewater generated during water washing is
often discharged to onsite wastewater treatment facilities; in
some cases, it may be sent to the public sewer. Solvent from the
reactor rinse step is usually collected and stored in waste
solvent containers for disposal. The waste solvent may be
disposed of by methods such as incineration or it may be purified
for reuse by distillation. These operations may be conducted
either onsite by the facility or the solvent may be sent to a
commercial reclaimer. |

Following the water wash or the solvent rinse, the reactor
is heated until dry. Steam is used to heat the reactor jacket
and evaporate residual water or solvent remaining on the inside
reactor walls. If the reactor is washed in water, the
evaporating water vapor may be allowed to flow out the vent line
into the atmosphere. If a solvent rinse is used, normally the
‘condenser is operated and the condensed solvent is reclaimed for
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disposal. In this case, some solvent may escape through the vent
with noncondensables flowing out the vent line. Once the reactor
is clean and dry, it can be closed and prepared for the next
reactor charge. ’

2.1.1.2 Emissions and Factors Affecting Emissions From
Reactors. The potential for VOC emissions exists during all
steps of the reaction cycle that were discussed above. Emissions
are discussed below in order according to the chronology of the
steps presented above.

2.1.1.2.1 Charging. During the charging process, volatile
compounds may be lost through the vacuum system, the vent line,
or the manway.

Vacuum operatjon during charging. If materials are being
charged into the reactor using a vacuum system, volatile
compounds may be pulled into the vacuum system, which typically
will be a steam jet ejector or a water seal vacuum pump. These
compounds either leave the jet ejector system with the steam
condensate, leave with vacuum pump seal water, or are vented from
the vacuum system with noncondensables. The amount of materials
lost through the vacuum system depends on the volatility of the
compounds in the reactor and the duration of vacuum gystem
operation. The steam condensate or pump seal liquid may be
combined with other waste streams and treated onsite, or it may
be discharged into a public sewer. Emissions may occur during
the collection and treatment of these wastewater streams and are
referred to as secondary emissions. A description of these
emissions is discussed in this document.

A ic v i i ing. If the reactor vent
line is left open to the atmosphere during charging, volatile
compounds may be vented along with the inert gases being
displaced from the reactor through the vent line. As the
material is pumped into the reactor, the rising liquid surface
causes the displacement of the vapor occupying the shrinking
headspace.

Manway emigsions during charging. Emissions can also occur

when the manway is open for charging solids into the reactor if

2-9
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volatile compounds have been previously charged into the reactor.
These compounds will saturate the vapor space above the liquid in
the reactor. If these vapors are less dense than air, they will
flow from the reactor once the manway is opened due to the
buoyaﬁcy effect. This buoyancy effect will be increased if the
liquid in the reactor is warmer than room temperature. The
longer the manway is left open, the greater the emissions will be
during this step.

Nitrogen purging during charging. When toxic or ignitable
material is contained in the reactor or is being charged into thé
reactor, the reactor headspace is often purged with an inert gas
such as nitrogen. The purge may be carried out when the reactor
vent is open to the atmosphere or prior to opening the manmay for
solids addition. The purge reduces high concentrations of
volatile material in the headspace that could harm workers in the
immediate area or create an explosive mixture, but it increases
the emissions of VOC’s.

2.1.1.2.2 Emisgions during reactant addition and reaction.

Reactant addition. The reactant addition step essentially
is a charging step, except thét the temperature of the material
in the reactor may begin to increase as reactant is added.
Emissions occur as a result of vapor displacement and increase
with the rise in temperature because of increased wvolatilization
of material in the reactor headspace. Emissions from reactant
addition steps are normally emitted through the reactor vent
line.

Reactor heatup. During the reaction, the contents of the
reactor may begin to heat up, if the reaction is exothermic.
External heating may also be applied to the reaction. Emissions
of VOC’s and air toxics occur during this step because of the
expansion of headspace gas volume and because of the (increased
volatilization of VOC’s) due to temperature rise.

Additional load is placed on the condenser system if the
reactor is purged with nitrogen during reaction. The nitrogen is
routed through the vent line so that condensables in the purge
gas can be refluxed back to the reactor. Since the nitrogen
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purge reduces the concentration of volatile orgénics flowing
through the condenser, it lowers the dew point of the stream. In
addition, the mass flow rate increases and the residence time
decreases. This combination of effects can result in reduced
condenser efficiency and, therefore, greater emissions of
volatiles.

Pressure relief. Volatile organic compounds may alsoc be
emitted through the pressure relief valve during the reaction.
This safety deviée is used to relieve overpressure in the reactor
to prevent vessel rupture. The valve is set above any pressure
that should normally be encountered during a normal reaction

process.
2.1.1.2.3 Emissions from product purification and transfer.
V. igtillation. After the reaction is complete, excess

solvent may be separated from the product by vacuum distillation.
Emissions from this step will be limited by the exit conditions
of the reactor condenser, or condensers, if a secondary condenser
is used. Condensers work effectively in these situations since
the uncontrolled streams contain high concentrations of volatile
components that are easily condensed at moderate temperatures and
atmospheric pressure.

Product trangsfer. Following reaction, the contents of the
reactor are discharged for further processing and packaging. The
transfer of the reactor material contents may be accomplished by
gravity, by pumping, by pressurizing the reactor, or by
depressurizing the receiver. The transfer step can create
displacement emissions in the receiving vessel if the material
transferred has a significant VOC concentration or if the
receiving vessel contains VOC. If material is transferred using
a vacuum pump, emissions may occur from the pump seal water, if
the sy;tem is "once-through." The transfer of material using
nitrogen or air pressure may cause VOC emissions, since the inert
gas used as a carrier will in most cases be vented from the
process lines after the transfer is complete. Depending upon the
situation, this inert gas may contain significant amounts of
entrained VOC’s.



2.1.1.2.4 Reactor washing. As discussed earlier,

wastewater and waste solvent streams may be generated during
reactor washing. If the reactor is washed with water, the
resulting wastewater stream will be directed either to a
treatment facility (where secondary emissions may occur) or to a
sewer. If the reactor is rinsed with a solvent, emissions may
occur during the charging or disposal of the waste solvent.
Emissions may also occur during subsequent drying steps. During
drying, heat is applied to the reactor jacket to evaporate any
residual solvent remaining on the inside reactor walls. The
evaporating solvent may be routed through the condenser system
for recovery.

2.1.2 Solid/Liguid Separxation

Two general methods are available for the separation of a
solid/liquid mixture--settling and filtration. Whereas settling
relies on gravity to effect a separation, filtration uses
external forces to separate the two phases. Specifically,
filtration uses a permeable medium that retains the solid while
allowing the liquid to pass through.

In order to force a liquid through a filter medium, a
pressure drop must be applied. This pressure drop may be
affected by gravity, centrifugal force, vacuum or positive
pressure. Centrifugal separation is discussed in
Section 2.1.2.2. The following section discusses batch
filtration.

2.1.2.1 Batch Filtration. The two types of batch
filtration systems most widely used are pressure and vacuum
filters. Batgh pressure filters are used more often than vacuum

efilters when filtering fine particles, because pressure
filtration provides the driving force needed to achieve
economical filtering rates. Batch pressure filters have the
following advantages:

1. They allow for rapid filtration of fine slurries, which
would otherwise be filtered at an uneconomically low rate;

2. They are compact and offer high filtering area per unit
of plant space occupied; and
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3. They are flexible in operation and provide this
flexibility at a lower initial cost than other types of filters.
However, a batch vacuum filter may be better suited for
filtration applications that involve solvent vapors that produce
highly combustible atmospheres.1

There are several types of batch pressure filters. Two
common types are plate-and-frame and nutsche filters.

Blate-and-frame press. Figure 2-2 is a simple diagram of a
plate-and-frame filter press, which consists of alternating solid
plates and hollow frames. Plates and frames are separated by
filter cloth. The feed slurry enters at the top of the frames,
and the filter cake accumulates within the frames as the slurry
flows downward. An open filtrate discharge allows the drain
ports to empty into a trough. 1In closed discharge filters, drain
ports are located in the corners of each plate. This drainage
system allows the filtrate to flow in a channel along the length
of the press.

Slurry is pumped into the filter press until the frames are
full. This determination is made based on time, a decrease in
feedrate or an increase in backpressure. Once the frames within
the filter area are full, the discharge ports are opened. Filter
cake forms on the cloth as the slurry liquid flows through the
cloth.

The thickness of the filtercake depends on the purpose of
the filtration. In purification of a dilute slurry to yield a
clean filtrate, the filtercake is thin. 1In solids recovery, when
slurries may be 40 percent solids, the frames are usually full
after the cycle. Frames of varying thickness are available for
different applications.

After the slurry has passed through the filter, a wash
liquid may be applied. There are two different methods used for
cake washing. In simple washing, wash liquid follows the same
path as the slurry. In through washing, wash liquid enters
alternate plates and is forced through the entire cake by
alternately closed discharge ports. Cake characteristics
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Figure 2-2.

Plate-and-frame filter press.
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determine the appropriate wash method. Compressed gas, such as
air, may also be used to clean and dry the cake.

Solids are discharged by opening and separating the plates.
Vibration and air blowing may be used to detach the filtercake
from the cloth. These operations may be done manually or
mechanically.

Nutsche fjilter. Another type of pressure filter, the
nutsche filter, can either compress a slurry or apply vacuum to
it in order to create a filter cake. A typical agitated nutsche
filter is presented in Figure 2-3. The equipment not only acts
as a filter but can also function as a product dryer after the
slurry has been compressed and filtered into cake form.

The filter works by pressurizing the slurry with nitrogen to
force the liquid through the filtering medium. The pressure
needed to help maintain this brocess until enough liquid has been
extracted is almost entirely a function of the specific particle
characteristics of the product. Conversely, a vacuum may also be
applied to the nutsche to draw the liquid down through the cake.
Vacuum applications are usually limited to slurries with highly
combustible at:mospheres.2 Because particles are spherical to
irregular in shape and generally amorphous, the type of cake
formation expected will determine the optimal pressure or vacuum
needed to complete filtration. Experience has shown that
filtration pressures generally range from 20 to 35 psig. Filters
range in size from 1,000 to 2,000 gallons. Vacuum filtration
occurs at pressures ranging from 3 to 20 psi. These filters also
range in size from 1,000 to 2,000 gallons.

Upon completion of filtration, the filter may or may not go
through a reslurry process, where it is washed and filtered
again. This option is usually carried out when a highly
specialized product requiring purity is desired or when solvents
were not removed as part of the original slurry filtration
process.

The nutsche filter is also capable of drying the filter cake.
and may be converted into a filter/dryer by only limited
modifications. The actual drying process carried out in the
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modified filter is usually convective. Heat is introduced to the
filter/dryer through a hot gaseous medium (usually N,) which is
blown up through the cake until the desired level of dryness is
achieved. The cake can be agitated or remain static, depending
on the drying characteristics associated with the product.

2.1.2.1.1 Factors Affecting Emissions from Batch
Filtration. .

Plate and frame filters. - Emissions from the plate-and-frame
filter press can occur during filtration, washing, and discharge
steps. The potential exists for VOC emissions during filtration
and solvent washing from the tfough used with open discharge, and
the corner holes associated with closed discharge. Likewise,
emissions can occur when the filter press is opened to remove
solids. Vibration and air blowing to detach the solids can also
increase the rate of emissions. The range of emissions will
depend primarily on the vapor pressures and mole fractions of
each VOC, the operating temperature of the filter, and air
circulation rate. Because plate-and-frame filter presses offer
no containment, it is also unlikely that material containing a
high percentage of volatile or toxic solvent will be filtered
using this type of device.

Nutsche filters. Pressure filters such as the nutsche
filter shown in Figure 2-3 normally do not emit VOC’s during
actual filtration since they are fully enclosed. However, during
slurry charging or vessel depressurizing, emissions of VOC can
occur.

Emissions also can occur from all batch process filters if a
compressed gas is used to purge the filter or dry the cake. The
gas will entrain evaporated solvent and carry it to a vent.
Emission rates will depend on the factors cited aboveeand the
compressed gas purge rate. Note also that if filtrate from
either operation is discharged to wastewater treatment, there is
also potential for emissions resulting from cross-media transfer
effects.

2.1.2.2 Centrifugal Separation. As mentioned in

Section 2.1.2, filtration is used to separate a solid from a
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liquid. Centrifugal filters (basket centrifuges) make use of the
outward (centrifugal) force that is exerted on an object during
rotation. This centrifugal force pushes the liquid through the
filter medium and presses the solids against the walls to form a
cake. In a solid-bowl centrifuge the liquid is separated from
the solid by centriﬁdgal force and is continuously decanted off.
The recovered solid accumulates on the sides of the bowl. Solid
bowl centrifuges are used to recover small amounts of solids that
are dispersed in large amounts of liquid. Catalysts, for
example, often are recovered from liquid product in this manner.

2.1.2.3 Centrifugal Filters: Design and Operation.
Centrifugal filters are cylinders which contain a rotating basket
at the base of a vertical shaft. Figure 2-4 depicts a typical
configuration for a basket centrifuge. The basket may be 0.8 to
1.2 m in diameter and 0.5 to 0.8 m deep. 1Its sides are
perforated and covered with a filter medium such as fabric or
woven metal. An inert gas such as nitrogen is often introduced
into the chamber prior to the addition of slurry to avoid the
buildup of an explosive atmosphere. Centrifuges must be
carefully operated to avoid air infiltration by vortex
entrainment. Therefore, they usually are operated under nitrogen
blanket and kept sealed during operation.3

Feed slurry enters the chamber through an inlet pipe as the
basket rotates at speeds of 600 to 1,800 revolutions per minute
(rpm) . Centrifugal force pushes the mixture towards the wall of
the basket. The liquid passes through the filter medium and is
discharged through a pipe. The solid particles form a filtgrcake
on the sides of the basket. '

After all of the slurry has been fed to.,the chamber, a wash
liquid may be introduced to force the remaining slurry liquid
through the cake and filter medium. The basket continues to spin
in order to remove any residual liquid.
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At this point the motor speed is reduced, slowing the
rotation to between 30 and 50 rpm. An adjustable knife is
engaged to scrape the side of the basket and dislodge the
filtercake. The cake material falls to the bottom of the chamber
where it is discharged through an opening in the basket. 7

Manual dumping of filter cake from basket centrifuges also
can occur, especially when top-unload centrifugeé are used.
Operators must "scoop out” product into a transfer vessel. The
vessel is usually purged with high flow rates of 1nert gas. just
prior to this step.

Another type of basket cehtrifuge is the Heinkel centrifuge.
The main feature that distinguishes the Heinkel centrifuge from
other basket centrifuges is the inverting filter cloth the
Heinkel employs. The inverting filter cloth allows top unloading
in a simplified manner. Rather than scooping the contents out
manually, the operator(s) can displace the entire filter cloth

and empty its contents.?%
2.1.2.4 Factors Affecting Emisgions from Centrifugal
Separation. Emissions from centrifuges may occur during initial

vessel purging prior to the addition of slurry, and during
discharge. A potential source of emissions from centrifuges is
created by the inert gas blanket which is used to prevent the
possibility of an explosive atmosphere. The inert blanket is
especially necessary in bottom-discharge centrifuges because they
contain metal knife scrapers that move the filtercake away from
the walls. The mechanical friction associated with metal-to-
metal contact and static electr1c1ty discharge are likely
ignition sources.

The potential for an exp1051on depends on the type of
centrifuge, the characteristics of the solvent vapor, and how the
centrifuge is 6berated.5 A centrifuge is difficult to blanket
with an inert gas during discharge because it cannot stay sealed.
During discharge, therefore, an inert gas purge is more effective
in evading explosive conditions because of the higher flow rate
associated with a purge. Note that during the actual
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centrifugation process, an inert gas blanket contributes
significantly lower VOC emissions than a purge. .

As mentioned, the much higher flow rates associated with
inert gas purges will obviously induce greater emissions. Purges
are used during bottom-discharge and prior to opening a top-
unload centrifuge for sampling or unloading.

The solids removed from the centrifuge may still be "wet"
with solvent and therefore be a source of emissions during
unloading and transport to the next process step. Bottom-
discharge centrifuges can minimize this problem if the solids are
transferred to a receiving cart through a closed chute and the
receiving cart is covered during transport. As with other
filters, the emission rate from centrifugal filters will be
influenced by operating temperature, VOC vapor pressures and mole
fractions, inert purge gas flow rate,iand the use of mitigating
factors such as closed chytes and carts.

2.1.3 Drying

The term "drying" generally refers to the removal of liquid
from primarily solid material. However, due to the large amount
of solids (and sometimes a large portion of liquid) dryers can be
large VOC emission sources. Dryers are used to remove liquids,
usually residual solvent, from centrifuged or filtered product.
This removal is accomplished by evaporating solvent into a gas
stream. Solvent evaporation is accelerated by application of
heat and/or vacuum to the wet solids. Circulation of warm air
also speeds the drying process.

It is important to note the differences between dryers and
evaporators. Whereas evaporators remove liquids as vapors at
their boiling points, dryers remove the vapor into a gas stream
at temperatures below its boiling point. Also evaporators are
usually used to remove large amounts of liquid.

There are several different types of dryers being used by
industry today. For example, tray, tunnel, rotary, drum and
spray dryers are available. Selection of dryer type depends
primarily on characteristics of the solid. Three dryer types
that are commonly used in batch processes are tray, rotary, and
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double-cone dryers. The previous discussion on the converted
nutsche filter/dryer is also considered relevant to this
discussion.

2.1.3.1 Tray Dryerg Figure 2-5 is a simplified diagram of
a tray dryer. Tray dryers are among the simplest type of dryer,
élthough they are labor intensive because of necessary manual
loading and unloading. The product intended for drying is placed
on trays that are stacked on shelves. After all the trays have
been filled, the dryer door is closed and the shelves are heated.
A vacuum is also pulled within the dryer to allow for drying at
low temperatures. Typically, tray dryers contain 15 to
20 trays.6

2.1.3.2 Rotary Dryers: Degign and Operatjon. Another
important type of dryer is the rotary dryer. As shown in
Figure 2-6, this dryer consists of a revolving cylinder that is
slightly inclined to the horizontal. The diameter of the
cylinder may range from 0.3 to 3 m, and the length may vary from
1 to 30 m.

Feed enters at the elevated end and is carried through the
dryer by the rotation and slope of the cylinder. In direct-heat
rotary dryers, the solids are dried by direct contact with a
heated gas stream. This stream may consist of air or flue gas
flowing at approximately 2.8 m3 per minute. The flights shown in
Figure 2-6 lift the solids and shower them through the gas
stream. The solids and gas may flow cocurrently or counter-
currently, with countercurrent flow having a greater heat-
transfer efficiency.

Due to the nature of the equipment, the outlet stream for
rotary dryers must be free-flowing and granular. Sticky feed
materials may be dried if some of the granular product is
recycled and mixed with the feed.

2.1.3.3 le-Con ;: Desi n ion.
A batch double-cone dryer is shown in Figure 2-7. Material to be
dried in this type of dryer must be manually loaded into the
dryer and manually unloaded after the drying cycle is complete.
Double-cone dryers may be operated under a vacuum in which a
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small flow rate of air is allowed to leak in or occasionally may
be used to dry material convectively with heated gas. Tumble
dryers range in size from 20 to 100 gallons. Flow rates of
drying gas and drying temperatures vary with product.

2.1.3.4 Factorsg Affecting Emiggions from Drvers. Volatiles
may be emitted at the feed inlet and product discharge areas of
the dryers, as well as from the dryer exhausts. Tunnel, nutsche
filter/dryers, and rotary dryers typically use a moving stream of
heated air to dry the feed material. This mode of drying is
termerd "convective". Emission streams from convective dryers
will have large volumes of noncondensable gases throughout the
drying cycle. A

Tray and double-cone dryers typically are operated under
vacuum, in which the heat transferred to the material being dried
will be through conduction from heated surfaces. Under vacuum, a
smaller volume of air passes through the equipment due to inward
leakage. This vacuum exhaust contains VOC’s. The volume of
noncondensables in vacuum dryer exhaust is small, compared to
convective exhaust, and increases throughout the drying cycle.

Dryers are potentially large emission sources. Emissions
vary according to dryer type, dryer size, number of drying cycles
per year, and amount and type of solvent evaporated. Emission
rates vary during a batch drying cycle: they are greatest at the
beginning of the cycle and least at the end. The rate of VOC
emissions from a given batch drying operation will be a function
of the duration of the drying cycle and the amount of solvent in
the material.
2.1.4 Distillation

Distillation is used to separate a mixture of liquids. The
basis for this separation is the relative volatility (i.e.,
vapor-pressure and boiling point) of the components. Within
refining and chemical manufacturing, distillation is the most
commonly used method for separation and purification of liquids.

Separation is achieved by the redistribution of the
components between the liquid and vapor phases. The more
volatile component (sS) concentrates in the vapor phase while the
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less volatile component (s) concentrates in the liquid phase. The
two phases are generated by vaporization and condensation of the
feed mixture.

There are several different types of distillation
operations. In simple operations, the feed is vaporized and
condensed one time. This usually does not yield a clean
separation. Fractional distillation involves repeated
vaporization and condensation and results in a sharper
separation.

2.1.4.1 Batch Fractionatorg: Desjgn apnd OQperatjion. The
batch fractidnator in Figure 2-8 consists of a reboiler and a
sieve-plate column. The feed mixture is charged into the
reboiler and heated until it begins to boil. The initial vapor
that forms is richer in the more volatile component (A) than the
liquid is. However, the vapor still contains a significant
amount of both components. In order to increase the
concentraticon of A in the vapor, the vapor stream enters the
column where it is brought into contact with boiling liquid.

The vapor that exits the top of the column goes to a
condenser and then to the accumulator (reflux drum). Some of the
condensate in the reflux drum is returned to the column as reflux
at the top of the column. As it flows down the column, the
liquid contacts the vapors that are moving upward. Contact -
between the two phases occurs in a stagewise manner in a column
which holds horizontal-stacked sieve trays. Vapor flows up
through the perforations. Liquid flows down through pipes called
downcomers.

The downcomers are located on alternating sides of each
tray. Thus the liquid must flow across the tray. The top of the
downcomer acts a weir, maintaining a minimum depth of liquid on
the tray. The vapor bubbles up through the layer of liquid.

This contact causes some of the more volatile component (A) to
diffuse from the liquid, thus enriching the vapor.

The vapor leaving the top of the column is condensed; part
of the condensate is returned to the column as reflux and the
remainder is drawn off as product liquid, or distillate. This
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circulation continues until the desired separation is achieved,
which is usually determined by the purity of the distillate.
Specifications for this stream usually state a maximum
concentration of the less volatile component.

The liquid leaving the reboiler is called the bottom product
or bottoms. It is rich in the less-volatile component but is not
as pure as the distillate. Whereas the vapor is enriched as it
moves upward through the column, the equipment in Figure 2-8 does
not provide for enrichment of the liquid stream. Thus, the
condensed vapor product (distillate) will be more pure than the
bottom product. Rectification of the liquid stream, to yield a
nearly pure bottom product, requires a more complex column. Such
columns are usually run on a continuous, rather than batch,
basis.

The equipment shown in Figure 2-8 is a fairly simple
arrangement. Variations are made based on the nature of the
mixture and its components. Many batch processes involve a
distillation in a re: tor kettle or series of kettles (often
called "still pots"), as opposed to a column. The distillation
principles are the same regardless of whether the separation is
conducted in kettles or columns. For example, operating
pressures can be below atmospheric (vacuum), atmospheric, or
above atmospheric (pressure). Figure 2-8 shows a possible
.arrangement for vacuum-generating equipment. Inert gas,
especially steam, is often introduced to improve separation. If
a mixture is particularly difficult to separate (i.é.,
azeotropic), other compounds may be added to aid in distillation.

2.1.4.2 Factors Affecting Emiggjons from Batch
Fractionators. The gases and vapors entering the condenser can
contain VOC, water vapor, and noncondensables such as oxygen
(05), nitrogen (N,) and carbon dioxide (CO,) . These vapors and
gases originate from:

1. Vaporization of ligquid feeds;

2. Dissolved gases in liquid feeds;

3. Inert carrier gases added to assist in distillation
(only for inert carrier distillation); and
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4. Air leaking into the column (in vacuum distillation).

The condenser cools most of the vapors enough that they can
be collected as a liquid phase. The noncondensables (02, N,,
CO5, and organics with low boiling points) are present as a gas
stream and are vented from the condenser. Portions of this gas
stream are often recovered in devices such as scrubbers,
adsorbers, and secondary condensers.

Vacuum-generating devices (pumps and ejectors) might also
affect the amount of noncondensables. Some organics can be
absorbed by condensed steam in condensers located after vacuum
jets. 1In the case of oil-sealed vacuum pumps, the oil losses
increase the VOC content of the noncondensables exiting the
vacuum pump. The noncondensables from the last piece of process
equipment (condensers, pumps, ejectors, scrubbers, adsorbers,
etc.) constitute the emissions from the distillation unit unless
they are controlled by combustion devices such as incinerators,
flares and boilers. .

The most frequently encountered emission points from
distillation operations are: condensers (which are described in
Chapter 4), accumulators (losses are typical of vapor
displacement, discussed in Chapter 3), steam jet ejectors
(discussed in Chapters 3 and 4), vacuum pumps (discussed in
Chapter 3 and 4), and pressure relief valves (discussed in
Chapter 3). The total volume of gases emitted from a
distillation operation depends upon:

1. The physical properties of the organic components
(especially vapor pressure at the reflux drum temperature);

2. The efficiency and operating conditions of the condenser
and other recovery equipment;

3. The volume of inert carrier gas used; and

4. Air leaks into the vacuum column (leaks are increased by
both reduced pressure and increased column size).

2.1.5 Extraction : .

Liquid extraction is another method of separating a mixture
of two liquids. Whereas distillation takes advantage of a
difference in boiling point (vapor pressure), the principle of
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liquid extraction is based on a difference in solubility. 'In the
extraction operation, a mixture of two liquids (A & B) is brought .
into contact with a third liquid called the solvent (S). The
solvent preferentially combines with one of the components of the
original mixture. The two resulting streams are:

1. Extract - mostly solvent and the liquid with which it
preferentially combined (S + A); and

2. Raffinate - mostly residual liquid from the original.
mixture (B).

It is important to note that both exit streams will contain all
three components (A, B and S). However, the raffinate will be
primarily liquid B and the extract will be primarily a mixture of
A and S.

There are three general types of equipment used for liquid-
liquid extraction, although most batch extractions occur in
mixer-settlers. In mixer-settlers, a mixer is used to contact
the feed sclution and solvent. A settling tank allows the two
phases to separate by gravity. Stirred-tank reactors often serve
as both mixer and settler.

2.1.5.1 Factors Affecting Emissions from Extractors.
Emissions from mixer-settler extractors are similar to those from
reactors (discussed in Section 3.1.1) in that they stem mainly
from vapor displacement during purging, filling and cleaning of
the vessel. Some VOC may also be emitted while the liquids are
being agitated.

As discussed for reactors, the rate of VOC emissions will
depend primarily on VOC vapor pressures at operating
temperatures, liquid pumping rate during column filling, rate of
sweep gas (if used) during purging, and equipment cleaning
procedures.

2.1.6 (Crystallization

Crystallization is a means of separating an intermediate or
final product from a liquid solution. Solid particles (i.e.,
crystals) are formed from the homogenous liquid phase. This
formation is accomplished by creating a supersaturated solution,
in which the desired compound will form crystals. If pefformed
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properly and in the absence of competing crystals,
crystallization can produce a highly pure product.:

Four methods may be used to produce supersaturation. If
solubility of the solute increases strongly with temperature, a
saturated solution becomes supersaturated by simple cooling. If
solubility is relatively independent of temperature or decreases
with increased temperature, supersaturation may be. generated by
evaporating a portion of the solvent. Often a combination of
cooling and evaporation is used. a

;£ neither cooling nor evaporation is desirable,
supersaturation may be induced by adding a third component. The
third component forms a mixture with the original solvent in
which the solute is considerably less soluble.

Batch crystallization usually relies on simple cooling or
evaporation as the method for producing supersaturation. Batch
crystallization is useful for low production rates and when the
cooling range is wide, since it avoids the material shock that
occurs in continuous crystallization equipment (i.e., metal

stress) from mixing a hot solution with a cool mother liquc>r.'7
Figure 2-9 is a diagram of a batch vacuum crystallizer.
2.1.6.1 Vacuum allizers: Design and ration. In

most vacuum crystallizers, supersaturation is generated by
adiabatic evaporative cooling. The equipment mainly consists of
a closed vessel with a conical bottom. A condenser and steam-jet
vacuum pump maintain a vacuum within the crystallizer.

The feed solution is saturated and heated to a temperature
greater than the boiling point at the crystallizer pressure.
Upon entering the chamber, the solution cools spontaneously, and
some of the solvent evaporates. The cooling and evaporation
induce sﬁpersaturation, which initiates crystal formation. The
mixture of mother liquor and crystals is referred to as "magma."

As crystals form and grow, they are drawn off by a discharge
pipe. This pipe is located in the conical section of the vessel, °
above the downpipe that leads to the pump. The discharge stream
will contain some mother liquor. Further processing (e.g.,
centrifugation) can separate the two components. Batch
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l1lization is usually performed with small amounts of

al. Cycle times range from 2 to 8 hours.

-1.6.2 Factors Affecting Emissions from Batch Vacuyum
dlizexrs. If crystallization is done mainly through cooling
;olution, there will be little VOC emission. In fact, the
ent may be completely enclosed.

lowever, when crystallization is done by solvent evaporation
racuum environment, there is a greater potential for

ons. The vapor over the magma is rich in solvent.

ions will be significant if this evaporated solvent is

i directly to the atmosphere. The condenser and vacuum jet
in Figure 2-9 reduce the amount of volatiles that actually
the system. As with other vacuum operations, the rate of
nissions will depend primarily on the VOC vapor pressure at
rystallizer or condenser temperature, the absolute pressure
2 system, and the air leak rate.

Storage
2.1.7.1 Storade Equipment: Design and Operation. There

hree major types of vessels used to store volatile organic

ds (VOL’s):

1. Fixed roof tanks;

2. External floating roof tanks; and

3. 1Internal floating roof tanks.

: tanks are cylindrical with the axis oriented perpendicular
.2 foundation and are almost exclusively above ground. This
.on addresses only the fixed roof type of storage tank.

Of currently used tank designs, the fixed-roof tank is the

: expensive to construct and is generally considered as the
mum acceptable equipment for the storage of VOL‘s. A typical
1 roof tank consists of a cylindrical steel shell with a

- or dome-shaped roof that is permanently affixed to the tank
1. A breather valve (pressure-vacuum valve), which is

only installed on many fixed-roof tanks, allows the tank to
ate at a slight internal pressure or vacuum. However, this

e prevents the release of vapors only during very small

ges in temperature, barometric pressure, or liquid level.
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Larger changes in these parameters can result in'significant
emissions from fixed roof tanks.

2.1.7.2 Factors Affecting Emiggiong from Storage Tanks.
The major types of emissions from fixed-roof tanks are breathing
and working losses. A breathing loss is the expulsion of vapor
from a tank vapor space that has expanded or contracted because
of daily changes in temperature and barometric pressure. The
emissions occur in the absence of any liquid level change in the
tank. The rate of VOC emissions from breathing losses is a
function primarily of VOC vapor pressure (at the bulk liquid
conditions), tank diameter, average vapor space height, and
ampient temperature and pressure changes from day to night.

Working losses are associated with an increase in the liquid
level in the tank. The vapors in the space above the liquid are
expelled from the tank when, as a result of filling, the pressure
inside the tank exceeds the relief pressure. Emptying losses
occur when the air that is drawn into the tank during liquid
removal saturates with hydrocarbon vapor and expands, thus
exceeding the fixed capacity of the vapor space and overflowing
through the pressure-vacuum valve. Combined filling and emptying
losses are called "working losses." The rate of VOC emissions
from these working losses is a function of VOC vapor pressure (at
bulk liquid conditions), vapor space height, and turnover factor
(i.e., the rate at which the tank is emptied and refilled).
Information on emissions from storage tank working and breathing
losses is detailed in EPA's AP-42 Compilation of Air Pollution
Emigssion Factors.
2.1.8 ions

Chemical transfer operations also contribute to plant VOC
emissions. Common sources of transfer emissions are:

1. Manual transfer of chemicals from 55 gallon drums to
receiving vessels; and

2. Transfer of final product from processes to receiving
vessels.

Some chemicals are stored in S55-gallon drums. Transfer of
chemicals from drums to process vessels is sometimes done through
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permanent piping; more commonly, however, it is done by opening
the drum and manually pouring the contents. The manual pouring
is a source of emissions, although a relatively small one on a
"per drum" basis.

Emissions from transfer of final product from processes to
receiving vessels occur frequently in batch processing. These
emissions are analogous to vessel charging. The AP-42 emission
factor handbook referenced earlier contains emission estimation
methodologies for various loading mechanisms including splash
loading and submerged filling.

2.1.9 Equipment Leaks

Pump seals, flanges, valve seals, agitator seals, and hose
connections or couplings create VOC emissions when they leak. A
protocol has been developed by EPA that can be used to develop
emission factors for equipment leaks. However, if no other data
is available, factors have been developed to estimate the amount
of VOC that is leaking from a population of valves, seals,
flanges, etc. These factors are known as synthetic organic
chemical manufacturing industry (SOCMI) equipment leak factors.
Note that the amount of time that the process components are in
VOC service alsc plays a rocle in the amount of VOC that could be
expected to leak. This is especially of concern in batch
processes, where many components are not in service the majority
of time. and therefore should not be expected to leak as much
material as components that are part of continuous processes.
Note also that because of this reason it may be harder to detect
leaking components in batch processes.

2.1.10 Wagtewater

2.1.10.1 Generation. Wastewater may be generated from a
number of activities that occur in batch processing, including
equipment cleaning, vacuum ejector or pump once-through '
circulation using water, scrubber water discharging, steam
stripping, or the discharging of water that was part of the
process feedstock or that was generated in the process (i.e., a
condensation reaction). Wastewater often contains dissolved
VOC’s or air toxics and may also carry large amounts of insoluble
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VOC’'s or air toxics in emulsion-type multiple phase systems.
Facilities often pretreat wastewater prior to discharge to
publicly owned treatment plants, and this practice often is
streamlined by isolating wastewater based on the degree of
contamination and treating the various fractions accordingly.

' 2.1.10.2 Factors Affecting Emissions from Wagtewater. The
amount of VOC contained in the wastewater and the method of
treatment of wastewater will affect the amount of VOC emissions.
Treatment options include activated sludge without aeration and -
simple decantation and settling with the aid of flocculating ‘
agents. The EPA has published guidelines on air emissions from
wastewater treatment systems. These guidelines examine various
methods of wastewater containment, such as storage in open tanks
and provide methodclogies for estimation of emissions. For open
tanks, the emission estimation discussion presented in Appendix B
of this document is also relevant.

2.2 EXAMPLE INDUSTRY DESCRIPTIONS

The inherent diversity of batch manufacturing prevents a
general description of this chemical industry segment. Instead,
the following five industries have been selected as examples of
the unit operation configurations, equipment operating
conditions, and emission sources typically encountered in batch
chemical processing: resin manufacturing, pharmaceuticals
manufacturing, pesticides, and SOCMI. These processes were
chosen because they contain high production volume batch
processes, contain significant potential sources of VOC
emissions, and illustrate the diversity of equipment
configurations and process flows which characterize this type of
industry.

For each of these batch processes, a detailed description is
provided of the associated chemistry, equipment, and stream |
flows, including a process flow diagram. Each of the
intermediate processing steps is discussed with an emphasis on
process operating conditions wherever this information is
available. A separate subsection for each process is devoted to
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VOC emission sources and the factors that influence the extent of
those emissions.
2.2.1 Synthetic Resin Manufacturing

The manufacture of synthetic resins is often accomplished
using batch processes. In light of an ever-increasing demand for
highly-specialized materials, batch processing offers flexibility
in product specification and production rate, as well as a high
degree of control over process variables. This industry
description segment is intended to familiarize the reader with
typical batch processing routes that are currently being used to
manufacture resins. A specific process for the manufacture of
epichlorohydrin-based nonnylon polyamide (wet strength) resin is
described in detail below. In addition, information on sources
of VOC and air toxics emissions from the process is presented
following the process flow discussion. This process typifies the
batch processes currently found in industry.

2.2.1.1 Progess Flow. Figure 2-10 is a simplified flow
diagram of a wet-strength resin production process. The batch
process originates with the storage vessels. Material used as
feedstock for the process is stored in some type of storage
vessel. Vessel types range from 55-gallon drums to fixed or
floating roof tanks to pressurized horizontal tanks. Underground
tanks are typically not used for feedstock storage in this
industry. At the beginning of the batch cycle, a quantity of
material to be used as reactant feedstock is pumped from its
storage container to a weigh tank, or charge tank. The volumes
of weigh tanks range from a few hundred gallons for small batch
processes to several thousand gallons for much larger batch
processes. Weigh tanks, as the name implies, are used to measure
the amount of material charged to the reactor. Several weigh
tanks may be used for each reactor, depending on the required
feedstock recipe.

Once the desired quantity of material has been obtained in
the weigh tank(s), it is charged to the reactor, usually by
gravity, as the weigh tanks in most cases are physically
positioned above the reactors. Wet strength resins are formed by
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reacting epichlorohydrin (EPI) with water and an inert amine-
based polymer mixture. The amine polyer is in some cases
manufactured onsite in much the same manner as is the cross-
linked reaction production described below. Typical reactor
sizes are on the order of 2,000 gallons. Reactors may also be
charged by pumping the material from thé weigh tanks by
pressurizing the weigh tanks to push the material through to the
reactor or by depressurizing the reactor vessel. Charging rates.
to the reactor typically are on the order of 50 gallons per '
minute, although some facilities report charging rates of greater
than 200 gallons per minute.

Reactors are generally equipped with a temperature control
jacket, an agitator, manholes for solids addition or sampling,
and a pressure-relief valve. The manufacture of wet-strength
resins involves an exothermic reaction which occurs at pressures
at or close to atmospheric. Batch reaction times range from 2 to
24 hours, depending on the product. It is necessary in the
manufacture of some products to halt polymer chain cross-linking
reactions by adding acid when the resin viscosity reaches a
certain point. Charging is usually conducted at ambient
temperature. Temperatures during the reaction increase and may
rise to as high as 70°C.

Some facility operating practices call for purging the
reactors during feedstock addition and reaction stages with
nitrogen to reduce the risk of explosion, and to dilute the vapor
space concentration of toxic compounds in the reactor so that
sampling and/or addition of solids may be done through the
manhole without jeopardizing worker safety. Typical N, purge
flow rates are on the order of 20 to 40 standard cubic feet per
minute (scfm). Reactor vents typically are equipped with surface
condensers, which operate at temperature ranges of 15° to 25°C
and at atmospheric pressure. In these processes, a reflux stream
from the condensers is routed back to the reactor primarily for
temperature control. If the facility is using a nitrogen purge
on the kettle, the exit gas containing nitrogen is sometimes
routed through the condenser, although the effectiveness of
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condensing out such dilute concentrations of volétiles amid a
significantly higher N, gas flow rate is questionable.

After the reactor stage of the manufacturing process ends,
the crude product may be purified further by air sparging. Air
sparging is the subsurface introduction of a gas intended to
remove a more volatile minor component from a liquid. 1In this
case, residual EPI may be removed to conform to product
specifications. Condensers may be employed at this stage to
recover solvent.

. 2.2.1.2 Emission Sources. Emission sources from the
process described above are made up of the following:
(a) storage tank working and breathing losses, (b) vapor
displacement emissions resulting from material transfer or vessel
evacuation, (c) reactor emissions due to heatup or purge,
(d) sparging losses from finishing, and (e) equipment leak
emissions from in-line process components such as pumps, valves,
and flanges. The potential for wastewater emissions from reactor
washing also exists.

2.2.1.2.1 gstorage tank working and breathing losges.
Storage tank working and breathing losses are typically no
different for this industry than they are for any other industry.
wWorking losses may usually be eliminated by equipping the tanks
with a vapor return line back to the vessel being offloaded.
Breathing losses, which are caused by temperature fluctuation and
the subsequent expansicn of vessel vapor space that must be
relieved, may be partially abated by applying an inert gas
blanket. Nitrogen typically is used for this purpose. Some
facilities also store feedstock materials in sealed drums, so
that there are no breathing or working losses associated with
material storage. The charging of material from a drum to a
vessel is sometimes accomplished by first evacuating a vessel to
a slight vacuum prior to charge so that the material may simply
be drawn into the vessel from the drum without forced
displacement of any vapors in the receiving vessel. Emissions
from drums typically are small enough so that the impact to the
ambient concentration of VOC’s/air toxics outside the plant
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boundary is negligible, although the airspace immediately
surrounding the drum opening may contain enough VOC’s/air toxics
to have an impact on plant workers in the area.

Table 2-1 presents some typical emission stream
characteristics from the emission events described for this
process. Chapter 3 presents the methodologies used in
calculating emissions from such events.

2.2.1.2.2 Vapor displacement. Vapor displacement losses
are common types of emission events in this industry, since bulk
material transfer from vessel to vessel occurs frequently. Vapor
displacement losses from the general process described above
would include weigh tank filling emissions and reactor filling
emissions. Incoming material forces an equal volume of gas out
of the vessel. This displaced gas contains a certain amount of
volatile material. Vapor displacement losses can usually be
abated by providing vapor return lines from the vessels being
filled back to the vessels being emptied.

2.2.1.2.3 Reactor emissions. Reactors will have emissions
created by charging of materials and subsequent vapor
displacement. Following charging, reactor heatup emissions may
occur at elevated temperatures, if no condenser is used and the
reaction is exothermic. If a condenser is used, the
concentration of VOC’'s will be equal to the 100 percent
saturation concentration at the condenser outlet temperature.

For situations in which a purge of inert gas is used concurrently
with the reaction, emissions may be estimated by assuming that
the purge stream is saturated to some degree with volatile
material throughout the purge duration. Chapter 3 presents more
detailed methodologies for estimating emissions from reactor
heatup and purging events. The discharging of material from the
reactor may create displacement emissions in the receiving
vessel, as is shown in Figure 2-10.

2.2.1.2.4 §gg;gig§ﬂgm;§§;gg§. Resin may be sparged with
air or pure nitrogen during or following a reaction. Sparging is
the use of compressed gas for the agitation of the material in
the vessel and the stripping of trace amounts of volatiles in the
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TABLE 2-1. SIMPLIFYING ASSUMPTIONS AND EMISSION STREAM
CHARACTERISTICS FOR ESTIMATING EMISSIONS
Emission type Flow rates, acfm | Percent saturation Temperature Duration of emissions
Storage tank
Breathing losses NA® 100 Ambient Continuous
Working losses 10-20° 100 Ambieat Filling time
Vapor displacement b 100 Ambient Filling time
[Reactor heatup '
With reflux condenser 0.1-5 100 Condenser Reaction time
temperature
Without reflux 0.1-5 100 Elevated® Reaction time
condenser
Reactor heating with
purging
With reflux condenser 10 - 200 < 100 Condenser Purge duration
temperature .
Without reflux 10 - 200 25 d Purge duration
condenser

4Not applicable.
e flow rate of displaced gas will equal the filling rate of liquid into the vessel.
“Depends on the reaction temperature, (typically 60° to 200°F).

Determined by a heat balance around the entire contents of the emission stream, including the inert gas used as

a purge or sparge. For dilute VOC
streams, the exhaust temperature will closely approximate the purge gas temperature.



material, which is usually a liquid or slurry. The compressed
air or nitrogen stream is introduced to the material through a
perforated pipe located in the bottom of the sparging vessel.
Another method of sparging is to use an air lift system, in which
the compressed gas is introduced to the material through an
opening in the middle of the longer leg of a "U-tube" having
unequal legs. The air lift system is used less frequently than
the perforated pipe. Emissions from this type of operation are
govern=ad by the amount of volatile material remaining in the
product and whether this material may be easily stripped from the
product. Further discussion of emissions due to gas sparging is
presented in Chapter 3.

2.2.1.2.5 Emissiong from equipment leaks. Leaking process
components such as pumps, valves, flanges, sampling corrections,
open lines, etc. are sources of emissions. Emissions may be
calculated using the Synthetic Organic Chemical Manufacturing
Industry (SOCMI) leak factors developed by EPA and multiplied by
the fraction of time that the components are in VOC/air toxics
service.

2.2.1.2.6 Wastewater emissions. Wastewater may be created
from once-through vacuum pump seal water discharge or from
scrubber water, if such a control device is used. In most cases,
this water is discharged to the plant treatment system, since the
concentration of pollutants in the water is low, precluding the
option of solvent recovery. Further discussion of wastewater
emissions is presented in Chapter 3.
2.2.2 Pharmaceyticalg Industry Degcription

The pharmaceuticals industry uses predominantly batch
processes to manufacture synthetic'organic chemicals and to
formulate finished pharmaceutical products. Most of the batch
unit operations described earlier in this document can be found
in these processes, which makes a discussion of this industry
particularly relevant. Also, several characteristics of this
industry make the control of VOC’sS and air toxics emissions
particularly challenging.



First, the equipment used in processing is usually
campaigned, meaning that it is not solely dedicated to the
manufacture of just one product. Fluctuations in market demand
often drive production schedules, more so than in any other
industry. Since the characteristics of emission streams
emanating from such equipment vary according to product, the
devices used to control such streams must either be easily
detached and moved or be capable of controlling streams that vary
widely in solvent content, temperature, and pressure.

Such variation in emission stream characteristics also
presents some difficulty to agencies responsible for issuing
permits, since the actual emission levels of point sources such
as reactor kettle condensers and the like will in some cases
exceed the maximum permitted yearly emission rates because a
different product is manufactured in the equipment. In most
other industries, plant personnel would apply for a permit
modification. However, the variability of equipment use and the
short production runs characteristic of this industry make the
application procedure and permit modification waiting period
unrealistic.

A second characteristic of the pharmaceuticals manufacturing
industry is the widespread use of higher volatility solvents such
as methylene chloride (dichloromethane), which is extremely
volatile low photochemically reactive solvent. Because of its
high volatility, facilities that do not employ particularly
stringent control techniques such as low-temperature
refrigeration units, pressurized storage tanks, and closed-loop
processing systems wherever applicable tend to emit large amounts
of this solvent (for large facilities, these amounts can
sometimes be in excess of 100 tons per year).8

The remainder of the discussion will revolve around actual
processing characteristics associated with the pharmaceuticals
industry. A typical simplified process flow diagram is included
as an illustration of the type of equipment typically used in
this industry and a typical processing route for a common
pharmaceutical product. Due to the proprietary nature of
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information in the pharmaceuticals industry, it was not possible
to present a process description of an unpublished process.
Therefore, we have intended for the description of the
manufacture of bulk aspirin to present the kinds of unit
operations that occur in the pharmaceuticals industry. The
process description is geared toward a general understanding of
most pharmaceuticals manufacturing operations. Therefore, the
discussion is also aimed at including other types of solvents;
feedstocks, and operational practices that can be used in this
equipment. Table 2-2 presents a summary of typical operating
characteristics of batch equipment used in this industry. This
summary can be used to characterize uncontrolled emission streams
from various equipment. Process steps include product synthesis
in reactors, purification in crystallizers and filters, and
product finishing in dryers.

2.2.2.1 Processg Degcription. Many pharmaceuticals
manufacturing facilities make a distinction between the synthetic
organic chemicals manufacturing processes that are used to
produce active ingredients for their final products and those
processes that are used to formulate the final product
(pharmaceuticals processes). The process flow diagram
illustrating chemicals manufacturing processes is for the
manufacture of bulk aspirin. This process is both well known and
appears to be simple, compared with processes that involve the
manufacture of numerous intermediates which are reacted to yield
final active ingredient. Note that the process flow diagram for
the production of bulk aspirin includes the addition of salicylic
acid in powder form, an active ingredient that must be
manufactured prior to this process.

The fact that product or product intermediates are often in
solid form brings up several elements that must be considered
when evaluating the potential for VOC’s or air toxics emissions.
Solids must be filtered and dried at some point in the process.
Emissions from dryers are considered to be the largest potential
source of process emissions in the pharmaceuticals industry.

When solids must be introduced into reactors, as is shown in the
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TYPIC%&WEQpIPMENT‘QEERATINQVCHARACTERISTIcsiirﬁi

Purge/exbaust Purge/exhaust
Capacity, flow rates, duration. hours® | Temperature
Equipment galions acfm range, °F P range, psia

Reactors 500 -2,000 | 3-20/200° 3 - 15/0.05 80 - 200 14.7
Pressure filters 500 - 2,000 3-2 3-15 80 - 200 40 - 50
Crystallizers 500 - 2,000 0 '3-20 30 - 50 10 - 14.7
Dryers

- Tumble 100 - 500 5-20 6-20 120 - 150 10 - 14.7

(double
cone)

- Rotary 200 - 1,000 10 - 10,000 6-20 120 - 150 10 - 14.7

- Tray 100 - 300 1-50 6-20 20 - 100 1-14.7
Tablet covers |

- Rotating pan 500 - 1,500 2-3 80 - 450 14.7

- Fluidized bed 1.500 - 500 2-3 80 - 200 14.7
Extractors 0 - 80 - 200 14.7

— -

3Residence time in equipment, if no purge or exhaust.
b3.20 acfm during reaction; 200 for solids addition (2-3 min duration).
CHigh flow rate (20 acfm) used prior to addition of material and during filter cake scraping and discharge.
Lower flow (3 acfm) during actual centrifugation.




bulk aspirin process flow diagram, emissions may occur as a
result of the inert gas sweeping of the reactor vessel to reduce
worker exposure and the possibility of explosion, if the vessel
vapor space contains material in concentrations that approach
explosive limits. Many processes now call for the addition of
solids into the reactor prior to the addition of any other
reagents. - However, this practice may not always be practical, as
solids tend to cling together and stick to the glass-lined
surface of the bottom of the reactor. This practice also is not
used if the solid reagent must be added over time.

2.2.2.2 Agpirin Process Degcription. This process
description was originélly described in the June, 1953, issue of
Chemical Engineering. Although the actual process is outdated,

this type of equipment is still in use today. The discussion
below presents a brief synopsis of the process. A process flow
diagram is presented in Figure 2-11.

According to the 1953 report, feedstocks to the reactor were
acetic anhydride, mother liquor (containing appreciable amounts
of acetic acid), and salicylic acid powder. The reaction
occurred at temperatures of up to 90°C over a period of 2 to 3
hours. After reaction, the product (in liquid form) was pumped
through a filter to remove impurities that may have been present
in the feedstocks. Product liquid was routed to a crystallizer,
where the liquid was cooled down to a temperature of 3°C over a
period of about 16 hours. The slurry from the crystallizer was
then transferred by gravity to a nutsche-type slurry tank, where
a portion of mother liquor was decanted off to use in the next
aspirin batch or distilled to recover acetic acid. The slurry
was then transferred, again by gravity, to a centrifuge to
separate the remaining mother liquor from the aspirin product.
Product was scraped off the centrifuge walls, transferred to a
dump cart, and then transferred to a rotary dryer for final
drying. The remaining finishing steps included sifting,
granulation, and tableting, which were not described in the
article.
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The equipment described in this process is still used today
to manufacture pharmaceutical products. Although instrumentation
and some design characteristics have since been improved (i.e.
bottom gravity discharge centrifuges), the equipment performs the
same tasks in essentially the same way.

2.2.2.3 Emigsion Sources.

2.2.2.3.1 Process ventg.

Vapor displacement. Many emissions from process vents in “

the pharmaceuticals industry come from vapor displacement events
that are created during charging and transferring of material in
all types of process vessels including reactors, surge or slurry
tanks, and distillation kettles. All of the process vessels
shown in Figure 2-11 undergo vapor displacement during material
transfer. The extent of VOC and air toxic emissions from such
events will depend on the material and quantity transferred, the
material and/or vessel temperature, and the rate of transfer of
the material, since this last parameter affects time allowed for
equilibrium between the ‘liquid and vapor phases. The vessel
vapors that are displaced usually are assumed to be completely
saturated with volatile material that is being charged or
transferred.

2.2.2.3.2 Reactor emigsions. Some reactors used in the
pharmaceuticals industry are called autoclaves. Autoclaves are
pressurized reactors. There are no emissions from such reactors
because the systems are fully closed except during material
transfer. In general emissions from reactors occur when
atmospheric vents are present. If the material inside a vessel
experiences an increase in temperature, two things occur:
(1) the inert gas inside the vessel expands, causing a certain
amount of gas to be displaced, and (2) the volatilization of
liquid material increases. Emissions from reactors due to
temperature increases occurs routinely. Reactors usually are
equipped with condensers to reflux condensate during temperature
increases, if the material inside the reactors is volatile.

Inert gas purges also may be employed to reduce the risk of
explosion during reactions. In such cases, emissions are
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increased because of such purges since volatile material is swept
out and the condensers that were installed to control
condensables usually were not sized to abate the volume of gas
that passes through as a result of the purge. Consequently, many
facilities do not route the existing purge stream from reactor
kettles through condensers because they are largely ineffective
at controlling the relatively small amount of volatiles contained
in the streams. ‘Purge volumes are determined by the lower
explosive limits of the material in the reactors, but generally
range from 3 to 20 standard cubic feet per minute (scfm);
although some facilities, especially prior to opening up manholes
for solids addition, use purges on the order of 200 to 300 scfm.
In these later cases, the purges are used to prevent workers who
must manually add the solids from being exposed to toxic gases.
These purges typically only last for periods of 2 to 5 minutes
(the length of time that solids addition may take) as opposed to
lasting the entire duration of reaction (as in lower-volume
purges that are used to prevent explosions).9 Chapter 3 details
the methodology that should be used to calculate emissions from
purges.

2.2.2.3.3 Emissions From Centrifugesg, Filterg, and Drvers.
Centrifuges, filters, and dryers function by separating solvent
from solid product. For some types of equipment, the majority of
emissions will occur during unloading of the solid product from
the process equipment. Older-style centrifuges, for example,
must be unlocaded manually by opening up the cover over the basket
and scooping out product. Newer centrifuge designs use bottom
unloading mechanisms that do not require manual unloading. Inert
gas purging of the closed vapor space surrounding the centrifuge
basket to reduce the possibility of explosion and reduce worker
exposure increases VOC emissions.

Filters also separate solvent from solid product. Emissions
from filters also occur mostly during unloading of the units,
since they, like centrifuges, are enclosed during the actual
separation operation. Some filters, such as nutsche filters, can
be bottom-discharged so that solvent emissions from manual
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unloading may be minimized. Nutsche filters also are also
capable of convectively drying product by passing a heated
nitrogen stream through the filter cake after the filtration step-
is completed. Drying of product in the filter minimizes solvent
emissions that will occur when the material is transferred from
filter to dryer. Control systems also exist whereby the heated
inert stream that passes through the cake in the drying step is-
compressed, condensed, and recirculated in a closed-loop system'
so that drying emissions are virtually eliminated. Chapter 4
presents a detailed description of this particular system.

Emissions from other types of dryers, such as tumble
(double-cone) dryers, rotary dryers, and fluid bed dryers, occur
when the solvent-laden drying stream exiting these enclosed
process units are not contained or controlled. Since material to
be dried often contains as much as 50 percent by weight sdlvent,
controlling these emission streams will mean significant
emissions reduction.

The characteristics of the emission streams from dryers
depend largely on the flow rates and temperatures of drying
streams and on the amount of solvent that must be removed. When
the product is highly temperature-sensitive, a vacuum may be
pulled on the drying vessel to allow volatilization at lower
temperatures. A typical rotary dryer with a capacity of 20 £r3
could operate at a vacuum of 4 to 5 pounds per square inch
(gauge). The vacuum in this situation could be created with a
liquid seal vacuum pump. Note that dryer emissions would be
partly controlled by the vacuum pump, although contamination of
seal water would exist.

Dryers that are used for tablet coating are also quite
common in this industry. The two most common types of tablet
coaters are rotating pan and fluidized bed coaters. A typical
rotating pan tablet coater has a spray which coats tablets that
are sitting in rotating open-ended pans while a stream of warm
air (100°F) flows across the tablets at a typical rate of
1,000 acfm. Drying takes approximately 2 to 3 hours. Another
process used for tablet coating, the wurster process, uses a
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fluidized bed in which the tablets are suspended in a vertical
column while the spray sclution is applied. The exhaust gas
volume from the wurster process typically will be as high as
5,000 acfm. Coatings can be both water based and organic solvent
based. A typical organic coating solution consists of 80 to 85
percent methylene chloride, 10 percent -denatured ethanol or
isopropanol, and 5 to 10 percent solids. One gallon of coating
will generally process 25 pounds of tablets. Assuming that
600 pounds of tablets can be coated in each of the tablet coaters
described above, as much as 250 pounds cf methylene chloride
could be emitted over the 2-3 hour drying span.lo Example
calculations of VOC emissions from dryers is contained in
Chapter 3.

2.2.2.3.4 Enissions from extractors, distillation columns,
and crystallizerg. Emission streams from these pieces of

equipment generally are less significant sources of VOCs and air
toxics. Distillation columns and crystallizers are usually
equipped with condensers for refluxing. Emissions from
extraction columns are essentially vapor displacement emissions
that occur while the columns and associated surge tanks are being
filled or discharged.

2.2.2.3.5 Storage emigsions. Storage vessels in the
pharmaceuticals industry typically are on the order of 2,000 to
10,000 gallons. For highly volatile solvents such as methylene
chloride, the tanks may be pressurized (to pressures of 100 psi)
or refrigerated to eliminate breathing losses. Breathing and
working losses may be calculated from the information contained
in Chapter 3.

2.2.2.3.6 Emiag;Qna_izgm_gauinmggi_lgaka- Fugitive
emissions from leaking pumps, valves, flanges, and other proces;
components may be calculated using the AP-42 SOCMI equipment leak
factors.

2.2.2.3.7 Emissions from wagtewater. Wastewater may be
generated from vacuum pump seal water, scrubber discharge, or
from condensation or feedstocks in the pfocesses themselves. In
cases where wastewater containing significant amounts of VOC’s or
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air toxics is sent to the facility treatment system, emissions of
VOC or air toxics may occur. Chapter 3 presents further
discussion.

2.2.3 Pesticide Manufacturing

The manufacture of pesticides, the broad term for
agricultural chemicals including herbicides, insecticides,
nematicides, and fungicides, is often done using  batch-processes -
due to the low volume or complex processing required. The
synthesis of the active ingredient, or "technical" product, is
quite similar to the batch manufacture of any synthetic organic
chemical with the notable exception that many pesticides have
high mammalian toxicity. Therefore, higher levels of worker
protection are required. The preparation of the final product
for the end-user, called formulation, has other special
processing requirements for the preparation of the solid
substrates, diluents, "inert" ingredients, and product packaging.
A preponderance of batch equipment may also be used in the
formulation step.

The active ingredients of pesticides typically fall into two
categories: 1low volatility (high boiling point) oils with
limited solubility in water and solid organic compounds also
typically with limited water solubility. There are some special
cases where pesticides are high volatility liquids (or even
gases), particularly in the case of fungicides, but these cases
are unusual.

Limited solubility is desired in order to gain persistence
in the target environment by minimizing washoff and leaching.
However, this generally means that the manufacture takes place
using organic solvents (in which the compounds are soluble),
which are potential sources of VOC emissions. Due to the low
vapor pressures (low volatility) of the active ingredients, the
vaporization of the compounds themselves is not particularly a
source of any significant VOC emission at the point of
manufacture. Due to the toxicity of many compounds, however,
worker exposure must be carefully controlled. At the point of
use, typically outdoor agricultural activities, the active
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ingredients will vaporize over time and are a source of
significant VOC emissions.

Some herbicides are salts of organic compounds and as such
have significant water solubility. This makes the component
"systemic" in that it can be absorbed by the plant and be
transported even to the roots (e.g., for control of perennial
weeds). These compounds use water as a solvent in at least a
portion of their manufacturing. _

The following is a generalized description of a one reaction
step commercial synthesis of a "typical" liquid-type insecticide
active ingredient. Due to the proprietary nature of the
pesticide manufacturing industry, no particular commercial
compound is being described, but this description provides a
discussion of the types of process steps which might be used to
manufacture an actual compound.

Raw material A, dissolved in low or moderate boiling point
organic solvent, is charged to a 2,000 gal, glass-lined or
stainless steel reactor. Initial reaction temperature is
attained by admitting tempered water to the external heating
jacket of the reactor. Prior to charging, the reactor had been
purged with several volumes of nitrogen, and during the reaction
a small purge flow is maintained to prevent the buildup of oxygen
in the head space where flammable solvent vapors are present.

A second raw material, B, is introduced over a period of a
couple of hours in order to conduct a "semibatch" reaction. The
reaction produces heat which is removed by letting the solvent
boil off and condensing and returning it to the reactor with the
reflux condenser.

Following completion of the addition of B, the entire
reactor contents are transferred hot to a second reactor for
several hours of "cook out" where the final fraction of the
reaction takes place. The crude product is then pumped through
an in-line filter for removal of any solid catalyst that may have
been used or for removal of solid by-products. By-product water
or excess solvent may be removed as a lower layer using a
decanter, and the mixture is pumped to a solvent removal system.
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At this point, the batch process may be considered to be a
continuous process because a feed or "equalization" tank will be
constantly replenished with the product for each batch reaction.
Due to the difficulty of startup and shutdown, a flash evaporator
or distillation column or columns will typically be operated in a .
continuous mode. The final liquid active ingredient or
"technical" product is recovered as the bottom product. Due to
their low volatility, technicals are rarely distilled for final
purification; they are recovered as "residue" products. .

I only a small amount of solvent was used in the synthesis,
a tank-based "drying" scheme may be used where the crude product
is subjected to a vacuum for a period of time during which the
volatile components "weather off" and are partially condensed
with a vent condenser. The capacity of such a system may be
enhanced using subsurface sparging of an inert gas.

The final liquid "technical" product may be packed out in
drums or other bulk shipping containers for transport to the
formulation plant. This plant is often at a different location
and is likely be a different company.

The manufacture of a "typical" solid pesticide active
ingredient, an herbicide, for example, is similar to the above
except that some sort of solid-liquid separation equipment is
required. Again, the following description is of no particular
commercial compound, but merely provides a description of the
types of process steps which might be used for the batchwise
manufacture of a solid pesticide.

Raw material A is charged to a 5,000 gal stirred tank
reactor which has already been filled with aqueous
crystallization mother liquor from a previous batch. Raw
material B is fed to the reactor over a period of a few hours;
the reaction produces product C which, being only partially
soluble, forms a slurry of fine crystals. Using a liquid ring
vacuum pump, a vacuum is pulled on the reactor in order to
promote the desorption of an acid gas by-product of reaction.
The discharge of the vacuum pump is directed Eo a packed column
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vent scrubber using caustic and sodium hypochlorite as scrubbing
liquid.

The reactor contents, a slurry, are pumped to a centrifuge
feed tank, and the reactor is prepared for another batch. By
using a bank of reactors, the centrifuge feed tank can be kept
filled, and the rest of the process will operate nearly ‘
continuously.

‘An automatic-dump, basket-type centrifuge is used to
separate the crystals of crude product from the mother liquor.
The mother liquor goes to a holding tank from which a small bleed
stream is discharged to wastewater treatment and the majority is
returned to f£ill a reactor.

A bank of centrifuges is used so that the flow of wet cake
into the blender is nearly constant. A portion of dried final
product is fed to the blender for wet cake conditioning. The wet
cake is then fed to a recirculating gas dryer.

The drying gas, heated nitrogen, is introduced into the
bottom of the dryer. The drying gas conveys the product upward
and carries moisture from the product. The hot, moist gas is
then quench-cooled with water in a venturi scrubber. The
scrubbing liquid, laden with dissolved product fines, is recycled
to the mother liquor tank. The dry product, which is separated
from the gas stream using a cyclone and bag filter arrangement,
is pneumatically conveyed to interim product storage.

The "technical" solid will eventually be packed out into
drums, tote bags, or other solids handling containers for
shipping to the formulation plants.

The formulation of the pesticide active ingredients into a
concentrate, powder, or granule that is more usable by the
consumer also heavily utilizes batch processing techniques.
Although there are no reactions, per se, the grinding, slurrying,
mixing, coating, and drying steps all have the potential to
produce VOC emissions. The following is a brief summary of the
major types of pesticide formulations with a description of the
unit operations that could be used to manufacture them. 1In
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general, they fall into the categories of sprays, dusts, and
granules. 4

2.2.3.1 Sprays. A very common spray formulation type is
the emulsifiable concentrate (EC) which is a concentrated oil
solution of an active ingredient which is typically insoluble in
water, but is soluble in petroleum solvents. The concentrated
solution is then diluted with water in the field before
application.

For liquid active ingredients, the manufacture of an EC
formulation is straightforward in that only simple mixing is
required. Dissolving solids into the organic solvent may require
specialized agitation equipment, but it is still straightforward.
Because of the need for rigorous quality control in the final
product concentration, a reactor on weigh cells may be used, and
the formulation ingredients, the oil, the emulsifier, and the
"technical" active ingredient may be added by weight rather than
volume. Each batch can then be assayed for the exact content of
active ingredients; adjustments can be made before packing out
into the final containers. _

Potential VOC emissions arise from the purging of mix
vessels, the filling of tanks and mix vessels, and from the hoods
and vents provided for worker safety over the packaging lines.

Wettable powders (WP), another common type of spray
formulation, are concentrated dusts of a solid active ingredient
combined with a finely ground dry carrier, such as mineral clay,
and a wetting agent. In use, the active ingredient gets
suspended in the water in a well-agitated mix tank. The
manufacture of these formulations usually requires fine grinding
or milling of the active ingredients, and dry blending of the
solid constituents. There is a significant risk of dust exposure
associated with the manufacture of WP’'s but limited opportunities
for VOC emission.

Water soluble powders are simple formulations for those
active ingredients which are water soluble solids. As with
wettable powders, fine grinding or dry milling and dry blending
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would be required, with dust hazards but little VOC emission
potential.

Flowable formulations are very finely ground solid active
ingredients in permanent suspension with liquid carriers and
emulsifiers. The result is a "liquid" form of a water-insoluble
pesticide without the use of organic solvents. There is, by
definition, little potential for VOC emissions associated with
flowable formulations.

Dry flowable formulations, also known as water dispersible
granules, are small granules of a solid active ingredient and
emulsifier. The manufacture of these granules may involve
slurrying of the finely divided dry active ingredient followed by
drying in special equipment (e.g., spray drying or a prilling
tower) which is designed to form the desired granule size. There
is a small potential for VOC emissions associated with the drying
operation if organic solvents were used during the reslurrying,’
or if there is residual solvent present with the dry active
ingredient that gets released with a secondary drying step.

Water soluble concentrates are true solutions of pesticides
that are water soluble. With no solvents involved, there is
little risk of VOC emissions from their manufacture.

2.2.3.2 Granules. Granular formulations are the other
major type of formulations. Primarily intended for soil
application, the granules consist of inert ingredients, usually
clays plus binders, formed into pellets which are then sprayed
with a solution of the active ingredient. The pesticide is thus
deposited on the surface when the solvent dries, or depending on
the porosity, the pellet may become impregnated with the
pesticide. Granular formulations are a way to produce a solid
end product from a liquid active ingrediemnt, or by trapping the
pesticide in the clay pellet, to produce an end product which is
less hazardous to the user.

With typically low solubilities in water, the preparation of
the solutipn for spraying on the pellets typically requires the
use of an organic solvent. Obviously, there is a high potential
for VOC emissions with the manufacture of granular formulations.
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In order for the pellets to remain free flowing, the solvent must
be completely evaporated from them before they can be packaged.
In the case of dryers using purge gas, this implies low solvent
loadings at the end of the drying cycle, with typically low
efficiency of vent condensers. The dryer itself may be operated
continuously whereas the preparation of the solutions and the
substrates may be batchwise. Alternatively, a vacuum dryer may
operate batchwise or continuously.

2.2.3.3 Heptachlor. Figure 2-12 is a simplified process
schematic for the manufacture of heptachlor, a pesticide used to
control termites in the soil subsurface. Because of proprietary
concerns, operating characteristics of the equipment and other
specific process information could not be included in this
description. A simplified process description is presented
below. A discussion of potential emission points of VOG’s and
air toxics follows the process description.

2.2.3.3.1 Process description. The process involves
several steps. Hexachloropentadiene, heptane, cyclopentadiene,
and propylene oxide are reacted to form heptachlor 237
intermediate. Carbon tetrachloride is added to the kettle as a
solvent for the crude intermediate. The kettle contents are then
charged to a chlorinator, where the crude intermediate is reacted
with chlorine in the presence of catalyst to yield heptachlor.
Acid gas from the chlorinator is routed to another process. The
heptachlor/catalyst/solvent mixture from the chlorinator is then
filtered. Solids from the filter (catalyst) are dried while the
heptachlor (which is in liquid form) is sent to storage prior to
packaging and shipment.ll

2.2.3.3.2 Emission sources. Emissions of VOC’s and air
toxics from vapor displacement due to kettle charging and
material transfer are expected to occur from all process vessels.
Kettle reaction emissions are also expected. The acid gas stream
from the chlorinator is pulled off for use in another process.
It‘is unclear whether VOC’s and air toxics that may be entrained
in this stream are released at a point later omn in the other
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(receiving) process. Emissions from the catalyst drying step are
also expected.
2.2.4 gynthetic Organics Chemicals Manufacturing Industry
{SOCMI)

) The SOCMI uses both batch and continuous processes for the
manufacture of various chemicals. Though most larger-volume
chemicals are manufactured in continuous processing arrangements, -
some products are still manufactured on a batch basis. The
manufacture of chlorendic anhydride was chosen to illustrate a
batch grocess typical of this industry. Because of proprietary
concerns, operating characteristics of the equipment and other
specific process information could not be included in this
description. A simplified process description is presented
below. A discussion of potential emission points of VOC’s and
air toxics follows the process description.

2.2.4.1 Process Description. Figure 2-13 is a schematic of
the chlorendic anhydride process. Maleic anhydride (melting
point of 60°F) is reacted with hexachlorocyclopentadiene (HEX) to
form chlorendenic anhydride. The chlorendenic anhydride exiting
the reactor is routed to a crystallizer, where the addition of
excess heptane and toluene produces chlorendenic anhydride
crystals. The slurry from the cryétallizer is then pumped to an
agitated centrifuge head tank, which discharges the slurry by
gravity to a centrifuge. The ceﬂtrifuged liquid containing
appreciable amounts of heptane and toluene solvent is recovered
for further use. The chlorendenic anhydride from the centrifuge
is loaded onto a solids conveyor and moved to a vacuum dryer to
remove remaining solvents. From the dryer, the final product is
loaded into drums for shipment.12

2.2.4.2 Emigsjon Pojints. The potential for emissions of
VOC’s and air toxics exists for all process vessels shown in
Figure 2-13. Because inert gas blanketing may be used to lower
VOC concentrations in the process vessels, emissions are also
expected from equipment openings, in which case the blanketing
becomes a purge. Vapor displacement emissions would be expected
from the various material transfer steps shown in the diagram.
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The conveyer used to move material from the centrifuge to the
dryer may also be a source of emissions. The dryer vacuum
exhaust stream also Qould be a source of VOC and air toxics
emissions.
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3.0 EMISSION ESTIMATION METHODOLOGIES

The methodologies presented in this chapter are based on the
Ideal Gas Law and on fundamental vapor/liquid equilibrium ‘
relationships such as Henry’s and Raoult’s Law, unless otherwise
specified. The equations are intended for use in estimating and
characterizing uncontrolled emission streams from batch
processes. Example calculations are presented in Appendix C.
Significant errors may result in using the examples for
situations that do not meet the conditions and/or assumptions
that are clearly stated in the presentation of the methodologies.
Chapter 4 presents a discussion on control efficiencies for
various devices which may be used in conjunction with the
characteristic streams presented in this chapter. Necessary
constants and chemical data are presented in Appendix A.

Appendix B discusses calculational issues and Appendix C contains
example calculations for the methodologies described.
3.1 PROCESS VENT EMISSIONS :

Process vent emissions may result from a number of different
types of events. Methodologies for various emission events are
presented in order of importance relative to the potential
magnitude of their VOC emissions. Common process vents that
occur in batch processing result from drying, tank and reactor
inert gas purging, vapor displacement losses from material
transfer, tank and reactor heating, gas evolution, gas sparging,
batch pressure filtration, and vacuum generation. The discussion
below presents the principles and methodology for estimating
emissions from these events.



3.1.1 Drying

Two types of drying operations commonly occur in batch
processing. These are conductive drying, in which heat is
transmitted to the material to be dried by contact with heated
surfaces, and convective drying, in which heat is transmitted by
hot gases which are in contact with the material. Conductive
drying may occur under vacuum conditions or at atmospheric
pressure and in several types of dryers, including tray dryers,
tumble (double-cone) dryers, pan dryers, and rotary dryers.
Convective drying occurs at atmospheric conditions. Convective
dryers include rotary dryers, fluid bed dryers, and spray dryers.

The methodology for calculating emissions from the types of
dryers described above is essentially the same. 1In general, the
rate of drying of the material depends on many factors associated
with the specific drying situation (i.e., moisture or solvent
content of material to be dried, heat and mass transfer
parameters, drying period, etc.), but generally decreases with
time so that a large percentage of liquid will be removed during'
the initial portion of the drying cycle.

Studies on the theory of drying of solids usually relate
drying rate to moisture content of the solid®. Three distinct
periods of drying can be observed: the constant-rate period
where surface moisture is evaporated; the funicular state where
capillarity of the liquid in the pores influences the drying
rate; and the pendular state where the moisture content is so low
that capillary action ceases and the liquid must diffuse through
the pores of the solid. Each of these three periods of drying
has successively lower rates of drying; the final drying rate,
when the moisture content is zero, is of course also zero.l

Dryer design specialists, usually employed by the vendors of
drying equipment, can relate the drying curve for solids to rate
of drying expressed as a function of residence time. Laboratory
or pilot-scale experiments are often needed to establish the

@In dryer nomenclature moisture can also refer to organic
solvent content, not just water content.
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correct dryer size, operating temperature, gas flow rate, cycle
time, etc. After é dryer is installed and operating correctly,
the only data usually readily available are the cycle time, gas
flow rates, and moisture content of the solid at the start and
finish of the cycle. If very dry solids are produced, i.e., zero
moisture content, it is clear that the drying rate at the end of
the cycle will be asymptotic to zero. This end point condition,
and a knowledge of the total solvent removed, can be used to
estimate the emission characteristics of an existing, installed
dryer.

In industrial practice, the filter cakes and centrifuged
solids which must be dried often appear dry and free-flowing. In
fact, they may contain as much as 50 percent solvent by weight.
At the end of the drying cycle. the solvent content is reduced to
the percent or fractional percent level, as required by the
process. From a mass balance, the total amount of solvent
emitted can be calculated.

In order to properly size emission control equipment for
dryers, however, one must know the instantaneous emission stream
characteristics throughout the cycle. Although the precise
values can only be determined from extensive laboratory testing,
a reasonable estimate can be obtained by assuming that the rate
of decrease of drying rate is linear over the length of the
drying cycle starting from the initial, highest value and
declining to zero at the end of the cycle. From the material
balance on solvent removed, the average drying rate can be
calculated knowing the length of the cycle. From simple analytic
geometry it is apparent that with a straight line relationship,
and a final value of zero, the initial drying rate must be two
times the average. Therefore, the drying rate, and hence the
emission rate, can be estimated for any point in the drying
cycle. The total emission stream can be calculated knowing the
drying gas flow rate and conditions.

In the case of vacuum dryers, the emission stream contains a
small amount of air due to leakage into the vacuum system, as
well as any inert gas intentionally purged in. It is also worth
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noting that the vacuum-generating equipment (vacuum pump or steam
ejector) itself may reduce, or may increase, the amount of VOC in
the discharge stream (see description below.)

3.1.1.1 Vacuum Dryerg. Tray dryers, double-cone dryers,
pan dryers, and rotary dryers may be operated under vacuum
conditions. Such vacuum dryers will have an inward leakage rate
of air that will aid in carrying the VOC’s and air toxics that
have evaporated off the product out of the dryers. Vacuums in
the range of 15 to 25 inches mercury are typical. Articles have |
been published which provide methods of estimating leakage rates °
for vacuum systems.2 One such methodology is contained in
Section 3.1.8. For a single dryer, the air leakage may range
from 10 to 30 scfm depending on system design and vacuum level
desired. An example calculation of vacuum dryer emissions is
presented in Appendix C.

3.1.1.2 Atmospheric Dryerg. While conductive dryers also
may operate at atmospheric conditions, convective dryers operate
at atmospheric pressure or above. Convective dryers include tray
dryers and fluid bed dryers. The four types of conductive dryers
discussed in the previous section, tray dryers, double-cone
dryers, pan dryers and rotary dryers also may be operated at
atmospheric conditions. A stream of air or inert gas is used to
move the volatilized material from the dryer vessel in conductive
drying. The gas stream is actually the heating mechanism in
convective drying. 1In both of these situations, the calculation
of total VOC content emitted during the drying cycle is identical
to the vacuum drying method (a mass balance from initial cake
concentration to final cake concentration). The estimation of
the maximum dryer emission rate, which is used for sizing of
equipment, is also analogous to the method presented for vacuum
drying. The flow rate of gas through the system is the dryer
exhaust gas rate. An example calculation of atmospheric dryer
emissions is presented in Appendix C.
3.1.2 Tank and Reactor Puraging

Consistent with batch processing there is frequently a need
to use a gas stream to purge VOC vapors from either an empty tank
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or reactor vessel, or from the vapor space of a partially filled
tank or reactor. Typical reasons for purging are to maintain
product quality (e.g., by using a dry sweep gas to minimize water
vapor in a system) or to reduce concentrations of flammable
vapors below safety limits (by using an inert gas such as
nitrogen or carbon dioxide).

3.1.2.1 Empty Tank Purging. Empty vessels may be purged
intermittently (e.g., at startup and shutdown, oOr between
batches) using a displacement purge to remove accumulated vapors.
The estimation of VOC emissions in this case is fairly
straightforward. Before the purge, the vapor space of an empty
vessel can be assumed to be in equilibrium with the liquid which
was removed. Thus, the starting concentration is known. The
final concentration is a function of the number of volumes of
purge gas used. This can be expressed as a power law when

C
£ n
.(_:_._ = X (3'1)

1

n = the number of volumes of purge gas used;
x = the fractional dilution per volume change;
Cg = final concentration in vessel; and

C; = initial concentration in vessel.

The fractional dilution per volume change assuming perfect
mixing has been shown to be 37 percent. Thus, equatiocn 3-12
becomes:

Ce

i

= (0.37)" (3-2)

ol

This equation does not take into account evaporation of any
residual liquid in the vessel, and assumes no free liquid. The
equation was derived in the following way:



d (vCa)

ac = -qCa (3-3)

where: V = vessel volume
Ca = concentration of VOC species
g = volumetic purge rate
t = time o

if: gq=1 ft3/min and Vv = 1 ft3, then equation (3-3) reduces to:

dca _ _g¢ (3-4)
Ca

By integrating and setting the following boundary limits:

t =20 Ca-Ci
t =1 Ca = Cg, then equation (3-4) reduces to
In (Cg/Cy) = -1 (3-95)

Therefore, Cf = 0.37 Ci

See Example 4 in Appendix C.

3.1.2.2 Filled Veggelg. Filled or partially filled vessels
are often "blanketed" with inert gas (or even air in the case of
nonflammable solvents) using either "balanced pressure" or
"trickle" control schemes.? With balanced pressure blanketing,
there is no flow of gas unless the tank liquid level changes
(during filling or emptying) or the pressure rises or falls due
to thermal effects. The calculation of emissions from this type
" of blanketing is analogous to "working and breathing" losses
addressed elsewhere in this document. For trickle blanketing, a
constant flow of gas is maintained through the headspace. The
flow rate may be quite low for storage tanks, but may be much
higher for a reactor where removal of water vapor or excess



solvent vapor is required. The higher flows have also been
referred to as purges Or sweeps.

Due to the lack of test data a traditional approach to
calculating the volatile organic content of a purge gas stream is
to assume that the gas is saturated with the vapors of the liquid
over which it is flowing. This assumption is'thought to be
conservative or worst case in that the VOC content cannot
possibly be greater than saturation (as long as there are no
entrained droplets). For the purposes of calculating a maximum
expected uncontrolled emissions rate, this approach is
acceptable. However, as is shown in Appendix B, the actual VOC
concentration of the exiting purge gas may be substantially below
saturation. In fact, calculations show that the percentage
saturation of an inert gas purge stream over a quiescent pool of
liquid is expected to be no more than 10 percent. Likewise, the
purging of equipment with turbulent liquid surfaces leads to
higher saturation fractions, approaching 100 percent saturation
at lower flowrates. Since most vessels will presumably be
agitated, the assumption that the exiting purge gas is completely
saturated with VOC is recommended. However, if the purge is
greater than 100 scfm, a saturation facror of 25 percent is
recommended.

Another assumption that must be made is that the displaced
gas will £fit the conditions of an ideal gas, and therefore, that
the ideal gas law can be used. Most operations are run at
conditions such as atmospheric pressure and relatively low
temperatures, which allow the application of the ideal gas law.
The VOC emission rate from purging may be estimated by first
calculating the volumetric flow rate of the gas leaving the
vessel, which is made up of noncondensables as well as the VOCs
that have volatilized into the vapor space. The total rate of
gaé exiting a vessel is therefore:



P
Vr, = Vrp I- T (3-6)
LPT - Y (Pix;)
where:
Vr, = rate of gas displaced from the vessel, scfm

Vr, = rate of purge gas, scfm

Pp = vessel pressure, mmHg

Z(Pyx;) = the sum of the products of the vapor pressures and
mole fractions for each VOC, mmHg (see next
section).

The emission rate of VOCs in this exit gas is then calculated
using the following equation:

(i) (VL) (Pp) (MW)
Ep = e (3-7)
(R) (T) :

Ep = mass emission rate;
y; = mole fraction in vapor phase, calculated in Equations
3-9 and 3-10.

V.. = volumetric gas displacement rate (equal to the total
rate of gas exiting a vessel, Vr,)

R = ideal gas law constant;

T = temperature of the vessel vapor space, absolute;
Py = pressure of the vessel vapor space; and
MW = molecular weight of the VOC or air toxic.

. Table A-4 of Appendix A contains values of the gas constant
R. An example of a purging emission calculation is presented in
Appendix C.

3.1.3 Vapor Displacement Lossgses--Trangsfer of Materjal to Vessels
Emissions occur as a result of vapor displacement in many

batch operations. The transfer of liquids from one vessel to
another vessel causes a certain volume of gas to be displaced in

3-8



the receiving vessel. The VOC’s that may be contained in this
volume alsc are displaced. In many cases, the displaced gas is
vented directly to the atmosphere. The amount of VOC’s emitted
during such an event is limited by the partial pressure of the
components in the gas stream and the vessel pressure. Usually,
vessel vapor spaces are filled with air (21 percent oxygen,

79 percent nitrogen) or almost pure inert gas, such as nitrogen.

The degree of saturation of the vent gas with the VOC’s must
be assumed or known before any calculations are done. As is
normally the practice when permit levels are established, a
conservative assumption usually is made to prevent underestima-
tion of emissions. A conservative assumption in most vapor
displacement calculations is to consider the gas being displaced
to be 100 percent saturated with the volatile compounds that are
entering the vessel. The following steps are involved in
calculating emissions from vapor displacement events:

Step 1. Define the conditions of the displaced gas:

1. Temperature;

2. Pressure; and

3. Volumetric rate of displacement.

The rate of displacement of a gas from a vapor space is equal to
the rate of filling of that vessel with a liquid. An example of
this type of displacement event is the transfer of liquid
material from one process vessel to another, such as the charging
of a reactor with material from a weigh tank, and the subsequent
emission of gas from the reactor that is saturated with the
vaporized liquid.

Step 2. Calculate the mole fraction of components in
displaced gas:

1. Determine or calculate the Vapor pressure of the liquid
compound of interest (for one specific component, such as an air
toxic) or of the entire volatile component of the liquid (for
total VOC emissions).

For one component, this can be done by consulting vapor
pressure tables at the appropriate temperature (see Table A-1) or
by using Antoine’s equation, a form of which is presented below:
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ln P;* = A-[B/(T+C)] (3-8)
where:

P¥ = vapor pressure of component i (mmHg);

A,B,C = compound-specific constants; and
T = temperature of the liquid (K).

There are several forms of vapor pressure estimation equations
and the reader should make sure that the constants correspond to
the appropriate form and that the units are consistent. Most
physical property handbooks contain the Antoine equation and the
appropriate constants. Vapor pressures for some compounds are
presented in Table A-1. Table A-2 contains vapor pressure
equations for 120 compounds that use five constants.

If more than one compound is present in the liquid, the
vapor pressures of all compounds in the mixture must be
determined. After the vapor pressures have been determined, the
partial pressure that the VOC vapor fraction exerts in the vessel
vapor space may be determined by using Raoult’s Law, which is a
simple expression that describes equilibrium between an ideal
vapor and an ideal liquid. The general equation for Raoult’é Law
is presented below:

y. = = (3'9)

y; = mole fraction of i in the vapor;

P; = partial pressure of component ij;

x; = mole fraction of component i in the liquid;
Pi* = vapor pressure of component i at temperature T; and
Pp = the total pressure in the vessel vapor space.

Raoult’s Law may be used for multicomponent systems,
assuming the compounds are completely miscible in one another.
If the compounds are not miscible, or are only partially
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miscible, then they are considered "nonideal" and Raoult’s Law
does not apply. At or above the solubility limit, each compound
exerts a partial pressure in the vapor space which is equal to
the vapor pressure at that temperature. Below the solubility
limit, especially dilute solutions comprised of water and trace
amounts of air toxics or VOC’s, Henry’s Law is used to describe
the relationship between the mole fraction of the compound in the
liquid and the vapor phase mole fractioﬁ. Henry’s Law is
presented below:

P x: H
Y = = = (3-10)
1 PT PT

x; = mole fraction of component i in the liquid;

H; = Henry’s Law constant for i (at temperature T);
y; = mole fraction of component i in vapor; and
Pr = the total pressure in the vessel vapor space.

This relationship is especially important in calculating
evaporative losses from process wastewater. Henry;s Law
constants for some organic compounds at 25°C are presented in
Table A-3. Also, a method of correcting the constants for
different temperatures follows Table A-3 in Appendix A.

Step 3. Calculate the emission rate:

Once y;, the mole fraction of component i in the vessel
vapor space is known, the VOC or air toxic emission rate may be
easily calculated by multiplying y; by the vessel fill rate
(which equals the gas displacement rate) and converting this
volumetric rate to a mass emission using equation 3-7. Examples
of vapor displacement emission calculations are presented in
Appendix C.

3.1.4 VYVessel Heating

When a process vessel partially filled with a VOC or a
material containing a VOC is heated, the gas and vapors in the
headspace expand and are discharged from the vent. An estimate
of the emissions in the uncontrolled vent stream from such an
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event can be calculated based on application of the Ideal Gas Law
and on vapor-liquid equilibrium principles.

The basis of the calculation is that -the moles of gas
displaced from a vessel are a result of the expansion of the
noncondensable gas upon heating, and an increase in the VOC vapor
pressure. The assumptions made for the calculations which follow
are (1) atmospheric pressure of 760 mmHg and (2) the displaced
gas is always saturated with VOC vapor in equilibrium with the
liquid mixture.

The initial pressure of the gas (noncondensable) in the
vessel is given by:

where:
Pa; = initial partial pressure of gas in vessel
headspace, mmHg, and
(Pi)Tl = initial partial pressure of each VOC in vessel
headspace, mmHg, at the initial temperature (Tl)'

The choice of formula for calculation of P; depends on which
vapor-liquid equilibrium assumption is chosen (as discussed in
Section 3.1.1). If the VOC species behaves "ideally" in the
system under consideration, then Raoult’s Law holds and

where:

(Pg?Tl = vapor pressure of each.compound at specified
temperature, T;, and
X; = mole fraction of each compound in the liquid
mixture.
If the VOC in question is present in very dilute
concentrations in the liquid, then Henry’s Law gives a reasonable
estimate of the compound partial pressure if the empirically

determined constant is available:



(Py)py = (Hy)p X3 | (3-13)

where:

H; = Henry'’s Law Constant at T; in consistent units

(atm/mole fraction); and

X; = Mole fraction of each compound in the liquid mixture.
Note: TIf neither Raoult’s Law nor Henry’s Law is considered
to be valid for the compound mixture being considered, a more
complex procedure, beyond the scope of this document, must be
used. Commercial computer programs are available to simplify the
task of calculating vapor-liquid equilibria for nonideal
mixtures.

The calculation of P, is repeated at the final temperature
conditions, T,; and the final partial pressure of the gas in the
vessel is calculated:

By application of the Ideal Gas Law, the moles of gas displaced
is represented by:

ap = Y| (—) - (=] (3-15)

ol

where:
an = number of lb-moles of gas displaced;
V = volume of free space in the vessel £e3;
R = Gas Law constant, 998.9 mmHg ft3/1b-moles °K;
Pa; = initial gas pressure in the vessel, mmHg;
Pa, = final gas pressure, muHg;
T, = initial temperature of vessel K; and
T, = final temperature of vessel, K.

The concentration of the VOC in the gas displaced at the
beginning of the event is calculated assuming equilibrium at the

initial vessel temperature. The final concentration of the VOC
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in the final amount of air displaced is calculated assuming
equilibrium at the final vessel temperature. The VOC -
concentration in the displaced gas may be approximated by
assuming it is equal to the average of the initial and final
values. The number of moles of VOC displaced is equal to the
moles of gas displaced times the average VOC mole fraction, as
follows:

T(P.) X(p,)
Tl i T2
760-}3(Pi)T
2

ng= 5 X af (3-16)

where:

1g = lb-moles of VOC vapor displaced from the vessel being
heated up.

The weight of VOC vented can be calculated by multiplying the
number of moles by the molecular weight. The reader should note
that, at the boiling point of the VOC, this equation goes to
infinity. In a physical sense, the vessel vapor space is filled
entirely with VOC during boiling; the rate of release of VOC is
therefore equal to the total flow of VOC out of the kettle.
Therefore, this equation is not wvalid at the boiling point of the
VOC. An example of a vessel heatup calculation is presented in
Appendix C.
3.1.5 Gas Evolution

When a gas is generated as a result of a chemical reaction,
emissions may be calculated by assuming that the gas is saturated
with any VOCs that are in contact with it at the exit
temperature. Emission calculations are analogous to the filled
vessel purging calculations and are calculated using the
following formula to first calculate the rate of gas displaced:

P ]
Vs =V I— T (3-17)
2- " LPT -y (Pixj)




when V; = initial volumetric rate of gas evolution
Pp = vessel pressure |
£ (Pyx3) = sum of the products of the vapor pressure and the mole
fraction of each VOC at the exit temperature.

Once V, is known, it can be inputted into Equation 3-4 to
calculate the emission rate. An example calculation of gas VOC
emissions from gas evolution is presented in Appendix C.

3.1.6 Sparging ,

Sparging is the subsurface introduction of a gas (typically -
nitrogen or other inert gas) intended to remove by selective
volatilization (stripping) a more volatile minor component from a
liquid mixture of predominantly less volatile material. Common
applications of sparging are the removal of trace quantities of
water or volatile organic solvent from a low volatility (high
boiling point) resin. The removal of low concentrations of
organic solvents from wastewater also may be achieved using air
sparging.

Sparging is a semibatch operation. The sparge tank is
filled or discharged on a batch basis, while the gas is fed
continuously at a steady flow rate for the duration of the sparge
cycle. The subsurface sparger is designed to develop a mass of
small diameter bubbles. The tank may be agitated as well in
order to produce fine bubbles and increase the bubble residence
time. These design features are intended to increase contact
efficiency. ‘

Utilizing fundamental chemical engineering principles and
empirical correlations published in the literature it is possible
to calculate the mass transfer coefficients encountered in
Sparging applications. The transfer rate of the component being
stripped out is a function of temperature, composition, liquid
diffusivity, gas rate and agitator power (which determine bubble
size), and tank geometry (which, along with agitation power,
determines residence time).

For the calculation of equilibrium concentration of VOC in
the exiting sparge gas the earlier discussion of Raoult’s Law and
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Henry’s Law applies. For simple sparging (low viscosity fluids;
no solids) vapor concentration may approach 100 percent of the
equilibrium value calculated. For complex sparging, an
empirically determined lower value may need to be used.

Unlike continuous flow vapor-liquid séparation processes,
with batchwise sparging it is not possible to write a series of
simple analytical equations which define the outlet gas
concentration as a function of inlet concentration and
thermodynamic properties of the compounds. This is because the
liquid¢ flow rate is zero and the composition changes with time.
The problem of estimating the gas composition (hence, VOC
emission rate) at any time during the sparge cycle, or of
determining the amount of sparge gas and sparge time required to
achieve a certain concentration reduction, can, however, be
solved using simple numerical integration. One chooses a small
time increment, one minute, for example, over which to calculate
the gas flow and composition, making the simplifying assumption
that the liquid composition does not change. From the inlet gas
concentration (most likely zero) and the saturated exit gas
concentration, the amount of volatile removed from the bulk
liquid can be calculated, and a new estimate made for the liquid
composition. The calculation of the vapor composition for the
next time "slice" will be made based on this new liquid
composition value. The cumulative quantity of volatile removed
is used for subsequent estimates of the liquid composition.

A graphical representation of the vapor or liquid
composition as a function of sparge time has a characteristic
hyperbolic shape where the composition is asymptotic to zero.
The initial composition is high, as is the stripping rate because
the mass transfer is a function of the composition driving force.
The final composition is low, but a long stripping time is
required to achieve a small decrease in composition because the
driving force is also very low. An example sparging
volatilization calculation is presented in Appendix C.



3.1.7 Batch Pregsure Filtration

Pressure filtration of nonaqueous, volatile, flammable, or
hazardous slurries is typically conducted in a closed vessel.
Generally, VOC’s are not emitted during the filtration step, as
there is no venting from the process vessel. . However, during the
gas blowing (cake-drying) step of the cycle, or during pressure
release prior to cake discharge, venting occurs and there is
potential for VOC emission.

‘The gas blowing step is intended to accomplish some
preliminary cake drying by evaporating some of the liquid
filtrate present in the filter cake. This operation is roughly
equivalent to the constant-drying-rate period of operation of a
dryer except that heated gas is not used (except in the case of
some special purpose equipment where heated gas is, in fact,
used). The blowing gas follows the same flow path as the
filtrate, so that it could be vented through the receiving tank.

3.1.7.1 Filter Cake Purging. The emission rate in the
vented purge/blowing gas can be calculated if the cake conditions
at the start and end of this portion of the cycle are known. The
filtrate will be evaporated at approximately a constant rate.
Assuming that the filtrate is 100 percent VOC, the emissions rate
is simply:

ER = W———(xi d (3-18)
where:
W = the dry weight of a batch of filter cake;
the weight fraction of filtrate at the start of the
gas-blowing step;

>3
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X¢ = the weight fraction of filtrate at the end of the gas-
blowing step;
t = elapsed time of gas blowing; and
ER = emission rate in weight per unit time.

However, one key piece of data required for the above
calculations, namely the filtrate content of the cake before the



gas blowing, is not usually available. Therefore, this
methodology is of only limited utility.

Since the blowing gas causes the VOC’s in the filtrate to
evaporate, the gas stream is partially saturated with vapor, and
approaches vapor-liquid equilibrium as a limit. An assumption of
percent saturation attained enables the calculation of emission
rate. _

An example calculation of estimating emissions from filter cake
blowing is provided in Appendix C.

' 3.1.7.2 Depressurization. Prior to opening a batch
pressure filter for solids discharges, the pressure must be
relieved. In the case of a filter design utilizing a closed
vessel, there is some compressed gas in the vapor space which
will have some degree of vapor saturation of VOC from the
filtrate. Upon depressurization, a fraction of the noncon-
densible gas along with the VOC vapor will be vented. The
estimation of the emission rate from a depressurization event is
a straightforward application of the Ideal Gas Law if certain
simplifying assumptions are made.

If the vessel has been under pressure for some time during
the filter cycle, and no additional noncondensable gas has been
added, then it is reasonable to assume that the gas is saturated
with the VOC vapor at the vessel temperature. To simplify the
calculations, one assumes that the pressure decreases linearly
with time once depressurization haé begun, and that the
composition of the gas/vapor mixture is always saturated with VOC
vapor through the end of the depressurization. The estimation of
the emission rate proceeds according to the following steps:

1. Calculate the mole fraction of each VOC vapor species
initially present in the vessel at the end of the
depressurization.

Y, = B

(3-19)



P; = vapor pressure of each VOC component i;

P, = initial pressure of the process vessel in units
congigtent with Py calculations; and

Y: = mole fraction of component i initially in the vapor.

2. The moles of VOC initially in the vessel are then
calculated using the ideal gas law as follows:

(Yyoc) (V) (By)

Dy = T (3-20)
' where:

Y,qc = Mmole fraction of VOC (the sum of the individual
VOC fractions, IYi) ‘

v = free volume in the vessel being depressurized

Py = Initial vessel pressure

R = Gas constant

T = Vessel temperature, absolute units

3. The moles of noncondensable gas present initially in the
vessel are calculated as follows:

A'2%
nc
= ———1 -
ny BT (3-21)
where:
vV = free volume in the vessel being depressurized;
- Pnc, = initial partial pressure of the noncondensible gas,

R = gas law constant, K; and
T = temperature, absolute units.

At the beginning of the depressurization, there are more
moles of noncondensable gas in the vessel relative to the moles
of VOC in the vessel than at the end of depressurization. At the

- beginning of the depressurization, there are:

Nyvoe
ny

moles of VOC to noncondensables
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5. At the end of depressurization, there are

Nvoc
o, moles of VOC to noncondensables
where:
VP
RT
where:
V = Free volume in the vessel being depressurized;
Pch = Final partial pressure of the noncondensible gas,
R = Gas law constant, and;
T = temperature, absolute.
6. The moles of VOC for the duration of the depressurization

may be calculated by taking an approximation of the average ratio
of moles by VOC to moles of noncondensible and multiplying by the
total moles of noncondensibles released during the
depressurization, or:

Nvoc , Pvoc

(3-23)
nj np _
5 d [n3 - 03] = Nygc
where: NVoc = moles of VOC emitted
7. The moles of VOC emitted can be converted to a mass rate
using the following equation:
Nvoc * MWyoc (3-24)

= Er
t vocC

where:
Er,oc = emission rate of the VOC
MW, = molecular weight of the VOC

cr
[

time of the depressurization




An example calculation of emissions from vessel depressurization
is provided in Appendix C.
3.1.8 Emissions from Vacuum Geperating Equipment

Steam ejectors and vacuum pumps are used to pull vacuums on
vessels and can be sources of VOC and air toxic emissions. Both
come in contact with a stream of gas that potentially contains
pollutants. A steam ejeCtor consists eésentially of a steam
nozzle that produces a high-velocity jet across a suction chamber
connected to the vessel being evacuated. The gas from the vessel
is entrained into the motive steam as it passes across the '
suction chamber. Both gaé and steam are usually routed to a
condenser.

Conventional (mechanical-type)} vacuum pumps use a high
boiling point ©il to lubricate the moving parts. The VOC’s which
are present in the gas on the suction side may be partially
condensed in the elevated pressure inside the vacuum pump. This
" reduces the amount of VOC emitted in the gas discharge from the
pump, but causes contamination (reduced lubricity) of the pump
cil. For this reason, if a significant amount of VOC is expected
in the gas being evacuated, a liquid ring vacuum pump may be
selected.

In a liquid ring vacuum pump, the vacuum is created by the
rotating motion of a slug of seal fluid inside the pump casing.
The seal fluid is in intimate contact with the gas and VOC being
evacuated. A portion of the seal fluid is ejected with the pump
discharge, so a system for seal fluid recycle and makeup is
required.

Because the seal fluid is in contact with the gas/VOC
mixture, mass and heat transfer can occur inside the pump. The
emigsions from a liquid ring vacuum pump are, therefore, a
function of the seal fluid temperature and composition, as well
as the inlet gas composition. For purposes of calculation one
may assume that the exiting gas is in equilibrium with the seal
fluid. The seal fluid must be chosen to be compatible with the
gas/VOC being evacuated. In some cases, the seal fluid itself is
a VOC and equilibrium with the exiting gas may result in an
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increase in VOC level from that in the suction side. 1In other
cases, the seal fluid can act to reduce the VOC level of the gas
stream by absorbing (or condensing, in the case of a cooled seal
fluid system) some of the VOC in the gas being evacuated.

3.1.8.1 Emission Estimation. Emissions from vacuum systems
originate from two distinct sources: 1) the first is the gas at
the vacuum system discharge, 2) the second is the seal fluid or
motive steam. Calculating emissions from the gaseous discharge
of systems that serve to induce vacuums on equipmént involves the
estimetion of the amount of air that leaks into the equipment
because of the pressure differential between the inside and
outside of the vessel. Once this air leakage rate is known, the
rate of VOC emissions may be calculated by knowing the vacuum
system discharge outlet temperature and pressure.

The air leakage rate for the equipment may be estimated from
the following equations, which correspond to the leakage created
by metal porosity and cracks and leakage resulting from seals and
components in a system for various vacuum pressure ranges:

i. L m 1 i k
(For 1<P<10 mmHg) W = 0.026 p9-34y0.60 (3-25)
(For 10<P<100 mmHg) W = 0.032 p0-26y0.60p (3-26)
(For 100<P<760 mmHg) W= 0.106 v0-60 (3-27)
where:
P = system operating pressure, mmHg;

v volume, ft3; and
W = air leakage resulting from metal porosities and crack

along weld lines, 1lb/hr.

2. k m mpon

(For 1<P<10 mmHg) w = mpgp0-34 (3-28)

(For 10<P<100 mmHg) w = 1.20 mDgp0-26 (3-29)

(For 100<P<760 mmHg) w = 3.98 D6 (3-30)
where:

D = sealed diameter, inches;
w = acceptable air leakage rate assigned to a system
component, lb/yr; and
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§ = specific leakage rate for components, lb/hr/in
(presented in Table A-5 of Appendix A).

3. The total air leakage rate, in 1b/hr, is merely the sum
of the two components W and w.
La = W+w (3-31)
Once the air leakage rate is known, the VOC emission rate,
in 1lb/hr, may be calculated using the following equation from the
1978 Pharmaceuticals CTG:%

p
La Csystem )
35 1) (3-32)

system Pi

Se = MWs

- where:
Se = rate of VOC emission, in 1lb/hr;
Psystem = absolute pressure of receiving vessel or ejector
outlet conditions, if there is no receiver;
P; = vapor pressure of the VOC at the receiver
temperature, in mmHg;
La = total air leak rate in the system, lb/hr; and
29 = molecular weight of air, 1lb/lbmole.
An example calculation is provided in Appendix C.

Calculating emissions from seal fluid or motive steam is
analogous to the calculations of VOC emissions from other sources
of wastewater, which is discussed below.

3.2 EVAPORATIVE LOSSES FROM WASTEWATER

Evaporative losses from wastewater that is contaminated with
VOC’'s has been examined in detail, but currently is not within
the scope of this document. Several publications are available
to aid the readers in calculating emissions from wastewater
treatment systems which include surface impoundments, lagoons,
and basins.3:6:7
3.3 STORAGE TANK EMISSIONS

In general, emissions of VOC's from storage tank working and
breathing losses appear to be no different for continuous
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processes than they are for batch processes. Both types of
losses usually are calculated using EPA-derived storage tank loss
equations for three types of storage tanks: fixed roof, external .
floating roof, and intermal floating roof. Fixed roof and
horizontal pressure tanks appear to be the most common storage
vessels used in batch processing. Estimaéion equations for these
tank types and a detailed explanation of their use, may be found
in an EPA reference.®

3.4 EQUIPMENT LEAKS

The calculation of emissions of VOC's from leaking process
line components such as valves, pump seals, flanges, and sampling
connections is no different for continuous processes than it is
for batch processes. Emissions tend to be less because the
amount of time that components are actually in VOC service is
less for batch processes than it is for continuous processes.

In the event that no other specific data is available
equipment leak emissions may be estimated using the equipment
leak factors derived for the Synthetic Organic Chemical
Manufacturing Industry (SOCMI). These factors are readily
available, and are included in Appendix A in Table A-6.7 It is
also possible to develop unit-specific emission estimates
according to an accepted EPA protocol. The methodology for
developing a specific emission estimate for leaking components is
contained in another reference.10
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4.0 CONTROL TECHNOLOGIES

This chapter provides information on the types of emission
control technologies currently available and in use on typical
batch processes. The discussion is structured so that a general
description of the theory and principles behind the effectiveness
of various common control devices is presented first. Second,
information is provided on the suitability of the various
technologies for controlling VOC’'s from different batch unit
operations, followed by a section discussing specific
applications. Appendix D contains cost calculations and
assumptions made in evaluating costs of thermal incineration and
refrigeration systems for batch processing emissions.

Because the emission streams produced by batch unit
operations are often of finite duration and the properties of
these streams, such as flow rate, VOC content, temperature, and
pressure, often change during the duration of the emission event,
the system chosen for emission control ideally should be capable
of handling both peak flow and nonpeak situations effectively.

To that end, this chapter also addresses the relative importance
of sizing equipment properly. The following control technologies
are discussed: (1) condensers, (2) scrubbers, (3) carbon
adsorbers, (4) thermal incinerators, (5) vapor containment
systems such as vapor return lines, i.e., "vent-back" lines, and
(6) operational practices that reduce emissions, such as reduced
nitrogen use for blowing lines, elimination of transfer steps in
product or intermediate handling, and elimination of vessel
opening and purging steps.



4.1 CONDENSERS

Condensers can generally be classified as surface noncontact
and barometric (direct-contact condensers). Surface condensers
are usually shell-and-tube heat exchangers, in which the cooling
fluid flows in tubes and the gas condenses on the outside of the
tubes. Direct-contact condensers are those which allow for
intimate contact between the cooling fluid and the gas, usually
in a spray or packed tower. Although direct-contact condensers
may also be part of a solvent recovery system, an extra °
separation step is usually involved in separating what was the
cooling liquid from the newly formed condensate. An exception to
this situation is the direct-contact condenser, which uses
cooling fluid identical to the desired condensate; in this case,
no separation is necessary.

In principle, condensers work by-lowering the temperature of
the gas stream containing condensables to a temperature at which
the desired condensate’s vapor pressure is lower than its
entering partial pressure. Typical uses for condensers in batch
processing are on reactors and vacuum-operated devices, such as
distillation columns and dryers. Note that condensers servicing
reactors and distillation columns often function in refluxing
material. This refiuxing is an integral part of the process, and
therefore these condensers are often not considered to be
emission control devices. Such applications often use secondary
condensers, which operate at still lower temperatures and
function primarily as control devices.

4.1.1 Degign

The control efficiency attained by a condenser is a function
of the outlet gas temperature. A typical exhaust gas from a
batch reactor contains a large amount of noncondensable material,
such as air or nitrogen, as well as some fraction of wvolatile
material. Before this wvolatile material can condense, the entire
contents of the gas stream must be cooled to the saturation point
of the condensable material. Heat transferred from the gas
stream during this stage is called sensible heat. Cooling the
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gas stream further after complete (100 percent) saturation is
reacﬁed causes condensation of the volatile material. Heat
removed from condensation is called latent heat. Both kinds of
heat (which in refrigeration terminology usually are summed and
reported as tons [each ton is 12,000 Btu/hr]) must be considered
in the design of a condenser. Q, the heat requirement may be
calculated by approximating the sensible and latent heat change
when a gas stream containing condensable material is cooled:

' Q = mC.AT + mahv (4-1)

where: P

Q = heat requirement;

ﬁ = mass flow rate of material;

Cp = heat capacity of material cooled;

aT = temperature difference between inlet material
temperature and condensate temperature; and

hv = the latent heat associated with a phase change.

For a surface condenser, the heat transfer area requirement,
A, may be approximated using the following equation:

where:

A = heat transfer surface area;

0
]

heat requirement;
U = overall heat transfer coefficient, which is based on
the inside and outside heat transfer, and;
aTyy = log mean difference in temperature between the cooling
fluid and the exhaust gas at each end of the shell and
tube exchanger.

Based on the above discussion, it is apparent that the
amount of material that can be condensed from a gas is limited
only by the following factors: (1) the inlet emission stream
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properties, including heat capacity and temperature, and (2) the
heat transfer characteristics of the condenser, including surface
area. By controlling these factors, it follows that nearly any
amount of cooling can be imparted onto a gas stream.

In practice, however, the design of condensers and the
amount of cooling that realistically occurs is based more on
economics. Cooling fluid, for example, can range from water at
ambient temperature tc brine, which can be cooled to below the
freezing point of pure water, to a low-temperature refrigerant.
The colder the cooling liquid required, the more expensive the
system becomes. In some applications, the condensing system is
staged, so that certain condensables that may be present in the
stream, i.e., water, will be condensed out at a higher
temperature. The remainder of the gas can then be cooled further
to condense out lower-boiling-point materials without the problem
of ice formation and subsequent fouling of the heat-transfer .
surface. Note that the more elaborate a condensing system
‘becomes, the higher the cost of operating that system.

It has generally been accepted that condensers are most
effective when applied to gases that contain high percentages of
condensables. This is because a large amount of sensible heat
must be removed from a gas stream containing mostly
noncondensable material in order for the stream temperature to
decrease to the saturation temperature of the condensable.
Obviously, the farther from saturation a gas stream is, the more
sensible heat must be removed.

Verification of the expected control efficiency of a
condenser is, especially for single-component systems, easier
than the verification of other control technology efficiencies,
such as carbon adsorption, gas absorption, incineration, etc., as
these technologies require that the ocutlet gas pollutant
concentrations be measured. To verify condenser efficiency, the
outlet gas temperature is the only value that must be known in
addition to the inlet conditions (including flowrate of
noncondensables). By assuming that the vapor phase of the
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material is in equilibrium with the liquid at condenser outlet
temperature, the percent by volume VOC discharged from the
condenser may be :calculated by dividing its partial pressure by
the total pressure. In any case, if condenser efficiency cannot
be calculated because the inlet gas conditions are not known, it
is at least always possible to calculate the maximum VOC
equilibrium concentration of the exit gas at outlet condenser
conditicns. '

Another consideration that must be made when contemplating
the use of a condenser for a particular application is whether
there is an appreciable presence of water vapor in the stream.
There are two reasons for concern in this situation. The first,
which was touched on in the earlier discussion, is that a surface
condenser cannot effectively function below the freezing point of
the water, as ice will form and create an insulatory surface on
the heat transfer surface, keeping the surface temperature above
32°F. The other consideration, which is more subtle but just as
important to the overall effectiveness of the device, is whether
the water will combine with the condensable material to form a
low-boiling-point azeotrope. In such a situation, the saturation
temperature of the azeotrope is lower than the condensing
temperature of either pure compound, and the system must be
designed accordingly. ' ‘

4.1.2 Specific Systems and Applications
4.1.2.1 Reactor Vent Condenserg. Several different types

of condenser systems exist in batch processing applications.
Probably the most common application is the use of the simple
shell-and-tube heat exchanger to control reactor vents. AsS was
noted in Chapter 2, emissions of VOC’s occur from virtually all
reactor processing and transfer steps, including charging,
reaction, discharging, and cleaning. In many cases, these
operations occur while a stream of noncondensable or inert gas is
being used as a purge inside the kettle to keep the vapor phase
from reaching explosive limits. This purge alsoc takes away from
the effectiveness of the condenser as a control device, since the
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vapor fraction of condensable material decreases with the
addition of more noncondensable gas. .. .
Condensers appear to be the most common control devices
cited for reactors. It may be that these devices are relatively
inexpensive and easy to use, since they are easily manifolded for
the use of alternate cooling fluids that may be required for the
diverse gas streams resulting from campaigned equipment.
4.1.2.2 Distillatijon Columns (Primary and Secondary
Condensers). Shell-and-tube condensers usually are employed as
refluxing devices on batch distillation units. In some cases, a
secondary condenser is used to control the exhaust gas from the
outlet of the reflux condenser. The EPA’'s OAQPS Guideline Series
for the Control of Volatile Organic Emissions from Manufacture of
Synthesized Pharmaceutical Products, December 1978, establishes
the following guideline for surface condenser outlet gas
temperatures on vents from reactors, distillation operations,
crystallizers, centrifuges, and vacuum dryers that emit 6.8 kg/d
(15 1b/d) or more of VOC:
-25°C when condensing VOC of vapor pressure greater than
5.8 psi (300 mmHg)

-15°C when condensing VOC of vapor pressure greater than
2.9 psi (150 mmHg)

0°C when condensing VOC of vapor pressure greater than

1.5 psi (77.5 mmHg)

10°C when condensing VOC of vapor pressure greater than
1.0 psi (52 mmHg)

25°C when condensing VOC of vapor pressure greater than
0.5 psi (26 mmHg)

35°C2 when condensing VOC of vapor pressure between 0 and
0.5 psi (0 to 26 mmHg)

4This requirement for material with a vapor pressure between 0
and 0.5 psi at 20°C was not part of the 1978 CTG but has been
adopted by some States.



Based on a review of these guidelines, it becomes apparent that
if the streams controlled are not completely saturated with
VOC’s, the guidelines offer. very little control. . The discussion
below provides some basis for these conclusions.

_ Listed below are VOC’'s that typically are found in process
vessels such as reactors, dryers, and distillation operations and
their corresponding vapor pressures at 20°C. The corresponding
condenser outlet temperature guidelines as established by the
Pharmaceutical CTG are also listed.

condenser VP at Percent
VP in mmHg| outlet, outlet, volume at
at 20°C temp., °C mmg ocutlet
Methanol (MeOH) 9% 0 31 4
Acetone 182 -15 30 4
228 3
‘ e

dBecause the required outlet temperature is higher than the inlet
temperature, no cooling occurs and the stream remains at inlet
conditions.

If the streams entering the condenser are at high
temperatures, then the volume percent of VOC’s entering can be
high, maybe close to 100 percent vapor. For these situations,
the condensers prove to be very effective. When a reflux
condenser is used, the condenser isn’t considered a control
device, but an integral part of the process. The material being
distilled off cannot be recovered without the cooling that is
imparted on the gas stream from the condenser. If there are no
noncondensables present (i.e., the steam is made up of
100 percent condensable vapors), there are essentially no
emissions at the condenser outlet as long as the condenser is
able to cool the stream below its boiling point temperature.
Therefore, reflux conditions are not considered uncontrolled




emission events. Atmospheric vent streams created by non-steady-
state distillation operations, however, are.

During periods of unsteady-state operation, such as startup
of an atmospheric distillation operation, there will be
noncondensables present in the gas stream routed to the
condenser. If distillation occurs under vacuum, then some amount
of noncondensables will be present. This amount can be estimated
by knowing or calculating the leak rate into the system (see
Chapter 3 calculations). |

A secondary condenser may be used to control the above-
described emission events. For example, the volume percentage of
a saturated methanol stream exiting a condenser is 95/760; or
12.5 percent by volume at 20°C. Dropping the temperature of this
stream to 0°C and thereby reducing the outlet volume percentage
to 4 percent yields a control of approximately 70 percent.

4.1.2.3 Dryers

4.1.2.3.1 Vacuum dryers. Batch dryer exhaust streams,
especially vacuum dryer exhaust streams, have been reported to be
controlled by condensers installed prior to the vacuum-generating
devices (i.e., vacuum pumps, steam ejectors). The condensation
of VOC prior to the vacuum-generating device also reduces the VOC
wastewater load since the VOC is removed prior to the point at
which the stream is contacted with the seal water or steam.

The emission stream parameters generally accompanying vacuum
dryers include high concentrations and low flowrates. Over time
the concentration of the emission stream drops off, while the
flowrate usually remains constant.

To illustrate this situation, Figures 4-1 and 4-2 present
typical drying rate curves for batch dryers. Figure 4-1
illustrates the cycle time dependency of the actual solvent
content of the material drying. Figure 4-2 shows how the
emission stream solvent content varies with time.

The curves illustrate that the majority of the solvent is
removed from the material during the early stages of the batch
drying cycle. The corresponding emission rate during these
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stages is also considerably higher. 1If a condenser is the device
chosen for VOC control, it must be sized so that it can handle
the peak VOC flow at the beginning of the cycle. Also note that
the point marked VSAT in Figure 4-2 is the point in the cycle
where the condenser is no longer effective. VSAT is the percent
by volume of solvent in the gas stream corresponding to
saturation at the condenser outlet temperature.

4.1.2.3.2 Convective dryers. The use of simple condensers
for achieving high degrees of VOC control from convective dryers.
is also infeasible because the exhaust gas stream will have a
higher volume percentage of noncondensable gas.

4.1.2.4 (Crystalljzerg. Condensers may be used to control
VOC emissions from crystallizers, especially batch vacuum
crystallizers. Such crystallizers employ both surface condensers
and barometric (direct-contact) condensers. Usually, a large
amount of vacuum is necessary to produce crystals at low
temperature. A typical batch vacuum crystallizer vacuum-
generating system is essentially composed of a three-stage steam
ejector system with an intercondenser (usually a barometric water
condenser) after the first stage. Barometric condensers are used
because they are inexpensive from an operating cost standpoint.
However, if the material coming off the crystallizer will become
a concern from the wastewater standpoint, the use of a surface
condenser should be considered.

4.1.2.5 Refrigerati ms for nifol o)
Shell-and-tube condensers may be used to control VOC emissions
from several combined events. Such applications are usually for
solvent-recovery purposes, since it is often desirable to recover
material that would otherwise be emitted as a VOC. This is
especially true for industries such as the specialty chemicals
and the pharmaceutical industries that require expensive
feedstocks and solvents.

Vapor recovery systems are often designed so that the
recovered material cost offsets the energy and capital costs of
the systems themselvés. In many cases, however, the recouped
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recovered material cost is insignificant compared to the cost of
purchasing and operating the recovery systems. In such a case,
the decision to install a solvent recovery system as opposed to
another type of system is based on other factors, such as control
effectiveness and concerns about waste handling and disposal.

While refrigeration systems are not often used solely to
control single vapor displacement events such as reactor charging
and extractor (mixer-settler) charging, they are often feasible
for controlling collected displaced vapors from a number of
sources.

Some facilities that have a large number of storage tanks,
for example, are known to use staged refrigeration systems that
employ pre-cooler sections. Often, the precooler operates at a
temperature just above the freezing point of water. This
condenser (usually an indirect shell-and-tube heat exchanger)
rids the vapor stream of as much water as possible that would
otherwise collect on heat transfer surfaces as ice and lower the
heat transfer potential of colder surfaces. After the vapor
passes through the initial indirect condenser (pre-cooler), it
enters the main condenser section, which can cool the gas stream
to very low temperatures, on the order of -100° to -160°F.

Low- temperature refrigeration systems such as the one
described above are used to control vapor displacement emissions
from multiple sources such as working losses from a tank farm.
Often, the mixtures are separated by distillation although only
one Oor two pure components may be recovered for reuse.

Perhaps the most important issue to consider when evaluating
the need for such a system is the required size of the unit. For
the tank farm situation described above or for a number of
process vents from one manufacturing area, the system may be most
effective when it can control the stream having the maximum vapor
inlet locading at peak flow rate. Minimization of noncondensables
in the displacement events is crucial to efficient operation, as
is maintaining a fairly constant vapor loading rate to prevent



cycling of the refrigeration system’s compressors. Cycling also
occurs if the system is oversized for the vapor load.

To prevent cycling and to optimize the efficiency of the
system, the displaced vapors or process vents of finite duration
must be staggered or controlled using orifices or flow
controllers so that the system receives a fairly constant vapor
inlet loading. One such system is currently being used by a
large pharmaceutical manufacturing complex to control displaced
vapors from a tank farm containing approximately 25 tanks. The.
emission rate of methylene chloride, the predominant stream
component, has reportedly been reduced by more than 99 percent,
from 357 lb/hr to 0.7 lb/hr.l

4.1.2.6 Combination of Vapor Compression and Condensation.
In some situations, condensation is aided by compressing the gas
stream containing VOC’s to atmospheric pressure (if the stream is
under vacuum) or to some elevated pressure prior to entering a
condenser. The purpose of this compression step is to condense
out the same amount of material at a higher temperature. For
example, consider the simple calculation used to estimate the
vapor phase mole fraction of the VOC:

P

Yoo = 3"—0‘3— (4-3)
TOTAL

A low value of Yyge is desired at the outlet of the
condenser. This can be achieved by reducing the numerator value,
Pyocs by lowering the gas temperature, or by increasing the
denominator, Pporars DY increasing the pressure of the system, or
by a combination of both.

Most applications that use a combination vapor compression-
condensation system use liquid ring compressors. These
compressors are available for numerous ranges of flowrates and
discharge pressures. Liquid ring compressor packages that
include ring seal liquid recirculation systems are currently
available and range in capital cost from approximately $75,000
for a system handling a flowrate of 150 scfm and discharging at a
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pressure of 40 to 60 psig to over $200,000 for a system handling
900 scfm at the same discharge pressure.2 The systems are
usually configured so that the pump comes before the heat
exchanger. However, one pesticide manufacturer uses a
high-pressure liquid ring compressor capable of compressing a gas
to 100 psig in an application to recover methylene chloride from
a solvent vacuum stripping process, following a heat exchanger
that discharges its gases at 4°C. Plant personnel have stated
that prior to installing such a system, the plant was discharging
approximately 2 million 1lb of methylene chloride to the '
atmosphere each year, of which 85 to 90 percent is now
recovered.3

There seem to be a number of applications that could make
use of one form or another of these combination systems. One
such application, which is commercially available, is used to
retrofit a pressure (nutsche) filter to convert the filter to a
dryer. This eliminates VOC emissions from associated transfer
steps and essentially makes the drying process closed-loop,
eliminating virtually all VOC emissions. This system is
described below.

1. Description. Some pharmaceutical facilities make use of
closed-loop drying systems to eliminate emissions of VOC’s from
drying steps.4 Figure 4-3 presents a typical closed-loop drying
system. One such system consists essentially of a high-pressure
liquid ring pump in conjunction with two condensers. The system
is designed to be used to dry a filtered product cake using a
recirculating stream of heated inert gas. The most common
application of the system is for recirculating exhaust from
agitated pressure nutsche filters, although the system or some
modification of this system could probably be adapted to use on
most dryer exhaust streams and many streams that contain large
amounts of noncondensables, such as inert purges.

2. Basic operation. Exhaust gas from the dryer or filter
press is drawn into the liquid ring vacuum pump, which compresses
the gas essentially to atmospheric pressure. The gas contacts
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the pump seal fluid in the vacuum pump. At this point, the pump
acts as a contact condenser because the pump seal fluid is
chilled. Pump seal fluid and condensed vapors flow into the seal
fluid holding tank, which is kept cold by a ring liquid cooler
positioned above the surface of the liquid in the tank headspace.
The exhausted gases from the pump are also routed across the ring
liquid cooler, which happens to be a noncontact vertical shell-
and-tube heat exchanger. Some vapors may be condensed from the
exhaust stream at this point since the temperature of the ring
liquid cooler is slightly lower than the temperature of the fluid
in the vacuum pump, especially at the outlet of the pump.
Condensed vapors run down the ocutside of the tubes and shell
walls to the seal liquid tank. The exhaust gas in the shell of
the ring liquid cooler is routed to yet another shell-and-tube
heat exchanger, which operates at a lower temperature than the
ring liquid cooler. Condensed vapors from this second heat
exchanger are also routed back to the ring liquid holding tank.
The holding tank may be equipped with liquid level sensors and
contain an overflow weir to remove excess ring liquid, which can
ultimately be sent to a solvent recovery unit.

3. Ad ation in ms. This type of system may
be fitted onto a pressure filter to dry a product cake, thereby
eliminating some emissions that are created from product
transfer. In addition, the gas stream used to move or vaporize
volatiles, depending upon whether the drying is accomplished
through conduction or convection (most agitated pressure filters
will be more suitable for convective drying), can be recirculated
so that there are no emissions to the atmosphere. 1In such a
system, a heater would be added to the system after the exhaust
gas cooler to heat the inert stream.



4.2 SCRUBBERS
4.2.1 General Gas Absorbers

Scrubbers, or gas absorbers, function by providing an
intimate contacting environment for a gas stream containing
material that is soluble in the contacting liquid. The rate of
mass transfer from the gas to the liquid depends upon a driving
force related to the actual VOC concentrations in the gas and
liquid versus the equilibrium-defined VOC concentration in the
two media at each point along the contacting path. The most
common types of scrubbers found in batch processing industries
are packed towers and spray chambers. For dilute concentrations
of VOC’s, impingement-plate towers, which disperse the vapor
phase into a largé number of tiny bubbles within the liquid phase
and therefore increase the surface area contact between liquid
and gas phases, are preferred.5

Gas absorbers are limited primarily by the solubility in the
liquid stream of the material to be transferred to the liquid
stream. Most of the scrubbers found in industry use water as the
scrubbing medium, so the effectiveness of these devices depends
largely on the solubility of the VOC’s in water. In general,
compounds containing nitrogen or oxygen atoms that are free to
form strong hydrogen bonds and that have one to three carbon
atoms are soluble; those compounds with four or five carbons are
borderline; and those with six carbon atoms or more are
insoluble.® Common solvents such as methanol, isopropyl alcohol,
and acetone are very soluble in water. Toluene, on the other
- hand, is not. Although a scrubber could be designed to contrel a
VOC such as toluene, the scrubbing medium would have to be a
nonvolatile organic such as mineral oil. Although such systems
do exist, their cost is relatively high, since it is energy-
intensive to recover separate fractions of mineral oil and VOC,
and the cost of mineral oil precludes the use of a once-through
system.7 Note that one of the considerations associated with the
use of scrubbers is waste stream disposal and/or treatment.



Since there is usually the transfer of VOC's to the scrubber
effluent stream when a water scrubber is used to control VOC
emissions, regulators should consider the potential for emissions
of VOC from the wastewater collection and treatment system when
evaluating the control device effectiveness. When VOC loading is
.significant, steam stripping of the wastewater may be a viable
and cost effective control. To estimate emissions and evaluate
control effectiveness for wastewater, a recently revised
publication entitled "Control of Volatile Organic Compound
Emissions from.Industrial Wastewater." Draft CTG can be used.®8

Also existing for control of some pollutants are chemical
scrubbers, which, instead of using a liquid medium to absorb
material out of the gas phase, use the liquid medium to react
with material in the gas phase. A good example is an emergency
destruction scrubber for a compound such as phosgene (COCl,).
Phosgene, when reacted with slightly basic water, hydrolyzes to
HC1 and CO,. Although these product gases still require control,
their toxicity is much less than that of the initial reactant.
Chemical scrubbers are often used as emergency back-up devices.
4.2.2 Design

The design of a scrubber involves the estimation of the
ratio of gas-to-liquid mass flow rates and the appropriate amount
of contacting area necessary to achieve the desired removal. A
necessary piece of information, which can be difficult to obtain
without experimental work, is the equilibrium curve depicting
equilibrium mole fractions of the VOC in the solvent in the vapor
and liquid phases at the contacting temperature. The equilibrium
curve, as the name implies, is not a straight line, but
approximations may be used and the curve may be assumed to be
straight in some situations. For water scrubbers, the Henry’s
law constant at the water temperature is often used as the slope
of the equilibrium curve.

The estimation of the physical properties of a scrubber
design, such as the number of transfer units (Nyz) and the height
of transfer unit (Hp,) for a packed tower, may be estimated based
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on the reported removal efficiency of a system and the reported
liquid-to-gas mass velocities. The EPA publication
EPA-450/3-80-027, Organic Chemical Manufacturing Volume 5:
Adsorption, Condensation, and Absorption Devices, December 1980,
contains the methodology that can be used to estimate such
paramet:ers.9 Note that verifying the efficiency of a scrubber is
more difficult than verifying the efficiency of condenser since
there are more variables to consider and the equilibrium data for
VOC in-solvent at the required temperature are not always
available. It is perhaps for this reason that unrealistically
high scrubber efficiencies may sometimes be reported.

4.2.3 Specific Systems apnd Applicability

Scrubbers often are used in batch processing as secondary
control devices to condensers. Scrubbers may be advantageous to
use on streams that have discontinuous properties such as many of
the emission streams from batch processes since scrubbers in most
cases are not as expensive to operate during off-load times as
other control devices. Although the control efficiency would
decrease with decreasing gas flow rates during off-locad times,
the efficiency would pick up again with ah increase in gas flow
rate back up to the design value. The following paragraph
describes one specific application for the control of the solvent
isopropyl alcohol (IPA) with a water scrubber through convective
drying.

A feasibility analysis of control devices was conducted on a
dryer exhaust stream containing the solvent IPA. It was
determined that a packed tower water scrubber could achieve at
least 90 percent removal of IPA from the exhaust gas of an
atmospheric dryer. Three meters of packing were determined to be
required, and 0.4 m3 of water per minute under peak conditions
was determined to be necessary for a peak exhaust gas flow rate

of 6,000 acfm with a 0.4 percent IPA concentration. 10



4.3 CARBON ADSORPTION

Carbon adsorbers function by capturing material that is
present in a gas phase on the surface of granular activated
carbon. Adsorbers can be of the fixed-bed design or fluidized-
bed design. Fixed-bed adsorbers must be regenerated periodically
to desorb the collected organics from the carbon. Fluidized-bed
adsorbers are continuously regenerated. Most batch industries
that use carbon adsorbers use the fixed-bed type. Some use
nonregenerative units, which are contained in 55-gallon drums and
are used mostly for controlling odor from small process vents.
Such units are returned to their distributors for disposal after
they can no longer adsorb effectively.
4.3.1 Design

Carbon adsorption is usually a batch operation involving two
main steps, adsorption and regeneration. This system usually
includes multiple beds so that at least one bed is adsorbing
while at least one other bed is being regenerated, thereby
ensuring that emissions will be continually'controlled. A blower
is commonly used to force the ¥0C-laden gas stream through the
fixed carbon bed. The cleaned gas is then exhausted to the
atmosphere. A gradual increase in the concentration of organics
in the exhausted gas from its baseline effluent concentration
level signals it is time for regeneration. The bed is shut off
and the waste gas is routed to another bed. Low-pressure steam
is normally used to heat the carbon bed during regeneration,
driving off the adsorbed organics, which are usually recovered by
condensing the vapors and separating them from the steam
condensate by decantation or distillation. After regeneration,
the carbon bed is cooled and dried to improve adsorption. The
adsorption/regeneration cycle can be repeated numerous times, but
eventually the carbon loses its adsorption activity and must be
replaced. Typically, facilities replace a portion of the carbon
bed on an annual basis.

The efficiency of an adsorption unit depends on the type of
activated carbon used, the characteristics of the VOC, the VOC
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concentration, and the system temperature, pressure, and
humidity. Overall VOC removal efficiencies depend on the
completeness of regeneration, the depth of the carbon bed, the
time allowed for contact, and the effectiveness of recovery of
desorbed organics. Carbon adsorption is not suitable for gas
streams with a high concentration of organics, with organics with
boiling points greater than 250°C or molecular weights greater
than 200, with relative humidities greater than 50 percent, with
high levels of entrained solids, or with temperatures over 100°F.
Adsortring organics from gas streams with high concentrations of
organ.cs may result in excessive temperature rise in the bed due
to the accumulated heat of adsorption; this can be a serious
safety problem. High-molecular-weight organics and organics with
high boiling points are difficult to remove from the carbon under
normal regeneration temperatures. The continuing buildup of
these compounds on the carbon greatly decreases the operating
capacity and results in frequent replacement of the carbon.
Plasticizers or resins should also be prevented from entering the
carbon bed, since they may react chemically on the carbon to form
a solid that cannot be removed during regeneration. These
problems can be controlled by the use of a condenser upstream of
the carbon bed to remove the high-boiling-point components or a
carbon bed guard that can be easily replaced on a regular basis.
Entrained solids in the gas stream may cause the carbon bed to
plug over a period of time. These solids are generally
controlled by a cloth or fiberglass filter. Gas streams with
high relative humidities affect the adsorption capacity of the
bed. Humidity control can be achieved by cooling and condensing
the water vapor in the gas stream. The relative humidity can
also be decreased by adding dry dilution air to the system, but
this usually increases the size and thus the cost of the adsorber
required. The adsorption capacity of the carbon and the effluent
concentration of the adsorber are directly related to the
temperature of the inlet stream to the adsorber. Normally, the
temperature of the inlet stream should be below 100°F or the
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adsorption capacity will be affected. Inlet stream coolers are
usually required when emission stream temperatures are in excess
of 100°F.

4.3.2 Applicability

Carbon adsorbers are often used as controls for batch
process operations. At many facilities several VOC sources are
ducted to a single adsorber, since most single emission streams
from batch process operations do not warrant the sole use of an
adsorber. Emissions from reactor vents, separation operations,
dryers, and storage tanks may be often controlled by carbon bed
adsorbers. In many of these applications, the adsorber is
preceded upstream by a condenser. Since condensers are more
efficient on saturated streams and carbon bed adsorbers are more
efficient on dilute streams, a condenser followéd by a carbon bed
adsorber can be an effective control system.

Nonregenerative carbon adsorbers may also be useful for
batch process operations. These systems are extremely simple in
design. When the activated carbon becomes spent, it is replaced
with a new charge. The spent carbon can be reactivated offsite
and eventually reused. Carbon canisters, normally the size of
55-gallon drumsg, can be used to control small vent streams (less
than 500 actual cubic feet per minute {acfm] <500 ft3/min) with
low organic concentrations. They are commonly used to control
emissions from storage tanks and small reaction vents. One
advantage of these systems is that they are immune to normal
fluctuations in gas streams that are common to batch processes.
In fact, most carbon adsorption systems are especially suited for
batch proceséing, since the beds do not require continuous energy
input (except for a fan to move the gas).

When designing and installing carbon bed adsorber systems,
several safety factors need to be considered. Fixed carbon beds
can spontanecusly combust whenever the gas stream contains oxygen
and compounds easily oxidized in the presence of catbon, such as
ketones, aldehydes, and organic acids. Heat generated by
adsorption or by oxidation of VOC in the bed is usually

4-21




transported from the bed by convection. If less convection heat
is removed than is generated, the bed temperature will rise.
Higher temperatures will further increase the oxidation
decomposition, and hot spots exceeding the autoignition
temperature of the carbon may develop in the bed. If an adsorber
is shut down for an extended pericd and not regenerated
sufficiently upon startup, reintroduction of the VOC-laden stream
may also lead to bed combustion. However, preventive measures
can be taken to ensure safe operation of carbon adsorbers. Usiné
adequate cooling systems, regularly inspecting valves to prevent
steam leaks, and using adsorbers only on low-concentration
streams all will ensure safe operation. In addition, beds used
for adsorbing ketones should not be dried completely after
regeneration. Although not drying them may reduce adsorption
capacity somewhat, it is an effective safety measure because the
water acts as a heat sink to dissipate the heat of adsorption and
oxidation.

Carbon adsorption systems normally are designed for gas
velocities between 80 and 100 ft/min.! The maximum rate of
recovery of organics is dependent upon the amount of carbon
provided and the depth of the bed needed to provide an adequate
transfer zone. The required amount of carbon may be estimated
from an adsorption isotherm, which is generally available for
different compounds at various partial pressures.

For all practical purposes, it is difficult to estimate the
efficiency of a carbon adsorption system. EPA has conducted
several studies which show that a control efficiency of
95 percent is achievable for streams containing compounds that
are considered appropriate (see above discussion) for adsorption,
the actual control efficiency attained by a particular system is
largely dependent upon the amount of time elapsed and the amount
of material sorbed since the last regeneration or replacement:.12

Note also that it is more difficult to predict the amount of
material that has been sorbed for the intermittent streams with
variable characteristics typical of batch processes than for
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continuous emission streams with constant properties. In some
situations, the VOC’s are sorbed out of the gas streams during
peak loading periods and are reentrained during off-peak periods.
In these situations, there is no net control of VOC by the carbon
system. To prevent inadvertent stripping'of VOC's during such
periods, air flow should be diverted from the adsorber during
periods of time when there are no VOC emissions.

As mentioned previously, most applications of carbon
adsorbers follow condensers. Because of the highly flammable
nature of many typical solvents, the industry trend is away from
using these devices as primary control devices.

4.4 THERMAL DESTRUCTION

It is usualiy possible to route process vents to an
incinerator or flare for control. Incineration systems are
usually quite costly and must operate continuously; therefore the
use of such systems is limited to those applications where a
number of vents may be controlled. Note also that the byproduct
combustion gases must also be controlled in most cases, thereby
increasing costs.

4.4.1 Flares »

Flaring is an open combustion process that destroys VOC
emissions with a high-temperature oxidation flame to produce
carbon dioxide and water. Good combustion in a flare is governed
by flame temperature, residence time of components in the
combustion zone, and turbulent mixing of components to cbmplete
the oxidation reaction.

4.4.1.1 Design. Flare types can be divided into two main
groups: (1) ground flares and (2) elevated flares, which can be
further classified according to the method to enhance mixing
within the flare tip (air-assisted, steam-assisted, or
nonassisted). The discussion in this chapter focuses on elevated
flares, the most common type in the chemical industry. The vent
stream is sent to the flare through the collection header. The
vent stream entering the header can vary widely in volumetric
flow rate, moisture content, VOC concentration, and heat value.
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The knock-out drum removes water or hydrocarbon droplets that
could create problems in the flare combustion zone. Vent streams
are also typically routed through a water seal before going to
the flare. This prevents possible flame flashbacks, caused when
the vent stream flow rate to the flare is too low and the flame
front pulls down into the stack.13

Purge gas (N, CO,, or natural gés) also helps to prevent
flashback in the flare stack caused by low vent stream flow. . The
total volumetric flow to the flame must be carefully controlled
to prevent low-flow flashback problems and to avoid a detached
flame (a space between the stack and flame with incomplete
combustion) caused by an excessively high flow rate. A gas
barrier or a stack seal is sometimes used just below the flare
head to impede the flow of air into the flare gas network.

The VOC stream enters at the base of the flame where it is
heated by already burning fuel and pilot burners at the flare
tip. Fuel flows into the combustion zone, where the exterior of
the microscopic gas pockets is oxidized. The rate of reaction is
limited by the mixing of the fuel and oxygen from the air. If
the gas pocket has sufficient oxygen and residence time in the
flame zone, it can be completely burned. A diffusion flame
receives its combustion oxygen by diffusion of air into the flame
from the surrounding atmosphere. The high volume of flue gas
flow in a flare requires more combustion air at a faster rate
than simple gas diffusion can supply. Thus, flare designers add
high-velocity steam injection nozzles to increase gas turbulence
in the flame boundary zones, drawing in more combustion air and
improving combustion efficiency. This steam injection promotes
smokeless flare operation by minimizing the cracking reaction
that forms carbonaceous spot. Significant disadvantages of steam
use are increased noise and cost. The steam requirement depends
on the composition of the gas flared, the steam velocity from the
injection nozzle, and the tip diameter. Although some gases can
be flared smokelessly without any steam, typically 0.01 to 0.6 kg
of steam per kg of flare gas is required.
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Steam injection is usually controlled manually by an
operator who observes the flare (either directly or on a
television monitor) and adds steam as required to maintain
smokeless operation. Several flare manufacturers offer devices
such as infrared sensors that monitor flame characteristics and
adjust the steam flow rate automatically to maintain smokeless
operation.

Some elevated flares use forced air instead of steam to
provide the combustion air and the mixing required for smokeless"
operation. These flares consist of two coaxial flow channels.
The combustible gases flow in the center channel and the
combustion air (provided by a fan in the bottom of the flare
stack) flows in the annulus. The principal advantage of air-
assisted flares is that they can be used where steam is not
available. Air assist is rarely used on large flares because
airflow is difficult to control when the gas flow is
intermittent. About 90.8 hp of blower capacity is required for
each 100 lb/hr of gas flared.l4

Ground flares are usually enclosed and have multiple burner’
heads that are staged to operate based on the quantity of gas
released to the flare. The energy of the gas itself (because of
the high nozzle pressure drop) is usually adequate to provide the
mixing necessary for smokeless operation, and air or steam assist
is not required. A fence or other enclosure reduces noise and
light from the flare and provides some wind protection.

Ground flares are less numerous and have less capacity than
elevated flares. Typically they are used to burn gas
continuously while steam-assisted elevated flares are used to
dispose of large amounts of gas released in emergencies.ls

4.4.1.2° Factors Affecting Flare Efficiency.l® Flare
combustion efficiency is a function of many factors: (1) heating
value of the gas, (2) density of the gas, (3) flammability of the
gas, (4) auto-ignition temperature of the gas, and (5) mixing at
the flare tip.



The flammability limits of the gases flared influence
ignition stability and flame extinction. The flammability limits
are defined as the stoichiometric composition:limits (maximum and
minimum) of an oxygen-fuel mixture that will burn indefinitely at
given conditions of temperature and pressure without further
ignition. In other words, gases must be within their
flammability limits to burn. When flammability limits are
narrow, the interior of the flame may have insufficient air for
the mixture to burn. Fuels with wide limits of flammability (for
instance, H,) are therefore easier to combust.

The auto-ignition temperature of a fuel affects combustion
because gas mixtures must be at high enough temperature and at
the proper mixture strength to burn. A gas with a low auto-
ignition temperature will ignite and burn more easily than a gas
with a high auto-ignition temperature.

The heating value of the fuel also affects the flame
stability, emissions, and flame structure. A lower-heating-value
fuel produces a cooler flame that does not favor combustion
kinetics and also is more easily extinguished. The lower flame
temperature also reduces buoyant forces, which reduces mixing.
The density of the gas flared also affects the structure and '
stability of the flame through the effect on buoyancy and mixing.
By design, the velocity in many flares is very low; therefore,
most of the flame structure is developed through buoyant forces
as a result of combustion. Lighter gases therefore tend to burn
better. 1In addition to burner tip design, the density of the
fuel also affects the minimum purge gas required to prevent
flashback for smokeless flaring.

Poor mixing at the flare tip or poor flare maintenance can
cause smoking (particulate). Fuels with high carbon-to-hydrogen
ratios (greater than 0.35) have a greater tendency to smoke and
require better mixing if they are to be burned smokelessly.

Many flare systems are currently operated in conjunction
with baseload gas recovery systems. Such systems are used to
recover VOC from the flare header system for reuse. Recovered
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VOC may be used as a feedstock in other processes or as a fuel in
process heaters, boilers, or other combustion devices. When
baseload gas recovery systems are applied, the flare is generally
used to combust process upset and emergency gas releases that the
baseload system is not designed to recover. In some cases, the
.operation of a baselocad gas recovery system may offer an economic
advantage over operation of a flare alone since sufficient
quantities of useable VOC can be recovered.

4.4.1.3 EPA Flare Specifications. The EPA has established
flare combustion efficiency criteria (40 CFR 60.18) which specify
that 98 percent or greater combustion efficiency can be achieved
provided that certain operating conditions are met: _ (1) the
flare must be operated with no visible emissions and with a flame
present; (2) the net heating value of the flared stream must be
greater than 11.2 MJ/scm (300 Btu/scf) for steam-assisted flares
and 7.45 MJ/scm (200 Btu/scf) for a flare without assist; and
(3) steam-assisted and nonassisted flares must have an exit
velocity less than 18.3 m/sec (60 ft/sec). Steam assisted and
nonassisted flares having an exit velocity greater than
18.3 m/sec (60 ft/sec) but less than 122 m/sec (400 ft/sec) can
achieve 98 percent or greater control if the net heating value of
the gas stream is greater than 37.3 MJ/scm (1,000 Btu/scf). The
allowable exit velocity for air-assisted flares, as well as
steam-assisted and nonassisted flares with an exit velocity less
than 122 m/sec (400 ft/sec) and a net heating value less than
37.3 MJ/scm (1,000 Btu/scf), can be determined by using an
equation in 40 CFR 60.18.

4.4.1.4 Applicability. Although flares are not as widely
used for controlling emissions from bat¢h processes as other
control devices--for example, condensers, adsorbers, and
scrubbers--they are adjustable and can be useful for these
processes. In many cases, however, they require a considerable
amount of auxiliary fuel to combust gases that contain dilute
concentrations of VOC’s or VOC’s that have low heats of
combustion. Flares are capable of handling the highly variable
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flows that are often associated with batch process operations.
Steam-assisted elevated flares may be used to control emissions
from high-concentration, intermittent vent streams. In many
facilities, elevated flares are used to control emissions during
emergency venting or during process upsets, such as startup and
shutdown. These intermittent emissions are characteristic of
normal. batch process operations with the exception that they may
be more concentrated than normal batch emissions. Ground flares
have less capacity than elevated flares and are usually used to '
burn gas continuously. They should also be easily accessible to’
batch processes because of the multiple burner head design, which
can be stage-operated based on gas flow. Ground flares can
operate efficiently from 0 to 100 percent of-design capacity.
The burner heads can also be specifically sized and designed for
the materials in the flare gas.
4.4.2 Thermal and Catalvtic Oxidizers

Thermal and catalytic oxidizers may be used to control
emission streams of VOC’s and air toxics, although they are not
especially suited for intermittent or noncontinuous flows.
Because they operate continuously, auxiliary fuel must be used to
maintain combustion during episodes in which the VOC load is
below design conditions. In some situations where VOC loading in
the gas to be controlled is small, the environmental benefits of
using fossil fuel and creating products of combustion in order to
combust VOC’s on an intermittent basis as opposed to releasing
the uncombusted VOC’'s must be evaluated by considering the
reduction of VOC compared to costs and production of other
pollutants.

4.4.2.1 Thermal Oxidizer Design. Any VOC heated to a high
enough temperature in the presefice of enough oxygen will be
oxidized to carbon dioxide and water. This is the basic
principle of operation of a thermal incinerator. The theoretical
temperature required for thermal oxidation depends on the
chemical involved. Some chemicals are oxidized at temperatures
much lower than others. However, a temperature can be identified
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that will result in the efficient destruction of most VOC’s. All
practical thermal incineration processes are influenced by
residence time, mixing, and temperature. An efficient thermal
incinerator system must provide:

1. A chamber temperature high enough to enable the
oxidation reaction to proceed rapidly to completion;

2. Enough turbulence to obtain good mixing between the hot
combustion products from the burner, combustion air, and VOC; and

3. sufficient residence time at the chosen temperature for
the oxidation reaction to reach completion.

A thermal incinerator is usually a refractory-lined chamber
containing a burner (or set of burners) at one end. Discrete
dual fuel burners and inlets for the offgas and combustion air
are arranged in a premixing chamber to thoroughly mix the hot
products from the burners with the process vent streams. The
mixture of hot reacting gases then passes into the main '
combustion chamber. This chamber is sized to allow the mixture
enough time at the elevated temperature for the oxidation
reaction to reach completion (residence times of 0.3 to
1.0 second are common). Energy can then be recovered from the
hot flue gases in a heat recovery section. Preheating combustion
air or offgas is a common mode of energy recovery; however, it is
sometimes more economical to generate steam. Insurance
regulations require that if the waste stream is preheated, the
VOC concentration must be maintained below 25 percent of the
lower explosive limit to remove explosion hazards.

Thermal incinerators designed specifically for VOC
incineration with natural gas as the auxiliary fuel may also use
a grid-type {(distributed) gas burner.?7 The tiny gas flame jets
on the grid surface ignite the vapors as they pass through the
grid. The grid acts as a baffle for mixing the gases entering
the chamber. This arrangement ensures burning of all vapors at
lower chamber temperature and uses less fuel. This system makes
possible a shorter reaction chamber yet maintains high
efficiency.
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A thermal incinerator, handling vent streams with varying
heéting values and moisture content, requires careful adjustment
to maintain the proper chamber temperatures and operating
efficiency. 8Since water requires a great deal of heat to
vaporize, entrained water droplets in an offgas stream can
increase auxiliary fuel requirements to provide the additional
energy needed to vaporize the water and raise it to the
combustion chamber. temperature. Combustion devices are always
operated with some quantity of excess air to ensure a sufficient
supply of oxygen. The amount of excess air used varies with the
fuel and burner type but should be kept as low as possible.
Using too much excess air wastes fuel because the additional air
must be heated to the combustion chamber temperature. Large
amounts of excess air also increase fuel gas volume and may
increase the size and cost of the system. Packaged, single-unit
thermal incinerators can be built to control streams'with flow
rates in the range of 0.14 scm/sec (300 scfm) to about 24 scm/sec
(50,000 scfm).

Thermal oxidizers for halogenated VOC’s may require
additional control equipment to remove the corrosive combustion
products. The halogenated VOC streams are usually scrubbed to
prevent corrosion due to contact with acid gases formed during
the combustion of these streams. The flue gases are quenched to
lower their temperature and are then routed through absorption
equipment such as packed towers or liquid jet scrubbers to remove
the corrosive gases.

4.4.2.2 Thermal Incinerator Efficiency. The VOC
destruction efficiency of a thermal oxidizer can be affected by
variations in chamber temperature, residence time, inlet VOC
concentration, compound type, and flow regime (mixing). Test
results show that thermal oxidizers can achieve 98 percent
destruction efficiency for most VOC compounds at combustion
chamber temperatures ranging from 700 to 1300°C (1,300° to
2370°F) and residence times of 0.5 to 1.5 seconds.l8 These data
indicate that significant variations in destruction efficiency
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occurred for Cl to c5 alkanes and olefins, aromatics (benzene,
toluene, and xylene), oxygenated compounds (methyl ethyl ketone
and isopropanol), chlorinated organics (vinyl chloride), and
nitrogen-containing species (acrylonitrile and ethylamines) at
chamber temperatures below 760°C (1400°F). This information,
used in conjunction with kinetics calculations, indicates the
combustion chamber parameters for achieving at least a 98 percent
VOC destruction efficiency are a combustion temperature of 870°
(1600°F) and a residence time of 0.75 sec (based upon residence '
in the chamber volume at combustion temperature). A thermal
oxidizer designed to produce these conditions in the combustion
chamber should be capable of high destruction efficiency for
almost any nonhalogenated VOC.

At temperatures over 760°C (1400°F), the oxidation reaction
rates are much faster than the rate of gas diffusion mixing. The
destruction efficiency of the VOC then becomes dependent upon the
fluid mechanics within the oxidation chamber. The flow regime
must ensure rapid, thorough mixing of the VOC stream, combustion
air, and hot combustion products from the burner. This enables
the VOC to attain the combustion temperature in the presence of
enough oxygen for sufficient time so the oxidation reaction can
reach completion.

Based upon studies of thermal oxidizer efficiency, it has
been concluded that 98 percent VOC destruction or a 20 ppmv
compound exit concentration is achievable by all new
incinerators. The maximum achievable VOC destruction efficiency
decreases with decreasing inlet concentration because of the much
slower combustion reaction rates at lower inlet VOC
concentrations. Therefore, a VOC weight percentage reduction
based on the mass rate of VOC exiting the control device versus
the mass rate of VOC entering the device would be appropriate for
vent streams with VOC concentrations above approximately
2,000 ppmv (corresponding to 1,000 ppmv VOC in the incinerator
inlet stream since air dilution is typically 1:1). For vent
streams with VOC concentrations below approximately 2,000 ppmv,
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it has been determined that an incinerator outlet concentration
of 20 ppmv (by compound), or lower, is achievable by all new
thermal oxidizers.l9 - The 98 percent efficiency estimate is --
predicted on thermal incinerators operated at 870°C (1600°F) with
0.75 sec residence time.

4.4.2.3 (Catalytic Oxidjizer Design. Catalytic oxidation is
also a major combustion technique examined for VOC emission
control. A catalyst increases the rate of chemical reaction
without becoming permanently altered itself. 'Catalysts for
catalytic oxidation cause the;oxidizing reaction to proceed at a
lower temperature than is required for thermal oxidation. These
units can also operate well at VOC concentrations below the lower
explosive limit, which is a distinct advantage for some process
vent streams. Combustion catalysts include platinum and platinum
alloys, copper oxide, chromium, and cobalt.20 These are
deposited in thin layers on inert substrates to provide for
maximum surface area between the catalyst and the VOC stream.

The substrate may be either pelletized or cast in a rigid
honeycomb matrix.

The waste gas is introduced into a mixing chamber, where it
is heated to about 316°C (600°F) by contact with the hot
combustion products from auxiliary burners. The heated mixture
is then passed through the catalyst bed. Oxygen and VOC migrate
to the catalyst surface by gas diffusion and are adsorbed in the
pores of the catalyst. The oxidation reaction takes place at
these active sites. Reaction products are desorbed from the
active sites and transferred by diffusion back into the waste
gas.21 The combusted gas may then be passed through a waste heat
recovery device before exhausting into the atmosphere.

The operating temperatures of combustion catalysts usually
range from 316° to 650°C (600° to 1200°F). Lower temperatures
may slow down and possibly stop the oxidation reaction. Higher
temperatures may result in shortened catalyst life and possible
evaporation or melting of the catalyst from the support
substrate. Any accumulation of particulate matter, condensed
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VOC, or polymerized hydrocarbons on the catalyst could block the
active sites and, therefore, reduce effectiveness. Catalysts can
‘also be deactivated by compounds containing sulfur, bismuth,
phosphorus, arsenic, antimony, mercury, lead, zine, tin, or

22 If these compounds exist in the catalytic unit, VOC

halogens.
will pass through unreacted or be partially oxidized to form_'
compounds such as aldehydes, ketones, and organic acids.

4.4.2.4 Catalytic Oxidizer Control Efficiencv. Catalytic
oxidizer destruction efficiency is dependent on the space
velocity (the catalyst volume required per unit volume gas
processed per hour), operating temperature[ oxygen concentration,
and waste gas VOC composition and concentration. A catalytic
unit operating at about 450°C (840°F) with a catalyst bed volume
of 0.014 to 0.057 m> (0.5 to 2 ft3) per 0.47 scm/sec (1,000 scfm)
of vent stream passing through the device can achieve 95 percent
VOC destruction efficiency. However, catalytic oxidizers have
been reported to achieve efficiency of 98 percent or‘greater.23
These higher efficiencies are usually obtained by increasing the
catalyst bed volume-to-vent stream flow ratio.

4.4.2.5 pApplicability of Thexmal and Catalytic Oxidizers.
Incinerators often are used to control multiple process vents
that can be manifolded together. For example, processes that are
contained within one building or processing area are sometimes
tied together and routed to an incinerator. For some of these
vents, a primary control device such as a condenser is located
upstream. Note that the stack gases resulting from combustion
often contain acid such as HCl and may require an exhaust gas
control device such as a caustic scrubber.

There are also some incineration units that can handle low
flow rates (in the range of 10 to 500 scfm). These units can be
applied to single emission streams, such as reactor vent
emissions. The presumably high destruction efficiency obtained
for VOC’s and air toxics using these devices makes their

application attractive for very toxic substances .24
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4.5 SOURCE REDUCTION MEASURES
4.5.1 Vapor Containment

Probably'one of the less expensive and more effective
methods of controlling displaced vapors from such events as
vessel charging and from storage tank working losses is to use
vapor return lines to vent the vapors back to the vessel from
which the liquid was originally taken. Essentially 100 percent
control of the vapors at the point source is achieved, and there
do not appear to be many adverse effects from the standpoint of
safety or convenience. However, the vessel which receives the
"vent back" must also be controlled. Some facilities use vessels
with flexible volumes, such as balloons, or traditional gas
holders with self-adjusting diaphragms to contain vapors prior to
a control device. Probably the biggest problem relative to batch
processing is that there are many different possibilities at any
given time for equipment configuration, and therefore a manifold-
type system for venting back vapors to the appropriate vessels
would have to be installed.
4.5.2 Limiting the Use of Inert Gas

Obviously, many applications in batch processing require the
use of inert gas for blanketing and purging of equipment for
safety purposes. Oftentimes, the distribution of the nitrogen is
affected through continuous'purging of equipment. While purging
achieves the inert atmosphere desired, it is also a source of
emissions because volatile compounds are stripped off and emitted
along the same discharge pathway as the nitrogen exhaust stream.
Limiting emissions from nitrogen purging is achieved by reducing
the amount of nitrogen that is purged. An inert atmosphere can
also be created by establishing, through a series of pressure
transducers and distribution valves, a constant nitrogen,
positive pressure "blanket." However, processing equipment that
does not have the possibility of remaining airtight cannot be
blanketed in this manner. The older style basket centrifuges
requiring inertion during the separation of solid cake, for
example, cannot be blanket-inerted. Therefore, it follows that
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limiting the distribution of nitrogen to constaﬁt positive
pressure blanketing operations may require not only capital
expenditures for the distribution system elements (i.e., the
pressure transducers and distribution valves), but perhaps the
replacement of some equipment.

. There are other practices, however, such as the blowing of
lines to move material and the sparging of large volumes of
liquids that could be changed so as to reduce the amount of inert
gases in the streams and thereby make the streams more suitable
for control by devices such as condensers.

The blowing of lines with nitrogen to move material, for
example, could be replaced by simple pumping and/or setting the
lines on an incline. Blowing cannot be totally eliminated,
however, because the vapor that may be contained in the vapor
space in the lines may need to be purged at various times before
maintenance.

Also, a recently developed technology for in-line stripping
could conceivably replace the use of large volumes of inert gas
used for sparging. Control of emissions from sparging, as is
shown in Chapter 5, appears to be difficult because of the dilute
volumes of VOC in the exhaust sparge gas. An in-line stripping
system that is installed directly into process piping creates a’
large number of very tiny nitrogen bubbles, which results in
maximum gas-liquid interface. One such system tested at a plant
reduced the amount of nitrogen used for sparging from 38,400 to
1,150 scfm and was considerably more efficient.2%

An added benefit of limiting the amount of nitrogen that is
used in inerting processing equipment is that the wvolumetric
flowrates of the exhausts will be diminished, and therefore VOC
concentrations in the exhausts will be less dilute and may

therefore be more cost effective to control or recover using add-
on controls.



4.5.3 Use of Cloged Processing Equipment

The retrofitting or replacement of older equipment with new
airtight equipment is not only helpful to nitrogen blanketing
applications, but perhaps more importantly,'to the processing of
material in entirely closed systems where the possibility of
creating emissions is eliminated altogether. Batch processing
appears to be gravitating to processing equipment that is
versatile and therefore allows for numerous conventional unit
operations such as mixing, reaction, filtration, and drying, to
be conducted in the same vessel. Transfer losses, which can be
very signifiéant, are virtually eliminated, as are some cleaning
operations that would otherwise be required in between processing
runs.26 '
4.5.4 i i i A% i i

One of the more significant areas of material substitution
in the batch manufacturing industry is the potential substitution
of organic solvents with agqueous solvents, aqueous solvents with
internally contained organic micelles, or supercritical fluids.
Still in developmental stages, the use of aqueous polymeric
systems having an internal micelle structure for hydrocarbons
would allow for reactions to occur within the polymer micelles.
Currently, the major problem with these polymers is that their
solubility in water is still too low to be of any practical
utility.27

The possibility of using supercritical fluids (SCF) in
extraction and separation applications is becoming more of a
reality. Supercritical fluids have been shown to be of utility
in separation of organic-water solutions, petroleum fractions,
and activated carbon regeneration. Additionally, a large body of
experimental data has been accumulated on the solubility and
extractability of natural products such as steroids, alkaloids,
anticancer agents, oils from seeds, and caffeine from coffee
beans in various supercritical fluids such as CO,, ethane,
ethylene, and N,0. Currently, CO, is the most widely
investigated SCF in these applications.
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4.5.5 Improved Process Design

The elimination of intermediate isolation steps, if
possible, can be a significant source of emissions reduction
because filtration and drying steps are eliminated. It is also
likely that some equipment cleaning steps can be eliminated
without negative effects.
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5.0 ENERGY AND ENVIRONMENTAL IMPACTS

The energy and environmental impacts associated with
applying various control options to VOC emissions from batch
processes are presented in this chapter. The options are
described in detail in Chapter 6.

The environmental impacts analysis considers the national
energy burden of operating the control devices used to meet
various options, as well as the national estimate of NO, produced
from the incineration of selected model process emission streams
and from the generation of electricity. Solid waste and
wastewater impacts were not evaluated because the effects
resulting from the operation of these control devices are
considered negligible.

5.1 ENERGY IMPACTS

Table 5-1 presénts the national estimate of energy usage for
each of the options described in Chapter 6. The energy burden
was calculated by estimating the amount of fuel and electricity
required to operate the thermal incinerator and the electricity
requirement for the refrigerated condenser systems for the
applicable model streams. Approximately 10 percent of the total
energy burden shown for each of the options in the table is
related to the condenser systenms. The remainder is associated
with the natural gas requirements of the thermal incinerator.
Enerqgy usage for model streams and plants was extrapolated to a
nationwide estimate by considering the number of facilities in
the batch industries covered by this document. Note that there
is no discernable difference in enerqgy between the 98 percent and
95 percent options. This effect occurs because the thermal



TABLE 5-1. ENERGY AND ENVIRONMENTAL IMPACTS

—
Nationwide
Uncontroll Baseline emission NO,
ed emissions, reduction from Energy emissions,
Optio Description of option emissions, < 1,000 baseline, burden, 1,000
n 4 Mg/yr 1,000 Mg/yr 10'3 Bru/yr Mg/yb
1,000
Mglyr
1 98% conmtrol of aggregated 210 ] 65 S
process vents that are not
exempt per regression lines 1,
. 4.7
2 90% coantrol of process veats 210 'y 52 2
3 95% control of process veats 210 77 63 ]
S L P e ————— — -

*Emissions of NO, are from incinerator exhaust and from power plants used to generate the electrical power
fraction of the energy burdea.
NO, emission factors:
Incinerators: 200 ppm NO, in exhaust for streams containing nitrogen compounds, and 21.5 ppm NO, in all
other streams (based on test data).



incinerator is the significant energy using device and it was
assumed to control emission streams by 98 percent in all cases.
The energy difference in using refrigerated condensation systems
operating at 98 percent and 95 percent efficiency was
insignificant compared to the incinerator energy requirements.
5.2 AIR QUALITY IMPACTS

The NO, emissions from thermal incinerators were estimated
assuming that the incinerator flue gas flow rate contained 50 ppm
NO,. This value is in the range of concentration observed for
emission streams from incinerators (see fcotnote b, Table 5-1).
An alternative emission factor which could have been used is
0.1331b NO, per million Btu of natural gas.?

The NO, emissions from energy generation were calculated
because condensers also use power. Several assumptions were
required. Since the majority of electrical power comes from coal
combustion, and the majority of coal used is bitumincus, an
emission factor was developed to related electrical power, in
kilowatt-hours (kWh), to NO, generation. This factor was
developed using an AP-42 emission factor for NO, generation from
bituminous coal combustion. This factor is 14 1lb NO,/ton coal?.
The average net heating value of bituminous coal is 14,000
Btu/lb.3 It was also assumed that coal-fired power plants are
about 35 percent efficient. The emission factor is therefore 5 x
10"31bs NO,/kwh, or: '

| 1bcoal |__ton 14 1b NOy
kKWh

14,000 Btu' 2,000 1b ton

0.35

Offsets for individual cases can be calculated using the emission
factors presented above.
5.3 WASTEWATER AND SCLID WASTE IMPACTS

Wastewater and solid waste impacts are not expected to be
significant for this source category. Thermal incineration for
halogenated compounds will yield acid gases which typically are
neutralized using caustic scrubbers. The number of streams from
batch processing emissions that potentially would be halogenated
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and incinerated was not estimated, however. For refrigeration

systems, wastewater could be generated from humid waste gas

streams, but this quantity also is not expected to be

significant.
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6.0 DESCRIPTION OF CONTROL OPTIONS

6.1 TECHNICAL BASIS FOR CONTROL OPTIONS
6.1.1 Approach

The methodology used in developing control options is based
on an evaluation of the technical feasibility and costs of
controlling any vent stream that could be emitted to the
atmosphere from a batch process. In order to be able to apply
the options .and _to defend the .rationale that was used to develop
the options for a wide variety of stream characteristics, factors
such as cost effectiveness and control device applicability were
examined for all potential variations in duration of emission
events and emission stream characteristics of flow rate and VOC
concentration. This section presents a discussion of batch
processing emissions and describes the methodology for developing
the options. 4

6.1.1.1 Batch Processing Emission Stream Characteristics.
In general, there are two qualities that differentiate batch
processing emissions from those of sources operating
continuously. First, batch emission stream characteristics
(e.g., flow rate, concentration, temperature, etc.) are never
constant. Second, the emissions are released on an intermittent
basis. To illustrate these ideas, consider the batch process
shown in Figure 6-1. Emissions of VOC’s will occur from this
process from start to finish in the order that the bulk flow of
material and energy occurs. For example, the process begins with
the charging of a VOC material from storage into the weigh tanks.
A displacement of air from the weigh tanks occurs at this point
as a result of being pushed out by the incoming volume of
material. Through vaporization of the VOC liquid across the
liquid-air interface, this air contains some amount of VOC and
thus constitutes an emission event. The event is short-lived,
however, lasting only the time of the charge: the concentration
of VOC’s in the displaced flow rate will increase to a point
close to saturation by the time the last of the displaced air
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leaves the charge tank. As the material moves from the weigh
tanks to the reactor, another displacement occurs that
contributes to emissions of VOC’s. This emission event is very
similar to the event created by filling the weigh tank.
Similarly, as the material flows through the process, each piece
of equipment becomes a contributor to VOC emissions through a
distinct series of finite emission events. In some equipment,
such as the reactor, more than one type of emission event occurs:
for example, an event results from charging, heatup, and kettle
purging from this piece of equipment.

In the example process shown in Figure 6-1, consider the
movement of a highly volatile solvent such as diethyl ether
through the process; the emission events that occur as a result
of air displacement have concentrations of VOC’s in excess of
50 percent by volume. For the reactor purging event, however,
the concentration of VOC drops as the emission stream is diluted
by high flows of inert gas into and out of the kettle. The
largest source of uncontrolled emissions in this process is the
vacuum dryer, whose emission stream is characterized by an
decrease in VOC concentration and a somewhat steady flow rate
over the course of its drying cycle.

Figures 6-2 and 6-3 present the fluctuations in flow rate
and concentration, respectively, that will occur during the batch
cycle. The result of combining the flow rate and concentration
profiles is presented in Figure ‘6-4, the emissions profile. 1In
order to give a more vivid illustration of how flow rate,
concentration, and emissions vary in such a batch process,
Figures 6-2, 6-3, and 6-4 have all been placed on the same page,
resulting in Figure 6-5. Note that the time scale for all these
figures is the same. Close inspection of Figure 6-5 reveals that
the concentration and flow rate characteristic of the process
vents vary independently from each other; although there appears
to be a slight trend for the concentration to change inversely
with flow rate.

The reason for presenting these profiles is to introduce the
idea that the variable emission stream characteristics of batch
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process vents affect the feasibility of using control devices
currently available in industry. These attributes also
potentially create confusion on the part of plant operators and
regulators concerning how to describe the emission
characteristics (e.g., instantaneous maximums, 8-hr averages,
24-hr averages, or batch cycle averages). In light of these
considerations, it follows that the methodology for development
of options would address questions of control device
applicability, as well as provide meaningful criteria for
determining which streams should be recommended for control. The
methodology development is described below.

6.1.1.2 cControl Devices Examined. The cost and feasibility
of controlling typical batch emission streams was examined by
applying typical add-on control devices that are found in
industry. All currently available types of control devices were
examined, including thermal destruction (thermal, catalytic
oxidizers and flares), refrigeration (condensers), gas absorption
(water scrubbers), and carbon adsorption systems. The final cost
analysis, however, was done based on thermal incineration and
condenser systems. These devices were used exclusively in
exanmining cost because, among other factors, they can be applied
to a universe of compounds. In many cases, other control devices
might prove to be more cost effective, but generally, they can
not be used universally and therefore the cost impacts of the
option would not be supported for streams containing wide ranges
of compounds. A case in point is the use of a water scrubber to
control steams containing water-soluble VOC’s. The cost and cost
effectiveness of this device may be considerably better than that
of an incinerator or refrigeration system affording the same
level of control, but the costs of the option could not be based
on this device because it would only be available for a segment
of potential emission streams. Likewise, carbon adsorption,
which is less costly than thermal incineration and condensation
in many cases, will not control some types of VOC’s and therefore

it was also ruled out as a test case for the feasibility
analysis.




Although thermal incineration and condensation systems are
limited in the types of streams that each can feasibly control,
these limitations are based more on concentration and less in
terms of compound specificity. Additionally; the two devices - -
complement each other in being able to handle ranges of emission
stream parameters. For example, the condenser option ideally
would be used to control richer streams (>10,000 ppm) while the
thermal incinerator could handle streams that were more dilute
(<10,000 ppm) and largely infeasible to consider for control with
a condenser system. Minor limitations to compound specificity
associated with burning halogenated compounds were considered by
adding the cost of caustic scrubbing and lowering waste gas heat
contents (it was later concluded that this incremental cost was
within the margin of error of the study estimate), while compound
specificity did not appear to be a problem with refrigeration
systens.

Note that although the thermal incinerator and condenser
were used to establish control cost effectiveness curves, the
options are not equipment-based, only performance-based.
Therefore, an emission limit would specify a control level
(e.g., 98 percent, 95 percent, 90 percent) and not a particular
control device. Therefore, an operator could elect to use a
water scrubber to meet control requirements in cases where a
water scrubber would achieve the required level of control.

6.1.1.3 Considerations. The first issue considered in
developing options was the sensitivity of the costs of each
control device to the intermittency of emission events. The
primary indicator of cost is cost effectiveness in units of
dollars per megagram VOC controlled ($/Mg). This cost
effectiveness value is obtained by dividing the annualized cost
of the control device ($/yr) by the annual emissions reduction
(Mg/yr). The cost effectiveness decreases (values become higher)
as the amount of time that the emission stream is released to the
atmosphere (on-stream duration) is reduced. This trend is
readily obvious from Figure 6-6, which is a graphical
presentation of cost effectiveness versus vent stream flow rate
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at a set annual emission rate and set VOC concentration for
different on-stream durations. Notice that the on-stream
duration is directly related to flow rate when the annual
emission rate is constant. Fiqgure 6-6 is based upon a thermal
oxidizer with an assumed control efficiency of 98 percent. The
use of a thermal oxidizer for the analysis presented in

Figure 6-6 is meant only to illustrate the sensitivity of cost
effectiveness with on-stream duration (intermittency). Other
devices, such as condensers and carbon absorbers, also exhibit
similar sensitivity with varying on-stream durations.

Because each control device is often sized according to the
maximum possible flow rate and VOC concentration, devices used in
batch process emission control are usually oversized for the
majority of the time that they are in service. Also, for devices
such as incinerators and condensers, the annualized cost of
maintaining proper operating conditions (e.g., maintaining
incineration and condenser temperatures) when there is no
material being vented to the devices drives up the cost of
control. Consequently, the cost effectiveness of controlling
batch emissions is generally lower (values are higher) than the
cost of controlling continuous emissions for similar stream
characteristics.

The second consideration that was made in developing the
options was to limit the number of parameters necessary to
determine which streams should be required to be controlled.
Because there is inherent variation in the characteristics of
flow rate and VOC concentration during batch emission events,
eliminating as many parameters as possible (especially those that
vary) will minimize confusion in compliance determinations. For
example, an owner or operator could choose to report an average
concentration of a VOC emission stream, rather than a ’‘peak’
concentration in order to fall below a conéentration cutoff. By
eliminating concentration as a parameter used to determine
applicability, this problem would be circumvented.

6.1.1.4 Approach. The approach chosen uses uncontrolled
annual VOC emissions (expressed as 1lb/yr) and average flow rate
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(scfm) to define which streams should be controlled and the level
of control required. This approach considers the impact of
varying VOC concentrations and frequency of emission events, but
does not require their use as parameters to determine
applicability. Generally, the uncontrolled annual emission total:
of VOC’s from a particular source is more readily available from
material balance and other calculational approaches than is a
detailed minute~by-minute concentration and flow profile, as is
an average flow rate.
6.1.2 Control Options Methodology

6.1.2.1 Cost-Effectiveness Curves. The methodology that
was used to develop the options utilizes the parameters of annual
emissions and average flow rate to identify which streams are
reasonable to control from a cost and technical feasibility
standpoint. Note that the volatility of components of concern is .
a sensitivity which requires consideration for design and cost of
the condenser systems. Hence, three regions of volatilities were
considered in the analysis. Low volatility materials are defined
for this analysis as those which have a vapor pressure less than
or equal to 75 mm Hg at 20°C; moderate volatility materials have
a vapor pressure greater than 75 and less than or equal to
150 mm Hg at 20°C and high volatility materials have a vapor
pressure greater than 150 mm Hg at 20°C. In determining
applicability of the requirements to multicomponent VOC streams,
a weighted average of the VOC volatilities should be used to
determine the appropriate volatility range. This weighted
average volatility is defined in Chapter 7 under ‘Definitions’,
and is ultimately used to determine which equation to use.

Figures F-1 through F-54 of Appendix F show cost
effectiveness versus flow rate for annual emissions of 30,000,
50,000, 75,000, 100,000, 125,000, and 150,000 lb/yr for various
control levels (i.e., 90, 95, or 98 percent) and volatilities.
Each graph represents the full range of concentrations of VOC’s
that might be expected in any given emission stream (from 100 ppm
to 100,000 ppm [the upper concentration examined for toluene, a
low volatility material, is 37,000 ppm]):; for simplicity, we can
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call this the "envelope." Note that the 100 ppm line is not
graphed in the curves presented in Appendix F. This line
typically falls between the 1,000 and 10,000 ppm curves, but ends
as the envelope narrows. The width of each envelope is an
indication of how much the cost effectiveness varies with
concentration.

Figure 6-7 is an example of the curves contained in
Appendix F. The figure shows the cost effectiveness of
controlling any stream having a single component or group of
components with a total vapor pressure in the moderate volatility
range (from 75 to 150 mm Hg at 20°C). There are four curves on
the graph: Two of the curves show the cost effectiveness versus
flow rate for control by thermal incineration (abbreviated as
"throx") at concentrations of 1,000 ppmv and 8,750 ppmv. The
other two curves are for condenser control of streams with
concentrations of 10,000 ppmv and 100,000 ppmv. Points along the
curves were established by inputting a constant mass emission
total and a constant concentration into the condenser and thermal
incinerator spreadsheets and plotting the resulting flow rate and
cost effectiveness values corresponding to various durations.

Since the annual emissions are constant at 50,000 1lb/yr, the
flow rate (x-axis) values at any point along the curves are an
indicator of the duration of the emission events. For example,
the left-hand endpoints of the curves represent streams that are
continuous (i.e. in order to emit 50,000 lb/yr from an emission
point at a concentration of 100,000 ppmv, the minimum flow rate
for the stream, if it is venting continuously, is around 5 scfm).
As the curves move from left to right (increasing flow rates),
the duration of the emission events decrease, so that points
along the right hand edges of the curves represent short duration
events in which large amounts of VOC’s are released at high flow
rates. These "bursts" of emissions are not surprisingly more
expensive to control because they must be sized for large flows,
yet they will only control emissions for short durations. For
some concentrations, points on the upper-right corner of the
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graph may occur less than 10 hours per year; these streams
resemble emergency releases.

Based on the above discussion, it can be seen from
Figure 6-7 that for a process vent emitting 50,000 lb/yr of VOC,
the cost effectiveness of control is a maximum of $5,000/Mg for a
maximum flow rate of about 400 scfm or less, regardless of
concentration, regardless of duration. At higher flow rates, the
curves begin to rise sharply and the cost effectiveness values
become higher (indicating that they are less feasible to control
from a cost standpoint).

This discussion, then, forms the basis for setting up
option requirements based on annual emissions and flow rate. By
establishing a number of curves for different annual emission
totals (i.e., 30,000, 50,000, 75,000, 100,000, 125,000 and
150,000 1b/yr), values of flow rate were obtained for an optimun
cost effectiveness range, considering impacts. These annual
emissions, and corresponding flow rates were used as data points
(x was annual emissions and y was flow) for simple regression
analysis to define the line that will represent optional cutoffs
for applicability that could be included in standards.

Note also that the subheading for Figure 6-7 states that
condenser control efficiency is 90 percent. Since both the
thermal incinerator and the condenser cost algorithms were used
to construct each graph contained in Appendix F, there were
varying levels of control efficiency that could be achieved by
the condenser; the thermal incinerator was assumed to be
effective to 98 percent all the time. Therefore, for curves
containing condenser control efficiencies less than 98 percent
(i.e. 90, 95‘percent), the overall control level is limited by
the condenser efficiency.

6.2 PRESENTATION OF FLOW RATE REQUIREMENTS

Table 6-1 presents the regression line and data points
obtained from Appendix F graphs'for various control levels. Note
that the graphs presented in Appendix F resemble the graph shown
in Figure 6-7. However, the labor and maintenance costs for
graphs shown in Appendix F are for 1 shift per day only, as
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TABLE 6-1.

SUMMARY OF CONTROL OPTION REGRESSION LINE DATA

Flow rate data points (scfm) for annual mass emissions, lb/yr*

Control
level 30,000 | 50,000 | 75,000 | 100,000 | 125,000 | 150,000 L
Volatility % No. | Regression line
98 7157 1,787 3,076 4,363 5,652 6,939 1 FR = (0.052)AE-789 | 15,173
Low 95 866 2,452 4,043 5,600 7,158 8,717 2 FR = (0.065)AE-895 | 13,769
90 449 1,634 3,324 5,113 6,954 8,826 3 FR = (0.07)AE-1,821 | 26,014
98 251 612 1,063 1,514 1,965 2,416 4 FR = (0.018)AE-290 | 16,111
Moderate 95 515 1,034 1,682 2,330 2,978 3,627 5 FR = (0.026)AE-263 | 10,115
90 334 1,082 1,833 2,776 3,319 4,062 6 | FR = (0.031)AE-494 15,935
98 208 517 904 1,290 1,677 2,063 7 FR = (0.015)AE-256 }| 17,067
High 95 215 544 955 1,366 1,777 2,188 8 FR = (0.016)AE-278
90 - 369 704 1,039 1,374 1,709 9 FR = (0.013)AE-301
s field lists ym for the co

rresponding x-coordinates of 73,000, 100,000, 123,000, and 150,04

*Annual mass emissions below this value no control required, regardless of flow rate.

yr.

“The regression line equations presented here can be incorporatedinto regulations as "cut-offs.* As cutoffs, they would be used to determine
what streams should be coatolled, given an annual mass emission (AE) total and an average flow rate(FR). If the flow rate calculated by the
“cutoff* line equation (when annual mass emission is inputted) is higher than the average flow rate of the stréam, then control would be
required to the level specified (98,95, or 90 perceat).



opposed to 3 shifts per day labor and maintenance costs assumed
in the construction of Pigure 6-7. By using the line equations
presented in Table 6~1, average flow rates can be established
using the annual emission total. Comparison of this "cutoff"
with the actual flow rate of the emission source would determine
whether control is required.

The options that were further evaluated for nationwide
impacts based on the curves in Appendix F are presented in
Table 6-1. The regression lines can be used to determine what
streams should be controlled, given an annual mass emission total
and an average flow rate. If the flow rate calculated by the
"cutoff" line equation (when annual mass emission is inputted) is
higher than the average flow rate of the stream, then control
would be required to the level specified (98, 95, or 90 percent).
The assumptions used to arrive at the baseline and uncontrolled
emission numbers, and the industries affected as shown in
Table 6-2 are discussed in the next section.

6.2.1 Discussion of Additional Issuyes
6.2.1.1 gSingle stream versus aggregation. The annual

emission total and flow rate cutoffs can be applied either to
single streams or to emission streams resulting from aggregated
sources. Costs for manifolding sources have been considered in
the design and cost calculations. For example, total purchased
equipment costs for the condenser systems were multiplied by an
additional 25 percent to account for manifolding whereas a
300-foot collection main with 10 takeoffs and an auxiliary
collection fan was costed out in the incinerator cost
calculations.

An additional analysis was undertaken to identify whether
there is a level at which the incremental cost of manifolding
individual emission sources is unreasonable compared with the
enission reduction achieved. Simply stated, what level of
emissions would rule out including a source into an aggregate
pool of sources, based on a measure of control achieved over the
cost of manifolding the small source to the central process
control device. This level is.identified as the "deminimis"
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level for purpose of the applicability analysis. A deriation of
this deminimis level is presented in Appendix B.

6.2.1.2 Halogenated Compounds. The cost-effectiveness
curves shown in Figures F-1 through FP-54 are for thermal
incinerators and condensers. The costs are based on using an
incinerator operating at 1600°F, with fractional heat recovery,
and not equipped with an emission control device. For
halogenated compounds, such an incinerator might not achieve a
control level of 98 percent, and additionally, acid gas would be
emitted from the combustion process. Consequently, the cost
analysis was repedted using costs based on an incinerator-
designed to control halogenated compounds. Such an incinerator
would maintain combustion temperatures at 2000°F, have no
fractional heat recovery, and would be equipped with a caustic
scrubber to control acid gases.

From the curves, the increase in cost effectiveness values
associated with using a thermal incinerator equipped to control -
halogenated compounds appears to be approximately 1 to $5K/Mg
more costly than using the nonhalogenated compound incinerator.
6.3 IMPACTS OF APPLYING OPTIONS

A model plant approach was used to examine the inpact; of
applying the options to industry on a nationwide basis. For the
industries assumed to be covered, emissions streams from small,
medium, and large model plants were evaluated to determine the
level of control required based on the annual emissions and flow
rates specified by various control option regression lines.
Emission reductions over baseline control were evaluated for each
model plant and were extrapolated to a nationwide basis using
Census of Manufacturers Industry Profile data. The nationwide
impacts development is outlined below.

6.3.1 Industrieg Covered

While the information contained in this document is
generally applicable for batch processes in all or most
industries, the impacts presented are only for selected
industries. These industries and their corresponding Standard
Industrial Classification (SIC) codes are presented in Table 6-2.
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TABLE 6-2. PERCENTAGE OF EMISSIONS FROM BATCH PROCESSES

SIC code SIC description < 7800 (hrs/yr) >0 (hrs/yr)
2821 Plastics materials and resins 14,396 124,547
2834 Pharmaceutical preparations 8,432 15,459
2861 Gum and wood chemicals 2,287 20,415
2865 Cyclic crudes and intermediates 223 8,365
1 2869 Industrial organic chemicals 17.060 173,167
2879 Agricultural chemicals 9 3,912

i

NOTE: Emissions data was obtained from AIRS facility subset data base scarch
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Note that facilities that make up the industries listed also
potentially use continuous processes; in order to assess what
proportion of emissions generated in these industries is from
batch processes, the Aerometric Information Retrieval System
(AIRS) Facility Subsystem data base was accessed. For each
applicable SIC code, emissions from process vents were totaled.
Then, a subset of these data, those emissions that were reported
to have durations of less than 7,800 hours per year, were totaled
and divided by the total vent emissions for those SIC codes. The
resulting fraction was taken to be the percentage of total
emissions for each SIC code that would result from batch
processing. From the table, the percentages of emissions
considered "batch" may appear lower than expected: one of the
limitations of using the AIRS database is that only sources with
greater than 100 tons per year are listed. Because many batch
industries are for low-volume chemicals, basing these percentages
on AIRS data probably biases the percentages low.
6.3.2 Model Processes

Figures E~1, E-2, E-3, and E-4 of Appendix E present model
batch processes that are typically found in batch industries.
These model processes were recommended by an industry trade
association for use in evaluating impacts.® Tables E-1, E-2,
E-3, and E-4 of Appendix E are summaries of emission streams
characteristics resulting from the unit operations shown in the
model batch processes for low, moderate, and high volatility
materials. Emission stream characteristics were calculated based
on data, where possible, and from the vapor-liquid equilibrium
assumptions described Chapter 3. Appendix E also contains all
the calculations and assumptions used to develop model emission
streams, from which only a few were selected to make up the model
batch processes. The emission rates for all unit operations
within the model processes were tabulated for each volatility.
The small, medium, and large model plants are based on multiples
'of these model process emission totals. Three model processes
were assumed to represent the small plant, 10 model processes
were assumed to represent the medium-sized plant, and 30 model
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processes were assumed to represent the large plant. A list of
‘assumptions made in developing each of the model plants is
presented in Tables E-5 through E-8.

6.3.3 Baseline Assumptions/Extrapolations

The baseline used in estimating nationwide impacts for
process vents corresponds to the level of control achieved by the
Pharmaceutical CTG. Emissions from the number of batch
facilities in SIC Code 2834 (Pharmaceutical Preparations) were
subject to this control level. The -Pharmaceutical CTG contains
condenser exit temperature requirements for five classes of
volatility, and requires 90 percent control on dryers emitting
more than 330 1lb/d. The facilities in the remaining five SIC
codes, 2821, 2861, 2865, 2869, and 2879, were assumed to be
subject to no VOC emission controls for process vents.

Essentially, two extrapolations were done in order to arrive -
at nationwide impacts. The first was to evaluate the control
option impacts from the model batch processes and extrapolate to
the small, medium, and large model plants. The second was to
extrapolate the impacts from the small, medium, and large model
plants to the total number of facilities conducting batch
processes nationwide. These extrapolations are discussed in more
detail below.

6.3.3.1 Model Plants. As mentioned before, the small model
plant was assumed to contain three model batch processes; the
medium model plant was assumed to contain 10 model batch
processes, and the large model plant was assumed to contain
30 model batch processes. These values fall within ranges
recommended by an industry trade association.? Tables E-9
through E-12 of Appendix E present model plant emission totals
for the small, medium, and large model plants assuming (1) no
control at all, and (2) current pharmaceutical control for low,
moderate, and high volatility materials.

Because the model processes are grouped into model plants
that only contain multiples of single processes, the model plants
are not entirely reflective of the batch industries. It is
expected, for instance, that actual plants will have combinations
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of different processes. However, because the estimation of
nationwide impacts is based on an evaluation of the flow rate and
annual emission total of individual processes exclusively, the
groupings are used exclusively to extrapolate nationwide numbers.
Therefore, these "unreflective" groupings do not affect the
correctness of the impact.

6.3.3.2 Nationwide Facilities. Table 6-3 presents data
taken from industry profiles contained in the Census of
Manufacturers and from EPA data on county ozone nonattainment
,étatus. This information was used to extrapolate the model plant
emission totals (under no control, current pharmaceutical
control, and for the various options) to a nationwide basis.

Emissions from the batch industries represented by the SIC
codes in Table 6-3 were estimated by assuming that model
processes 1 through 3 (solvent reaction with atmospheric dryer
[model process 1], solvent reaction with vacuum dryer [model
process 2], and liquid reaction [model process 3]) were evenly
used among the industries covered. The impacts assume that low,
moderate, and high volatility materials are evenly distributed
among the model processes (i.e., 1/3 of the processes use low
volatility materials, 1/3 use moderate volatility materials, and
1/3 use high volatility materials). Nationwide emissions were
estimated by multiplying the census size groupings by employee
number (i.e., small plant--0 to 19 employees) by model emission
totals to estimate small, medium, and large plant emissions.
Only the total number of facilities located in nonattainment
areas (excluding marginally nonattainment) were considered. The
formulator model process (Figure E-8) was not included in the
nationwide impacts, but is found in some SOCMI batch operations.
6.4 SUMMARY OF OPTIONS AND IMPACTS

Table 6-4 presents the overall reduction in VOC that can be
expected from various options and the national costs associated
with applying the options on a nationwide basis. Options are for
aggregated sources controlled to 98 percent, 95 percent, and
90 percent overall, respectively.
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7.0 FACTORS TO CONSIDER IN IMPLEMENTATION
OF A RULE BASED ON THE OPTIONS PRESENTED IN THIS DOCUMENT

This chapter presents information for State and local air
quality management agencies to use in developing enforceable
regulations to limit emissions of VOC’s from batch processing
operations. The information presented here assumes that the
Agency adopts one of the options presented in Chapter 6. The
information is the same regardless of the option selected.

A unique approach has been developed to determine the
applicability and optimum level of control required for batch
emission sources. Additionally, a model rule with blanks to
allow for choices of options, is included in Appendix G. This
chapter is divided into the following sections: (1) Definitions
and Applicability, (2) Format of the Standards, (3) Testing,
(4) Monitoring Requirements, and (5) Reporting/Recordkeeping
Requirements.



7.1 DEFINITIONS AND APPLICABILITY
7.1.1 Definitions

The agency responsible for developing a standard must define
the terms that appear in the language for the standard. The
source category of batch processes, for example, requires a
definition of the term "batch" as it is used to describe the mode
of operation of equipment and processes. Another term that will
likely require defining is "vent". The feasibility analysis that
has been described in Chapter 6 applies to any type of gaseous
emission stream (continuous or batch) containing VOC’s, as long
as the flowrate and annual mass emission total requirements are
met. Finally, the terms "flowrate" and "annual mass emissions"
also should be defined clearly. Provided below is a listing of
definitions for terms as they are used in this CTG and which are
recommended for State-adopted rules. ’

Aggregated means the summation of all process vents
containing VOC’s within a process.

Annual magss emissions total means the sum of all emissions,
evaluated before control, from a vent. Annual mass emissions may
be calculated from an individual process vent or groups of
process vents by using emission estimation equations contained in
Chapter 3 of the Batch CTG and then multiplying by the expected
duration and frequency of the emission or groups of emissions
over the course of a year. For processeé that have been
permitted, the annual mass emissions total should be based on the
permitted levels, whether they correspond to the maximum design
production potential or to the actual annual production estimate.

Average flowrate is defined as the flowrate averaged over
the amount of time that VOC’s are emitted during an emission
event. For the evaluation of average flowrate from an aggregate
of sources, the average flowrate is the weighted average of the
average flowrates of the emission events and their annual venting
time, or:

: (Average Flowrate per emission event) (annual duracion of emission event)

Average Flowrate =» -
Y (annual duration of emission events)




Batch refers to a discontinuous process involving the bulk
movement of material through sequential manufacturing steps.
Mass, temperature, concentration, and other properties of a
system vary with time. Batch processes are typically
characterized as "non-steady-state.”

Batch cycle refers to a manufacturing event of an
intermediate or product from start to finish in a batch process.

Batch process train means an equipment train that is used to
produce a product or interﬁediate. A typical equipment train
consists of equipment used for the synthesis, mixing, and
purification of a material. _

Control devices are air pollution abatement devices, not
devices such as condensers operating under reflux conditions,
which are required for processing.

Enissions before control means the emissions total prior to
the application of a control device, or if no control device is
used, the emission total. No credit for discharge of VOC’s into
wastewater should be considered when the wastewater is further
handled or processed with the potential for VOC’s to be emitted
to the atmosphere.

Emission events can be defined as discrete venting episodes
that may be associated with a single unit of operation. For
example, a displacement of vapor resulting from the charging of a
vessel with VOC will result in a discrete emission event that
will last through the duration of the charge and will have an
average flowrate equal to the rate of the charge. If the vessel
is then heated, there will also be another discrete emission
event resulting from the expulsion of expanded vessel vapor
space. Both emission events may occur in the same vessel or unit
operation.

Processes, for the purpdse of determining control
applicability, are defined as any equipment within a°® contiguous
area that are connected together during the course of a year
where connected is defined as a link between equipment, whether
it is physical, such as a pipe, or whether it is next in a series



of steps from which material is transferred from one unit
operation to another.

Semi-continuoys operations are conducted on a steady- state
mode but only for finite durations during the course of a year.
For example, a steady-state distillation operation that functions
for 1 month would be considered semi-continuous. ‘

Unit operations are gefinedras those discrete processing
steps that occur within distinct equipment that are used to
prepare reactants, facilitate reactions, separate and purify
products, and recycle materials.

Vent means a point, of emission from a unit operation.
-Typical process vents from batch processes include condenser
vents, vacuum pumps, steam ejectors, and atmospheric vents from
reactors and other process vessels. Vents also include relief
valve discharges. Equipment exhaust systems that discharge from
unit operations also would be considered process vents.

Volatility is defined by the following: 1low volatility
materials are defined for this analysis as those which have a
vapor pressure less than or equal to 75 mmHg at 20°C, moderate
volatility materials have a vapor pressure greater than 75 and
less than or equal to 150 mmHg at 20°C; and high volatility
materials have a vapor pressure greater than 150 mmHg at 20°C.
To evaluate VOC volatility for single unit operations that
service numerous VOCs or for processes handling multiple VOCs,
the weighted average volatility can be calculated simply from
knowing the total amount of each VOC used in a year, and the
individual component vapor pressure, as shown in the following
equation:

(nasg of VOC component 1)
(molecular weight of VOC coamponent i)

)]
Weighted g [(Vapor pressure of VOC component i)

Averafo =
Volatility - (mass of VOC component 1)
;;; [ (molecular weight of VOC c@mponent i)

7.1.2 Applicability

The analysis on which options are based was performed over a
number of industries thought to manufacture a significant
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percentage of total production on a batch basis. These
industries, identified by 4-digit SIC codes, are presented in
Chapter 6. They are: plastic materials and resins (SIC 2821),
pharmaceutical preparations (SIC 2834), medical chemicals and
botanical products (SIC 2833), gum and wood chemicals (SIC 2861),
cyclic cruds and intermediates (SIC 2865), industrial organic
chemicals (SIC 2869), and agricultural chemicals (SIC 2879).
Although the impacts in this document were evaluated based on a
scope limited to these industries, any batch emission point of
VOC’s from presumably any industry could be subjected to these
requirements. Note that there are two CTG’s, the Air Oxidation
CTG and the Reactor Processes and Distillation Operations CTG,
that cover synthetic organic chemical emissions from continuous
processes. The CTG’s also exempt batch or semi continuous
processes. The information in this document applies to the
processes that are exempted because they are not continuous.
This includes semi continuous processes.

The control option requirements presented in Chapter 6
apply to (1) individual batch VOC process vents to which the
annual mass emissions and average flowrate cutoffs are applied
directly, and (2) aggregated VOC process vents for which a
singular annual mass emission total and average flowrate cutoff
value is calculated and for which the option is applied across
the aggregate of sources. The applicability is discussed in more
detail below.

Sources that will be required to be controlled by a control
device will have an average flowrate that is below the flowrate
specified by the cutoff equation (when the source’s annual
emission total is input). The applicability criteria is
implemented on a two-tier basis. First, single pieces of batch
equipment corresponding to distinct unit operations shall be
evaluated over the course of an entire year, regardless of what
materials are handled or what products are manufactured in them,
and second, equipment shall be evaluated as an aggregate if it
can be linked together based on the definition of a process.



To determine applicability of a cutoff option in the
aggregation scenario, all the VOC emissions from a single process
would be summed to obtain the yearly emission total, and the
weighted average flow rates from each process vent in the
aggregation would be used as the average flow rate.

All unit operations in the process, as defined for the
purpose of determining cutoff applicability would be ranked, in
ascending order, according to their ratio of annual emission
divided by average flow rate. Sources with the smallest ratio
would be listed first. This list of sources constitutes the
"pool" of sources within a process. The annual emission total
and average flowrate of the pool of sources would then be
compared against the cutoff equations to determine whether
control of the pool is required. If control were not required
after the initial ranking, unit operations having the lowest
annual emissions/average flowrate would then be eliminated one by
one, and the characteristics of annual emissions and average
flowrate for the pool of equipment would have to be evaluated
with each successive elimination of a source from the pool.
Control of the unit operations remaining in the pool to the
specified level would be required once the aggregated
- characteristics of annual emissions and average flowrates met the
specified cutoffs.

By aggregating unit operations, the annual emission totals
are more easily achieved at better cost effectiveness values.
However, a unit operation may have a high emissions to flowrate
ratio, albeit low actual emissions and the cost effectiveness of
controlling such a unit operation may not be reasonable. Such
cases have been evaluated using the cost analysis of ductwork.
Essentially, the costs of ducting can be shown to be dependent on
flowrate of the emission stream and required length of ducting.
The incremental cost analysis for manifolding single unit
operations to a control device are contained in Appendix B.

7.2 FORMAT OF THE STANDARDS

The control options are performance-based standards in the

format of a percent reduction. The cutoff is applied using the
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annual mass emission total and an average vent stream flowrate
(in scfm). These parameters were chosen to determine the
applicability of the cutoff because they were considerably easier
to deal with than concentration or duration of emission events.
Concentration and duration are extremely dynamic variables in
typical batch processing emissions, and, while flowrate and
yearly vent emissions also are dynamic, these parameters are
usually more available. The flowrate from a vent is sometimes
known because the gas-moving equipment (i.e., compressors, vacuum
pumps) that is used to create the venting must be sized. ' '
Flowrates from other batch emission events, such as displacements
and material heating, may be estimated using the Ideal Gas Law.
Specific situations and equations are presented in Chapter 3.

The annual mass emission total also is required for
application of the cutoff to vents. Annual uncontrolled
emissions are frequently reported to State agencies for the
purposes of permit review, State emission inventories, or Federal
programs, such as the Superfund Amendments and Reauthorization
Act (SARA) 313 reporting requirements. For batch process vents,
however, the task of estimating annual emissions may be
complicated by several factors; among them are venting
configurations from multipurpose equipment and variations in
flow, concentrations, and emission stream duration. In such
situations, owners or operators may elect to use material
balances in conjunction with control device efficiencies to
determine potential VOC emissions.

7.3 TESTING

Source testing to measure annual mass emissions and maximum
flowrate for the purpose of determining applicability of a cutoff
is much more complex for batch processes (which have
noncontinuous and, often, multicomponent vent streams) than it is
for continuous processes. The intermittent vent streams also
present serious problems for testing the performance of the
control devices. Each step in a batch process, such as charging
the reactor or operating the dryer, generates gaseous streams
with independently defined characteristics. This is illustrated
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in Chapter 6, where the emission stream characteristics of
flowrate, temperature, duration, and VOC concentration are given
for a model batch process. The gaseous streams from each step
may be vented separately, some or all streams may be combined
before venting to the atmosphere, and some operators may have the
flexibility of using different vents for the same equipment.

In addition to the inherent problems'of stack testing at
batch processing facilities, these industries tend to be reactive
to market demands and change product lines much more often than
continuous processing plants. Vent stream .characteristics change
with the production of new products. This.not only affects the
emission inventory for the plant; it can also affect the
performance of the control device.

Testing may be more realistic for facilities that have all
vents from a single product processing area manifolded together,
and the common vent has a continuous, positive flow. If
measurement of more typical batch process vents (in which flow
and concentration vary independently with time) is required,
several considerations related to measurement techniques must be
made.

In the presence of unsteady or transient gas flows typical
of those found in batch gas streams, gas mass flow measurement
uncertainty can be decreased by utilizing measurement approaches
that separate density effects from velocity effects. 1In
addition, electronic flow measurement (EFM) must be utilized to
allow mass flow averaging over the event time. Typical
inexpensive gas flow measurement techniques (orifice meters and
pitot-type probes) are velocity head devices. They measure
differential pressure as a function of both the gas density and
the stream velocity. In transient batch-type situations where
density may be changing independent of velocity, this type of gas
flow measurement couples the effects and can potentially
introduce larger uncertainties into the velocity measurement. 1In
addition, for velocity head devices, EFM systems must be utilized
to eliminate the errors associated with pressure averaging prior
to velocity calculations. This error, often referred to as
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"gsquare root" error, arises from the nonlinear dependence of the
measured variable (pressure) on the stream velocity. In all
measurement devices where this occurs (orifice meters, pitot
tubes, annubars), the time-averaged value of the square root of
the pressure signal does not equal the square root of the time
averaged value of the pressure signal. This inequality
introduces positive bias errors into the flow measurement and can
be eliminated by the use of EFM.

Probes that are most suited for transient batch flow systems
are probably insertion turbine meters and ultrasonic probes.
Both of these probes can have turn-down ratios (ratio of maximum
to minimum measurable flow velocity) of 10-15 to 1 and are true
velocity measurement devices. Both of these probes can be
hot-tapped into existing gas streams, and their uncertainty
levels are equal to or better than pitot tubes in steady flows.
The insertion turbine meter, like all pitot probes, requires a
traverse, which limits its application to transient flows.

However, ultrasonic meters, which are used extensively in
chemical plants, return an average velocity flow across the gas
stream. For this reason, ultrasonic probes can track shorter
transients with less uncertainty because of the elimination of
the need for a traverse at each sample interval.

Simultaneocus concentration measurements may be made using
EPA Method 25A, a semicontinuous Method 18 (at close intervals),
or perhaps by using Fourier Transform Infrared (FTIR) technology
(for which no EPA method currently exists), an emerging
technology that has experimentally been demonstrated to measure
multicomponent volatile compounds from a noninvasive standpoint.

The use of EFM’s to combine the flow and concentration
measurements and obtain instantaneous mass emissions, as well as
batch mass emissions (integrated over the batch cycle time)
appears to be indispensable for accurate emission measurements of
batch emission streams. However, this testing is more
sophisticated and presumably more expensive than emissions
- measurement for continuous, steady-state emission streanms.
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Probes that are most suited for transient batch flow systems
are probably insertion turbine meters and ultrasonic probes. -
Both of these probes can have turn-down ratios (ratio of maximum
to minimum measurable flow velocity) of 10-15 to 1 and are true
velocity measurement devices. Both of these probes can be
hot-tapped into existing gas streams, and their uncertainty : .
levels are equal to or better than pitot tubes in steady flows.
The insertion turbine meter, like all pitot probes, requires a
traverse, which limite its application to transient flows. '
However, ultrasonic meters, which are used extensively in . .
chemical plants, return an average velocity flow across the gas
stream. For this reason, ultrasonic probes can track shorter
transients with less uncertainty because of the elimination of
the need for a traverse at each sample interval. | -
Simultaneous concentration measurements may be made using
EPA Method 25A, a semicontinuous Method 18 (at close intervals),
or perhaps by using Fourier Transform Infrared (FTIR) technology
(for which no EPA method currently exists), an emerging
technology that has experimentally been demonstrated to measure
multicomponent volatile compounds from a noninvasive standpoint.
The use of EFM’'s to combine the flow and concentration
measurements and obtain instantaneous'mass emissions, as well :-s
batch mass emissions (integrated over the batch cycle time)
appears to be indispensable for accurate emission measurements of
batch emission streams. However, this testing is more
sophisticated and presumably more expensive than emissions
measurement for continuous, steady-state emission streams.
Another alternative is to measure emissions from a single
step in the process to confirm emission estimates based on
equations in Chapter 3. This method also can be costly if
testing is required for the entire duration of the step, from
startup to completion. Sampling periodically throughout the step

may be sufficient to characterize emissions and confirm emission
estimates in some situations.




saturation). Note that under these conditions, the unit also
will perform at maximum efficiency because the emission stream is
completely saturated. In some cases, the varying incoming
emission stream characteristics - make it impossible-to meet an
instantaneous control efficiency value, but overall control
efficiency value can be met by controlling the richer peak load
(at higher efficiencies) and by not controlling the emission
streams when the VOC concentration begins to taper off. If vent
stream characteristics or worst-case conditions are known, the
condensation unit can be designed to meet a standard, and a
performance test may not be necessary. Monitoring can be
relatively simple. Temperature monitors can be mounted at the
coolant inlet to the vapor condenser or the gas outlet, and
temperature can be recorded on a strip chart. Flowmeters can
also be incorporated.

Carbon adsorbers are another vapor recovery device that can
be used to meet rule requirements, and if vent stream
characteristics or worst-case conditions are known, a performance
test may not be necessary. Again, a monitoring device should be
used to indicate and record the VOC mass emissions in the exhaust
gases from the carbon adsorber. Of particular concern when using
carbon adsorption systems to control batch emission streams is
the desorption of VOC compounds from the carbon bed to the gas
exhaust when the VOC concentration in the entering gas stream
decreases as it might during a batch emission event. The
adsorber may handle the peak VOC emissions only to desorb them
out during non-peak events, thereby producing an outlet stream
that is more uniform in concentration. Thus, there may be no net
control from the device.

7.5 REPORTING/RECORDKEEPING REQUIREMENTS

Records should be kept that record the characteristics of
each process vent or group of process vents subject to a rule
that indicate average flowrate and annual mass emission total.
Note that the annual mass emission total combines the mass
emission potential for each emission event with the number of
potential emission events in a year. If there is no permitted

7-11



value, owners and operators must keep records of the number of
emission events that will occur in a year in order to obtain an
accurate mass emission total.

Each facility required to control process vents should keep
a copy of the operating plan for each control device in use. The
operating plan should identify the control method and parameters
to be monitored to ensure that the control device is operated in
conformance with its design. Each facility should keep a record
of the measured values of the parameters monitored:  -Any
exceedances of the design parameters should be recorded along
with any corrective actions. The air pollution control agency
should decide which of the recorded data should be reported and
what the reporting frequency should be.
7.6 EXAMPLE APPLICATION

Figure 7-~1 presents an example analysis. Individual unit
operations, as well as the aggregate process are evaluated using
the regression equations to determine whether control at an
example level (90 percent) is required. The results indicate
that the dryer requires control of 90 percent, as does the
overall process. The uncontrolled annual mass emissions from the
dryer are 36,000 lb/yr. At this level, emission sources with
flowrates less than 167 scfm (regardless of volatility) would be
required to be controlled to 90 percent. Similarly, the
uncontrolled emissiohs from the aggregated process are
47,700 1b/yr. Processes with an average flowrate of 319 scfm or
lower would require control at 90 percent, again regardless of
volatility. 1In this situation, operators might choose to control
the dryer emissions to a level in excess of 90 percent in order
to meet the overall process control requirement.
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'Figuré 7-1. éxampie Anélysis

4 | 4 )
Holding Centrifuge
Reactor f——— o Tank [ "] ™ Dryer  |— 4, Packaging
Individuat
Unit Operation  Average Flowrate hrs/baich  Lbs VOC/batch  |bs/yr FR
(@300 days/yr)
React 20 scim 3 6 1800
Holding Tank 10 scim 25 4 1200
Centrifuge 30 scim 5 29 8700 i
ryer 30 scim 6 120 36000 1002 (low vol)
622 (mod vol)
199 lbs/batch 167 (hi vol)
Aggregated
@47700 Ibstyr
@ 1 batchvday, 300 dayslyr, 47,700 Ibs/yr 90 % conirol: FR:
FR = .07(Ibs/yr) - 1821 low vol 1518
A Fi ((20)(3)(300)+(10)( -25)(300)+(30)(.5)(300)+ (30)(6)(300))
verage Flowrate . FR = .031(Ibstyr)-494 mod vol 985
([3)1300)+(25)(300)+(.5)(300)+(6)(300)) FR=.013(bsiyr)}301  hiyol 319

= 26 scim

Conclusions: Would require control of dryer at 80% and overall process at 90%
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TABLE A-1. PHYSICAL PROPERTIES OF COMMON AIR SUBSTANCES
Condensed
Liquid vapor
Vapor density, Sensity, True vapor pressure in pais at:
molecular 1b/gal Ih/gal at

Organic liquid weight at 60°F 60°F 40°F 50°F 60°F 70°F 80°F 90°F 100°F I

Petroleum quuid-b l
Gasoline RVP 13 62 5.6 49 4.7 5.7 69 83 99 1.7 138
Gasoline RVP 10 66 5.6 5.1 34 42 52 6.2 74 8.8 10.5
Gasoline RVP 7 68 56 52 23 29 3s 43 52 6.2 7.4
Crude oil RVP § 50 7.1 4.5 1.8 23 28 34 490 4.8 5.7
u Jet Naphtha (JP-4) 80 64 54 08 10 13 1.6 1.9 24 2.7
f Jet kerosene 130 70 6.1 0.0041 0.0060 0.0085 0011 0.015 0.021 0.029
Distillate fuel No. 2 130 7.1 6.1 0.0031 0.0045 0.0074 0.0090 0.012 0.016 0.022
Residual oil No. 6 190 7.9 6.4 0.00002 0.00003 0.00004 0.00006 | 0.00009 { 0.00013 0.00019

Volatile organic liquids

Acetone 58.1 6.6 6.6 1.7 22 29 37 4.7 59 73
Acetonitrile 41.1 6.6 6.6 0.6 08 11 8| 1.4 19 2.5 31
Acrylonitrile 53.1 6.8 68 08 1.0 1.4 1.8 24 kN 40
Allyl alcohol 58.1 7.1 7.1 0.1 0.2 0.3 04 05 0.7 1.0
Allyl chloride 76.5 7.9 19 3o 38 48 6.0 7.4 9.1 11.0
Ammonium hydroxide 28.8 percent solution 35.1 1.5 15 5.1 6.6 8.5 10.8 . 13.5 16.8 20.7
Benzene 78.1 74 74 06 09 1.2 1.5 20 2.6 33
n-Butyl chloride 9.6 74 74 0.7 10 13 17 12 21 35
Carbon disulfide 76.1 106 10.6 30 39 48 6.0 74 9.2 1.2
Carbon tetrschloride 153.8 13.4 13.4 038 1.1 14 1.8 23 30 s
h‘Chlorofonn 119.4 12.5 12.5 1.5 19 25 12 4.1 52 6.3

Chloroprene 88.5 8.0 8.0 1.8 23 29 37 4.6 5.7 1.0 l




TABLE A-1. (continued)
[ Condensed
Liquid vapor
Vapor density, density, True vapor pressure in psia al:
molecular Ib/gal Ib/gal at
Organic liquid weight st 60°F 60°F 40°F 50°F 60°F 70°F 80°F 90°F

Cyclohexane 84.2 6.5 6.5 0.7 0.9 | .2‘ 1.6 2.1 2.6
Cyclopentane 70.1 6.2 6.2 2.5 33 42 5.2 6.5 8.1
1,1-Dichloroethane® 9.0 9.9 9.9 1.7 22 29 37 4.7 59
1,2-Dichloroethane® 99.0 10.5 10.5 0.6 08 1.0 1.4 1.7 22
cia-1,2-Dichloroethylene 91.0 108 10.8 1.5 20 21 s 44 5.6
trans-1,2-Dichloroethylene 970 10.5 10.5 26 34 4.4 5.5 6.8 83
Diethyl ether 74.1 6.0 6.0 4.2 5.7 70 8.7 10.4 13.3
Diethylamine 73.1 5.9 5.9 1.6 20 29 , 39 © 4.9 6.1
. Diisopropyl ether 102.2 6.1 6.1 1.2 1.6 2.1 27 3s 43
1,4-Dioxane 88.1 8.7 8.7 0.2 03 0.4 0.6 0s 1.1
[ Dipropyl ether 1022 6.3 6.3 04 0.6 08 11 1.4 1.9
I lélhyl acetate 88.1 7.6 1.6 0.6 08 1.1 1.5 1.9 25
i Ethyl acrylate 100.1 7.8 78 0.2 0.3 04 0.6 08 1.1
Ethyl alcohol 46.1 6.6 6.6 0.2 0.4 0.6 09 1.2 1.7
Freon 11 137.4 12.5 12.5 70 LR ] 10.9 13.4 16.3 19.7
n-Heptane 100.2 5.7 5.7 03 04 0.s 0.7 1.0 1.2
H Hexane® 86.2 55 5.5 1.1 1S 1.9 24 3.1 19
Isobutyl alcohol 74.1 6.7 6.7 0.06 0.1 0.1 0.2 03 0.4
H Isopropyl alcohol 60.1 6.6 6.6 0.2 03 0.6 0.7 0.9 1.3
Methyl acetate 74.1 78 78 1.5 20 27 37 4.7 58
Methyl acrylate 86.1 80 80 0.6 08 1.0 1.4 1.8 24
“ Methyl slcohol 20 6.6 66 0.7 1.0 R 1.4 20 26 35S
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TABLE A-1. (continued)
Condensed
Liquid vapor
Vapor density, denaity, True vapor pressure in psia at:
molecular 1b/gal Ib/gal at
Organic liquid weight at 60°F 60°F 40°F 50°F 60°F 70°F 80°F
Methylene chloride 84.9 1. 1.1 3.1 43 54 6.8 8.7 103
Methyl cyclopentane 84.1 6.3 6.3 09 1.2 1.6 22 29 36
Methyl ethyl ketone 72.1 6.7 6.7 0.7 09 12 1.5 2.1 27
“ Methylmethacrylate 100 19 19 0.1 0.2 03 0.6 08 1.1
Methyl propyl ether 74.1 6.2 6.2 37 4.7 6.1 7.1 94 11.6
n-Pentane® 2 53 53 43 55 6.8 85 10.5 12.8
n-Propylamine 59.1 6.0 6.0 25 32 42 53 6.5 8.0
I[ Propyl chloride® 78.5 d d 28 35 45 5.6 70 8.7
u Tertbuty! alcohol 74.1 6.6 d 02 0.3 0.4 06 09 1.2
1,1,1-Trichloroethane 133.4 11.2 1.2 09 1.2 1.6 20 2.6 33
Trichloroethylene 131.4 123 123 0.5 0.7 09 12 1.5 20
“ Toluene 9.4 73 13 02 02 03 0.4 0.6 0.8
Vinylacetate 86.1 78 78 0.7 10 1.3 1.7 2.3 31
Vinyledene chloride 96.5 04 104 5.0 63 79 98 1"ns 153

SRVP = Reid vapor pressure.

hV-pm- pressures calculated from pages D-212 through D-215 of "Handbook of Physics and Chemistry,® 6Tth Edition.

“Data unavailable.

Source: Hazardoua Waste Trestment, Storage, and Disposal Facilities (TSDF)--Air Emission Models. EPA-450/3-87-026. December 1987.




TABLE A-2.

VAPOR PRESSURE - EQUATION CONSTANTS

16 C2H4CL20
17 CHBR3

18 C4Hé

19 CAN110M
20 ¢s2

21 CCLé

22 C2u3cLo2
23 C8H7CLO
24 COMSCL
25 CHCL3
26 CLNSCL
27 C7H80

29 C7H80
30 C7580
31 cyM12
32 CoHACL2
33 Cun8CL20
34 C3M4CL2
35 C4N11NO2
36 C8H1IN
37 C4H1004S
38 C14H20N
39 CIN7N
40 C2HBNZ
41 C10H1004
42 C2H6504
43 C6N3N204
44 C7H6N204
&5 C4H802
&6 C12H12N2
47 C3K5CLO
48 C5H802
49 C8H10
50 C2K5CL

tnn-Aomocmroor‘

(P-mmHg, T -K)

PO et | PPN NNNL2OCNOCONOON ¢ 20N NN -

[ SR U - 3

£iE

g388
85383838k

S2nLE
3.‘“\8\”

278.68 562.16
268.40 737.00

231.65 579.00
281.20 696.00
166.25 425.37
342.36 806.00
161.11 552.00
250,33 556.35
333.15 &486.00

227.95 632.35
209.63 536.40
143.15 525.00
285.39 705.85

304.19 697.55
307.93 704 .65
177.14 631.15
326.14 684.75

191.50 577.00

301.15 Se2.04

275.60 687.15
248.00 483.00

212.72 647.00

272.1%
261.35

766.00
758.00
343.00 814.00
284.95 587.00
404.15 573.00
215.95 610.00
201.95 553.00
178.15 617.17

NAME A ] ¢ D
ACETALOENYDE 201. 1772 *8.4786E+(3 -3.15488+01 4.6314E-02
ACETAMIDE 127.5872 -1.1961E+04 -1.6068E+01 1.1880€-05
ACETONITRILE $3.4092 -5.3856E+03 -5.4954E+00 S.3434E-06
ACETOPHENONE 127.9772 -1.03858+04 -1.7284E+01 1.47798-02
ACROLEIN 133.5072 -7.1227¢«+03 -1.96388+01 2.6447¢-02
ACRYLAMIDE 39.1412 -1.02318+06 -1.7139€+00 ----
ACRYLIC ACID $3.0992 -7.21808+03 -4.8813¢+00 1.0060€-03
ACRYLONITRILE 82.7112 -6.392TE+03 -1.0101E+01 1.0891E-08
ALLYL CHLORIDE 38.1982 -4.3084€+03 -3.1322E+00 1.1171E-17
ANILINE 206.3872 -1.65048+06 -4.2763E+0% 3.99188-02
O-ANISIDINE ceee ceee ceee ceee
BENZENE T3.1572 -6.2755E+03 -8.4443E+00 6.2600€-06
BENZOTRICHLORIDE 50.6272 -7.4190E+03 -4.6513E+00 1.7396E-18
BENZYL CHLORIDE 49.8582 -7.1698E+03 -6.4836E+00 1,.38588-18
BIPHENYL 122.1472 -1.2321E+06 -1.495SE+01 5.56056E-06
BIS(CHLOROMETHYL)ETHER $6.1552 -6.3984E+03 -S.4972E+00 8.2034E-18
BROMOFORM $3.1752 +6.7653E+03 -5.0514E+00 2.9653¢-18
1,3-BUTADIENE 69.2092 -4.5800€+03 -8.2922€+00 1.1820€-05
CAPROLACTAM 69.2792 -1.0469E+04 -6.8944LE+00 1.2113€-18
CARBON DISULFIDE $7.9062 ~4.T063E+03 -6.T794E+00 8.0195€-03
CARBON TETRACHLORIDE 73.5482 -6.1281E+03 -8.5763E+00 6.8461E-06
CHLOROACETIC ACID 98.2572 -1.0585€+04 -1.13488+01 &.1435E-06
2-CHLOROACETOPHENONE ceee ceee ceee ceee
CHLOROBENZENE 64,7692 -S.9408E+03 -3.9391€+00 1.1417E-06
CHLOROFORM 130.3672 -7.4746E+03 -1.8700€+01 2.1909E-02
CHLOROPRENE 42.9902 -4.7S9SE+03 -3.7996E+00 1.1726E-17
M-CRESOL 262.9872 -1.60608+04 -3.5083E+01 2.8800€-02
CRESOLS/CRESYLIC ACID(ISQMERS & MIXTURES) ---- ceee ceen cees
0-CRESOL 205.9872 -1.3928E+04 -2.9483E+01 2.5182¢£-02
P-CRESOL 282.9872 -1.75408+04 -4.1637E+01 3.6171€-02
CUMENE 82.7612 -8.3340€+03 -9,3567E+00 1.3600€-17
1,4-DICHLOROBENZENE 83.4172 -8.4634E+03 -9.63086+00 4.5833E-06
DICHLOROETHYL ETMER sees seee seve soce
1,3-DICHLOROPROPENE® 44.1267 -S.334TE«03 -3.9572E+00 6.9674E-18
DIETHANOLAMINE 281.1172 -2.0360E+04 -4.0422E+01 3.2378E-02
N, N-DIMETYLANILINE 46,6592 -7.1600€+03 -4.0127E+00 8.1481€E-07
DIETHYL SULFATE 86.4342 -9.2791E+03 -1.0340E+01 6.867SE-03
DIMETHYLBENZIDINE . eeee veoe ceee ceee
DIMETHYL FORMAMIDE 110.7172 -9.8538E+03 -1.3393E+01 2.1867¢-17
1,1-DIMETHYLHYDRAZINE cee- cee- ceen cene
DIMETHYL PHTHALATE 66.1802 -1.0534E+04 -6.4298E+00 1.0804E-18
DIMETHYL SULFATE 78.1512 -8.8719€+03 -8.5921E+00 1.8941E-06
2,6-DINITROPHENOL cess ceee veee “ee-
2,6-DINITROTOLUENE 26.7022 -6.9259E+03 -1,64668E+00 3.6725E-03
1,4-D10XANE 47.3782 -S.6TTTE+03 -4.3645E+00 1.9626E-06
1,2-DIPHENYLNYDRAZINE 89.6402 -1.278SE+04 -9.5673E+00 1.6660€-18
EPICHLOROHYDRIN §7.0212 -6.6420€+03 -5.6252E+00 1.2280€-06
ETHYL ACRYLATE 126.6672 -8.26T2E+03 -1.7694E+01 1.85388-02
ETHYLBENZENE 83.3532 -7.6911E+03 -9.79T0E+00 S.9310E-06
ETHYL CHLORIDE 65,2682 -4.TBETE+03 -7.5387T€+00 9.3370€-06

NNANON= O

134.80 460.35

.......................................................................................................................

From "Henry's Law Constant for HAP’'s."
Environmental Protection Agency.

Carl Yaws.
Final Report.

September 30,

Prepared for the
1992.

P



TABLE A-2.

(continued)

............. DY TP R R LY R N R R L LR L YRR TR PR R R R N T T X L T Y iyl a g s S S Y

NO  FORMULA

66 C5H1202
67 C8H1002
&8 CSH1202
69 c8H1803
70 CAN1402
71 CBH1804
72 ¢8N1503
73 C6CL6
74 C4CLS
75 C2CL8
76 coN14
77 C8N602
78 CON14O
79 C4N203
80 CH4O

81 CA3BR
82 cH3cL
83 C2H3CL3
84 C4N8O
85 CHONZ
86 C6M120
87 C2u3N0
88 CS5H802
8% CSH120
90 CH2CL2

91 CI5H10N202 METHYLENE DIPHENYL D11SOCYANATE

92 C13H14N2
93 C10K8
94 C6NSNO2
95 CHWSNOS
96 CINM02
97 CHMED
98 CONBNZ
99 cocLe
100 CBH4O3

ETHYLENE OIBROMIDE
ETHYLENE DICHLORIDE
ETHYLENE GLYCOL
ETHYLENE OXIDE
ETHYLIDENE DICHLORIDE
FORMALDENYDE

ETHYLENE GLYCOL DIMETHYL ETHER
ETHYLENE GLYCOL MOMOETHYL ETHER

(nPsAeg/ToeCtnToen e

(P-mmHg, T -K)

A s

38.8582 -5.5877E+03
111.4972 -7.32308+03
189.7472 -1.46158+04
91.9272 -5.43308+03
76.8602 -6.0103E+03
96.6172 -4.91728+03
80.1902 -6.37228+03
266.7972 -1.3845E+04

DIETNYLENE GLYCOL MONOETHYL ETHER ACETATE 105.8972 -9.90588+03

ETHYLENE GLYCOL MONOETHYL ETHER ACETATE
DIETHYLENE GLYCOL MONOETHYL ETHER

79.6572 -8.6783E+03
250.9672 -1.7164E+04

ETHYLENE GLYCOL MONOMETHYL ETHER ACETATE® 80.0053 -8.6783E+03

DIETHYLENE GLYCOL MONOBUTYL ETHER
DIETHYLENE GLYCOL DIMETHYL ETHER
ETHYLENE GLYCOL MONOMETHYL ETHER
ETHYLENE GLYCOL MONOPROPYL ETHER
ETHYLENE GLYCOL MONOPHENYL ETHER
DIETHYLENE GLYCOL MONOMETHYL ETHER
DIETHYLENE GLYCOL DIETHYL ETHER
ETHYLENE GLYCOL MONOBUTYL ETHER
TRIETHYLENE GLYCOL DIMETNYL ETHER
ETHYLENE GLYCOL MONOBUTYL ETHER ACETATE

HEXACNLOROBENZENE
HEXACHLOROBUTAD IENE
HEXACHLOROETHANE
HEXANE

HYDROQU I NONE

I SOPHORONE

MALELIC ANWYDRIDE
METHANOL

METHYL BROMIDE

METHYL CNLORIDE
METHYL CHLOROFORM
METHYL ETHYL KETONE
METHYL HYDRAZINE
METHYL ISOBUTYL KETONE
METHYL ISOCYANATE
METHYL METHACRYLATE
METHYL TERT-BUTYL ETHER
METHYLENE CHMLORIDE

4,L-METRYLENED IANILINE
MAPHTNALENE
NITROBENZENE
4-N1TROPHENOL
2-NI1TROPROPANE

PHENOL

P-PHENYLENED IANINE
PHOSGENE

PHTHALIC ANNYDRIDE

173.6772 -1.57128+04
78.2492 -8.2B48E+03
353.1672 -1.6390€+04
65.3342 -7.77T128+03
428.7372 -2.17308+06
71.5962 -8.5825€+03
110.8072 -1.0705E+04
98.8572 -1.16338+04
158.3372 -1.8824E+04
81.9512 -9.5280€+03
430.2172 -2.7220€+04
160.5772 -8.3533£+03
105.9772 -1.28568+04
78.1382 -8.1126E+03
63.9872 -7.72268+03
105.0372 -7.4713E+03
67,6932 -4.6988E+03
59.2372 -4.0301€+03
84.1522 -6.5442E+03
109.8472 -7.1300€+03
147.8072 -1.0034E+04
41,7632 -4.4556E+03
266.1372 -1.2144€+04
50.9812 -5.1301€+03
76,9762 -5.TP4TEOS
78,9502 -1.3604E+04
80.3972 -9.06228+03
85.5522 -9.7448E+03
51.5512 -6.2903€+03
54.1872 -8.0500€+03
79.0322 -1.1341€+04
107.4272 -5.6774E+03
70.5352 -8.93028+03

c ]
-3.0891E+00 8.264648-07
-1.53708+01 1.6794E-02
-2.54338+01 2.01408-05
~1.25178+01 1.60808-02
-9.1336E+00 8.59408-06
-1.37656+01 2.2031E-02
-1.00832+01 9.9499¢-03
-4.0900€+01 4.80968-02
-1.3729€+01 1.22038-02
=8.T244E+00 1.0459€-17
-3.4699€+01 2.5107¢-0%
<8.7264E+00 1.0459€-17
=2.19088+01 2.0569¢-17
-8.6687E+00 1.9629€-17
-5.54508+01 6.6861E-02
~6.69648+00 2.2398E-17
-6.64168+01 6.99038-02
~7.684TE+00 3.6009€-06
-1.31408+01 2.9781E-17
-1.1067€+01 6.2208¢-18
-1.8899€+01 2.3902¢-18
~9.0606E+00 1.3588£-06
-6.0495€+01 3.0865€-05
-2.3927E+01 2.94698-02
-1.2677E+01 6.9120€-03
<9.5117€+00 8.1784E-03
=7.2087E+00 7.0169¢-03
-1.39888+01 1.5281€-02
=7.9966E+00 1.15538-05
<6.7151€+00 1.0210€-05
-1.0205€+01 8.5368¢-06
=1.5184E+01 1.7234E-02
=1.9766E+01 1.6353E-05
+3.63306+00 1.5024E-17
=3.7654E+01 4.2873¢-02
~4,961TE+00 1.9765E-17
~8.80156+00 7.6432E-06
~7.8429€+00 6.0025€-18
-9.0648E+00 3.5805E-06
-9.52288+00 7.5659€-18
-4 .84628+00 9.2273¢-18
=4.8990E+00 2.800€-04
-8.1769€+00 1.5761E-18
-1.5351€+01 2.1250¢-02
-7.8671E+00 5.9603€-06

THIN  THMAX

2 282.83 650.15

NL2 20 1tON I ONOO2ONI 2NNN—2 2 bs NN { OCON=I OO NO b NSN -

237.49 561.00
260.15 645.00
160.71 469.15
176.19 $23.00
181.15 408.00
215,98 935,15
183.00 569.00
248.15 £50.00
211.45 597,00
250.00 632.00
211.45 567.00
205.15 654.00
203.15 432.91
225.00 564.00
183.15 582.00
250.00 630,00
228.85 624.00
203.15 600.00
229.35 651.00
501.70 825.00
252.15 741.00
459.95 512.25
177.84 507.43
bk .65 822.00
265.05 715.00
326.00 710.00
175.47 512.58
179.47 467.00
175.43 416.25
242.75 545.00
186.48 535.50
189.15 571.40
256.15 505.00
226.95 S64.00
164.55 497.10
178.01 510.00
311.20 609.00
353.43 748.35

181.83 594.00
316.06 694.25
413.00 796.00
145.37 455.0¢C
406.15 791.00
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TABLE A-2. (continued)
inPsasgTecintTep e (P-mHg, T-K)

NO FORMULA RAME A [ ] c D E TMIN  ThmAx
101 C3H402 BETA-PROPIOLACTONE 59.6992 -7.82048+03 -5.7808E+00 3.0689E-18 6 239.75 685.00
102 C3K40 PROP [ONALDENYDE 60.2442 -5.3095E+03 -6.5289€+00 5.8611E-06 2 193.15 496.00
103 C3M6CL2 PROPYLENE DICHLORIDE 49.2312 ~5.67T4E+03 -4.6063E+00 9.0212¢-18 6 172.71 S72.00
106 C3M60 PROPYLENE OXIDE 88.7372 -6.05808+03 -1.11048+01 1.26708-05 2 161.22 482.25
105 C6ML02 QUINONE seee cee- ceee meee . eoe .es
106 CBN8 STYRENE 128.6272 -9.2655€+03 -1.76098+01 1.5391E-02 1 242.54 648.00
107 caw2cLé 1,1,2,2-TETRACHLOROE THANE 129.4872 -1.02738+04 -1.6556E+01 9.3081E-06 2 229.35 645.00
108 c2cLé . TETRACHLOROETHYLENE 53.8712 -6.19126+03 -5.33128+00 2.1269€-06 2 250.80 620.00
109 c7us TOLUENE 78.4662 -6.99508+03 -9.1635E+00 6.22508-06 2 178.18 591.79
110 C7u10N2 2,6-TOLUENE DIAMINE 100.9772 -1.26488+06 -1.14728+01 2.90078-06 2 371.2% 804.00
111 COHEN202  2,4-TOLUENE DIISOCYANATE 95.0812 -1.16598+06 -1.0583E+01 4.15438-18 6 287.04 737.00
112 C7uoN 0-TOLUIDINE 222.3572 -1.44208+04 -3.2263E+01 2.84626-02 1 249.47 694.15
113 CAH3CL3 1,2,4-TRICNLOROBENZENE 35.9082 -6.6591E+03 -2.55498+00 4.6936E-06 1 290.15 725.00
114 C2n3CL3 1,1,2-TRICHLOROETHANE 57.7592 -6.3017E+03 -5.91828+00 2.7261E-06 2 236.50 302.00
115 c2ncL3 TRICHLROETHYLENE 56.5102 -5.47168+03 -5.827SE+00 4.5098E-03 1 188.40 571.15
116 CON3CL3O 2,4,5-TRICHLOROPNENOL cece cece eees eeee . eee LR
117 C6HISN TRIETHYLAMINE 51.6572 -S5.68198+03 -4.9815E+00 1.2363E-17 6 158.4% 535.15
118 c8n18 2,2,6-TRIMETHYLPENTANE 115.9172 -7.55008+03 -1.6111E+01 1.7099€-02 1 165.78 543.96
119 C4H602 VINYL ACETATE 43.0492 -5.26628+03 -3.6360€+00 4.5798€-18 6 180.35 524.00
120 C2M3CL VINYL CHLORIDE 121.9572 -5.7601€+03 -1.7914E+01 2.49178-02 1 119.36 431.5%
121 c2n2CL2 VINYLIDENE CHLORIDE 67.7482 -5.4481E+03 -7.5697€+00 7.0922¢-17 6 10.59 482.00
122 XYLENES (ISOMERS & MIXTURES) . ceoe ceee ceee cace cee .ae
123 c8H10 M-XYLENE 79.8562 -7.591E+03 -9.2570€+00 5.5500€-06 2 225.30 617.05
124 C8H10 0-XYLENE 85.7512 -7.9608£+03 -1.0126E+01 6.0150€-06 2 247.98 630.37
125 can10 P-XYLENE 138.2772 -9.2470E+03 -1.9441E+01 1.9084E-02 1 286.41 616.26
* . Estimated values for coefficients in vapor pressure equation.
in = natural logarithm
Primary data source: Daubert, T. E. and R. P. Danner, DATA COMPILAT F_PROPERT , Parts 1,2,3

14
and &, Supplements 1 and 2, DIPPR Project, A[ChE, New York, NY (1985-1992).

ETHYLENE GLYCOL MONOBUTYL ETHER ACETATE

NO FORMULA NAME

11 C7HoNO O-ANISIDINE

33 C4H8CL20  DICHLOROETHYL ETHER

40 c2nBN2 1,1-DIMETHYLHYDRAZINE

67 C3N1002 ETHYLENE GLYCOL MONOPHENYL ETHER
72 C3N1503

85 CHéN2 METHYL NYDRAZINE

116 CAN3CL30  2,4,5-TRICHLOROPHENOL

7.21589
6.86297
7.82316

s c TMIN  THMAX
475,780 237.134 61 218
1990.755 235.347 &3 178
1388.510 232.537 -35 20
1767.871 168.070 25 245
1659.262 191,339 25 . 192
1115.190 191,648 2 25
2620.564 237.476 T2 252

log = logarithm to base 10

Primary data source:

Primary data source for 67 and 72:

Ohe, S.,

T

AT

Compeny, Tokyo, Japen (1976).

Curme, G.

York, NY (1953).

P , Data Book Publishing

0., editor, GLYCOLS, Reinhold Publishing Corp., New



TABLE A-3. SUMMATION OF DATA FOR HENRY’S LAW CONSTANT
Henry's Law Corstant, W - atwmol fraction

NO mmu NAME HNgsec SASIS

)] czmo ACETALDENYDE 4.8730000 Expar imental

2 C2HSON ACETAMIDE 0.0000986 UNIFAC

3 c2u3M ACETONITRILE 1.1076388  VLE Dats

& C8HOO ACETOPHENONE 0.5089400 solubility Data

S C3n0 ACROLEIN 4.5711400 solubility Data

6 CInSNC ACRYLAMIDE 0.000014S UNIFAC

7 C3K602 ACRYLIC ACID 0.0223%62 WLE Date

8 C3H3N ACRYLOMNITRILE- - $.4434900 -- Solubility Data -

9 C3NSCL ALLYL CHLORIOE 5$15.4180500 Solubility Data

10 CoNTe ANILINE 0.0977600  Solubflity Data

11 C7HONO O-ANISIDINE 0.0092393 UNTFAC

12 CoMé BENZENE 308.3400000 Experimental

13 C7H5CL3 BENZOTRICHLORIDE $4.5177107  UNIFAC

14 C7HTCL BENZYL CHLORIDE 17.7286733  UNIFAC

15 C12K10 BIPHENYL 2. 6700000 Experimental

16 C2W4CL20  BIS(CHLORCMETHYL)ETHER = cceseas Reaction with water
17 CWBR3 BROMOFORM 29.5600000 Experimental

18 CaNé 1,3-BUTAD1ENE 3961.1453000  Solubility Data

19 CAN110M  CAPROLACTAM 0.0001639  UNIFAC

20 €S2 CARBON DISULFIDE 1064.0713500 Solubility Data

21 CCLé CARBON TETRACHLORIDE 1677 . 7900000 Experimental

22 C2H3CLO2 CHLOROACETIC ACID 0.0036272 UMIFAC

23 Can7cLo 2-CHLORCACETOPHENONE 1.5713000 Solubility - Estimstea
2b CENSCL CHLOROBENZENE 209. 4500000 Experimental

25 CHCL3 CHLOROFORM 221.3300000  Experimental

26 C4NSCL CHLOROPRENE $1.6355560  UNIFAC

27 C7H80 M-CRESOL 0.0394800 Solubility Data

28 CRESOLS/CRESYLIC ACID(ISOMERS & MIXTURES) svesace

29 C7M8o 0-CRESOL 0.0911500 Solubility Data

30 S71H80 P-CRESOL 0.0396800 Solubitity Data

31 CON12 CUMENE 727.7800000 Exper imental

32 CoNeCL2 1,4-DICHLOROBENZENE 176. 1100000 Experimantal

33 C4HSCL20 DICHLOROETHYL ETMER 1.1390000  Solubility Data

34 CXHGCL2 1,3-DICHLOROPROPENE 197.2200000 Experimental

35 CLH1IN02  DIETHANOLAMINE 0.0000001 UNIFAC

36 CBH11N N, N-DIMETYLANILINE 0.7701322 UNIFAC

37 C4H1004S DIETHYL SULFATE 0.3405000  Solubility Data

38 C14H16M2  DIMETHYLBENZIDINE 0.1780100 solubi'lity - Estimsted ¢
39 CINTNO DIMETHYL FORMAMIDE 0.0098341 VLE Data

40 C2x8N2 1,1-DIMETHYLNYDRAZ INE 0.09107%6 VLE Data

41 CT10H1004 DIMETHYL PHTHALATE 0.0548%42  UNIFAC

42 C2H6S04 DIMETHYL SULFATE 0.2226700 Solubility Data

43 COHIN20A  2,4-O1INITROPHENOL 0.47%6000 Solubil ity Data

&b CTH6NZ20A  2,4-DINITROTOLUENE 0.3996900 Solubil ity Dats

45 C4NBOZ2 1,4-DIOXANE 0.3079797 VLE Data

66 CI2H12N2  1,2-DIPHENYLNYDRAZINE 0.0135700 Solubility - Estimeted
47 C3HSCLO  EPICHLOROHYDRIN 1.8590400 Solubility Data

48 CSHB02 ETHYL ACRYLATE 14.1169500 solubility Data

49 C8N10 ETHYLBENZENE 437.8100000 Experimental

S0 C2HSCL ETHYL CHLORIDE 4§72.220000G Exper imantal
To convert from H in atm/vol fraction to:
H in atm/ (mol/m3), divide 55,556
H in mmHg/mol fraction, multiply by 760
H in gsxa/mol fraction, multxgly 19.7
H in kPA/mol fsactzon, multi 101.325
H in kPa/mol/m”), multiply by 101 325/55 556
Source: Carl Yaws, "Henry's Law Constant for HAPs", Final Report.

September 30, 1992.




NO FORMULA

51 C2n4BR2
52 C2meCL2
53 C2K602
54 C2w40
55 C2u4CL2
56 CH20
S7 C4H1002
S8 C4H1002
59 CBH1604
60 C6M1203
61 CoH1603
62 C5H1003
63 C8H1803
66 C6H1403
65 C3nsoz
66 C6M1202
67 C8H1002
68 C5M1202
69 C8n1803
70 C6M1402
71 C8H1804
72 CBN1503
CéCLS
c4cLé
cacLé
CoH14
CBH602
CIN140
C4Hz203
CH4D
CH3BR
CH3cL
C2H3CL3
C4NBO
CH6N2
C6H120
C213N0
C5n802
CSN120
CH2cL2

qANA

cions
CoN3NO2
C5H5NO3
96 CINMN02
97 C6H60
98 C6HBNZ
99 cocL2
100 C8H4O3

RRES28IEIRRRER2BIAY

TABLE A-3.

ETHYLENE OISROMIDE

ETHYLENE DICNLORIDE

ETHYLENE GLYCOL

ETHYLENE OXIDE

ETNYLIOENE DICHLORIOE
FORMALDENYDE

ETHYLENE GLYCOL OIMETNYL ETHER
ETHYLEME GLYCOL MONOETHYL ETHER

DIETHYLENE GLYCOL MONOETNYL ETHER ACETATE
ETHYLENE GLYCOL MONOETHYL ETHER ACETATE

DIETHYLENE GLYCOL MOMOETHYL ETHER

ETHYLENE GLYCOL MONOMETHYL ETHER ACETATE®

OIETNYLENE GLYCOL MONOBUTYL ETHER
DIETHYLENE GLYCOL DIMETHYL ETHER
ETHYLENE GLYCOL MONOMETHYL ETHER
ETHYLENE GLYCOL MONOPROPYL ETHER
ETHYLENE GLYCOL MONOPHENYL ETHER
DIETHYLENE GLYCOL MONOMETHYL ETNER
DIETHYLENE GLYCOL DIETNYL ETHER
ETHYLENE GLYCOL MONOBUTYL ETHER
TRIETHYLENE GLYCOL DIMETHYL ETHER

ETHYLENE GLYCOL MONOSUTYL ETHER ACETATE

HEXACHLOROBENZENE
HEXACHLOROBUTAD 1 ENE
HEXACHLOROE THANE
HEXANE

HYDROQU I NONE

I SOPHORONE

MALEIC ANHYORIDE
METHANOL

METHYL SROMIDE

METHYL CHLORIDE
METHYL CHLOROFORM
METHYL ETHYL KETONE
METHYL HYORAZINE
METHYL ISOBUTYL KETONE
METHYL ISOCYANATE
METHYL METHACRYLATE
METHYL TERT-BUTYL ETHER
METHYLENE CHLORIDE

C1SH10N202 METHYLENE DIPHENYL DI1SOCYAMATE®*
C13H14M2

&,6-METHYLENED IANILINE
NAPNTHALENE
N1TROBENZENE

&-N] TROPHENOL
2-N1TROPROPANE

PHENOL
P-PHENYLENED I AMINE
PHOSGENE™

PHTHALIC ANNYDRIOE

(CONTINUED)

Henry's Law Constant,

evecwsescnsncensnsassove

naasc
36. 1100000
65.3800000
0.0001051
13.2280793
312.2300000
0.0187000
1.9671264
0.0409170
0.0358406
0.0986300
0.0026793
0.1218685
0.0012481
0.0837496
0.0405801
0.0474169
0.0037600
0.0022577
0.1189224
0.0292288
0.0025931
0.2746400
944500000
572.2300000
463 .8900000
42667.0100000
0.0000800
0.3482100
0.0121651
0.2885032
381.0578800
490.0000000
964.56700000
7.2200000
0.0248008
21.6700000

N - sta/mol fraction

BASIS
Experimental
Experimental
VLE Data

VLE Data
Experimental
Exper imantal
VLE Data

VLE Data
UNIFAC
Solubility Data
UNIFAC

UNIFAC

UNIFAC

UNIFAC
Corralation
UNIFAC
Solubility Data
UNIFAC

UNIFAC

VLE Data

UNMIFAC
Solubility Data
Experimental
Exper imental
Experimental
Exper imental
Solubility Data
Solubility Data
UNIFAC

VLE Datas
Solubil ity Data
Experimental
Experimental
Experimental
UNIFAC
Experimental .
Reaction with water
Solubility - Estimeted
Solubility Data
Experimental
Solubility - Estimated
Solubility Data
Experimental
Experimental
Solubflity Data
Solubility Data
Experimantal
Solubil ity Data
Solubility Data
Solubil ity Data



TABLE A-3

. (CONTINUED)

------ L N L T R T T P T R YR Y LY T R e T T Y T PY PY P YRR TR R T R PP r PPy

106
107 C2H2CLé
108 c2cLé
109 c7w8

110 C7H10N2
111 COHéN202
112 CTHN
113 CéH3CL3
114 C2H3CL3
115 C2MCL3
116 CéN3CL3O
117 CHMISN
118 cen1g
119 C4N602
120 C2H3CL
121 c2W2CL2
122
123
126
125

Can10
cano
can1o

NAME

BETA-PROPIOLACTONE
PROPIONALDENYDE

PROPYLENE DICNLORIDE
PROPYLENE OXIDE

QUINONE

STYRENE
1,1,2,2-TETRACHLOROETHANE
TETRACNLOROETHYLENE
TOLUENE

2,4-TOLUENE OTAMINE
2,4-TOLUENE O11SOCYANATE®®
0-TOLUIDINE
1,2,4-TRICHLOROBENZENE
1,1,2-TRICHLOROETHANE
TRICHLOROTHYLENE
2,6,5-TRICHLOROPHENOL
TRIETHYLANINE
2,2,6-TRIMETHYLPENTANE
VINYL ACETATE

VINYL CWLORIDE

VINYLIDENE CHLORIDE
XYLENES (1SOMERS & MIXTURES)
M-XYLENE

0-XYLENE

P-XYLENE

Henry's Lsw Constant,

H - ataymol fraction

NaS ¢
0.0063801
3.3224900

158. 7100000
19.7742986
0.0574800
144. 7155400
13. 3000000
963 . 3400000
356.46700000
0.0000742

0.0091900w*

0. 1344600
106.6700000
45.7700000
566.6700000
0.4841100
6.9428000

185451.3318600

28.2111800
1472. 2300000
1438. 9000000

413.3400000
270.5600000
413.3400000

BASIS

UNIFAC
Solubility Data
Experissntal
VLE Dats
Solubility Datas
solubility Data
Experimental- -
Experimental
Experimental
UNTFAC
Solubility - Estimated
Solubility Data
Experimental
Experimental
Experimental
Solubility Data
Solubfility Data
solubility Data
Solubility Data
Experimental
Exper imental

Experimental
Exper imental
Experimentsl

Notes:

1. * - Estimated values for coefficients in vaper pressure equation.

2. ** - Reacts with water.

3. for basis of UNIFAC, the estimation of the activity coefficient at infinite dilution makes use of

the group contribution contribution method using the UNIFAC equations (Gmehling, J., P. Rasmussen and

A. Fredensiund, Ind. Eng. Chem. Process Des. Dev., 21, 118 (1982)).

4. for basis of Solubility - Estimeted, the estimetion of water solubility makes use of experimental
data which is aveailable on reference compounds that are very close in molecular structure to the
compound of interest. The addition of a molecular group (or groups) to the reference compourd then
provides a molecular structure thet is identical to the molecular structure of the compound of interest

(log S » log S, © AGrowp).
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TABLE A-4. VALUES OF THE GAS CONSTANT R IN PV = n RT
u N Temp. Pressure Volume | R n Temp. Energy R
| gm mol K atm liter 0.082057477 gm mol K calorie 1.9859
gm mol K atm cm3 82.057 gm mol K joule 8.3145
ﬂ gm mol K- mm Hg liter 62.364
H gm mol K bar liter 0.083145 {b mol °R Bw 1.9859
n gm mol K kg/cm2 liter 0.084784 1b mol °R hp-h 0.00078048
gm mol K kPa m3 0.0083145 Ib mol °R Kw-h 0.00058200
1b mol °R atm fi3 0.73024 1b mol °R ft-b 1545.3
Ib mol °R in. Hg fi3 21.850
I Ib mol "R mm Hg i 554.98
Ib mol °R Ib/in.2 fi3 10.732
1b mol °R 1b/fi2 fi3 1545.3
ﬂ b mol K atm f3 13144
l 1b mol K mm Hg fi3 998.97

Source: Engineering Data Book. Gas Processors Suppliers Association, Ninth Edition.



TABLE A-5. SPECIFIC LEAK RATES FOR ROUGH VACUUM SYSTEM
- _ ____ COMPONENTS

8 = gpecific

Component leak rate, lb/h/in.
Static seals
- 0-ring construction 0.002
Conventional gasket seals 0.005

Thermally cycled static seals

£<200°F 0.005
) 200<t<400°F 0.018
t>400°F 0.032

Motion (rotary) seals

0-ring construction ' 0.10 |

Mechanical seals 0.10

Conventional packing 0.25
Threaded connections 0.015
Access ports 0.020
Viewing windows 0.015

Valves used to iolate system

‘Ball 0.02

Gate 0.04

Globe 0.02

Plug-cock 0.01
Valves used to throttle control

gas into vacuum gystem . 0.25

2agssumes sonic (or critical) flow across the component.

Source: Chemical Engineering, 88:78, December 14, 1981.




TABLE A-6. AVERAGE EMISSION FACTORS FOR FUGITIVE
EMISSIONS IN SOCMI2

Equipment component "Average" SOCMI factors,
Kg/h/source

Pump seals

Light liquid : 0.0199
__Heavy liquid 0.00862
Valves | .
Gas 0.00597"

Light liquid 0.00403

Heavy liquid 0.00023
Compressor seals ' 0.228
Safety relief valves--gas 0.104
Flanges .00183
Open-ended lines 0.0017
Sampling connections 0.0150

dThese factors are appropriate for estimating emissions when no
other data (i.e., leakage rates) are available.

Source: EPA-953/R-93-026. June 1993.
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APPENDIX B.

CALCULATIONAL ISSUES

This appendix contains calculational issues encountered
during the development of this document. An examination of the
degree of saturation with VOC of a purge gas stream exiting a
vessel containing VOC, and a discussion of an incremental cost
analysis of manifolding single unit operations to a control
device is provided below.

Calculational Isgue 1: Degree of Saturatjon of a Purge Gasg
Stream. The degree of saturation was examined for purges of
quiescent vapor-liquid interfaces and agitated gas sparging.
Based on the results obtained from various mass transfer
correlations, the expected saturation fraction ranges from 0 to
100 percent for the range of conditions examined. The
calculations show that typical batch purging (at flowrates of 20
to 30scfm) over quiescent surfaces yields fractional saturation
values of less than 10 percent, whereas purging of agitated
sparging yields values of 80% or better. The discussions below
present the theory and calculations relating to these findings.

I. General

If the vaporized liquid is a single component, or for dilute
concentrations in a solvent, then the rate of mass transfer of
the liquid across the liquid-vapor interface will only be a
function of the diffusion through the vapor "boundary layer"
film. The mass transfer is said to be "gas phase controlled."

As the purge gas passes over the surface of the volatile
liquid, vapor will diffuse into the bulk of the gas where it will
mix by convection and eddy currents. The driving force for
diffusion is the concentration difference of the interface (which
is the saturation or equilibrium concentration in the vapor) and
the bulk gas phase. The resistance is the diffusivity of the VOC
in the gas. The flux, or flow of material across the interface
is the rate of vaporization and becomes the VOC content of the
exiting purge gas. The flux (I) is related to the diffusivity
and the concentration driving force as follows:

I = (Dpa/Br) (Yi-Y) (B-1)
where:
I = flux, gmol/m’ hr
Br = the thickness of the boundary layer, m
D, = the diffusivity, m!/hr
Pm = the molar gas density, gmol/m’
(y:i-y) the concentration difference in mole fraction.

B-1



Since By is not usually known, other forms of this equation are
more convenient where a term k is defined as the mass transfer
cocefficient, and is empirically related to diffusivity,
viscosity, density, and the geometry of the system. The
governing equation then becomes :

I = N/A = k(y;-y) (B-2)

where N is the number of moles of VOC transferred across the
" interface of area A per unit of time, in the previous units, N
would be in gmols/hr.

II. Inert N Puxging of Quiegcent Solvent Pools

The geometry of the headspace of a storage tank or reactor
with contents at rest, where the purge gas is moving across a
quiescent surface of liquid, resembles evaporation from an open
pool. MacKay and Matsugu determined an empirical correlation for
the mass transfer coefficient for evaporation from a pool where
one of the terms is windspeed. 1In the case of tank purging, this
would be analogous to the superficial velocity of the sweep gas
across the liquid pool surface. ‘

The k value calculated by the MacKay and Matsugu correlation
has units corresponding to the following equation for mass
transfer flux:

I = N/A = kl(pj-P)/RT] (B-3)

where k = m/hr in this example, and the term ((py -P) /RT) reduces
to py /RT to maximize tge concentration driving force, this term
is ifi units of gmols/m

This equation is based on a moles per volume concentration
gradient driving force rather than a mole fraction (y;, y)
driving force. The equatlon for k, the mass transfer
coefficient, in m/hr, is as follows:

k = .029 U-78p--1ly, --67 (B-4)

where:

Ngo = the dimensionless Schmidt number which relates the.
diffusivity and gas viscosity, calculated to be 1.86
for nitrogen at these conditions.

Nge = #/pDy

p = viscosity, g/m - hr (multiply Centipoise [CP] by 3,600
to obtain this value;
p = density g/m3;



D,, = diffusivity, mZ/hr;

U = the wind velocity (meters/hr) equal to the purge rate
in m3/hr, divided by.[(.707) (tank diameter,m) (vapor
space height,m)]; and |

D = the pool diameter (meters).

To use this equation for evaporation in a tank head space,
the pool diameter was taken to be the tank diameter.

The average velocity across the surface of the liquid is
calculated to equal the flowrate divided by the term [(.707)
(diameter) (height)]. The correction of .707 was calculated to
account for tank geometry. It describes the average velocity of
the material ' as it passes through the average available cross-
sectional area.

Figures B-1 and B-2 are the graphical presentation of the
results of using the MacKay and Matsugqu correlation for
estimating the rate of vaporization of toluene into a nitrogen
purge gas stream for several different tank sizes and at two
different temperatures. The composition of the exiting purge
stream was calculated by material balance; the percent of
saturation level is also shown. Even for a low purge rate of
only 0.1 acfm across a small head space of an 8 ft diameter tank
(typical for 3,000 to 6,000 gal storage), only 5 percent of
saturation is attained.

Based on using the MacKay and Matsugu method it is clear
that purge gas streams are substantially below the saturated
level of VOC. Therefore, the assumption of saturation predicts
much higher VOC loadings to the control device than could
realistically be expected.

In a variation from the MacKay and Matsugu approach, the
geometry of the vapor space of a purged tank may also be
considered to be similar to that of a wetted wall column where
the area of wetting is the surface area of the tank contents, and
the diameter of the column would become the egffective diameter
(not the pool diameter) of the cross-section of the tank head
space through which the purge gas sweeps at a calculated
superficial velocity. Gilliland and Sherwood proposed the
following correlation for wetted-wall columns

0.81 0.44
where:

Ngp = kDeﬁ/pDv (Nga) as defined above
Npe = DeVgp/k
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Figure B-1.

Mackay/Matsugu method. for toluene at 25C, Vp=29.9mmHg.
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The mass transfer coefficient, k, is contained in the
Sherwood Number, Nq,, which relates equivalent diameter, Dgi gas
molecular weight, ﬁ? gas density, p; and vapor diffusivity, D,.
The Gilliland-Sherwood equation can be rearranged to solve
directly for k; the units are moles per area per time.

The area of mass-transfer is the area of the surface of the
tank contents. The driving force is the difference between the
vapor concentration at the interface (assumed to be the
saturation value) expressed as a mole-fraction, and the bulk gas
composition (which is essentially zero). The rate of evaporation
is thus expressed as

N/t = kA(y;-y) (B-7)

Knowing the purge gas flow rate and evaporation rate, the
composition of the exit gas can be calculated by material balance
and compared to saturation composition.

A series of calculations were done using the wetted wall
correlation for a storage tank of toluene being purged with
nitrogen. Figures B-3 and -B-4 are the graphical representations
of the data. As with the MacKay and Matsugu approach, very low -
values of percent of saturation are obtained. For example, a low
purge rate of 0.1 acfm across a small head space of an 8 foot
diameter tank results in only 7.3 percent of saturation.

The calculated percentages of saturation equilibrium for
most flowrates and vessel vapor spaces using both the wetted wall
equations and the MacKay-Matsugu correlation yield low values, in
the range of 0 to <10 percent, with most values below S5 percent.
A conservative assumption for calculating the purge equilibrium
fraction, therefore, would be to assume 10 percent. Note that,
-as the superficial velocity increases, k increases. As flow rate
is increased, velocity also increases, but more inert gas is
introduced to the system, thereby decreasing the percent
equilibrium.

We can consider both equations bounded by the realistic
superficial velocity across the liquid surface. Figure B-5 shows
graphically the differences in values obtained for percent
equilibrium for the MacKay-Matsugu correlation versus the Wetted
Wall method. As the vapor space decreases (increasing
superficial velocity), the percentage of equilibrium increases,
especially in the low purge rate range. For vapor space values
of 0.5 feet or less, the equations begin to approach higher
values as the superficial velocity increases. In most purge
situations, however, the vapor space above the vessel will be
greater than 0.5 feet and the assumed 10 percent equilibrium
fraction will be realistic.
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In the case of mixed liquids (two or more components) the
estimation of the mass transfer rate is somewhat more complex as
it requires calculation of both the gas phase mass transfer
coefficient, as explained above, and a liquid phase mass transfer
coefficient. The liquid phase coefficient takes into account the
rate of diffusion of the more volatile component through a £ilm
of the less volatile component, to the vapor-liquid interface
where it can evaporate. ‘

Furthermore, with binary or multicomponent liquid mixtures
the mass transfer driving force is no longer simply expressed as
the pure component vapor pressure divided by the total pressure.
The equilibrium partial pressure is the driving force, but the
calculation of that term is related to the liquid composition.
The simple correction factor implied by Raoult’s Law is to
multiply the vapor pressure by the mole fraction in the liquid.
However, in many real situations (e.g., dilute aqueous solutions
of sparingly soluble organic solvents), the materials are highly
nonideal, and application of Raoult’s Law leads to substantial -
under estimation of the equilibrium vapor concentration of minor
components.

The use of empirically determined Henry’s Law constants for
the estimation of vapor phase concentrations is a practical way
to approach calculation of a realistic mass transfer driving
force. This methodology is described in previous sections. In
extreme cases of nonideality, the partial pressures of a mixture
of compounds is greater than the vapor pressure of any of the
pure compounds. This phenomenon is more readily observed where a
mixture forms a low-boiling azeotrope. Obviously, in such cases
application of empirical correlations (such as Henry'’s Law) is
necessary for an accurate calculation of driving force.

But, in the case of purging of mixed liquids a second
component in the liquid phase seriously decreases the value of
the liquid mass transfer coefficient. Therefore, although the
actual mass transfer driving force may be somewhat greater than
estimated for a pure component, the overall mass transfer rate
will not be, and the use of the fractional approach to
equilibrium will be wvalid.

IIT. Inexrt N-»_ Purging of Agitated Vessels

A. Sparging

Agitated vessels can be evaluated in the same way using mass
transfer coefficients for stirred tanks. The coefficient of mass

transfer through broken interfaces during sparging is given by
the equations:



where:
(B-9)

T D Hp,

k; = mass transfer coefficient, m/s;
V = m/s;

Ng. = Schmidt No. of the sparge gas;
N = impeller speed, RPS;

D; = impeller diameter, m;

Yy = impeller power factor;

Dp = tank diameter, m; and

H; = liquid depth, m.

Notice that mass transfer at this interface is liquid-phase
controlled.

The amount of mass transfer that can occur is a function of
the characteristics of the agitation scenario, including impeller
size and speed. As an approximation, the tank with a five-foot
diameter and a 6 ft. vapor space height containing toluene at
25°C was assumed to have an agitator with a 1 ft diameter
impeller rotating at 0.5 revolutions per second. In absence of
real data the power number was assumed to be 1.6, corresponding
to a typical value in solid-liquid dispersion.

Using the sparge velocity as in other examples for purge
velocity (i.e., flowrate divided by area-of flow), much higher
values of mass transfer coefficients are obtained. Saturation
values for low sparge rates are considerably higher. For
100 acfm,. the expected fraction of saturation was calculated to
be 30 percent. Figure B-6 illustrates the values of percent
equilibrium verses purge flowrate for this agitated sparge
system. Table B-1 is the data in tabular form.

B-11
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TABLE B-1.

Flie PURGEGAS

Mass Transler Thiough Broken Interfaces {Agltated Purge)

With Gas Spaging

Vessel Configuradion: Pracess Liquid:
Diam, Sh Name: TOLUENE
Vap Space en Temp 25
Aghator Power P 289
NSc 1.88

Puige  Super. De

. Flow Rate Veloc. SV~0.78 ~-0.11 NSc NScR km
ACFM Veec’ m/he m Ralo ~0.67 mhe
PERREE t 71 1 F 3 L 1 ¥ 5 ¥ 3 L & 3 £ 3 L X 5 £ 3 = IR K EEEED
0.1 0.0001 0.1478 0855 1452 12684 0.0027
1 0.0008 068910 0655 1452 1284 0.0164
10 0.0079 53688 0655 1452 1264 0.0087
20 0.0157 921889 06055 1452 1.284 0.1885
" 0 00236 1264082 00655 1452 1284 0.2328
[ 40 00314 158300 0655 14352 1.264 0.2010
w 50 00303 1683868 09855 1452 1284 0.3483
60 00471 21.7168 0655 1452 1.284 0.3882
70 00560 244835 0655 1452 1284 0.4502
60 00820 271822 00655 1.452 1284 04007
80 00707 207978 080855 1452 1284 0.5477
100 007868 3223500 0655 1452 1.284 03047
200 018672 855492 0055 1452 1.284 1.0211
300 02367 762130 0855 1452 1.264 1.4000
400 03143 053853 0855 1452 12684 1.7534
500 03620 1135197 0855 1452 1284 2.0887
1000 0.7858 1940282 0@35 1452 1264 3.5832

PURGE EQUILIBRIUM

Deg C
mm Hg

|

gmoV/
ma2

L & - B 3
0.0629
14.3381
25 4872
30.3214
23,5561
36.05684
38.1271
308.6052
41.4731%
42.88009
44.1624
45.3411
53.0189
50.6722
64.1218
67.8007
80.6281

Impeiler Diam (m): 0.2048 Liquid Depth (m):
Power Number: 1.8
Agit Speed {rps): 05
N Puige y y Percent Percent Epsllon
bmol/ ibmoV @ oxit oquil of of
e w mol ft mol fr Equil. Steam (m2/secd)
E 2 £ £ F 3 BEEEEXR = I ER L & & % ] E X X B 1 3 EEEEEN
Q.0324 00153 211687 0.03824 5301 67.91635 8.20E-07
Q0676  0.1531 037844 0.03834 857 27.34875 8.20E-07
0.1025 1.5312 0.08684 0.03834 170 82741380 0.20E-07
01219 3.0823 003660 0.03834 101 J.827088 8.20E-07
01348 43835 ° 002037 003034 75 2083288 B.20E-07
Q.1450 6.1247 0.02387 003834 60 22312015 6.20E-07
0.1633 7.6558 0.02002 003834 51 1882718 8.20E-07
0.1604 9.1870 0.01748 0.03934 44 1.718181 B8.20E-O7
0.1887 107182 001558 0.03834 40 18531878 6.20E-07
0.1724 122494 0.01407 0.03834 ¥ 1307730 B.20E-07
01775 13.7605 0.01268 0.03934 a3 1.27190% 8.20E-07
0.1823 153117 0.01180 0.03934 30 1.1764 6.20E-07
02168 308234 000708 0.03934 18 0.702844 @.20E-07
02389 456351 000522 003034 13 0519507 8.20E-07
02578 61.2488 000427 0.03034 11 0419108 0.20E-07
03726 783585 000358 003834 8 0354751 0.20E-07
03241 153.1160 000212 0.03834 5 021124 ©6.20E-07

CALCULATION RESULTS FOR FIGURE B-6.

k
(m/s)

0.001383
0.002477
0.004404
0.005238
0.0057068
0.008220
0.0068588
0.006863
0.007184
0.007407
0.007629
0.007832
0.000314
0.010308
0.011078
0.011712
0.013828

01-Dec-92

k
{m/hin)

6.014002
8.016207
15.85567
18.85587
20.86723

22.4233
23.70075
24.81546
25.78048
26.68505
27 48282
26.19581
33.53085
7.00717
30.87489
4218257
80.14002
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B. Agitated Purging

Mass transfer at gas-liquid agitated interfaces during
nitrogen purging was alsc examined using the following liquid
phase mass transfer coefficient:

ky, = .0256 (D)%
Ng % (B-10)

Figures B-7 and B-8 are the results of examining two different
agitation scenarios. The first scenario, labelled the "typical"
impeller scenario, is identical to the sparge impeller example
discussed previously. It considers the use of a 1-foot diameter
impeller rotating at .5 revolutions per second. Yy, the power
factor, is 1.6. The second scenario, presented in Figure B-8,
considers the use of a 2-foot diameter impeller, rotating at 2
revolutions per second. The power factor alsc is higher, at 6.6.
This scenario is termed "worst case", as an approximation of the
maximum turbulence encountered during such a situation. Notice
that values approaching 80% saturation are shown corresponding to
typical purge flowrates of 20 to 30 scfm in Figure B-8 (data in -
Table B-3). Saturation values are much lower for the typical
impeller scenario in Figure B-7 (data in Table B-2).

IV. Conclusiong

The degree of saturation with VOC of a purge gas stream
exciting a vessel containing VOC is highly dependent upon
specific vessel geometries and liquid-vapor interface conditions.
Values approaching complete saturation are not unrealistic for
systems utilizing severe agitation or sparging, while much lower
fractional saturation levels are expected for non-agitated
purging events.

In order to provide a conservative, yet realistic approach
to estimating the degree of saturation of an inert gas purge, the
following guidelines are recommended:

1) for purge flowrates less than 100 scfm, assume that the
vent streams exiting streams are completely saturated
with VOCs.

(2) for purge flowrates greater than 100 scfm, assume that
the vent streams exiting the vessel are 25% saturated
with VOCs.
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Figure B-8. Non-Sparge Agitated Purge worst case impeller scenario.



TABLE B-2.

File PURGEGAS

Mass Transfer Through Broken interfaces (Agitated Purge)
Wihthout Gas Sparging: Typical

Vesasel Configuration; Process Liquid:
Diam. 60 Name: TOLUENE
Vap Space 8N Temp 25
Agltator Powet vP 200
NSc 1.88

Puge  Super. De

Flow Rate Velac. 8Y~0.78 ~0.11 NSc NScR km
ACFM Vsec vty m FRatic ~067 mhr
L2 & B § ] EE == L2 2 ¥ 3 3 EEEX ESOSN EXEX: 5 5 3 3
01 00001 01478 0055 1452 1284 00027
1 00000 08910 0855 1452 1284 0.0164
10 00070 523688 0635 1452 1.284  0.0987
20 00187 ©2189 0855 1452 1284 0.1895
w 30 00238 126482 0655 1452 1284 02325
— 40 00314 158300 0855 1452 1.284 02010
~ S0 0.0303 188306 0855 1452 1.284 03483
60 00479 217186 0655 1452 1.284 023962
70 00850 244835 06855 1452 1.284 04502
60 00820 271822 0955 1.452 1.284 04997
B0 00707 207976 0855 1452 1264 05477
W0 00786 33500 0855 1452 1.284 0.5847
200 01872 685402 0955 1452 1204 10211
300 02357 762130 0855 1452 1284  1.4008
400 03143 953633 0055 1452 1.284 {7534
500 0.3820 1135107 0655 1452 1.284 20667
1000 07658 1948282 0655 1452 1284 35832

PURGE EQUILIBRIUM

Deg C
mm Hg

[
gmol
m2/he

SEI=N
1.2291
1.2201
1.2201
1.2201
1.2291
1.2281
1.2201
1.2281
1.2261
1.2201
1.2201
1.2201
1.2201
1.2201
1.2281
1.2201
1.2201

N
tbmol/
M
EIESEY
0.0048
0.0040
0.0040
0.0040
0.0048
0.0048
0.0048
0.0048
0.0049
0.0049
0.0040
0.0049
0.0049
0.0049
0.0049
0.0048
0.0048

impeiler Diam |m):
Powes Number:
Aght Speed (rps):

Puige
lbmol/
L4

L & X ¥
00153
0.150
1.8312
3.0823
4.5835
61247
7.6558
8.1870
10.7182
12.2484
13.7805
153117
30.6234
45.0351
61.2468
76 5585
153.1189

y

Q@ axit
mol i

L 2 2 % 3 3
0.32260
0.03227
0.00323
0.00161
0.00108
0.00081
0.00065
0.00054
0.00048
0.00040
0.00036
0.00032
0.00018
0.00011
0.00008
0.00008
0.00003

0.3048
1.8
[+ 2]

y

equil
mol fy
RS R
0.03934
0.03034
0.03834
0.03834
0.03834
0.03034
0.03634
0.03034
0.03034
0.03034
0.02034
0.03034
0.03934
0.03034
0.03034
0.00034
0.03634

CALCULATION RESULTS FOR

Percent

Equil.

OOOQO-ﬁ-‘-”NDADBs

FIGURE B-7.

01-Doc-82

Uquid Depth (m): 3

Percet  Epsilon Kk k
of mis) (whq
Stream {m2/sec)y
TEEESSR
24.28651
3.126020
0.321852
0.181085
0.107448
0.080808
0.064406
0.063753
0.046077
0.04032
0.035842
0.0322%
0.018132
0.010755
0.008087
0.008453
0.003227

8.20E-07
8.20E-07
8.20E-07
8.206-07
8.20E-07
8.20E-07
8.20E-07
0.20E-07
8.28E-07
8.28E-07
0.20€-07
8.20E-07
8.20E-07
0.28€-07
0.28€-07
9.20E6-07
8.28E-07

0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212
0.000212

0.764321
0.764321
0.764321
0.764a21
0.7684321
0.764321
0.764321
0.764321
0.764321
0.764321
0.784321
0.764221
0.764321
0.764321
0.784321
0.764321
0.764321



TABLE B-3.

File PURGEGAS

Mass Transier Though Broken interfaces (Agitated Purge)

Without Gas Sparging: Worst Case

Vessel Configuration:
Diam.
Vap Bpace
Agitator Power

Purge Super.
Fiow Rate Veloc.
ACFM R/isec mie

De

gv~o78 ~-0.N

01 00001 0.1479
1 00008 08010
10 00078 B.368d
20 00167 92188
30 00238 126482
40 00314 158300
50 0.03%3 188308
60 00471 21.7188
70 008560 244033
60 00629 27.1822
80 00707 29.7978
100 00788 32.3500
200 0.1872 555482
300 02357 78.2130
400 03143 95.3853
500 0.3820 113.5187
1000 0.7858 104.8262

Name: TOLUENE

Process Liquid:
Tomp
v
NSc
NSc NScR
Ratio ~067
MEEBE EBEmEaE
1.452 1.204
1.452 1.264
1.452 1.264
1.452 1204
1.452 1.204
1.452 1.204
1.452 1264
1.452 1264
1.452 1.264
1.452 1.204
1.452 1264
1452 1.264
1.452 1.264
1.452 1.204
1.452 1.204
1.452 1.264
1.452 1284

25
209
1.08

km

mwh
SRR ERE
0.0027
0.0164

¢« 0.0987
0.1685
0.2325%
0.2810
0.3483
0.3982
0.4502
0.4887
0.5477
0.5847
1.0211
1.4000
1.7534
20887
3.5832

PURGE EQUILIBRIUM

Deg C
mm Hg

i
gmol/
m2/tw

L ¢ F %
24.2154
24.2154
242154

- 24.2154
243154
24.3154
24.2154
24.3154
24.2154
24.2154
24.3154
24.2154
24.3154
24.2154
24.2154
24.3154
24.3154

N
tomol/
L
amEm=
0.0077
0.0077
0.0077
0.0077
0.0077
0.0877
0.0077
0.0077
0.0077
0.0877
0.0877
0.0077
0.0077
0.0077
0.0077
0.0077
0.0077

Impelier Diam (m).
Power Number:
Aght Speed (rps):

Purge
bmol/
hr

L 2 2 % X 3
0.0153
0.1531
1.5312
3.0823
4.5835
8.1247
7.6558
9.1670
10.7182
12.2404
13.7805
15.3117
30.6224
45.8351
61.2468
76.5585
153.11689

y

@ exit
ol fy
EBERERER
6.38388
0.63839
0.08384
0.03182
0.02128
0.01508
0.01277
0.01084
0.00012
0.00798
0.00708
0.00838
0.00319
0.00213
0.00160
0.00128
0.00084

y

oquil
mot fr
mEBEEn
0.03634
0.03634
0.03034
0.03634
0.03634
0.03034
0.03634
0.03834
0.03034
0.03634
0.03034
0.03034
0.03634
0.03034
0.03034
0.03034
0.03034

Percent
ot
Equil.

E 2 & 2 2 1
18227
1623
182

[ 1]

S4

41

2

27

23

20

18

18

N e

CALCULATION RESULTS FOR FIGURE B-8.

Liquid Depth (m):
Percont  Epsilon
of

Stream {m2/secd)

L2 2 2 2 2 3
86.45680 0.007024
38.9644 0.007024
©6.000766 0.007024
J3.083207 0.007024
2083621 0.007024
1.5708000 0.007024
1.26088 0.007024
1.082779 0.007024
0.803741 0.007024
0.791668 0.007024
0.704324 0.007024
0.834338 0.007024
0.318178 0.007024
0.212344 0.007024
0.158343 0.007024
0.127515 0.007024
0.083708 0.007024

0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042

01-Dec-82

15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
15.1208
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I. General

The incremental cost effectiveness of manifolding single
unit operations to a control device was examined. Ductwork
diameter for an emission source to a control device was estimated
by assuming an average surficial velocity through the duct to be
2,000 ft/min. The duct costs are based on stainless steel,
circular duct prices. The analysis describes ductwork cost as a
function of length of ducting and emission source flowrate.
Calculations are provided below. The results of the analysis
show a minimum level of 500 pounds per year of VOC emissions is -
necessary to yield an incremental cost effectiveness comparable
to the average cost effectiveness of RACT. This is the deminimis
level for applicability of RACT to any single unit operation.
Figure B-9 shows the incremental ducting analysis results for
0 to 300 feet of duct versus mass emissions. Table B-4 is the
cost analysis data.

Calculations

Agssume:
Velocity = 2,000 ft/min

Flowrate = (Area) (velocity)

Flowrate = (7r?) (2,000 £t/min)

w

Flowrate d2
4

2,000 £ft/min

d(ft) = J(0.0064) (Flowrate)



0Z-9

Ann Emissions (Ibs/yr)

Incremental Ducting Analysis

1500

1250+

1000+

750-

500-

250

0 100 200 300
Length of pipe (ft)

—m— Fr=10 acfm —— Fr=20acfm —+— Fr=50acfm

Figure B-9. Incremental Ducting Analysis Results
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Cost Analysis - Manitolding Cost Analysis

Flowrate
(actm)
10
10
10
10

R -

TABLE B-4.

FOB Cost
Total
(June 92 8)

1174.385
1430.529
1686.674
1942.818
1162414
1544.657

1906.9
2269143
1198.346
1771.102
2343.659
2916.615

COST ANALYSIS DATA

TCl

(June 1992)

2009.372
2447.636
2885.899
3324.162
2023111
2642 908
3262.706
3882.504
2050.369
3030.356
4010.342
4990.328

Annualized

407.4002
496.2581

586.116
673.9738
410.1857
535.8497
661.5137
78717717
4157124

614.4046 .

813.0969
1011.789

0.2037
0.248129
0.292558
0.336987
0.205093
0.267925
0.330757
0.393589
0.207856
0.307202
0.406548
0.505895

448.6787
546.5398
644.4009
7422619
451.7464
590.1428
726.533%3
866.9350

457.833
676.6571
895.4811
1114.305



Costs

Manifold costs include ductwork, damper, and elbhows. Below
are the costs for the individual components for a manifold.

Stainless Steel Round Duct

A 0.25 inch-thick stainless steel duct is the first component
of the manifold. The cost of this duct is based on the amougt of

steel required, as decided in Chemical Engineering magazine.
Volume = 27RL(t)

- {(2m (P/2) (1) (9-25/12)

Specific
Gravity Stainless = .291b/in3

=(.25nDL)( .291b )(12inchesr
12 inches? ft

lbs steel = (32.8) (D) (L)

where,

D = /(0.00064) (Flowrate)
So,

$/ft = (32.8)(/0.00064 Flowrate)

The price of stainless steel is $1.03/1b
= (32.8) ($1.03/1b) (0.0253) (Flowrate) - >
- 0.85 (Flowrate)0-5
_ .This cogg ig adjustgd to June 1992 dollars by the ratio of
indices of /376.3.
$/ft = 0.81 (Flowrate)0-3
Damper:

The cost of a stainless steel ci;cular damper was estimated
from a graph in the EAB Cost Manual. Several points were taken



from the graph of diameter of damper, versus dollars. These
points were:

Rin) Fl

20 2,300

30 3,200

40 4,000

50 5,000

60 6,300 - .

A regression line was developed from this &ata.
Y = 98(D) + 240
This line was multiplied by a factor, 3, to get the éost for
a stainless steel damper, in accordance with the referenced
manual.
Y = 294(D) + 720

Cost was adjusted to June 1992 dollars from December 1978
dollars using appropriate indices.

358.7
Y = 294(D) + 720 ( /223.7)

Y ($/damper) = 471(D) + 1,155, where D is in inches

D(ft) = /0.00064 Flowrate,

So,

$/damper = (471)J-9;%%?55(Flowrate)+1,155

= (3.45) (Flowrate)9-5 + 1,155

Elbowg

Two elbows are assumed to be needed for each sougce. Costs
were based on Chemical Engineering Magazine article.

$/elbow = (0.81) (1.65) (Flowrate)?-5

= 1,34 (‘E‘lowrat:e)o'5

B-23



Total cost of manifold is therefore:

$ = [.81 (FR):5)_® (Feet of Duct) (Free on Board)
+ 1.34 (FR)-5 (2) + 3.45 (FR)'5 + 1,155

FOB Prices are corrected to Total Capltal Investment (TCI) using
the following elements:

Inst, Sales Tax, Freight = (.18) (FOBS$); Purchased Equipment Cost
(PEC) = (1.18 FOB)

Direct Costs:9
Foundation (.08) (PEC)
Handling (.14) (PEC)
Electrical (.04) (PEC)
Piping (.02) (PEC)
Insulation (.01) (PEC)
Painting (.01) (PEC)
= .3 (PEC)
10

Indirect Costs:
Engineering = (.10) (PEC)
Construction and
Field Expense = (.05) (PEC)

= .15(PEC)
TCI = (FOB) + (.18) (FOB) + (.3)(1.18)(FOB) + (.15) (1.18FOB)
TCI = FOB (1 + .18 + .354 + .177)
TCI = 1.711 FOB
Indirect
Annual Costsll Admin. 2% TCI
Prop. Tax 1y TCI
Insurance 1% TCI
Cap Rec. (.16275) (10 yrs, 10%)

B-24
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APPENDIX C.

SAMPLE CALCULATIONS



Example 1. Vapor displacement of a single component liquid

Example 2. Vapor displacement of a homogenous mixture
Example 3. Tank/reactor heatup losses
Example 4. Empty tank and reactor purging

Example 5. Filled tank and reactor purging

Example 6. Sparging volatilization
Example 7. Vacuum dryer emissions
Example 8. Atmospheric dryer emissions
Example 9. Vessel Depressurization

Example 10. Emissions from a steam ejector

Example 11. Emissions from equipment leaks




le 1 v Jispl £ ] liquid

A 5,000-gallon reactor is to be filled at ambient conditions
(25°C and 1 atm) with 3,600 gallons of benzene. The fill rate is
60 gallons per minute and the reactor vent is open to the
atmosphere. Calculate VOC emissions from this event.

Solution _

Step 1. Define the conditions of the displaced gas:

Temperature = 298K (25°C - ambient)

Pressure = 1 atmosphere (760 mmHg, 14.7 psia)

Volumetric rate of displacement = 60 gallons/minute

Step 2. Calculate the vapor phase mole fractions of the
~ components in the displaced gas:

In this situation, benzene is the only component in the
liquid, therefore x; in equation 3-9 is 1.

Using Raoult'’s Law:

where:

Xy =1

i
P* (vapor pressure of benzene at 25°C [77°F])
(From Table A-2.)

Pp = 1 atm (14.7 psia)

1.9 psia.

. {1) (1.9 psia)
Yi = 114.7 psia)

= 0.13

Therefore, the gas in the vapor space will be 13 percent by
volume benzene. '

Step 3. Calculate the emission rate:

(y,) (V) (Pp) (M)
Ep = ®) (1)




(0.13) (60 gal/min) (1 atm) (78 lbmol) [__—'17 fat Ja

Egp = 3
(1.3144 atm ft~“/lbmol K) (298K)

Egp = 0.21 1b/min benzene

Since there are 3,600 gal of benzene to be charged, the event
will take :

3,600 gal
60 gal/min

Therefore, total benzene emissions for this event are:

= 60 min

(0.21 lb/min) (60 min/event) = 12.6 lb/event




v ' isci mix
A 50-50 volume percent solvent mixture of heptane and
toluene is charged to a surge tank at the rate of 300 gal/min. A
total of 1,500 gal is charged. The mixture temperature is 20°C.
Calculate emission rates for both mixture components.
Step 1. Define conditions of the displaced gas:

1. Temperature of displaced gas: 20°C;

2. Pressure = 1 atm (14.7 psia, 760 mmHg); and

3. Rate of displacement = 300 gal/min.

Step 2. Calculate vapor phase mole fraction:
Molecular
weight, Density, | Gallons
VOC lb/lbmole lb/gal charged | Pounds | lbmoles X
Heptane 100 5.7 750 4,275 42.8 0.42
Toluene 92 7.3 750 5,475 §9.5 0.58

P* heptane @ 20°C (68°F) = 0.7 psia

P* toluene @ 20°C (68°F) = 0.4 psia

: xi(P*)
i T TR
. 10.42) (0.7 psia) _ -
Heptane: (14.7 psia) 0.020 yheptane
Toluene: (0.58) (0.4 psia) _ 0.016

(14.7 psia) ® Yeoluene



Step 3. Calculate emission rate:

E (yheptane)V(PT)(Mw)
R =
heptane RT

: 3
(0.020) (300 gal/min) (1 atm) (100 lb/lbmol) [ fc ]

Eg - 7.48 gal
heptane 1.3144 atm ££3/1bmol K) (293K)
ER = 0.21 1lb/min
heptane
(y (V) (P ) (M)
toluene) T w
E =
R R
toluene T
. fed )
(0.016) (300 gal/min) (1 atm) (92 lb/lbmol) I8 53l
ER = -
toluene 1.3144 atm £t (293K)
lbmol K
ER _ = 0.15 lb/min
toluene :
Therefore, total emissions for the event
Heptane: (0.21 1lb/min) (5 min) = 1 1lb
Toluene (0.15 lb/min) (5 min) = 0.75 1lb




Example 3. Tank/reactor heatup logses

A 2,000 gal reactor, 75 percent full of a solution of a raw
material in toluene is heated from 20°C to 70°C. The reactor is
vented to the atmosphere during the heatup; how much toluene will
be emitted?

Solution

Since the liquid is mostly toluene, a simplifying assumption
is that the partial pressure of toluene in the headspace is equal
to the vapor pressure. At 20°C, the vapor pressure of toluene is
22 mmHg; at 70°C it ig 200 mmHg. The head space of the reactor °
is 500 gal or 66.8 ft°. The temperatures must be expressed in
absolute units K. The gas constant, R, in appropriate units
(fErom Table A-3) is 998.9 mmHg-ft~°/lbmol-°K. The weight of
toluene emitted is then directly calculated:

an = [- 66.8 f£3 - [‘ 760-22 mmHg) _ (760-200 mmHg)]
9989 mmHg ft3 (273+20)K (273+70)K
‘ lbmol K
an = 0.0592 lbmoles non-VOC gas displaced
( 22 mmHg ) +( 200 mmHg
g = 1760722 mmHg 5 760-200 mmg) (5.0592 lbmoles gas)
g = 0.01195 lbmoles toluene (92.13 lb toluene/lbmole)
= 1.06 1lb toluene



Ex 4

A 2,000 gallon reactor vessel was cooled to 20°C ard the
contents, in acetone solvent, were pumped out leaving only
vapors. If this vessel is then purged with 1,000 scf of nitrogen
at 20°C, how much VOC (acetone) will be contained in the vented
nitrogen?

Selution

At 20°C the vapor pressure of acetone is 182 mm Hg. Thus,
the initial concentration can be calculated from Ideal Gas Law:

PV = nRT
n/V = Pyeetone/RT

PacetoneMw/ RT

MW = 58.08 1lb/lbmol

Concentration of acetone

R = 998.9 mmHg f£t3/lbmol K
T = 273420 = 293K
acetone = 182 mmHg (partial pressure of acetone

equals vapor pressure, since acetone
is the only component)

P

(182 mmHg) (58.08 lb/lbmol)
(998.9 mmHg £t 71bmol K) (293K)

= 0.036 1b/ft°>

(C; = Initial concentration in the reactor vessel)
The number of volume changes of inert gas is as follows:
[1,000 scf] [(273+20)/273) = 1,073 acf

(2,000 gal) (ft3/7.48 gal) = 267 ft?
1,073/267 =~ 4 (vessel volume changes = 4.0)

Plugging the values back into equation 3-14 yields:
Ce/Cqy = (0.37)4-0 = 0.0187 1b/ft3
Thus, Cg; = 0.0187(0.036) = 0.000673 1b/ft?

Emissions (vesse% volume) (

267 £t3 (0. 000673 lb;ft3
9.43 1b




le 5. Filled Tanl ; B .

A tank containing methanol at 25°C is purged with a 30 scfm
stream of nitrogen. Calculate the emission rate of methanol
during the purge. :

TMEOH _ 128 = .20
TN2 760-128

) = .5 1bs/min MEOH

1 mole | [.20 moles MEOH ( 32 1b
(30 sctm) (ﬁS scfm) l 1b mole Ny ] 1 mole



le 6. Calculat] : \na Volatilizati

A 1,000-gal tank of wastewater containing 0.025 wt% toluene
is to be air sparged to remove the toluene to a concentration
level of less than 20 ppb (by welght) to permit discharge to a
municipal sewer system. Ambient air is to be used; the design
temperature -is 20°C. Toluene-water vapor-liquid equilibrium at
20°C can be approximated using a Henry’s Law constant of 370 atm
(Henry's Law constants are listed in the Appendix).

Approach: Use 1 minute time slices, assume a sparge rate,
calculate time required to achieve concentration objective,
adjust sparge rate until reasonable cycle time is calculated.
Because of standard geometry of 1,000-gal tank, and modest gas
rates, 100 percent of equilibrium concentration can be assumed.
Table C-1 summarizes the results of the calculations made using a
personal computer spreadsheet program. With 75 acfm of sparge
gas, the desired concentration of 20 ppb toluene is achieved in
55 minutes of sparging. The table clearly shows that the bulk of
the VOC is removed durlng the early part of the cycle: one-half
of the total toluene is removed in the first 3 minutes, and
90 percent is removed after 13 minutes. This typical
concentration profile for batch sparging makes the selection of

control technology (described elsewhere in thig report) somewhat-
challenging.



*Tank Volume
Moles of H20
*Sparge Rate

*System Temp
*Pressure.
*Dissolved VOC

*Initial Conc’n

Moles of VOC

*MJ of VOC
*Henry’s Const.

*Exit Gas Equil.

*Time Slice

Time [ncrement

TABLE C-1.

1000 Gat T
462.26 tb-mol
75 acfm

0.19465 (bmot/min

20 Deg C
760 om Hg

Toluene

0.025%wt X

0.02260147

0.005Xmot X
92.14
370 atm
100.00%
1 min

0.000048 0.018090 0.003521
0.000041 0.015271 0.002972
0.000034 0.012892 0.002509
0.000029 0.010883 0.002118
0.000024 0.009188 0.001738
0.000020 0.007756 0.001509
0.000017 0.006548 0.001274
7 0.000014 0.005527 0.001076
8 0.000012 0.004666 0.000908
9 0.000010 0.003939 0.000766
10 0.000008 0.003325 0.000647
11 0.000007 0.002807 0.000546
12 0.000006 0.002370 0.000461
13 0.000005 0.002000 0.000389
14 0.000004 0.001689 0.000328
15 0.000003 0.001425 0.000277
16 0.000003 0.001203 0.000234
17 0.000002 0.001016 0.000197
18 0.000002 0.000857 0.000166
19 0.000001 0.000724 0.000140
20 0.000001 0.000611 0.000119
21 0.000001 0.000516 0.000100
22 0.000001 0.000435 0.000084
23 9.94E-07 0.000367 0.000071
26 8.39€-07 0.000310 0.000060
25 7.09€-07 0.000262 0.000051
26 5.98€-07 0.000221 0.000043
27 S$.05€-07 0.000186 0.00003%
28 4.26€E-07 0.000157 0.000030
29 3.60€-07 0.000133 0.000025
30 3.04E-07 0.000112 0.000021
31 2.56€-07 0.000094 0.000018
32 2.17e-07 0.000080 0.00001S
33 1.83E-07 0.000067 0.000013
36 1.54E-07 0.000057 0.000011
35 1.30e-07 0.000048 0.000009
36 1.10E-07 0.000040 0.000007
37 9.28E-08 0.000034 0.000006
38 7.84E-08 0.000028 0.000005

oWV s WN -0
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y-exit #mols out cum out

0.003521
0.006494
0.009003
0.011122
0.012910
0.014420
0.015695
0.016771
0.017679
0.018446
0.019093
0.019640
0.020101
0.020491
0.020819
0.021097
0.021331
0.021529
0.021696
0.021837
0.021956
0.022057
0.022141
0.022213
0.022273
0.02232¢4
0.022368
0.022404
0.022435
0.022461
0.022482
0.022501
0.022516
0.022530
0.022541
0.022550
0.022558
0.022565
0.022570

SPARGING VOLATILIZATION

04
0.000034 1.78€-04
0.000029 1.50€-04
0.000026 1.27E-04
0.000020 1.07€-04
0.000017 9.05€-05
0.000014 7.64E-0S
0.000012 6.45E-05
0.000010 5.44E-05
0.000008 4.80E-05
0.000007 3.88E-05
0.000006 3.28€-05
0.000005 2.77€-05
0.000004 2.33E-05

0.000003 1.97E-05
0.000003 1.66E-05
0.000002 1.40€-05
0.000002 1.19€-05
0.000001 1.00€-0S
0.000001 8.45E-06
0.000001 7.13E-06
0.000001 6.02E-06
9.94E-07 5.08E-06
8.39€-07 4.29€-06
7.09€-07 3.62E-06
5.98E-07 3.06E-06
5.05€-07 2.58E-06
4.26E-07 2.18E-06
3.60E-07 1.84E-06
3.04E-07 1.55E-06
2.56€E-07 1.31E-06
2.17€-07 1.11E-06
1.83€-07 9.35€-07

1.54€-07 7.89€-07
1.30E-07 4.66€-07
1.10E-07 5.62E-07
9.28€-08 4.7SE-07
7.84E-08 4.01E-07
6.62E-08 3.38e-07

Percent
Removal
15.580%
28.733%
39.837%
49.210%
57.123%
63.804%
69.4643%
764.206%
78.223%
81.616%
84 .480%
86.898%
88.939%
90.663%
92.118%
93.346%
94.382%
95.258%
95.996%
96.620%
97.147%
97.591%
97.967%
98.283%
98.551%
98.777%
98.967%
99.128%
99.264%
99.379%
99.475%
99.557%
99.626%
99.684%
99.734%
99.775%
99.810%
99.840%
99.865%



TABLE C-1. (Continued)

39 6.62E-08 0.000024 0.000004- 0.022575- S.S8E-08 2.86E-07
40 S.58€-08 0.000020 0,000004 0.022579 4.71E-08 2.41E-07
41 4.71E-08 0.000017 0.000003 0.022583 3.98£-08 .2,04€-07
42 3.98E-08 0.000014 0.000002 0.022585 3.36€-08 1.72E-07
43 3.366-08 0.000012 0.000002 0.022588 2.84E-08 1.45€-07
46 2.84E-08 0.000010 0.000002 0.022590 2.39€-08 1.22€-07
45 2.396-08 0.000008 0.000001 0.022592 2.02E-08 1.03E-07
46 2.02€-08 0.000007 0.000001 0.022593 1.71€-08 8.73E-08
47 1.71€-08 0.000006 0.000001 0.022594 1.44E-08 7.37€-08
48 1.44€-08 0.000005 0.000001 0.022595 1.22E-08 6.22E-08
49 1.22E-03 0.000004 0.000000 0.022596 1.03€-08 5.25€-08
SO 1.03E-08 0.000003 0.000000 0.022597 8.67E-09 4.43E-08
51 8.67E-09 0.000003 0.000000 0.022598 7.32E-09 3.74E-08
52 7.32€-09 0.000002 0.000000 0.022598 6.18€-09 3.16E-08
$3 6.18E-09 0.000002 0.000000 0.022599 S.21E-09 2.67E-08
S4 5.21E-09 0.000001 0.000000 0.022599 4.406-09 2.25€-08
$S 4.40E-09 0.000001 0.000000 C.022599 3.72E-09 1.90E-08
56 3.72€-09 0.000001 0.000000 0.022600 3.14E-09 1.60E-08
S7 3.14E-09 0.000001 0.000000 0.022600 2.4SE-09 1.35E-08

S8 2.65e-09 0.000000
59 2.24E-09 0.000000
60 1.89€-09 0.000000
.S9E-09 0.000000 0.000000 0.022500
.35€-09 0.000000 0.000000 0.022400

0.000000 0.022600

0

0

1 0
621 0
63 1.14€-09 0.000000 0.000000 0.022601
66 9 0
0

0

0

.000000 0.022500
.000000 0.022600

.S9€-10 0.000000 0.000000 0.022601
65 8.09€-10 0.000000 0.000000 0.022601
66 6.83€-10 0.000000 0.000000 0.022601
67 S.77E-10 0.000000 0.000000 0.022601
68 4.87E-10 0.000000 0.000000 0.022501
69 4.11E-10 0.000000 0.000000 0.022601
70 3.47€-10 0.000000 0.000000 0.022601

0
[}

11

2.24E-09 1.14E-08
1.89€-09 9.65€-09
1.59€-09 8.15€-09
1.35€-09 6.88E-09
1.14E-09 5.81E-09
9.59€-10 4.90E-09
8.09€-10 4.14E-09
6.83E-10 3.49€-09
S.77€-10 2.95E-09
4.87E-10 2.49€-09
4.11€-10 2.10€-09
3.47E-10 1.77E-09
2.93e-10 1.50€-09

99.886X
99.906%
99.919%
99.931%
99.942%
99.951%
99.959%
99.965%
99.971%
99.9735%
99.979%
99.982%
99.985%
99.987%
99.989%
99.991%
99.992%
99.994X%
99.995%
99.995%
99.996%
99.997%
99.97%
99.998%
99.998%
99.998%
99.999%
99.999%
99.999%
99.999%
99.999%
99.999%



Example 7. Vacuum dryer emissions

Example: Consider the following example :0f a double-cone
dryer operating at 15 inches of mercury, with an air-leakage rate
of 15 scfm. The temperature inside the dryer is 60°F. Three
hundred pounds of product cake, initially containing 25 percent
by weight acetone are dried to less than 1 wt% solvent over the
course of 8 hours. Calculate the maximum VOC emission rate.

Solutjon. The total amount of acetone dried from the
product cake is:

300 1b cakel 0.25 1b acetone

=7 initi
6 cake 5 1lb acetone (initially)

300-75 = 225 1lb product in cake
The amount of acetone remaining at the end of the cycle is:

x
335.x - 0-01

x = (0.01) (225+x)
X = 2.25*%0.01x

0.99x = 2.25
X = 2.3 1b acetone (at end of cycle)

.". Therefore, the total amount of acetone removed from the
drying cycle is:

75-2.3 = 72.7 ~ 73 1b
Average emission rate over the drying cycle is:

(73 1b/8 h) (1 h/60 min) = .15 1lb/min

average dryer emission rate

The initial drying rate is two times the average rate,
assuming a straight-line decline.

Maximum (initial drying rate)
(2)*(0.15) = 0.30 lb/min

MW

acetone = 58 1b/1lbmol

Therefore, the molar flow of acetone is
(0.30 1lb/min) (1bmol/S8 1lb) (60 min/hr) = 0.31 lbmol/h

C-12



The airflow (leakage) is given as 15 scfm where 359 scf (at
0°C and 1 atm) is 1 mole. Therefore, the airflow is

(15 scf/min) (1bmol/359 scf) (60 min/h) = 2.51 lbmol/h

Therefore, the uncontrolled emission gstream at the start of
the drying cycle is estimated to be:

Component 1lbmol/h mole fraction
Acetone . - 0.31 0.110
Air ‘ 2.51 0.890
TOTAL 2.82 1.000

This rate represents the maximum VOC emission rate during the
cycle.



Example 8. Atmospheric d s

Example. A tray dryer uses 6,000 acfm of heated air (65°C)
over a period of 6 hours to remove isopropyl alcohol (IPA) from a -
batch of solids. Each batch consists of 1,000 pounds of material
containing 40 percent (by weight) solvent. The final product
contains less than 0.6 percent solvent. Calculate the total
uncontrolled VOC emissions per drying cycle and the maximum VOC
emissions rate.

Mass balance over the drying cycle:
(1,000 1lb cake) (0.40 1b IPA/lb cake) = 400 1lb IPA initially

Quantity of bone-dry solids = 1,000-400 = 600
Amount of IPA remaining:
x/600+x = 0.006
‘. X = 3.6 1b IPA
Amount of IPA removed is:
400-3.6 = 396 1b (MW = 60.09)
Average emission rate = 396 1lb/6 h = 66 1lb/h

Assume initial rate = 2* average rate

(2) (66) = 132 1b/h

(132 1b/h) (1bmol/60.09 1b) 2.20 lbmol/h

Calculate composition of uncontrolled emission stream at start of
drying cycle:

Airflow:

(6,000 acf/min) (60 min/h) (1bmol/359 scf) (273/273+65)scf/acf = 810
lbmol/h

Component lbmol/h mole fraction
IPA 2.20 0.0027
Air 810.00 0.8973
| TOTAL - _ 812.2 | 1.0090

Knowledge of, or an estimate of (as above) the uncontrolled
outlet stream composition is necessary to select an appropriate
control technology. One should note that the mole fraction of
the VOC is considerably lower (approximately two orders of
magnitude) in the convective oven exhaust than in the vacuum oven
(previous example) .
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E v i ion

A 1,000 gallon nutsche filter is used to compress a slurry
containing acetone and inerts at 80°F (26.7°C).. A pressure.of
35 psig is imparted onto the slurry until the desired filtration
is achieved (approximately 40 minutes). The nutsche filter is
then depressurized prior to discharging of its contents.
Calculate the emission rate of acetone resulting from this step.

Step 1. Ratio of acetone to air initially present in the vessel
and after depressurization:

35 psig = 49.7 psia (-2 MHI) - 5 570 mmHg

14.7 psia
N4cerone (246 mmHg) e
= = ,106 (initiall
Ruir (2,570-246 mmHg) ( y)
nacecone 246 . .
= = 0,48 (after depressurization
n 760-246 (af P )

air

Step 2. Calculate moles noncondensable gas in the vessel
initially and after depressurization:

(Assume free volume equals 1/2 of the total volume)

3
(500 gallons) L__EE___J (2.570 mmHg - 246 mmHg)
ny = : 7.48 gal |
mmHg = fe3

N, = 0.523 lbmol

Moles of noncondensable gas at the end of depressurization:

(500 gallons) £e’
7.48 gallons

P
[998.9 mmHg = ft ] (300K)

] (760-246 mmHg)

n2=

1bmol K

n, = 0.11 lbmoles of noncondensable gas

moles acetone
Step 3. Average ratio of throughout the
moles air

depressurization:

C-15




0.106 + 0.48 _ 5 95

Step 4. Calculate lb acetone emitted:

Total moles noncondensable (non-acetoné) released:
0.52 - 0.11 = 0.41 1lb moles

Total 1lb acetone released:

0.41 moles non acetone

0.293 moles acetone)(se lb acetone
moles non-acetone moles acetone

= 7 1b/event

= 0.17 1b/min (1 event = 40 minutes)
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: le 10. Emissi c S £+

A double-cone batch dryer (volume of 20 £t3) operates at
74 mmHg. A steam ejector-is used to pull a vacuum on the dryer.
System components are listed below. A solvent recovery condenser
operating at 20°C precedes the ejector. The solvent is methanol.

W _leakage ,
W = 0.032 p0-26 y0.60 P (=] torr
W = 0.032(74)0-26 (20)0-60 V [=] ft3
W = 0.59 1lb/h W [=] 1b/h
W aka -9 f mpoen - ific le kK

Assume system has:
2 seals (rotary) @ 0.10 0.20

10 threaded connections @ 0.015 0.15

2 access ports @ 0.020 0.04
1 view window @ 0.015 0.015
10 valves @ 0.03 0.30

1 control gas valve @ 0.25 0.25
0.955 1b/h/in.

For 4 in. fittings:

W= 1.2 m0gpQ0-26
W = 1.2 m(4) (0.955)740-26
W = 44 1lb/h

Total in-leakage (La) = 44+0.59 = 44.6 1lb/h

as cfm if (379 scf/mol) (mol/29 1lb) = >582.8 ft3/h
"= 9,7 scfm -



VOC emissions:

La

Psystem _
Pgystem Pg

go = (32 1b MeOH)( 44.6 1b air/h )( 760 -1
E Thmol 25 15 air/1bmol) \T760-957

(VPpaog At 20°C = 95 mmHg)

. Sg = 7.03 1b MeOH/h
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Ex i jssi i k
Estimate VOC emissions from a facility process having the

following components in light liquid service 100 percent of the
time. :

1 pump
18 flanges
1 gas valve
5 liquid valves
1 samp}ing connection

3 open-ended lines

Solution
Multiply by equipment leak factors found in Table A-6.
Equipment leaks ka/h
1 pump
(0.0199 kg/h) (1) 100 percent service 0.0199
18 flanges
(0.00183) (18) 100 percent service . 0.0329

1 gas valve

(0.00597) (1) 100 percent service 0.00597
1 s8.C.

(0.0150) (1) 100 percent service 0.0150
3 0.E.L.

(0.0017) (3) 100 percent service 0.0051
0.07887

0.07887 kg/h (h/3,600 s) = 2.2x10°> kg/s
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APPENDIX D.

COST CALCULATIONS
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The attached documentation details the calculations and
assumptions that were used to arrive at the control device cost
effectiveness curves used to set RACT. The documentation
requires some preliminary discussion of certain issues because of
the complexity of the approach. This preface is intended to
provide this necessary background. Note also that the basis for
much of the assumptions used in estimating costs is the fourth
edition of the OAQPS Control Cost Manual, prepared by the i
Emission Standards Division of the Office of Air Quality Planning
and Standards, U. S. Environmental Protection Agency, Research
Triangle Park, NC 27711.

Discusgion

One of the major ideas behind RACT for batch processes is
the consideration of on-stream emission event duration. The
calculations assume a certain mass emissions value, in lbs/year.
Mass emissions is really the annual VOC emission rate from the
batch process vent(s) considered to be controlled. By making
mass emissions an input variable, and by setting the VOC
concentration and the emission stream flowrate (i.e., these
parameters are also input), the models are designed to calculate
a value of on-stream emission event duration, which we call "time
var." This "time var" value is used throughout the model to
calculate control device costs and cost effectiveness. The "time
var" or time variation field should not be confused with the
initial duration input as 60 minutes. It was assumed that each
event took 60 minutes initially to calculate emissions per event
and heat load per event, but considered the number of events per
year that would actually be occurring using time var (which is
the fraction of continuous emissions). Note, also, that
operation and maintenance costs are calculated on a per shift
basis.

For those combinations of mass emissions and flowrate that
yielded time var values of less than .33, only 1 shift per day
was assumed. For time var between .33 and .66, 2 shifts per day
were assumed, and 3 shifts per day were assumed for time
var >.66.




Condenger Model Calculations

The calculations below can be cross-referenced with the
example condenser model spreadsheet, which is included as an
attachment to this set of calculations.

1. Input Variables - Emission Stream Characteristics

Example
inputs : Cell I.D.
1,000 a. Flowrate, (acfm): H7 .
25 b. Temperature, (°C): H8 (Default is 25°C)
760 c. Pressure, (mmHg): H9 (Default is 760 mmHg)
60 d. Duration, (min): H10 (Default is 60 minutes)
30.37 e. VOC volume percentr: H1ll (Default is saturation)
90 f. Required condenser

control efficiency, (%): Jé
100,000 g. Mass emissions, (lb/yr): Mil4

*This field is considered an input field although the
spreadsheet is designed to calculate this value for saturation.
In our analysis, we multiplied the saturation value by a fraction
that would result in our desired concentration values (i.e.,
1,000, 8,750, 10,000, and 100,000ppmv for the cost effectiveness
curves) .

For example, volume percent is calculated in the example in
the following manner: '

10 ° ($BWS11 - ($BXS$11/ (H8+$BYS$11)))/H9 (1)
where:
SBWS11 = 7.117 (Antoine Coeff ’'a’ for acetone);
SBXS$11 = 1210.595 (Antoine Coeff 'b’ for acetone); and
SBYS$11 = 229.664 (Antoine Coeff ‘¢’ for acetone).
where:

the Antoine’s equation is of the form:

o910 Fa' ta - By

where:
P,* = vapor pressure of component a, mmHg

a, b, ¢ = Antoine’s coefficients for component a
t = temperature, °C



Equation 1 is the vapor pressure/total pressure where vapor
pressure equals:

10" [log;gPa* = a - b/(c + t)]
Pa* = 10" [a - b/(c + t)]

So, 10" [$BWS$11 - ($BX$11/(H8 + $BYS$1l1l))) = Pav

Volume percent = [Pa*/total pressure (H9 = 760)]

= H1l = 30.37% (in the example)
Non-con \'A

Because the gas stream contains a portion that is
condensable material and a portion that is noncondensable
material and the fraction of the stream that is condensable
material was calculated above the remaining portion of the stream
is easily calculated as below:

= 1 - H1ll

= 1 - Volume percent (calculated above)

= 1 - ,3037 = .6963 = 69.63%
missi v : i

This equation uses the ideal gas law to estimate the

emissions of the VOC (acetone in the example) per event before
the condenser is applied.

H11 * H10 * H7 * H9/(998.97 * (H8 + 273))+*$B2S11

where:

$BZ$11 = Molecular weight of VOC; acetone_= S8 1lb/lbmol; and
998.97 = Universal gas constant, (mmHg ft3/lbmol K).

= .3037*60 min*1,000 acfm*760 mmHg/(998.97*(25+273)) *58
= 2,702 lbs/event

The above calculations are used to estimate the uncontrolled
waste gas composition. The spreadsheet will estimate control
costs for a desired control efficiency or exit condenser
temperature, if specified. 1If control efficiency is specified,
as it was in this cost analysis, the spreadsheet calculates the
required exit partial pressure of the waste gas, which is the
saturation vapor pressure at the exit condenser temperature.
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For this example, the condenser control efficiency, J6 = 90%
90 percent control for a condenser means the following:

Y »
VOCIN
—
Y — ' Y
NON COND IN T VOCOoUT
Y
VOCCOND

[YVOC IN] [FLOWRATE]/RT = MOLES VOC IN
[1 - Y VOC IN] [FLOWRATE]/RT = MOLES NONCONDENSED
MOLES VOC OUT = (1-CONTROL EFF.) (MOLES VOC IN)
After manipulation and cancelling these equations are reduced to:

v _ (1 - CONT. EFF) (Y )
VOCOUT 1 - Y yoory © CONT.

This is the same equation as the one contained in cell J9,
except that the equation in cell J9 is multiplied by 760 mmHg, the
assumed total pressure of the system, atmospheric in thsi case.
The resulting value is the partial pressure of the VOC component.

= 760 mmHg*(.3037(1-.9))/(1-.3037*.9)

= 31.77 mmHg
R ir nde xit Tem re : 12

Substituting the partial pressure back into Antoine’s
equation, yields a temperatuere at which 90 % control is achieved.

b
log p* = a -
t +C
-b b
E=Togp* - ay ~ ¢ ©°F t = - Iogpm) ¢

The formula in cell J12 is:
(($BX$11/ (SBWS11-LOG(J9) ) -$BYS11))

So, substituting the values from the example condenser model
spreadsheet into this equation:

= ((1210.595/(7.117-L0G; (31.77))-229.664))

D-4



This formula takes into account the ratio of the volume
percent of noncondensables entering the condenser and the volume
percent of noncondensables exiting the: condenser along with the
equation: PyV;/Ty = PyV,/T,. Solving for V,.

The formaula in cell address H18 is:

H7 * H16 * (((1.8 * S$SCES$6) + 32) + 460)/(((1.8 * H8) + 32)
+ 460) * H9/SCHS6/(1-H19)

where:
$SCE$6 = Condenser Exit Temperature, ( C);
$CH$6 = Compressor Pressure, (mmHg); and
H19 = Condenser Exit Volume Percent, (%).
So, substituting the spreadsheet values into this equation: is
= 1,000 acfm*.6963* (((1.8*%(-14.06 C))+32)+460)/(((1.8*

25 C)+32)+460) *760 mmHg/760 mmHg/ (1-.0418)
= 631 cfm

nde xit V P n %) 1l H

This field substitutes back into Antoine’s equation the
required exit condenser temperature, which is given in $CES$e.

Ppai:tial/Ptotal = Yout
107 ($BW$11 - ($BX$11/($CE$6 + $BYS$S11)))/SCHS6
where:
$CH$6 = Total Pressure, (mmHg).

So, substituting the values from the example condenser model
spreadsheet into this equation:

= 10%(7.1175-(1210.595/(-14.06 C+229.664)))/760 mmHg
= .0418 = 4.18%
QQQE&éE&_2IQQ2I&i§2_EKi&*_llhE_HQQLEIQQLL;_iQEll;HZQL

Using the ideal gas law this equation calculates the
emissions per event after the condenser:

H19 * H18 * $CHS$6 * $BZ$11/(998.97 * $CFS$6) * H10




where:
$CF$6 = Condenser Exit Temperature, K.

So, substituting the values from the example condenser model
spreadsheet into this equation:

= (.0418*631 cfm*760 mmHg*58 1lb/lbmol)/(998.97*258.94)*60
= 270 1lbs VOC/event

This cell provides for the calculation of the condenser
control efficiency, but it is not used in this example because the
efficiency was input in the analysis.

Condenser Heat Load, (BTU/event): (Cell H22)

Cell H22 calculates the condenser heat load, in terms of
sensible heat and latent heat of cooling the stream down to the
desired temperature.

Heat load is made up of: (1) latent heét of condensation for
the material condensed, (2) sensible heat of cooling of the
noncondensables, and (3) sensible heat of cooling of the
condensables.

-]

Sensible heat is calculated as m Cp AT

. -]
Latent heat is calculated as mHv

where:
Qsensible = ™ Cp T; and .
Qlatent = M Hy-
where:
m = mate rate;
Cp = heat capacity;
H¥ = heat of vaporization; and
= range of cooling.
1st Term: (Sensible and latent heat of condensables)
((H17 - H20) * (SCBS$1l1 + S$SCAS$11l * (H8 - SCES$6E) * 1.8))
where:

H17 - H20 = 1lb VOC condensed = 2702 - 270.2 = 2431.8 lb/event;
$CB$11 = 220 (BTU/lb, Hvap of acetone); and

$CAS$11 = 0.3 (Cp acetone, BTU/1lb°F), assumed constant.



So, substituting these values into the 1st part of the egquation in
cell H22:

Heat load (condensed) = (2702 - 270.2) [220 (BTU/1lb)

+ 0.3 BTU/1b°F (25-(-14.06))*1.8]) = 586,288 BTU/event

2nd Term: (Sensible heat of condensables that were not condensed,
calculated in Cell H20)

The 2nd part of the heat load equation as it appears in the
condenser model is:

(H20*$CA§11f(H8~$CE$6)*1.8)
So, substituting the correct values into the equation:
= (270.2%*0.3(25-(-14.06))*1.8) = 5699 BTU/event
3rd Term: (Sensible heat of noncondensables)

The 3rd part of the heat load equation as it appears in the
condenser model is:

= H18*(1-H19)*H9/(998.97* (SCE$6+273) *29+*H10) *$SCA$20* (H8-
$CES$6) *1.8))

where:
SCA$20 = BTU/1b°F for air, .24.
So,

= 631 cfm*(1-0.0418)*760 mmHg/(998.97*(-14.06+273)*29%6Q) *.24
*(25-(-14.06)*1.8))

= 52,517 BTU/event

Therefore the sum of the three terms is 586,288 + 5,699 + 52,517 =
644,504 BTU/event. The spreadsheet calculated a slightly
different value, 644,613 BTU/event. However, rounding is the
reason for the difference in the values.



- BV ven :

Assumed 10 percent of heat load during events to keep the
heat exchanger surfaces cold and to account for heat losses.

Tons: (Cell H24)

-Calculated Annual Refrigeration requirements based on
on-stream time.

BTU event ][60 min

‘event 60 min rr—] [8,760] [Time Var]

(644,613

BTU event

+ (64,461 event 60 min

1§2 Ein 1[8,760] [1-Time Var]
where: -
Time Var = .00415.
(BTU) yr

= x
yr 8,760/12,000 BTU/hr/ton

= tons'refrigeration used to calculate annual energy costs
= §,57
Refrigeration Uni FF_TEMP : 2

The refrigeration cost is based on the heat load and
temperature. The cost for a refrigeration unit are given in 10°F
increments from 40°F to -70°F, and a 30°F increment between -70°F
to -100°F. A Quattro Pro macro that checks the required condenser
exit temperature appears on the right side of the condenser model
spreadsheet underneath the "\t\". The group of numbers under the
macro are the refrigeration unit costs given the calculated tons
of refrigeration required. Below are the actual equations that
produce the Purchased Equipment Cost (PEC) for refrigeration units
at different temperatures.

Temp.., °F Cost Equation

40 1,451 (Tons) + 10,817

30 1,820 (Tons) + 11,064
20 2,340 (Tons) + 11,021
10 3,197 (Tons) + 13,972
0 4,013 (Tons) + 14,427
-10 5,582 (Tons) + 13,431
-20 7,560 (Tons) + 13,451
-30 4,334 (Tons) + 40,089
-40 5,459 (Tons) + 40,082
-50 6,704 (Tons) + 39,993
-60 7,152 (Tons) + 43,640
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-70 8,938 (Tons) + 41,713
-100 17,798 (Tons) + 46,906

The required condenser exit temperature for the stream
contained in the example condenser model spreadsheet is -14.06°C
which equals approximately 7°F. So, the equation for 0°F would be
used to estimate the PEC of the refrigeration unit as below:

4,013 (Tons) + 14,427

where:
Tons = the tons of refrigeration required during an event

Sizing the condenser refrigeration unit based on the heat
load calculafed during an event provides the "worst-case" costs
because this would be the maximum heat locad encountered by the
condenser during any given time throughout the year.

So,

4,013 (H22/H10%*60/12,000) + 14,427
Substituting the values in the example into this equation:

= 4,013 (644,613/60*60/12,000) + 14,427

= $229,996
Total System Costs (31.25*Unit Cost), (S): (Cell H32)

1.25 * PEC, to account for precooler and auxiliary equipment.

= 1.25 * $229,996 = $287,495

Total Capital Invegtment (TCI), (S): (Cell H33)
1.74 * total system costs* 1.25 (3rd quarter, 1990]
where,

1.74 factors installation for nonpackaged systems
25 percent covers manifolding

Direct Costs
Qperating Laboy (S): (Cell H35)
= 0.5 hours/shift*$15.64/hour*HS1+H52

where:
$15.64/hr is operating labor rate;
H51 = shifts/day; and
H52 = days/year.




So, substituting the values for the example into this equatién:
= 0.5%*15.64%1*365
= $2,854/year

Supervisory Labor (S): (Cell H36)
= 1.15*H3S

So, substituting the values from the example into this equation:
= 1,15 * $2,854/year
= $3,282/year

intanen r : 7

= 0.5 hour/shift*$17.21/hour*H51*H52

where:
$17.21 = maintanence labor rate.

So, substituting the values from the example into the equation:
= 0.5%17.21*1*365
= $3,141/year
Maintanence Material : ell H3
= H37
= $3,141/year
E ri m r Motor : 1 H
Electricity requirements were based on the average tons of

refrigeration required during a year and refrigeration
temperature.

kw/Ton T (°F)
1.3 40 We used a regression line, where
2.2 20
4.7 -20 T = - 13.08 (kw/ton) + 43.16
5.0 -50
11.7 -100 r? correlation to these data

points = 0.955
The regression line was used to obtain (kw/ton).

So,



= ((($CES6%1.8+32)-43.16)/-13.08)*H24*8,760*.059/0.85
where:
$.059 = Cost/kwh; and
0.85 = Efficiency of motor.
So, subsituting the correct values into the equation:
= (((-14.06%1.8+32)-43.16)/-13.08)*5.57+8,760+.059/0.85
= $9,449
Qverhead, (9): (Cell H4Q)
= ,6*sum(H35..H38)
where:
H35 - H38 = the costs of operating, supervisory, and
maintanence labor and maintenance materials.
So, substituting the correct values into the example equation:
= $7,451/year
i R v : H4
Assume 15-year life, 10 percent interest
= .1315%*H33
= $82,227
n 1 Admini iv. ; H42
= ,04*H33
= $25,012
T Ann ! : H4
The total annualized cost is the sum of all the direct costs.
= $136,558/yr
Ma/yx Controlled: (Cell H44)
= (M14*0.454/1000)*J¢
= (100,000*%0.454+*1,000)+*0.9
= 40.86 Mg/yr




Cost Effectiveness ($/Mg): (Cell H4S)
= H43/H44
= 136,558/40.86

= $3,342/Mg

Calculation of Time Variation: (Cell Mi17)

= M17*998.97*293*(1/GQ)'(1/8,760)’(l/$éZ$11)/H11/(H6*760)
So, substituting the correct values into the equation:

= 100,000%*998.97*293/60/8,760/58/.3037/(1,000*760)

= 0.00415



CONDENSER MODEL SPREADSHEET
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CONDENSER MODEL

PARAMETERS:

Flowrate, (scIm):
IHowrate, (aclm).
Temperature. (1eg C)
Pressure, (mmllg):
Duration, imin):
VO, (vol %)

VO, (ppmv):

CALCULATIONS:

Non-condensable Volume Percent, (7).
Emissions, (bs/event):

Condenser Ixit Flowrate(vaniable). (113/min)
Condenses Exit Volume Percent, (% ):
Constant Properites Lixit, (Ibs VOC/event).
Condenser Control Flficiency. (")
Condenser Lleal | oad, (RTU/event).

Condenser Ueat 1.oad During Non Fvents. (RTU/event):

Condenser ieat |.oad (tons), 112,000 BTUVhr)
Dela T:

QUOOL, (Ib/hry

Relrigeration Unit Cost (DIFE 1 FMPL ($)

COSTS:

Total System Costs (1 25°Unit Cost). ($)
‘Total Capital Investment (1C1) ($)
DIRECT COSTS:

Operating Labor (3):

Supervisory Labor, ($):

Maintanence Labor, (3):

Maintanence Materials. (3):

Electric Compressor Motor, ($):
Overhead. ($)

Capital Recovery. (3):

General Administrative, Taxes, Insurance, (3):
TOTAL ANNUALIZED COST, ($).
Mgyt CONTROLI 1D:

COST EFFECTIVENIESS, ($/Mg).

TIME FACTORS

cvenls/shift
shilis/day
days'year

“t of ime
DURATION

1.000
1.000
pad
160

e
33,7

69.63%
2702
631
418%
27020
0%
644613
64,46}
[}
nH
12
$229.996

$287.495
3625302

$23854
$3.282
314
$3.141
$9.449
$7.451
$82.227
$25.012
$136,558
40 86
3.2

D192
1
ALY
[[¥1NAN'}
[LEN T

Required Condenser Control I [ficiency, (72):

%0

‘

Partial Pressure al Fxit Sream, (mmi Ig):

37677
Condenser 1-xit Temperature, (C): (F)
-14.06 6.68
Mass Fmissions, (lbiyr): 100,000
Time Variation 0.00415
Energy. (BTU/Mg): LOE+0?

E8S oSNNS

10
S0
ol
m
ton

\\

{if contemp> =40}/ECFORMI ~ H27~ {Q
{if contemp> =30}/ECFORM2~ H27~ {Q
{if contemp> =20}/:CFORMY~ 27~ {Q

{il contemp> =10}/ECFORM4 ~ H27~ {Q
{if contemp>=0}/ECFORMS ~ H21~ {Q
{if contemp > =-10}/ECFORM6 ~ H2? ~ {
{if contemp > =-20}/ECFORM? ~ H27~ {
{if contemp> =-30}/ECFORMS ~ H27 ~ {
{if contemp> =-40}/ECFORM9 ~ H27 ~ {
{if contemp >=-S0}/ECULAI~H21~ {Q
{if contemp > =-60}/ECULA2~ H2?~ {Q
{if contemp>=-710/ECULAI~H21~ {Q
ECULLAL ~ H27 ~ {QUIT).

88761.408
10833025
136720 46
185707 54
2299% 2
32833
419556 95
2129010 89
w202
400116 58
4271829 12
SMXL %
[TLIAURRR
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Lo (0) [WI4] 1000

fo (P0) {W1S)0 o

AT JW16] Flowrate, (actm)

L7 €.0) (W] (HIR + 273)°SCEME/ 208

AR [WI16]) “Temperatuge. (Deg ©)

118 () WE4) 25

I8 JWIS| “Partial Pressure at bxit Stream, (mmil ig)

A9 W] "Pressuse. (mml i)

119: ¢,0) (W14) 760

19 (F8 WIS) T60* (10014 (1-36))/¢ 1-100 1% J6)

A0 [WI6) ‘Duration. (min)

o (0) jwWid)en

AL [WI16) 'VIX, (vol 7 )

L (P2) W 10~ (SHWS1E (SBXS 11118 +SBYS1INII9
JHE WIS C “ondenser 1xit Temperature, (C)

MIL (WI6] (15

AL WIS| VO, (ppmv)

12 (0) WS|4 111 100M00

S ED WIS ((SUXSLUSBWS | it O0i(19))-$BYS$11))
M2 (EQ [WI6) 18112+ 32

AH WIS 12 CALCULATIONS

A1 WIS| "Mass L missions. (Iblyr)

MI4. (.0) [W16] 100000

Al6: [WI6] ‘Non-condensable Volume Percent, (%)

Hio (P2) Wi 1 11t

AT [WIb) I'missions_ (Ibs/event):

TH7 OV WHE 101 110° KL OW*H9/(998.97° (118 + 213))*$BZ3 11
T |WIS] “Fime Variation

Mi7 (1-5) [W16) + 17999K 974 203° (1/60)° (1/8760)* (1SBZS11)/H1/(FIOW® 760)
AR [WIb) ‘Condenser Fxit Flowsate(variable), (113/min):

THE O WL FLOWDII6* (((1 8°$C'1:36) + 32) 4 460V/(((1.8°118) + 32) + 460)° 119/8C 1$6/(1-1119)
|

Al9 [Wi6) ‘Condenser Exit Volume Percent, (7).

HI9 (P iwagp 10~ (SBWSIL(SBXSI1/(SC1S6 + SBYS11)))/8C 1 HS6
19 | WIS| Energy. (H11/Mgy

MO (S2) WIS] ((H22°8760°MIT) + (11238 760% (1 MIZ4
A2 W6} Constant Properites 1xn, (ths VI X /event)

HI0 ¢ WH) 4 10 FIIRSCIIS6* SNZ$ 1 (99K 97°§( sy it

A WG] Condenser Contiol Eituiency. (5
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A22 [W16] ‘Condenser |leat Load, (W1 Levenl)

1022 (O WIS + FINT-D120)°(SCBSI1 # SCASII* (118 SCTS6) 1 R4 (LI20°SCASEV (HIR-SCL$6)° 1 Ky # (U1K 00 FNI9) NI9/(TOR QT (SC1-$6 4 271" 29°LIHN SO AS20°(HIX $CI-S6)° 1 8))
A2} [W16] Condenser lleatl Load During Non-Events, (IFTU/cvent)
H2Y. (0) (W] 0 1° 1122

A |WI6] 'Condenser Heat Load (1ons). (12.000 B111/he).

H24 (D) [WI4) ﬁ'll‘(((HIZZ/IIIO'M'BMO‘MI'I)HlIZ.IIIll0‘60‘87bﬂ'-(I-MIHH/MN’!/IZM((I‘“.I(I|2L’IIlﬂ'w'uw‘MIHNIIZ,\/Ill(l‘m‘l'lm‘(l M17)))/8760/12000)
A28 {WI6] Delta T '
1425: (.2) (W4} (18- (SCES6 + $.7))-(SCI$6-(SCES6- 83NN @ LN(() 18.(SCES6 4 S T)/(SCES6-(3C1ES6 R H)))* 1 &
K25 {wio]

A26. |[WI16} 'QCOOL, (Ibrhr):

1126: (.0) [W14) + ¥i24°12000/(0.65°13.9° | 8)

A27: |W16] Refrigeration Unit Cost (DIFF TEMP), (3):

1127 (C:0) [W14] (3013° (S11322/511310°60/12000) + 14427)

127 (F0) (WIS 40

K27 (WI0] “{if cantemp>=40}/ECFORMI ~ 1127~ {QUIT)

128 (10) [WIS] 30

K28 (W10] “{if contemp > =30)/1:CEORM2 ~ 1127 ~ {QUIT)

120 (1-0) [WIS| 20

K29: [W10] {if contemp> = 201/ECFORM3 ~ 1127~ {QUITT)

AW [WI16]{F2] ‘COSTS:

130 (FO) fWIS] 10

K3 [WI0] '{if contemp> =10)/ECFORM3 ~ 1127 ~ {QUITT)

1 (F0y [WIS)0

K3 (W10} {if contemp> =0}/ECFORMS ~ 1127 ~ {QUIT)

A2 |WI16] Total System Costs () 25°Unit Cost), ($).

HA2: (C0) [WI4) 1.25°1427

2 (1F0) {WI15) -10

K32 [W10]"{if contemp> =-10/ECFORMS ~ 1427~ {QUIT)

A {WI6) Total Capital Investment (1C1) (3):

1133 (C0) [W14) 1.74°1132°1.25

13 (FO) [WI5]-20

K33 [W10] il contemp>=-20)/ECFORMT ~ 1127 ~ {QUIT}

A [WI6] DIRECT COSTS:

N4 (F) (WIS] -30

K {W10] {1l contemp> =-30}/LCFORMS ~ 1127~ Qumny

A (WI6] ‘Operating Labor (3):

113S (CO) [WI4)0 SIS 64 IS0 1IS2

IS (K0) (WIS 40

KAS (WI0] (il contemp> = -40}/ECFORMO = 1§27 = {QUITT)

A [WI6] Supervisory | abor, ($)

6 (CO) (WL 1S 1S

16 (1 [WIS) S0

K (WIH il contemp > = SO} FCET AL 1127 {OQUTH

) ) Y » Y . 2



N3] |Wis} ‘Maintanence I abor. (3)

LIV (COp (W10 597 21°HIS1° 1152

NI (Fy WIS 60

K7 {wio) {if contemp > =-60} A CULA2 ~ 1127 - (QUINT)
A |WI6] ‘Maintanence Materials, ($):

18 (COHWi4) 41137

138: (Fo) w15} -70

K138 {wio) (if contemp> =-70/ECULA3~ 1127~ (QUITY}
AV {Wie} ‘Eleciric Compressor Motor, (8):

1139 (C0) (W) (((SCF$6°1.8 + 32)-43.16)/-13.08)* 1124°8760°0 059/0 85
139 (F0) {W1S) - 100

K39 {Wi0]) YECULAS ~ H27 ~ (QUIT)

A4 [Wi6] Overhead, (3):

10 (C0) (WI4] D.6°@SUM(I 135 1138)

A4l |Wie] ‘Capital Recovery, ($):

1141 (CO) W14} 0.1315%H 133

A42. |Wi6] ‘General Adminisirative. Taxes, Insurance, ($)
1H2: (Co) (W14} 0 041133

ALY [WI6] TTOTAL ANNUALIZED COST, (3

FHY (CO) (W) @SUM(IIS 1142)

M3 (F0) [(W1S] 40

K43 {W10) (14501°(S11322/31 i$10°60/1 2000) + 10817)

A4 [WI16] 'Mg/yr CONTROI LED:

T4 [WI4] + F*0.454/1000° 16

JH (Fo)pwIS) 30

K44 [W10] (1320°(S11522/311310°60/12000) + 11064)

S, (W] ‘COST EFFECTIVENESS, ($/Mg):

1145 (C0) (WI14) @IF(MIT)I.' " IF(SUL> LTI HVHAY)
HS. 10y (WiS) 20

K4S |W10] (2340° (S11522/311510°60/1 2000) + 1 1021)
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K46 |[W10] (3197°($1I522/311510°60/§2000) + 13972)
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K47 (W10} (4013°(SFIS22/511$10°60/12000) + 14427)
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CALCULATIONS

ANTOINE’S EQ COEFFICIENTS

vOC A

Acclone

NITROGEN

.17

1210595 229.664

MW

58.08

Cp

0.30(4

0.24

hv

220.127

CONDENSER
EXIT TEMPERATURE

©  (K)
-14.0644  258.9356

COMPRESSOR P

760)



BVI:'CALCULATIONS
CE2:"CONDENSER
CH2: "COMPRESSOR PRESSURE
CE3:.’EXIT

CF3: ' TEMPERATURE
BVS: "ANTOINE'S EQ COEFFICIENTS
CES: ~ (O)

CF5: ~(K)

CE6: +J12

CF6: +3SCES6+273
CHé6: 760

BVS: 'VOC

BWR:'A

BX8:'B

BYS8:'C

BZ8: 'MW

CAS8:'Cp

CBS: 'hv

BVII: 'Acetone
BWII:7.117
BX11:1210.595

BYi1: 229.664

BZ11: 58.08

- CALL 03004

CB11:220.127
BV20: 'NITROGEN
CA20:0.24



Thermal Incineration Model Calculations

The calculations below can be cross-referenced with the
example thermal incinerator model spreadsheet, which is included
as an attachment to this set of calculations.

1. The information necessary to calculate incinerator costs
for any given situation is listed under "Parameters" in the
spreadsheet. This data is also listed below:

Example Cell
ipnputs - L.D.
100 1. Flowrate, (scfm); - Fé6

10,000 2. Waste Gas VOC Concentration; F7
2,000 3. Heating Value of VOC's, (Btu/scf); F8

70 4. Energy Recovery, (¥%); F9
1,600 5. Incinerator Operating Temperature, (°F); F10
70 6. Waste Gas Temperature, (°F); + F11
7. Preheater Temperature, (°F); Fl2
64.5 8. Molecular Weight of VOC; F13
.6 9. Duration, (min); F14
8 10. Number of events per shift; F15
1 11. Number of shifts per day; F16
365 12. Number of days per year; and F17
25,000 13. Mass Emissions, (lb/yr). F1i8

There are also several fields in the "Parameters" section
which do not contain information that must be input for each
given case. They are:

a. Molecular Weight of Gag; (Cell F14)

This value is calculated from the input VOC concentration
and the molecular weight of the VOC as below:

1 x 108 1 x 108

The formula contained in the example thermal incinerator model
is:

F7/1,000,000*F13+(1-F7/1,000,000) *29
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So, substituting the coreect values into the equation:
= 10,000/1,000,000*64.5+(1-10,000/1,000,000) *29
= 29.36 1lb/lbmole
b. Time Variation: (Cell J15)

This field is used-to calculate the fraction of time that
the event occurs over a year (continuous maximum of 8,760 hours).
In other words, if the event lasts 0.6 minutes and occurs 8 times
a shift, 3 shifts per day, 365 days per year, the time variation
equals 1 percent. ,

Sourceg: (Cells F20, F21)

These fields were inserted to cost out the collection main.
Because we have no specific situation, we assumed the collection
main would be 300 feet in length and have 10 takeoffs (sources).
These values remained constant during our analysis, although real
data could be input for any given situation.

2. Calculatjonsg

The calculations done by the spreadsheet are presented
below:

Step 1: Calculate Total Waste Gas Flow

a. 0, nten Was v 1l F2

This equation assumes that the waste gas is composed of air
and VOC’'s. Air contains 21% oxygen, on average. Therefore, O,
content can be expressed as:

(1 - VOC conc/1 x 10%) *+ 0.21 * 100

b. i i ir R i i : 11 F26

The OAQPS Control Cost Manual states that there must be at
least 20 percent O, in the waste gas for combustion to occur
(p. 3-24). An average of 3.96 moles of O,/mole of VOC was found
to be an acceptable ratio to express 20 pgrcent O,.

c. i i i i fm) : 7

According to the OAQPS Cost Manual, p. 3-26, safety codes
require that the maximum VOC concentration in the waste gas
stream not exceed 25 percent of the lower explosive limit of the

organic compound when a preheater is used. We assumed that a
reasonable LEL value for common compounds was about 3.5 percent,
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or 35,000 ppmv streams; 25 percent of 3.5 percent corresponds to
a value of 8,750 ppmv.

This LEL value was derived from the following data:

Compound = LEL (ppmv)
Acetone 26,000
Benzene 14,000
Ethanol 33,000
Ethlene 28,000
Ethylene 28,000
Ho 40,000
Hoy 43,000
Meghane 50,000
Methanol 67,000
Propylene 24,000

Average = 35,000 ppmv
0.25 (35,000) = 8,750

Therefore, additional air must be added to the waste gas to
dilute the waste gas VOC concentration to 8,750.

This formula for calculation of dilution air was derived in
the following way:

VOC conc (ppmv) . 6
[ ] [flowrate] = 8,750/1 x 10
1 x 108

waste gas dilution dilution

flowrate + combustion air + safety air]

By cancelling and manipulation, this formula reduces to:

(Dilution
Dilution combustion
safety = (Flow - 7 * (Flow - 750%* ir

air 8,750
d. Calculate Total Gas Flow, (scfm): (Cell F28)

This field calculates the total amount of gas flowing into the
incinerator during the emission event, the total gas is composed of:

Input flow (waste gas) + dilution air for combustion +

dilution air for safety



Step 2: Calculate Heat Content of the Waste Gas, (Btu/gcf):
{Cell F32)
The formula for this field is:

vocC Initial
] [Flowrate]

|

1l x 10
—Total Gas Fiow ® VOC heat content (Btu/scf)
= Btu/scf
Step 3: T r it P F): 1
F34)

From the OAQPS Cost Manual, the preheater temperature is related
to the fractional energy recovery and the incinerator operating
temperature and waste gas inlet temperature by the following equation:

Energy Recovery 3_2_;___3
= ; " ;
Tey Twi

where, T,, = Gas preheater exit temperature
Tyi = Waste gas inlet temperature
T¢; = Incinerator operating temperature -

This equation is manipulated to

Energy Recovery .

(Tfi'T + T .. = T

wi)

100 wi wo
in the spreadsheet.
4 ild F R i fm): F3e

The equation for auxiliary fuel is presented on pages 3-32 of the
OAQPS Cost Manual. It is:

(Paf Qaf = Pwo Qwo [CPm air (1-1 Tgj - Tyg - 0.1 Treg) - (-Ahcyy)]

('Ahcaf) - 1.1CPy air (Tgf - Tref)
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where: p ¢ = density of methane, 0.0408 lb/ft3-@ 77°F, 1 atm
Qaf = natural gas flowrate, scfm

Pwo ™ Pwi = density of the waste gas, @ 77°F, 1 atm
(0.0739 1lb/scf @ 77°F, 1 atm)

CPm air = mean heat capacity of air

Assume 0.255 BTU/1b°F (the mean heat capacity of air
between 77°F and 1,375°F)

T = T = temp. ambient
ret at (Temp. auxiliary fuel) = 77°F

- Ah_,, = heat content of the waste stream, BTU/1Db

- Ah_ ¢ = heat content of natural gas, 886 BTU/lb
(21,502 BTU/1b)

Step 3¢ W o= W. W +
Auxil] Fuel. [scfm): (Cell F38)
Maximum Auxjliary Gag Flow

This field considers the amount of auxiliary fuel necessary to
keep the incinerator working in the absence of a VOC emission stream.
In other words, during the period of time when there is not an
emission event in the incinerator. This equation is similar to the
one used above, except that - Ahcwo is 0.

The maximum total gas flow equals the amount of necessary

auxiliary fuel when there is no VOC plus the total amount of waste gas
from Step 1 (4).

The calculated annual gas flow, in standard cubic feet per year
(SCFY) is the amount of natural gas that is required in the
incinerator in a year, considering the weighted average of the gas
flow during emission events and without emission events.

capital C calculati

Equipment Costs. (Based on p. 3-44 of the OAQPS Cost Manual)
Equipment costs for recuperative incinerators depend on the total gas
flow through the incinerator to some power multiplied by a constant.
For 70 percent heat recovery, the equation is:

0.2500
tot

The minimum flow through the incinerator was assumed to be
500 scfm. The equipment cost was multiplied by cost indices of
(357.5/340.1) to correct equipment costs to October 1990, dollars.

EC = 21,342 Q
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The costs for auxiliary -
equipment were originally taken from an article in the May 1990,
Chemical Engineering and assuming 1/8 inch carbon steel and 24 1nch
diameter with two elbows per 100 feet; and one elbow per source. We
assumed that there would be 10 sources manifolded to a 300 foot
collection main. The cost was adjusted on indices of (357.5/352.4).

Auxili o011 ion F

The auxiliary collection fan is sized on a minimum gas flowrate
of 500 scfm. The equation is:

$ = 79.1239 ® [Total gas flow from Step 1 (d)]0 5612 b ' -
(357.5/342.5)

(based on the 1988 Richardson Cost Manual)

Instrumentation 10 percent of purchased and auxlllary
equipment .
Sales tax 3 percent of purchased and auxiliary
equipment
Freight 5 percent of purchased and auxiliary
equipment .

Total purchased equipment - sum of the above factors

Direct costs - 30 percent of total purchased. equipment

Indirect costs - 31 percent of total purchased equipment

Total Capital Invesgtment. If the maximum total gas flow is less
than 20,000 scfm, then the installation costs are 25 percent of the
purchased equipment costs. If not, then the installation costs are
61 percent of the purchased equipment costs (from p. 3-51 of the OAQPS
- Cost Manual).

Annualized Costs

Operator: $15.64/hr x 0.5 hr/shift x shifts/day x day/year

(Assume that 3 shifts/day, 365 days/year)

Supervisor: 15 percent of operator

Maintenance: $17.21/hr x 0.5 hr/shift x shifts/day x day/year

Material: 100 percent of maintenance

Natural gas: Yearly natural gas usage (scfy) x _$3.3
1,000 scf

D-26 ' N -



Electricity:
From pages 3-55 of the OAQPS Cost Manual

~4
Power 1.17 x 10 QtotAP
fan B

Where:

Qrot = maximum gas flow

As = pressure drop, in H,0 (Assume 29 in H,0; 19 inches
for the preheater and 10 inches for ducting)

E = efficiency |

P = power, in KW

$.059/kwh -+ electricity cost

Total Direct Costs:
Sum of labor, materials, natural gas, electricity

Indirect: Overhead: 60 percent of labor and materials
Administrative: 2 percent of total capital investment

(TCI)

Prop Tax: 1 percent of total capital investment
(TCI) :

Insurance: 1 percent of total capital investment
(TCI)

Capital Recovery Factor:
10 percent, 10-year life .16275 (TCI)

- - D-27
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THERMAL INCINERATOR MODEL

PARAMETERS:

VOC's Controlled, (Mg/yr):

Mowrate, (scfm): 100 1,12

Waste Gas VOC Concentration, (ppmv): 10,000

Heaing Value of VOC's, (Btu/scf): 2,000 Cost Fffectiveness, ($/Mg):
l:nergy Recovery, (%): 70 $4953
Incinerator Operating Temperature, (F): 1,600 '

Wasie Gas Temperature, (F): 70 Mass Lmissions, (ibfyr):
Prcheater Temperature, (F): ' 25,000
Mulecular Weight of VOC: 04.50

Molccular Weight of Gas: 29.36 Time Variation:
Duration, (min): 0.00 0.2840
Events/Shift: 8

Shifis/Day: I I:nergy, (Btu/Mg):
Days/Yeur: ‘ 65 48,616,308

Time Variation: ' 0.28401

1.ength of Collection Main, (N): 300

Number of Manifolded Sources: 10

Step I: Calculate Total Waste Gas Flow

Oxygen (()2) Content of Wasie Gas, (volume 7% ): 20.79
Dilution Air Required for Combustion, (scfm): 0.00
Dilution Air for Safety, (scfm): 14.29
Total Gas Flowrine, (scfm): 11429
Step 2: Heat Contem of Waste Gas, (Biu/scf): 17.50
Step 3: Calcublite Gas Temp. L:xit Preheater, (I): 1,141.00
Step 4: Caleulate Auxiliary Fuel Required, (scfm): 0.00
for events
Step S: Calculine 101al Gas Flow, (scfm): 114.29
for cvents
Calculine Maximum Auxiliary Gias Flow, (scfm): 1.55
Calculine Maximum Total Gas Flow, (sefm): 115.84

Calcutited Annual Gas Flow, (scfy): 584,282



CAPITAL COST CALCULATIONS:

Dircct Costs

Eguipment Cost (Recouperative lacin.), (3):
Auxiliary Equipment (Ductwork, Stack), (3):

Auxiliary Collection Fan, ($):
Instrumentation, ($):

Sales Tax, ($):

Freight, (3):

TOTAL PURCHASED LEQUIP COST (3):

Direct Instalstion Costs, (3):
Indircct Costs, (§):

Total Capital lnvestment (TCI), ($):

$106,677
$16.101
$2.701
$12,548
$3,764
$6,274

$ 148,006

$44,420
$45,900

$185,082

ANNUALIZED COST CALCULATIONS:

Operating Labor:
Operator, ($):
Supervisory Labor, (8):
Maintanence Labor, ($):
Muterials, ($):

Utilities:

Natural Gas, (3):
Llectricity, (3):

Btu:

Total Dicct Cost, (8):

Indirect Annual Costs:
Overhead, (8):
Administrative, ($):
Property Tax, (3):
Insurance, ($):

Capital Recovery, (3):

Total Annuadized Cost, ($):

$2.854
$428

$3,141

$3,141

$1928 ($3.3/1000SCF)
$339 (5.059/kwh)
540,759,189
$11,831

$5,738
$3,702
$1,851
$1.851
$30,122

$55.095

** CHHANGE DELTP FOR DIFF ENERGY RI:CO **
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AL HTTH-RMAL INCINERATOR MODIE

AL 2] PARAMIETERS:

Gs:”

IS IWIR) Vs Controlled, (Mg/yr):

AG: Flowrate, (scfm):

Fo: () [WIS| 100

36: (F2) [W13] .98 ME*0.454/1000

AT: "Wasie Gas VOC Concentration, (ppmv):

F1: (0 [ WI5] 10000

A8: "Heating Value of VOC's, (Blu/scl):

18: () [WI15] 2000

JB: JWIY 'Cost Effectiveness, ($/Mg):

AY: Lnergy Recovery, (%):

19 (0)JW15] 70 : .

39 (COY W) @IF(J15> 1" @IF(F 17> 1, F85/16))
AL "Incinerator Operating Temperature, (F):

FIE () [WIS] 1600

All: "Waste Gas Temperature, (F):

Fik (0)[Wi5]70

11 {WIY] '"Mass Emissions, (Ib/yr):

A12: ‘Preheater Temperature, (I°):

J12: (0) [W 13} 25000

A1 "Molecular Weight of VO

FI3: (1'2) JWI5) 64.5

A 14: "Molecular Weight of Gas:

F14: (1:2) JW15] +1771000000°F 134 (1-F7/ 1000000)* 29
J14: {W13} "lime Variation:

A1S: 'Daration, (min):

KIS (12) JWIS] 0.6

JIS: (F4) {W 1M + MF*(998.97°293)*(1/60)* ( 1/8760)* ( 1/8°13)/(1777 1000000)/(11.OW* 760)
A16: "l:vemis/Shift:

Floo (M (WIS 8

A7 °Shifts/Day:

FI7 (W WIS| @ (F19< =066 (@I (F19< =0.33 1.2)),})
JI7: W3] I:ncrgy, (Biu/Mg):

A LS " Days/Year:

I8 () [W1S) 365

JI& (W (W1 +8T75/006

A 19 "lime Variation:

19 (1S) WIS +J18

A20: ' ength of Coflection Main, (fi):

120 (,0) |W15] 300

A2} 'Number of Manifolded Sources:

121 (M WIL5] e

A2 Step | Calealite "Tatat Waste Gas Flow

A2S: Oxygen (02) Content of Waste Gas, (volume 7 ):

[ K BN AT EA W IV I e XA YIVIVIVIVAVE R IO RIS PR



A20: Dilution Air Required for Combustion, (scfm):
126: (.2) [WIS] e lE((1F25/100* FLOW/392) < (L90° F7/1000000° FLOW/AD2) (1.9 T7/1000000° 11T OW/392)-(125/100° 111 OW/392))* 192/0.21.0)
A27: Dilution Air for Safety, (scfm):
127 (2 WIS} @ IFFT FLOWY(FLOW +126) <8750,0,(FLOW FT-R750° 11 OW-8750° 1:20)/8750)
A28 “Total Gas Plowrate, (scfm):
128: (,2) |WI5] +S1FLOW 4313264317327
A2 "Step 2: Heat Content of Waste Gas, (Blu/scl):
1132 (,2) [WIS] +1T771000000° FLOW/I28* '8
AM: Siep 3: Caleulate Gas Temp. :xit Prchgulcr. (ry
1°34: (,2) [WIS] +19/100° (1 10-F L)+ FI
A6: "Step 4: Caleulate Auxiliary FFuel Required, (scfm):
130: (,2) [WIS] @11 L8 1282 (0.255°(L1° FIO-834-0.1°77)-(1132°379/1°14))/( 2108 1- 1 1*0.255* (1°10-77)) <00, L8 IF28*(0.255° (1. 1° 1I°10-F34-0.1°77)-(F32* 379/1°14))/(21081-1.1°0.255* (FF10-77
AT’ for events
AR Siep S: Calculate 101al Gas Flow, (scfm):
138: (,2) [WIS] +31336+ 51328
AY9:” for events
© A40: “Calculite Maximum Auxiliary Gas Flow, (scfm):
140: (2) [WIS] @ 1F(1L.8*128%(0.255° (L 1*F10-F34-0.1°77)-(0° 379/1°18))/(21081-1.1°0.255° (1°10-77)) <0,0, L. 8* 128 (0.255 % LI*FI10-F34-0.1°77)-(0° 379/ 14))/(21081-1.1*0.255*(F10-77)))
A4l Calculate Maximum Total Gas Flow, (scfm):
F41: (2) {WIS) +1°40+ 128
A42: ‘Calculated Annual Gas Flow, (scfy):
F42: (0) [WIS) (+1°40°(1-119) + F16° F19)* 60* 8760
A4S |
AT |12)'CAPITAL COST CALCULATIONS:
A49: "Dircct Cosis
- ASO: Liquipment Cost (Recouperative Incin.), (3):
CFSO: (ON) fWIS) @IF(1FA1 <500,(21342° ((500) ~ (0.25))*(359.5/340.1)),(21242*((1F41) = (0.25))* (359.5/340.1)))
. ASi: 'Auxiliary Iquipment (Ductwork, Stack), ($):
ES L (CO) [WIS) (((210°24 ~ 0.839)+(2°4.52°24 ™ 1.43))*(1°20/100) + (1°21°4.52° 24~ 1.43))*(357.5/352.4)
AS2: 'Auxiliary Collection Fan, (8): '
1552: (CO) [WIS] GuIF(1728 <S00,(79.1239° 500~ 0.5612)*(357.5/342.5),(79.1239* 1'28 ~ 0.5612)* (357.5/342.5))
i AS3: Instrumentation, (3):
1S3 (CO) [WISJO* (FS0+ FS1+F52)
AS4: “Sales Tax, (8):
1°54: (CO)[W1S] 0.03¢(FS0+ 1S 1+ 1552)
ASS: “Freighy, (8):
1SS (CO) {WISF0.0S* (IS0 + 151 +1°52)
ASTTOTAL PURCHASED EQUIP COST (S):
ST (CO) [WIS] 1 @SUM(IFS0.1¥SS)
AS9: "Direct lnstatbation Costs, (3):
SO (CO) [WIS] 0.3 157
A6 “Indirect Costs, (3):
1o (CO) (WIS 0310157
AO2: “Total Capitad Invesiment (1C1), (3):
162 (COY{WIS| @11+ 131< 20000, 125 1'ST, 1 @SUM(1'S7_E60))
AGL |12 ANNUALLED COST CALCULATIONS:
» NGO Oneratiryl abor » ) ) » » » ) )



AOT: "Operaton. ($):

FOT- (CO) [WIS[O.S* 15641171718

AGK: "Supervisory Labor, (3):

FOR: (CO) [WIS] 0.15° 167
AGY:"Mainancnce Labor, (3):

169: (CO) [WIS] 0.5 172117 F 18

AT "Manerials, (3):

170: (COY [WIS] 1*1°69

A72: "Uhihtics:

A3 'Natural Gas, (3):

I73: (CO) [WIS] + F42/1000°3 3

G73: (SAYI000SCL)

A74: Electricity, (3):

174: (C0) (WIS 0.000117* F41°29/0.6°0.059°8760
(;74: '(3.059/k wh)

174:7** CHANGL DELTP FOR DIFF ENERGY RECO **
AS: " _

I75: (LO) [WIS] ((FF73* 1000/3.3°892) + (174/0.059° 3412.1))
A76: "Total Dicat Cost, (3):

1776: (C0) [WIS] I° @SUM(1°67..1°74)

A8 ’Indirect Annual Costs:

A79: "Overhead, (3):

1579: (C0) [ W15} 0.6°(1°67 + F68 + F69+ F70)
AB0: ' Administrative, ($):

1:80: (C0) JWIS] 0.02°F62

AR "Property Tax, (3):

I81: (C0) WIS 0.01°1°62

AR2: 'Insurance, (3):

182: (C0) [WIS] 0.01° 62

ABY: "Capital Recovery, (3):

183: (C0) [W15] 0.16275*1°62

ASS: "ol Annualized Cost, (3):

IFRS: (CO) [WIS] I*@SUM(176..1583)



APPENDIX E.

MODEL PLANTS
AND
MODEL EMISSION STREAM CALCULATIONS



WEIGH WEIGH
TANK TANK

TANK

REACTOR

£ SOLVENT

CRYSTALLIZER

SLURAY
TANK
CENTRIFUGE CENTRIFUGE
/!
DIST.
UNIT ATMOSPHERIC
DRYER

SOLVENT
RECOVERY

Figure E-1. Model batch process for solvent reaction with atmospheric dryer
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Figure E-2.
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Model batch process for solvent reaction with vacuum dryer
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Figure E-3. Model batch process for liquid reaction
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Figure E-4.
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TABLE E-1. EMISSION STREAM CHARACTERISTICS FOR SOLVENT REACTION MODEL PROCESS

unit ops per  Calculation for 1
model batch  unit operalian

9.25

Displacement
(2000-galion vessel)

TOTAL DISPLACEMENT EMISSIONS

(bs-betch/year)

REACTORS

Charging wipurge

Heat-up wipurge

Resction w/purge

Empty Reactor Pusging

TOTAL REACTOR EMISSIONS
(tbe-batch/year)

~r

WITH ATMOSPHERIC DRYER

Fx_niuim
Stream
vocC

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

Flow Rate

(scfm)

30
30
30
30
150
150
150
100

100
100

Temp.
(Deg €)

20
20
20

20
20

201030
201030
201030

Duration
(mwn)

15
135
15

15
13
15

W

vod©
(vol %)

0.6%
12.6%
57.9%

0.1%
3%
14.5%

0.5%
1.5%
27.2%

0.1%
27%
12.8%

Emissions

Ib/event

029
2.82
30.02

0.12
L17
1251

0.1
0.52
5.3

0.39
265
219

0.06
0s
15

Lmissions NO CONTROL
Iba/batch
(Nate 1)

264
26.08
271166

0.12
.17
1251

0.10
0.52
5.3

0
265
219

0.06
0.50
1.50

Mass Flux
Thelbatch

264
2608
2N.66

721.02
72228
76335.65

0.12
.17
12.51

0.10
0.52
3.13

039
265
ay

0.06
0.50
1.50

184.08
133265
11365.50

CPC (Note 2)
Mass Plux
Ibafatch

264
182
30.54

727.02
2151.68
8399.12

0.12
1.17
563

0.10
0.52
1.88

0.39
1.35
533

0.06
032
1.26

184.08
925.91
3866.79
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TABLE E-1. (continued)
dof Emission Emissions NO CONTROL CPC (Note 2)
unit ops per  Calculation for | Stream FlowRate Temp. Dumtion VOC Emissions Ibs/beich Mass Flux Mass Flux
model baich  unit operation voC (acfm) ([DegC) (min) (vol %) Ibjevent (Note 1) Ibafbatch Ibafbaich
CENTRIFUGES
2 Loading/spinning w/inerting LOW VOLATILITY 3 20 30 0.1% 0.02 0.05 0.05 0.05
MODERATE VOLATILITY 3 20 30 31% 023 0.47 0.47 0.47
HIGH VOLATILITY 3 20 30 14.5% 2.50 5.00 5.00 225
2 Cake cutting/unloading LOW VOLATILITY 20 20 3 0.1% 0.02 0.3 0.03 0.03
w/purge -- 3 min MODERATE VOLATILITY 20 20 3 3% 0.16 031 031 0.31
HIGH VOLATILITY 20 20 3 14.5% 1.67 314 KR!} 1.50
TOTAL CENTRIFUGE EMISSIONS LOW VOLATILITY 21.83 21.83
(ibs-batch/year) MODERATE VOLATILITY 21538 215.38
HIGH VOLATILITY 229296 1031.83
DRYERS
Tray Dryer
1 Convective - start of cycle LOW VOLATILITY 6000 65 60 0.3% 200 200.00 200.00 20.00
MODERATE VOLATILITY 6000 65 . 60 0.8% 200 200.00 200.00 20.00
HIGH VOLATILITY 6000 65 60 03% 200 200.00 200.00 20.00
1 Convective - middle of cycle LOW VOLATILITY 6000 65 240 0.1% 180 180.00 180.00 18.00
MODERATE VOLATILITY 6000 63 240 0.2% 180 180.00 180.00 18.00
. HIGH VOLATILITY 6000 65 240 01% 180 180.00 180.00 18.00
1 Convective - end of cycle LOW VOLATILITY 6000 65 60 0.0% 20 20.00 20.00 2.00
MODERATE VOLATILITY 6000 65 60 0.0% 20 20.00 20.00 2.00
HIGH VOLATILITY 6000 65 60 01% 20 20.00 20.00 2.00
TOTAL DRYER EMISSIONS LOW VOLATILITY 110000 11000
(ibs-batch/year) MODERATE VOLATILITY 110000 11000
IIGH VOLATILITY 110000 11000



TABLE E-1. (continued)

#of Emission Emissios NO CONTROL CPC (Note 2)
unit ops per  Calculation fos | Stream FlowRate Temp. Duntion VOC Emissions lbe/baich Mass Fhx Mass Flux

model batch  unit operstion vocC (scfm) (DegC) (min) (vol%) Ibfevemt (Nate 1) Ibs/batch thepratch

BATCH DISTILLATION (Note 11)

1 Aimos. op’n - Startup Step | LOW VOLATILITY 1.4 5 0.7% 001 0.0} 0.0) 0.01
Atmos. op’n - Startup Step 2 LOW VOLATILITY 126 25 60 0.7% 0.52 0s2 ° |, 0% 052
1 Atmos. op’n - Startup Step | MODERATE VOLATILITY 5.5 5 14.5% 033 033 033 0.09
Atmos. op’'n - Startup Step 2 MODERATE VOLATILITY 14.4 25 45 16.3% 596 5.96 596 203
| Aumos. op’n - Startup Siep | HIGH VOLATILTTY 289 5 60.0% 16.4 16.40 16.40 1.80
Atmos. op’n - Startup Step 2 HIGH VOLATILTTY 399 25 30 72.8% 1646 164.60 164.60 14.81
TOTAL DISTILLATION EMISSIONS LOW VOLATILITY « 14575 148.75
(bs-batch/year) MODERATE VOLATIUITY 1729.75 580.855
IGH VOLATILITY : 49775 4569.95
Note I:
Assume | event/batch
Note 2:

CPC = CURRENT PHARMACEUTICAL CONTROL
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#of

unit ops per
model baich

9.25

TABLE E-2. EMISSION STREAM CHARACTERISTICS FOR SOLVENT REACTION

Calculation for 1
unit operation

Displacement
(2000-galion vessel)

TOTAL DISPLACEMENT EMISSIONS
(1bs-batch/year)

REACTORS

Charging w/purge

Heat-up w/purge

Reaction w/purge

Empty Reactor Purging

TOTAL REACTOR EMISSIONS
(1bs -betchiyear)

MODEL PROCESS WITH VACUUM DRYER

Emission ' Emissions NO CONTROL  CPC (Nose 2)
Stream Flow Rate Temp. Pressure Dumstion VOC  Emissions lbafbetch Mass Flux Mass Flux
voC (acim) (DegC) (mmHg) (min) (vol%) Ibvevem (Notel) Ibs/beatch Ibepatch
LOW VOLATILITY 18 20 760 15 06% 029 2.64 264 2.64
MODERATE VOLATILITY 18 20 760 15 12.6% 282 2608 26.08 782
HIGH VOLATILITY 18 20 760 15 579%  30.02 277.66 271.66 30.54
LOW VOLATILITY R 71.02 1721.
MODERATE VOLATILITY 7172.28 2151.68
HIGH VOLATILITY * 76355.65 $399.12
LOW VOLATILITY 30 20 760 15 0.1% 0.12 012 0.12 012
MODERATE VOLATILITY 30 20 760 15 3.1% 1.17 .17 .17 117
HIGH VOLATILITY 30 20 760 15 145% 1251 12.51 12.51 563
LOW VOLATILITY 30 201030 760 s (Y] 0.10 0.10 0.10
MODERATE VOLATILITY 30 201030 760 s 0.52 052 0.52 . 052
HIGH VOLATILITY 30 201030 760 s 513 513 5.3 1.85
LOW VOLATILITY 150 37 260 3 0.5% 0.39 039 0.39 039
MODERATE VOLATILITY 150 37 760 3 7.5% 2.65 265 2.65 135
HIGH VOLATILITY 150 37 760 3 272% 2219 2.19 22.19 533
LOW VOLATILITY 100 20 160 1 0al% 006 0.06 0.06 - 006
MODERATE VOLATILITY - 100 20 760 1 271% 0.5 0.50 0.50 032
HIGH VOLATILITY 100 20 160 1 128% 15 130 1.50 126
LOW VOLATILITY 184.08 184.08
MODERATE VOLATILITY 133265 92591
HIGH VOLATILITY 1136550 3866.79
» ® 3 3 » »
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#of
unil ope per  Calculation for 1
model batch  unit operation

CENTRIFUGES

2 Loading/spinning w/inening

2 Cake cuttingfunloading
w/purge -- 3 min

TOTAL CENTRIFUGE EMISSIONS
(1bs-batchvyesr)

DRYERS
Tray Dryer
I Vacuum Op'n - stant of cycle

1 Vacuum Op'n - middie of cycle

| Vacuum Op'n - end of cycle

TOTAL DRYER EMISSIONS
(1bs-batch/year)

TABLE E-2.

Emission
Stream
voC

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

Low VOLAﬁU'l'Y
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY
LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY
LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

-y

20
20
20

15
15
15
12
12
12
12
12
12

(continued)

(Deg ©) (mm Hg)
20 760
20 160
20 760
20 760
20 760
20 760
50 150
50 150
50 150
50 82
50 82
50 82
50 23
50 2)
50 23

Flow Rate  Temp. Pressure  Duration

(acfm) (min)

30
30
3o

Eggegagese

VOC  Emissions
(vol %)

0.1%
3.1%
14.5%

01%
1%
14.5%

Emissions
the/baich
lojeves  (Note 1)
0.02 0.05
0.23 0.47
250 5.00
0.02 0.03
0.16 - 0.31
1.67 34
n T72.00
n T2.00
n T2.00
133 133.00
133 133.00
133 133.00
10 10.00
10 10.00
10 10.00

NO CON'IROI.
Mass Flux
Ibsfoaich

0.05
0.47
5.00

0.03
031
3

1.8
215.38
229296

72.00
72.00
7200
133.00
133.00
133.00
10.00
10.00
10.00

8128
ns
nI23

CPC (Naowe 2)
Mass Flux
thafbaich

0.05
0.47
228

0.03
0131
1.50

21.83
215.38
1031.83

120
1.20
720
1330
13.30
13.30
1.00
1.00
1.00

9125
59125
5912.5



0T-3

# of
unit ops per

Calculation for 1

model batch  unit operation

Note |:

BATCH DISTILLATION

Atmos. op’n - Startup Step |
Atmos. op’n - Startup Step 2
Almos. op’n - Startup Step 1
Almos. op’n - Startup Step 2
Atmos. op’n - Startup Step |
Atmos. op’n - Startup Step 2

TOTAL DISTILLATION EMISSIONS

(1bs-batch/year)

Assume | cvent/baich

Note 2:

CPC = CURRENT PHARMACEUTICAL CONTROL

TABLE E-2.

Emission
Stream
voC

LOW VOLATIUTY
LOW VOLATILITY
MODERATE VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILTIY
HIGH VOLATILTTY

LOW VOLATILITY
MODERATE VOLATILITY

HIGH VOLATILITY

(continued)
Flow Rate  Temp.
(acfm)  (DegC) (mm Hg)
14 760
126 25 760
55 760
144 25 760
289 760
399 25 760

Pressure  Dumstion

(min)

Emissions
VOC  Emissions lbefetch
(vol %) Ibjevem. (Note 1)
0.7% 0.01 0.01
0.7% 0.52 0.52
145% 033 033
168% 596 596
60.0% 164 16.40
728% 1646 164.60

NO CONTROL
Mass Flux
the/batch

0.01
0.52
033
596
16.40
164.60
145.75
1729.75
9718

CPC (Note 2)
Mass Fhux
Ibe/betch

001
0.52
009
203
1.80
14.81

145.78
580.855
4569.95
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unit ops per
model baich

6.25

TABLE E-3. EMISSION STREAM CHARACTERISTICS FOR

Calculation for |
unit operation

Displacement
(2000-gallon vessel)

TOTAL DISPLACEMENT EMISSIONS
(lbs-batch/year)

REACTORS

Charging w/purge

Heat-up w/purge

Reaction w/purge

Empty Reactor Purging

TOTAL REACTOR EMISSIONS
(lbe-batch/year)

LIQUID REACTION MODEL PLANT

Emission
Stream FlowRate  Temp.  Dunstion voc Emissions
vocC (acfm) (DegC)  (min) (vol %) blevens
LOW VOLATILITY 18 20 15 0.6% 029
MODERATE VOLATILITY 18 20 5 12.6% 28
HIGH VOLATILITY 18 20 15 51.9% 30.02
LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY
LOW VOLATILITY 30 20 15 0.1% 0.12
MODERATE VOLATILITY 30 20 15 1% L7
HIGH VOLATILITY 30 20 15 145% 12.51
LOW VOLATILITY 30 201030 5 0.1
MODERATE VOLATILITY 30 2010 30 5 052
HIGH VOLATILITY 30 201030 5 5.1
LOW VOLATILITY 150 n 3 0.5% .03
MODERATE VOLATILITY 150 n 3 1.5% ‘265
HIGH VOLATILITY 150 37 3 27.2% 2.9
LOW VOLATILITY 100 20 1 0.1% 0.06
MODERATE VOLATILITY 100 20 | 27% 05
HIGH VOLATILITY 100 20 | 12.8% L5
LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

Emissions
Ibs/batch
(Note 1)

1.79
17.62
187.61

0.12
117
12.51

010
0.52
5.13

039 -
2.65
22.19

0.06
0.50
1.50

NO CONTROL
Mass Flux
Ibs/batch

LM
11.62
187.61

91.23
4846.14
51591.65

012
1.17
12.51

0.10
0.52
3.3

039
265
219

0.06
0.50
1.50

184.08
1332.65
11365.50

CPC (Nate 2)
Mass Fx
Ibabatch

179
5.29
20.64

9123
1453.84
3675.08

0.12
.
563

0.10
052
1.85

039
135
513

0.06
032
1.26

184.08
925.91
3866.79
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TABLE E-3. (continued)

#of

Emission Emissions NOCONTROL CPC (Nate 2)
unit ops per  Calculation for | Stream FlowRate  Temp.  Duration vocC Emissions  lbe/batch Mass Flux Mass Rux
model batch  unit operation voC (acfm) (Deg C) {min) (vol %) Ibjevent (Nate 1) Iba/batch Iba/batch

BATCH DISTILLATION (Note 11)
1 Atmos. op’n - Starup Step | LOW VOLATILITY 14 5 0.7% 001 0.01 0.01 0.01
Atmos. op’n - Startup Step 2 LOW VOLATILITY 126 25 60 0.7% 0.52 0.52 0.52 0.52
1 Aumos. op’n - Startup Siep 1 MODERATE VOLATILITY 55 5 14.5% 033 033 033 0.09
Atmos. op’n - Startup Step 2 MODERATE VOLATILITY 14.4 25 45 16.8% 5.96 5.96 5.96 203
1 Atmos. op’n - Startup Step | HIGH VOLATILTTY 289 5 60.0% 16.4 16.40 16.40 1.80
Atmos. op’n - Startup Step 2 HIGH VOLATILTTY 399 25 30 72.8% 164.6 164.60 164.60 14.81
TOTAL DISTILLATION EMISSIONS LOW VOLATILITY 145.75 145.75
(Ibs-batch/year) MODERATE VOLATILITY 1729.75 580.855
NIGH VOLATILITY . 49715 4569.95
Nate I:
Assume | eveni/baich
Note 2:

CPC = CURRENT PHARMACEUTICAL CONTROL
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unit ops per
model batch

45

£1-3

Note }:
Assume | evert/batch

TABLE E-4.

Calculation for |
wail openstion

Displacement )
(2000-galion vessel)

TOTAL DISPLACEMENT EMISSIONS
(bs-batchiyear)

REACTORS

Chasging w/purge
Heat-up 'klll.'e
Reaction wfpurge
Empty Reactos Purging

TOTAL REACTOR EMISSIONS
(ibs-batch/yeas)

’

EMISSION STREAM CHARACTERISTICS FOR
FORMULATOR MODEL PLANT

Emission
Sireamn
voC

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW YOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATIUTY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATIUTY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

LOW VOLATILITY
MODERATE VOLATILITY
HIGH VOLATILITY

Flow Rate
(acfm)

]
18
18

100
100
100

Temp. Duntion

(Deg C)

20
20
20

- I

2011030
204030
2040 30

(min)

IS
15
15

15
15
15

A AW

w

Emissions  NO CONTROL

VOC  Emissions Ibabeich  Mass Flux

(vol %)

0.6%
12.6%
57.9%

0.1%
%
14.5%

03%
15%
72%

01%
27%
12.8%

blevem (Note 1)
029 1.29
282 1269
30.02 135.08
012 0.12
1.17 117
12.51 12.51
0.1 0.10
0.52 . 052
513 5.13
03 0.39
265 265

2219 2219
0.06 0.06
035 0.50
13 1.50

Ibe/batch

1.29
1269
135.08

35369
3489.22
3714599

012
L7
12.51

010
(157
513

0%
265
2219

0.06
0.50
1.5

184.08
1332.65
11365.50



TABLE E-5. ASSUMPTIONS FOR SOLVENT REACTION MODEL PLANT
WITH ATMOSPHERIC DRYER

Basis:
A. Equipment required for each solvent reaction model batch process

1 reactor @ 2,000 gallons

2 weigh tanks @ 1,000 gallons

1 mix tank @ 2,000 gallons

1 crystallizer @ 3,000 gallons

1 slurry tank @ 3,000 gallons

2 centrifuges @ 200 ft’ each

1 distillation unit @ 2,000 gallons

1 solvent recovery tank @ 1,500 gallons
1 atmospheric dryer @ 300 ft’

B. Operation
Small plant has 3 "model batch process”

Medium plant has 10 "model batch processes’
Large plant has 30 "model batch processes”

Each batch is run 1 X per day
Plant operates 275 days per year

C. Chemistry

For calculations:
vapor pressure equivalent to:

Low volatility solvent n-butanol
Moderate volatility solvent methanol
High volatility solvent ether



TABLE E-6. ASSUMPTIONS FOR SOLVENT REACTION MODEL PLANT
WITH VACUUM DRYER

Basis:
A. Equipment required for each solvent reaction model batch process

1 reactor @ 2,000 gallons

2 weigh tanks @ 1,000 gallons

1 mix tank @ 2,000 gallons

1 crystallizer @ 3,000 gallons

1 slurry tank @ 3,000 gallons

2 centrifuges @ 200 ft’ each

1 distillation unit @ 2,000 gallons 4
1 solvent recovery tank @ 1,500 gallons

1 vacuum tray dryer @ 300 ft°

B. Operation
Small plant has 3 "model batch process”
Medium plant has 10 "model batch processes”
Large plant has 30 "model batch processes”
Each batch is run 1 X per day
Plant operates 275 days per year

C. Chemistry

For calculations:
vapor pressure equivalent to:

Low volatility solvent | n-butanol
Moderate volatility solvent methanol
High volatility solvent ether




TABLE E-7. ASSUMPTIONS FOR LIQUID REACTION MODEL PLANT

Basis:
A. Equipment required for each solvent reaction model batch process

1 reactor @ 2,000 gallons

2 weigh tanks @ 1,000 gallons

1 mix tank @ 2,000 gallons

1 surge tank @ 3,000 gallons

1 distillation unit @ 2,000 gallons -

1 solvent recovery tank @ 1,500 gallons

B. Operation
Small plant has 3 "model batch process”

Medium plant has 10 "model batch processes’
Large plant has 30 "model batch processes”

Each batch is run 1 X per day
Plant operates 275 days per year
C. Chemistry

For calculations:
vapor pressure equivalent to:

Low volatility solvent n-butanol
Moderate volatility solvent methanol
High volatility solvent | ether
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TABLE E-8. ASSUMPTIONS FOR FORMULATION MODEL PLANT

Basis:
A. Equipment required for each fomulation model batch process

1 reactor @ 2,000 gallons
- 2 weigh tanks @ 1,000 gallons
1 mix tank @ 2,000 gallons
1 surge tank @ 3,000 gallons
1 closed in-line process filter (no emissions)

-B. Operation

Small plant has 3 "model batch process”
Medium plant has 10 "model batch processes'
Large plant has 30 "model batch processes”

Each batch is run 1 X per day
Plant operates 275 days per year
C. Chemistry

For calculations:
vapor pressure equivalent to:

Low volatility solvent n-butanol
Moderate volatility solvent methanol
High voiatility solvent ether



TABLE E-9. EMISSIONS FROM SOLVENT REACTION MODEL PLANT
WITH ATMOSPHERIC DRYER

MODEL PLANT EMISSIONS(1bs/yr)

SMALL/NC SMALL/CPC
LOW VOLATILITY 333,236 36,236
MODERATE VOLATILITY 361,350 44,621
HIGH VOLATILITY 749367 86,603
MEDIUM/NC MEDIUM/CPC
LOW VOLATILITY 1,109,676 120,666
MODERATE VOLATILITY 1,203,296 148,590
HIGH VOLATILITY 2,495,393 288,388
LARGE/NC LARGE/CPC
LOW VOLATILITY 3332360 362,360
MODERATE VOLATILITY  3.613,502 446.215

HIGH VOLATILITY 7,493,673 866,031

MODEL PLANT EMISSIONS(tons/yr)

SMALL/NC SMALL/CPC
LOW VOLATILITY 166.62 18.12
MODERATE VOLATILITY 180.68 2231
HIGH VOLATLLITY 374.68 43.30
MEDIUM/NC MEDIUM/CPC
LOW VOLATILITY 554.84 60.33
MODERATE VOLATILITY 601.65 74.29
HIGH VOLATILITY 1247.70 144,19
LARGENC LARGE/CPC
LOW VOLATILITY 1666.18 181.18
MODERATE VOLATILITY 1806.75 223.11
HIGH VOLATILITY 3746.84 433.02

NC = No Control
CPC = Current Pharmaceutical Control
1. For surface condensers on sources emitting:
-25C for VP>300mmHg
-15C for 150<VP<300mmHg
-0C for 77.5<VP<150mmHg
10C for 52<VP<77.5mmHg
25C for 26<VP<52mmHg
2. Air dryers emitting over 330 lbs/day controlled 10 90%
3. Air dryers emitting <330 lbs/day only allowed to emit 33 lbs/day



TABLE E-10. EMISSIONS FROM SOLVENT REACTION MODEL PLANT
WITH VACUUM DRYER

MODEL PLANT EMISSIONS(Ibs/yr)
SMALL/NC SMALL/CPC
LOW VOLATILITY - 180,611 20974
MODERATE VOLATILITY 208725 29.359
HIGH VOLATILITY 596,742 71341
_ MEDIUM/NC MEDIUM/CPC
LOW VOLATILITY 601,435 69.842
MODERATE VOLATILITY  695.055 97.765
HIGH VOLATILITY 1,987,152 237,564
LARGE/NC LARGE/CPC
LOW VOLATILITY 1,806,110 209,738
MODERATE VOLATILITY  2.087.252 293.590
HIGH VOLATILITY 5.967.423 713.406

MODEL PLANT EMISSIONS(tons/yr)

SMALL/NC SMALL/CPC
LOW VOLATILITY 90.31 10.49
MODERATE VOLATILITY 104.36 14.68
HIGH VOLATILITY 208.37 35.67
MEDIUM/NC MEDIUM/CPC
LOW VOLATILITY 300.72 34.92
MODERATE VOLATILITY 347.53 48.88
HIGH VOLATILITY 993.58 118.78
LARGE/NC LARGE/CPC
LOW VOLATILITY 903.06 104.87
MODERATE VOLATILITY 1043.63 146.79
HIGH VOLATILITY 2983.71 356.70

NC = No Control
CPC = Current Pharmaceutical Control
1. For surface condensers on sources emitting:
-25C for VP>300mmHg
-15C for 150<VP<300mmHg
-0C for 77.5<VP<150mmHg
10C for 52<VP<77.5mmHg
25C for 26<VP<52mmHg
2. Air dryers emitting over 330 Ibs/day controlied to 90%
3. Air dryers emitting <33 Ibs/day only allowed to emit 33 Ibs/day
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TABLE E-11.- EMISSIONS FROM LIQUID REACTION. MODEL PLANT

MODEL PLANT EMISSIONS(1bs/yr)

SMALL/NC SMALL/CPC
LOW VOLATILITY 2,463 _ 2,463
MODERATE VOLATILITY 23,726 8.882
HIGH VOLATILITY 338,196 _ 42,335
MEDIUM/NC : MEDIUM/CPC
LOW VOLATILITY 8,202 8202
MODERATE VOLATILITY 79,006 29,576
HIGH VOLATILITY 1,126,194 140977
LARGE/NC LARGE/CPC
LOW VOLATILITY 24,632 24,632
MODERATE VOLATILITY 237,256 88,818
HIGH VOLATILITY 3,381,965 423,355

MODEL PLANT EMISSIONS(tons/yr)

SMALL/NC SMALL/CPC
LOW VOLATILITY 1.23 1.23
MODERATE VOLATILITY 11.86 4.4
HIGH VOLATILITY 169.10 21.17
MEDIUM/NC MEDIUM/CPC
LOW VOLATILITY 4.10 4.10
MODERATE VOLATILITY 39.50 1479
HIGH VOLATILITY 563.10 7049
LARGE/NC LARGE/CPC
LOW VOLATILITY 12.32 12.32
MODERATE VOLATILITY 118.63 4441
HIGH VOLATILITY 1690.98 211.68

NC = No Control
CPC = Current Pharmaceutical Control
1. For surface condensers on sources emitting:
-25C for VP>300mmHg
-15C for 150<VP<300mmHg
-0C for 77.5<VP<150mmHg
10C for 52<VP<77.5mmHg
25C for 26<VP<52mmHg
2. Air dryers emitting over 330 Ibs/day controlled to 90%
3. Air dryers emitting <330 Ibs/day only allowed to emit 33 Ibs/day
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TABLE

E-12. EMISSIONS FROM FORMULATION MODEL PLANT

MODEL PLANT EMISSIONS(Ibs/yr)
) SMALL/NC
LOW VOLATILITY 1,613
MODERATE VOLATILITY 14,466
HIGH VOLATILITY 145.534
- MEDIUM/NC
LOW VOLATILITY 5372
MODERATE VOLATILITY 48,170
HIGH VOLATILITY 484,630
LARGE/NC
LOW VOLATILITY 16,133
MODERATE VOLATILITY 144,656
HIGH VOLATILITY 1,455,345
MODEL PLANT EMISSIONS(tons/yr)
SMALL/NC
LOW VOLATILITY 0.81
MODERATE VOLATILITY 723
HIGH VOLATILITY 7.7
MEDIUM/NC
LOW VOLATILITY 2.69
MODERATE VOLATILITY 24.09
HIGH VOLATILITY 24231
LARGE/NC
LOW VOLATILITY 8.07
MODERATE VOLATILITY 7.33
HIGH VOLATILITY 721.67
NC = No Control
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Model Emission Stream Calculations

OPERATION REFERENCE 2.1.1

Reactors
2.1.1.2.1 (Charging without purge

Assume reactor volume of 500 gallons (350 gallons to £ill)
Filling occurs at 20°C (Room Temperature)
Flowrate

350 gal £r3 - = 3.12 £t3/min
_ 7.48 gal 15 min

A. Low volatility (n-Butanol)
¥ VOC
4.4 mmHg/760 mmHg = 0.0058 = 0.6%
Total 1b VOC. event

(4.4 mmHg) (3.12 ££3/min) (74 1b/lbmol) (15 min/event)
998,97 mmHg-ft3 (293K)

lbmol -K

= 0.05 lb/event
B. Medium volatility (methanol)
¥ _VOoC
92 mmHg/760 mmHg = 0.121 = 12.0%

T Vv ven

(92 mmHg) (3.12 f;3 /min) (32 1lb/lbmol) (15 min/event)
( ; (293K)

998.97 mmig-ft-
lbmol «K

= 0.5 lb/event
C. High volatility (ether)
¥ VOC
442 mmHgG/760 mmHg = 0.582 = 58.0%



. ~ Total 1b VOC, event

(442 mmHg) (3.12 ££3/min) (74 1b/1lbmol) (15 min/event)
998,97 mmHg-ft3 (293K) ‘
1lbmol -K

= 5 lb/event

2.1.2.2.1 Charging with purge

flow rate out of reactor = purge rate

A. Low volatility (n-Butanol)
% VOoC
4.4 mmHg/760 mmHg = 0.0058 = 0.6%
Assume 10% of saturation

(0.10) (0.6) = 0.06%

1 \' ven
7 3/min) (74 1b/1lbmol) (15 min)
9908.97 mmHg-ft (293K)

1bmol ‘K

- = 0.05 lb/event
B. Medium volatility (methanol)
¥ VoG
92 mmHg/760 mmHg = 0.121 = 12.0%
Assume 10% of saturation
(0.10) (12.0) = 1.2%

- T Vv ven

(760 mmHg) (0.012) (30 f£t3/min) (32 1b/lbmol) (15 min)
998,97 mmHg-£ft3 (293K)
1bmol -K

= 0.4% lb/event



C. High volatility (ether)
% _VoC
442 mmHg/760 mmHg = 0.582 = 58.0%
Assume 10% of saturation
(0.1) (58.6) = 5.8%
Total 1lb VOC, event

(760 mmHg) (0.058) (30 f£t3/min) (74 1b/1lbmol) (15 min)
998.97 mmHg:-£ft3 (293K)
lbmol-K

= 5.0 1lb/event

2.1.1.2.2 Heatup without purge
Assume reactor volume is 500 gallons. (Headspace is

150 gallons)

A. Low volatility (n-Butanol)

Flow rate, Emigsions
VP of n-butanol @ 30 percent = 17.8 mmHg
(150 ga1) £e’ . .
R 22&.27.;;g§%§55—] [fggg_i_§3%i_mmﬂg - (232 ; ;O;i)'mqul
lbmol -K
an = 0.0026 lbmoles gas displaced
0.0026 lbmole gas displaced! ig;ofts - 1 £t3 gisplaced
1 £ft3/5 min = 0.2 ft3/min displaced (average flow rate)
ng = ¢ 4.4 ) mmHg  + ( 17.8 ) mmHg [0.002§ lbmoles
760 - 4.4 = 760 - 17.8 gas displaced

n, = 0.000039 lbmoles n-Butanol (MW = 74 1lb/lbmol)

(0.000039 1lbmol n-butanol) (74 1lb/lbmol)
ng =_0.003 1b n-Butanol
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B. Medium volatility (methanol)

1ow Emigsi
VP of methanol @ 30°C = 165 mmHg
fr3
(150 gal) ( —————]
‘ 7, &8,331_] (L1760 - 92) mmHg - 1_52___;551_mm£9
998.97 mmﬂg-i; (273 + 20)K (273 + 30)K
lbmol -K

aln = 0.00634 lbmoles gas displaced

0.00634 lbmoles|379 f;3 = 0.48 ft3/min
lbmol S min
92 165
| =—————] mmHg + (—————) mmHg
760 - 92 760 - 165
n = -
t 2
n. = (0.0013 lbmol methanol) (32 lb/lbmol)

0.0013 lbmoles methancl (MW = 32 1lb/lbmol)

ne = 0.04 1b methanol

C. High volatility (ether)

Flowrate, Emisgiong
VP of ether @ 30°C = 661 mmHg

(L2 )
an = (1150 gal) 7.48 gal ) ((260:442)mmHg _ (760-661)mmHg-
998,97 mmHg-ft (273+20) K (273+30)K
"lbmol 'K

an = 0.0152 lbmoles gas displaced
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An, = (442 ) mmHg + 661 ) mmHg [0.0152 lbmoles]
760 - 442 760 - 661 gas displaced
2

n. = 0.0613 lbmoles ether{(Mw = 74 1lb/lbmol)
(0.0613 lbmol ether) (74 lb/lbmol)
n. = 4.5 lb ether

2.1.1.2.2 Heatup with purge .
Assume flow rate = 30 acfm and 10% of saturation
Temperature increases from 20 to 30°C

A. Low volatility (n-Butanol)

(0.10) (30 acfm) (4.4 mmHqg)

1 998.97 mmHg-ft >

1bmol K /

(293K)

(0.10) (30 acfm) (17.8 mmHg)

1 998.97 mmHg-ft->,

1bmol -K J

(303K)

Calculate average

(0.000045 + 0.000176) lbmol/min
2

= 0.00011 lbmol/min n-butanol (MW = 74 lb/lbmol)

0.00011 lbmol n-butanol|74 1lb
min lbmol

= (0.008 1lb/min) (5 min) = 0.04 1lb n-butanol

- ' E-26

= 0.000045 lbmol/min (initial)

= 0.000176 lbmol/min (final)




- B. Medium volatility (methanol) -

(0.10) (30 acfm) (92 mmHg)

' 3
998.97 mmHg:-ft
‘ 1bmol-K ) (293K)

= 0.000943 lbmol/min (initial)

(0.10) (30 aCfm)glss mHd) | §.00164 lbmol/min (final)
1 998.97 mmHg-ft

Tomal K ) (303K)

Calculate average

(0.000943 + 0.00164) lbmol/min
2

= 0.0013 lbmol/min methanol (MW = 74 lb/lbmol)

0.0013 lbmol methanol|74 lb
min i 1bmol

= (0.04 lb/min) (5 min) = 0.2 lb methanol

C. High volatility (ether)

. (0.10) (30 acfm)(4;2 mmHg)

3
- 998.97 mmHg-£ft
1bmol . K } (293K)

= 0.0045 lbmol/min (initial)

{0.10) (30 acfm)(§61 mmHg) = 0.0066 lbmol/min (final)
~ . 998.97 mmHg-ft

Calculate average

R (0.0045 + 0.0066) lbmol/min
2

= 0.00555 lbmol/min ether (MW = 74 lb/lbmol)

- 0.00555 1lbmol ether 74 1lb
min lbmol

= (0,411 1lb/min) (5 min) = 2 lb ether
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2.1.1.2.2 Reactjon with purge

This event actually is the purging of a reactor prior to
charging (or sampling). -

Assume temperature = 310K and 10% of saturation

A. Low volatility (n-Butanol)

VP n-butanol @ 310K = 16 mmHg

(0.10) (150 acfm) (16 mmHg)

. 998.97 mmHg-ft>
' lbmol-K

= 0.00077 lbmol/min n-butanol (MW = 74 1lb/lbmol)

= 0.00077 lbmol/min

1 (310K)

0.00077 lbmol n-butanol|74 1lb
min i 1bmol

= (0.057 l1lb/min) (3 min) = 0.17 1lb n-bgtanol

B. Medium volatility (methanol)
VP methanol at 310K = 229 mmHg

(0.10) (150 acfm) (229 mmHg)

. 998.97 mmHg-ft°
lbmol-K

= 0.011 lbmol/min

; (310K)

= 0.011 lbmol/min methanol (MW = 32 1lb/lbmol)

0.011 lbmol methanol 32 1lb
min { 1bmol

= (0.355 lb/min) (3 min) = 1.1 lb methanol

C. High volatility (ether)

VP ether at 310K = 760 mmHg
(0.10) (150 acfm) (760 mmHg)

(998,97 mmHg-ft >
= Ibmol K

= 0.0368 lbmol/min ether (MW = 74 lb/lbmol)

= 0.0368 lbmol/min (initial)
} (310K)
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0.0368 lbmol ether|74 lb
min {lbmol

= (2.72 1b/min) (3 min) = 8.2 lb ether

2.1.1.2.3 Reactor vacuum trangsfer

Vacuum transfer would typically occur when transferring the
contents of a 55 gallon drum to a reactor. The emissions would
result from displacing air saturated with VOC’s out of the
reactor prior to drawing in new product.

Air displaced: assume 500 gallon reactor

A. Low volatility (n-butanol)

Initial aj

(760 mmHg) (500 gal/7.48 gal/ft>)

,998.97 mmHg-ft >
T Tbmol X

= 0.1735 lbmol

} (293K)

Final ai

(100 mmHg) (500 gal/7.48 gal/ft>)

998.97 mmHg-ft>
1bmol-K

= 0.0228 lbmol

i (293K)

0.1735 1lbmol - 0.0228 lbmol = 0.1507 lbmol

Flow rate
3 3
0.1507 lbmol! 379 ft 3,
10 min 1bmol = 5.7 f£7/min

VOC emissions
A. Low volatility (n-butanol)
VP @ 20°C = 4.4 mmHg
Assume satﬁration; vol¥% ranges from 0.6 to 4.4
Total VOC emissions based on average volg
(0.6 + 4.4)/2 = 2.5 vols

(0.1512 l1lbmol) (0.025) (74 1b/lbmol) = 0.3 1lb n-butanol
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B. Medium volatility (methanol)

VP @ 20°C = 92 mmHg

92 mmHg/760 mmHg = 12.1 volg

92 mmHg/100 mmHg = 92 vol%

Total VOC emissions based on average vol%

(12.1 + 92)/2 = 52.1 vol%

(0.1512 1lbmol) (0.52) (32 1b/lbmol) = 2.5 1lb methanol
C. High volatility (diethyl ether)

VP @ 20°C = 442 mmHg

442 mmHg/760 mmHg = 58.2%

Assume 100 vol% at 100 mmHg

(58.2 + 100)/2 = 79.1 vols%

(0.1512 lbmol) (0.791) (74 1lb/lbmol) = 8.9 1lb ether
2.1.1.2.3 P ran
. Pressure transfers often consist of "blowing"’lines to rid
them of solvent. Assuming a typical situation involves 30 ft of

3.5 inch flexible line containing 1% residual solvent, the amount
of solvent evaporated from each line is:

- 3.5 in 32
(12 in./ft) (30 ft) = 2 £t3 material
-

(2 ££3) (0.01) = 0.02 ft3 in liquid form
A. Low volatility (n-butanol)
VP @ 20°C = 4.4 mmHg

Specific gravity = 0.81

3
150 ft 4.4 mmHg ,
(0'10)[m1n ][760 mmHg](mln) =
3
3,62.4 1b lbmol,, 998.97 mmHg-ft
760 mmHg

0.087 x min = 5.26 ft3 gas
x = 60 minutes (assuming 10% saturatlon of the stream)
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Medium volatility (methanol)
VP @ 20°C = 92 mmHg
Specific gravity = 0.792

150 fe3 92 mmig
min 760 mmHg
3,62.4 1b,

(££9

(0.120)( ) (min) =

lbmol 998.97 mmHg - ££ >

(0.792) (5355 Tomol K.

0.02 ft

) (293K)

~ 760 mmHg

1.82 x min = 11.9 ft3 gas

X = 6.5 minutes

High volatility (diethyl ether)
VP @ 20°C = 442 mmHg

Specific gravity = 0.8

(0.10) 150 ££> - 442 mmig,
) ' min ‘760 mmHg

0.02 fc3:§3;i§l93
£t

(min) =

1bmol, 998.97 mmg.ft>

(0.8) 5775’ |~ Ttmol K

) (293K)

760 mmHg

8.72 x min = 5.2 ft3 gas

x = 0.596 minutes

.1.2.3 Empty reactor purging

Low volatility (n-butanol)

(4.4 mmHg) (74 lb/lbmol)

(998,97 mmitg- £t
1bmol-K

- 0.0011 1b/ft3

C -
lowi

) (293K)

Standard industry practice (Chapter 3)
(500 gal) (ft3/7.48 gal) = 67 f£t3

100 £t3/67 ft3 = 1.5 vessel volume changes
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(Cg/Cy) 13 = (0.37)2-5 = 0.22

(0.0011 1b/ft3) (0.22) = 0.000242 1lb/ft3
Emissions = 67 ft3 (0.0011 lb/ft3 - 0.000242 1b/ft3) = 0.057 1b
B. Medium volatility (methanol)

(92 mmHg) (32 1b/lbmol) 3
= 0.0101 1b/ft

998.97 mmHg-ft>3
[ ) (293K)
lbmol-K

Emissions = 67 £t3[0.0101 1b/ft3 - 0.22(0.0101 1lb/ft3)]
= 0.53 1b

C. High volatility (diethyl ether)
(442 mmHg) (74 l1lb/lbmol)

/998.97 mmHg-ft°>
' 1bmol-K

= 0.1118 1b/ft>

) (293K)

Emissions = 67 £t3[0.1118 1b/ft3 - (0.22) (0.1118 1b/ft3)]

= 5.84 1b

Exhaust composition

A. Low volatility (n-butanol)

/0.000242 1b butanol,  lbmol; 998.97 mmHg-fe>

k 3 53 15 Tbmol K J (293K)
ft” air _ = 0.00126
760 mmHg *
B. Medium volatility (methanol)
0.00222 1lb methanol ., lbmol,, 998.97 mmHg-ft>
( A Ja ) (293K)
£ 3 . 32 1b lbmol-K
t alr _ = 0.027
760 mmHg )
C. High volatility (diethyl ether)
(00246 1b diethyl ether lbmol 998.97 mmHg-ft3](293K)
£ 3 . 74 lb lbmol-K
t alr _ = 0.128
760 mmHg y



2.1.2.1 Depressurization of a putsche filter

See example C-14. Assume volume of filter is 1,000 gallons.
A total of 0.403 moles of gas are emitted from the filter in a
40 minute period. For simplicity, we have to assume that the
flowrate is constant over the duration of the filtration, -
although we know it will decrease with decreasing pressure.

Midpoint of pressure range = 1,665 mmHg

3
(0.403 Lbmol) (22521 g £t

1,665 mmHg 40 min
The range is from 1.2 to 4.0 ft3/min

) (300K) 3
= 1.8 ft /min

A. Low volatility (n-butanol)

VP @ 27°C = 6.5 mmHg

(0.403 lbmol) (6.5 mmHg/2,570 mmHg) (74 1lb/lbmol) = 0.08 1lb
B. Medium volatility (methanol)

(0.403 1lbmol) (143 mmHg/2,570 mmHg) (32 1lb/lbmol) = 0.72 1lb
C. High volatility (diethyl ether)

(0.403 lbmol) (596 mmHg/2,570 mmHg) (74 lb/lbmol)
2.1.2.1 Filtercake purging

Assume 25% of saturation

6.92 1b

N, stream at 293K
A. Low volatility (n-butanol)

3
(0.25) (4.4 mmHg) (100 £t /min) (30 min)

= 0.0113 lbmol (0.8 1lb)
998.97 mmHg-ft3
( } (293K)
1bmol -K

B. Medium volatility (methanol)

3 . . .
(0.25) (92 mmHg)(%OO ft~/min) (30 min) =.0.236 lbmol (7.5 1lb)

( ggggiglfgﬂg'ft1(293x)
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High volatility (diethyl-ether)

(0.25) (442 mmHg) (100 £t>/min) (30 min)

. 998.97 mmHg-ft>
¢ (1bmol -K)

.2.2 Heated filtercake purging

Low volatility (n-butanol)

= 1.13 lbmol (83.8 1lb)
) (293K)

VP @ 100°C = 390 mmHg

Agsume 25% saturation

[390 mmHg
760 mmHg (760 mmHg) (100 ft /m1n)(30 min)
3

(0.25)

,998.97 mmHg:-ft
(1bmol -K)

Medium volatility (methanol)

= 0.8 lbmol

) (373K)

VP @ 100°C > 760 mmHg

(0.25) (760 mmHg) (100 £t>/min) (30 min)

1998.97 mmHg-ft>
* lbmol-K

= 1.53 lbmol

) (373K)

High volatility (diethyl ether)

3, . .
(0.25) (760 mmHg) (100 £t~ /min) (30 min) = 1.53 lbmol

3
g srmiate] s
.2.3 ntxrif loadin innin

Same as filtercake purging - but smaller flow rate
flowrate = 3 acfm

duration = 30 minutes

Exhaust composition

Low volatiiity (n-butanol)

(0.25) (3 ft>/min) (4.4 mmHg) (30 min) (74 1lb/lbmol

3
998.97 mmHg-ft
( TEmol K ) (293K)

= 0.025 1b




B. Medium volatility (methanol)

(0.25) (3 ft3/min)(92 mmHg) (30 min) (32 1b/lbmol)

: = 0.226 1b
998.97 mmHg-ft
Tbmol -K J (293K)
C. High volatility (diethyl ether)
(0.25) (3 ft /m1n)(442 mmHg) (74 lb[;bmol)(BO min) _ 2.51 1b

[998 .97 mmHg- ft
(Ibmol-K)

Filtercake cutting/unloading with purge

) (293K)

Same as centrifuge loading/spinning - but larger flow rate
flow rate = 20 ft3/min
duration = 30 minutes

A. Low volatility (n-butanol)

(0.25) (20 £t3/min) (4.4 mmHg) (30 min) (74 1b/lbmol)

3 = 0.167 1b
,998.97 mmHg-ft
(228,27 md ) (293K)
B. Medium volatility (methanol)
(0.25) (20 fr?/min) (92 mmHg) (30 min) (32 1b/lbmol) _ , . 1p
- .
. 998.97 mmHg- £t
Tbmol K J (293K)
C. High volatility (diethyl ether)
(0.25) (20 f£*/min) (442 mmHg) (74 1b/lbmol) (30 min) _ ., & 1p
3 - .

[998.97 mmHg: £t

Thmol K ) (293K)

2.1.3 Vacuum drving - Blender Drver

The emission stream characteristics for this unit operation

are based on data that was reported from industry. A total of
160 1lb of MeOH over the entire cycle (6 hours) was reported to be
emitted. We assume that 100 lb was emitted over the first
2 hours, 50 over the next 3 hrs, and 10 in the last hour.
Because the vapor pressure of MeOH and acetone exceeded the
minimum operating pressure in the dryer. (50 mm) at 40°C, the
solvent was assumed to be boiling off the product the entire
time.
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This calculation is consistent with Example 6 of Chapter 3.
The average emission rate over the drying cycle is:
160 1b/6 hr = 26.7 1lb/hr

Assuming the initial (max) emission rate is twice the
average, then 53 lb/hr should be emitted over the initial drying
period, which is consistent with 100 lb over the first 2 hours.

TRAY Dryer

Again, the solvents were effectively "boiling off" the
product because of the low dryer operating pressure. Pressure
was reported to be in the range of 150 mmHg to 20 mmHg. The
cycle time for this dryer is 36 hours.

215 1lb total
36 hours

We assumed twice this rate for the initial 6 hours, or
(6) (2)(6) = 72 1b

= 6 lb/hr

The emissions over the remainder of the cycle are: 143 1b.
We assumed that the last 6 hours of the cycle only contributed to
10 1b, and therefore emissions over the middle of the cycle are
143 - 10 = 133 1lb over 24 hours.

nv iv
TRAY Drver
The documentation for this model emission stream comes from
p. 75 of Environmental Progress Magazine, May 1990, in which

180‘'hg of solvent must be evaporated over the course of an entire
drying cycle. Assuming 50 percent of the total material
evaporated during the cycle comes off in the first hour, the
hourly emission rate is 90 kg (200 1lb/hr) during the first hour.
Assuming the last hour of the drying cycle tubes care of

5 percent of the total solvent, or 9 hg (20 lb/hr), then the
middle part of the cycle, which lasts four hours emits 180 hg -
90 - 9 = 81 kg (180 1b) or 45 lb/hr.

The volume percentage of VOC in the exit gas was calculated
for all cases of volatility according to the difference in
molecular weights of the low, moderate, and high volatility
materials. ‘

3
(200 1b/hr)[%2m§é)[998'gzbﬁﬂﬁgxft ) (338 K)
760 mmHg

= 1,200 £t3/hr |

= 20 £t3/min
$ vol = (20)/6000 : ,

hr ]
60 Bi34
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Rotary Dryer

Reported solvent exhaust rate was 15.5 lb/cycle.- Flow rate
was 1.8 acfm.

We assume 90 percent emitted over the first 6 hours (which is
1/4 of the cycle). We assume 9 percent of the emissions were
emitted over the next 12 hours, and that the remaining 1 percent
was evaporated over the last 6 hours of the cycle.
Calculation of Vol %:

(15.5 1b) (0.90) = 14 1b

(14 1b)/(6 hr) = 2.3 1lb/hr

3
(lbmol, 998.97 mmHg-ft~,
760 mmHg 0.46 ft3/min
3, .
0.46 fg /min = 25.8%
1.8 £t~ /min
VA Y
V. - liqui in

Event: Vacuum system (reactor or crystallizer or solvent-
removal batch still, etc.) where single VOC is being evaporated,
condensed, and some vapors pulled from the system via the air in-
leakage. Our example is toluene boiling at 74 mmHg (45°C)

Assumption: Stream will be saturated in the VOC - either
from the process, or if not, from the intimate contact of n/c gas
with the seal fluid in the vacuum pump

Basis for noncondensable gas flow - Appendix C - Example 9

in-leakage estimates of 9.7 scfm

If toluene is the seal fluid/process fluid

Temp at discharge of pump is 25° - cooler on seal fluid

VP toluene = 28.4 mmHg

Discharge of vac. pump is to atmosphere at 760 mmHg

moles of air = 957 x %%% = 0.02475 moles air/min
359 ft”/lbmol
28.4
YVOC -~ 360 " 0.03737 MW toluene = 92



1lb moles 60 min 92 1lb
£T = 0.02475 —== e x 0.03737 x =5== = 5.1 lb/hr
Steam-jet

Assume noncondensable gas in-leakage is saturated at 45°C
" with toluene

In-leakage = 44.6 lb/hr (9.7 scfm)

Using
P
La svys
S, = MW = ( - - 1)
E VOL 29 Psys Ps
44.6 760
= 92 x 33 [-EO =7 - 1)

= 15.26 1lb/hr

Composition of uncontrolled emission stream must have
motive steam included

From Perry’s (4th) pg. 6-31 Using 100 psi steam
P 760
=2 . . 10.3
Pob 74
P
2 . 0.0143
Pob
entrainment - roughly W
0.06 _ b
1 Wa
0.06 1b air/l1lb steam

In example problem 10, Appendix C, air at 9.7 scfm is
equivalent to 44.6 lb/hr

*. steam required 1/0.06 x 44.6 = 743 lb/hr (if single

‘stage)

wt. fr. | mw -moles mole fractions
92.54 H,0 743 1b 18.02  41.23 0.9603
1.90 Tol 15.26 92 0.1659 0.00386
5.56 Air 44.06 29 1.5379

0.03582
802.86 42.9338 = 0.999%8
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Batch distillation - atmospheric - heat up to boiling point

Solvent BP VP @ 25°C
n-butanol 117°-118° 5.6 mmHg
Methanol 64.7°C 128 mmHg
Ethyl ether 34.6°C 553 mmHg

Suppose we heat up a distillation kettle to boiling point -
in theory - all the air will be expelled - and will pass through
the primary condenser. Initially, the material will be saturated
at starting temperature of 20°C.

When heated up to 25° and above - the primary condenser will
cause condensation and discharge gas stream will be saturated at
25°C.

Emissions from the heatup of the kettle and during the actual
" kettle distillation are calculated as follows:

" Assume Batch still is 4 ft diameter x 30 ft high
volume = 377 ft3

Using the heatup formula from Chapter 3, (for butanol)

377 760 - 4.4 760 - 5.6
an = ( 3O A ) - ()]
998.9 273 + 20 273 + 25
2.57884 - 2.53154

0.3774 x 0.047296

0.01785 moles total noncondensable gas emitted during heatup

4.4 5.6

+_’
‘s - T80 - 2.9 760 - 5:8 x 0.01785 x 71.2 = 0.0081 1lb during

heatup

For MeOH use 92 and 128 mm 2.27986 - 2.1208 - 0.06003 total
moles gas expelled during heatup

For ether use 442 and 553 1.08532 - 0.69463 » 0.1474 total
moles gas expelled during heatup

At 25° -» BP all the remaining noncondensable (n/c’s) are
vented at saturation level

Volume of system 377 £t3 = 0.9790 moles
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Butanol
0.9790 - 0.01785 discharged during heatup
= 0.9611 x 392 = 377 act
at 25° VP = 5.6

Y = 5.6/760 = 0.007368

Pounds butancl discharged = 0.9611 x 0.007368 x 74.12

= 0.525 + 0.0088 = 0.534 1lb (total pounds discharged)
Methanol

at 25° VP = 128

Y = 128/760 = 0.1684

Ratio of VOC to nc = 128/(760 - 128) = 0.2025

Moles of VOC discharged = moles of n/c x ratio

Moles noncendensable = 0.9790 - 0.060 moles discharged during
heatup = 0.919 x ratio

0.919 x 0.2025

= 0.186 moles
0.186 x 32 = 5.96 1lb (+0.327 1lb during heatup)
Gas flow during 2nd step of process (during distillation):
0.919 + 0.186 moles = 1.105 moles
At 25°C - 433 acf + 30 min = 14.4 acfm
Ether
at 25° VP = 553 Y = 553/760 = 0.728 .
Ratio of VOC to NC: 553/(760 - 553) = 2.671
NC flow: 0.979 - 0.1474 = 0.8316

Moles of VOC discharged = moles of NC x ratio

= 0.8316 x 2.671
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= 2.221 moles

x 74.12 (mw)

Gas flow:

= 164.6 1b

0.8316 + 2.221 = 3,053 moles

3.053 x 392 = acf/30 min = 39.89 acfm. during 2nd step of

process
Summary
b/
Flow rate Temp Pross Dur -1 voC N/C event
Butanol
Heatup 1.4 20-25 760 5 0.66 99.34 0.01
20-25
25->BP
N/C 12.6 25 760 60 0.74 99.26 0.52
venting
MeOH
Heat 55 20-25 760 5 14.5 85.5 0.33
Vent 14.4 25 760 45 16.8 83.2 5.96
Ether
Heat 28.9 20-25 760 5 60 40 16.4
Vent
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APPENDIX F.

MASS EMISSIONS CURVES



COST EFFECTIVENESS($/Mg)

Annual Mass Emission Total=30,000lb/yr
Low Vol.(Toluene); Cond. Crtl. Eff. =90%

(Thousands)
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COST EFFECTIVENESS($/Mg)

Annual Mass Emission Total=50,000lb/yr
Low Vol.(Toluene); Cond. Crtl. Eff.=90%
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Annual Mass Emission Total=75,000lb/yr
Low Vol.(Toluene); Cond. Crtl. Eff.=90%
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COST EFFECTIVENESS($/Mg)

(Thousands)
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COST EFFECTIVENESS($/Mg)

Annual Mass Emission Total=125,000Ib/yr
Low Vol.(Toluene); Cond. Crtl. Eff.=90%
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Annual Mass Emission Total=150,000lb/yr
Low Vol.(Toluene); Cond. Cril. Eff.=90%
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Annual Mass Emission Total=30,000lb/yr
Mod.Vol.(Benzene); Cond. Crtl. Eff.=90%
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COST EFFECTIVENESS ($/Mg)
(Thousands)

Annual Mass Emission Total=50,000Ib/yr
Mod.Vol.(Benzene); Cond. Crtl. Eff.=90%

W
o

N
8))

N
o

—_
18]

—
o

0 1 LA I T errrTn 1 T TT1TErn ] v

1 10 100 1000 10000
FLOWRATE (scfm) |

—— T1000ppmv  — T8750ppmv - C10000ppmy C100000ppmv

) » x , » . » Y » »




6-3

COST EFFECTIVENESS ($/Mg)

Annual Mass Emission Total=75,000Ib/yr
Mod.Vol.(Benzene); Cond. Crtl. Eff.=90%
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COST EFFECTIVENESS ($/Mg)

(Thousands)

Annual Mass Emission Total=100,000lb/yr
Mod.Vol.(Benzene); Cond. Crtl. Eff.=90%
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Annual Mass Emission Total=125,000Ib/yr
Mod.Vol.(Benzene); Cond. Crtl. Eff. =90%
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Annual Mass Emission Total=150,000lb/yr
Mod.Vol.(Benzene); Cond. Crtl. Eff.=90%

30
25
o
<
L2
v —~ 20
)
w o
G &
>
= 4 15
m 2
r =
i 10 7
? |
S | /
5 —
0 I T 1T 7T 7irir | UL LR I 1 IR R ELEEL 1 L LI
1 10 100 1000 10000
FLOWRATE (scfm)
T1000ppmv  — ~ T8750ppmv -~ C10000ppmv C100000ppmv




€El-d

. COST EFFECTIVENESS($/Mg)

Annual Mass Emission Total=30,000lb/yr
Hi.Vol. (Acetone); Cond. Crtl. Eff.=90%
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COST EFFECTIVENESS ($/Mg)

Annual Mass Emission Total=50,000Ib/yr
Hi.Vol. (Acetone); Cond. Crtl. Eff.=90%
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- COST EFFECTIVENESS($/Mg)
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Hi.Vol. (Acetone); Cond. Crtl. Eff.=90%
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Annual Mass Emission Total=100 ,000Ib/yr
Hi.Vol. (Acetone); Cond. Crtl. Eff. 90%
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APPENDIX G. BATCH PROCESSING EXAMPLE RULE

G.1 INTRODUCTION

This appendix presents an example rule limiting volatile .
organic compound emissions from batch processing operations. The
example rule is for informational purposes only. The purpose of
the example rule is to provide information on the factors that
need to be considered in writing a rule to ensure that it is
enforceable. The example rule is provided below. Sections
include appliéability, definitions, control requirements,
performance testing, and recordkeeping/reporting requirements.
G.2 APPLICABILITY

(a) The provisions of this rule apply to process vents
associated with batch processing operations. The scope of
affected industries is limited to those industries in the
following standard industrial classification (SIC) codes: 2821,
2833, 2834, 2861, 2865, 2869, 2879.

(b) Exemptions from the provisions of this rule except for
the reporting and recordkeeping requirements listed in
Section G.8 are as follows:

(1) Combined vents from a batch process train which have an
annual mass emission total of 10,000 lb/yr or less.

(2) Single unit operations which have annual mass emissions
of X lb/yr or less.
G.3 DEFINITIONS

The agency responsible for developing a standard must define
the terms that appear in the language for the standard. The
source category of batch processes, for example, requires a
definition of the term "batch" as it is used to describe the mode



of operation of equipment and processes. Another term that will
likely require defining -is "vent". The feasibility analysis that —-
has been described in Chapter 6 applies to any type of gaseous
emission stream (continuous. or batch). containing VOC’s, as long

as the flowrate and annual mass emission total requirements are
met. Finally, the terms "flowrate®" and "annual mass emissions"
also should be defined clearly. Provided below is a listing of
definitions for terms as they are used in this document.

Aéﬂ:ﬁﬂﬂ&ed means the summation of all process vents
containing VOC’s within a process.

Annual mass emissions total means the sum of all emissions,
evaluated before control, from a vent. Annual mass emissions may
be calculated from an individual process vent or groups of
process vents by using emission estimation equations contained in
Chapter 3 of the Batch CTG and then multiplying by the expected
duration and frequency of the emission or groups of emissions
over the course of a year. For processes that have been
permitted, the annual mass emissions total should be based on the
permitted levels, whether they correspond to the maximum design
production potential or to the actual annual production estimate.

Average flowrate is defined as the flowrate averaged over
the amount of time that VOC’s are emitted during an emission
event. For the evaluation of average flowrate from an aggregate
of sources, the average flowrate is the weighted average of the

average flowrates of the emission events and their annual venting
time, or:

Z (Avezrage Plowzit_o per emission event) (annual duration of emission event)

Average Flowrate =
Y (annual duration of emission events)

Batch refers to a discontinuous process involving the bulk
movement of material through sequential manufacturing steps.
Mass, temperature, concentration, and other properties of a
system vary with time. Batch processes are typically
characterized as "non-steady-state."

Batch cycle refers to a manufacturing event of an
intermediate or product from start to finish in a batch process.
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Batch cycle refers to a manufacturing event of an.
intermediate or product from start to finish in a batch process.

Patch process train means an equipment train that is used to-
produce a product or intermediate. A typical equipment train
congists of equipment used for the synthesis, mixing, and _
purification of a material.

Control deviceg are air pollution abatement devices, not
devices such as condensers operating under reflux conditions,
which are required for processing.

Bmissions before control means the emissions total prior to
the application of a control device, or if no control device is
used, the emission total. No credit for discharge of VOC’s into
wastewater should be considered when the wastewater is further
handled or processed with the potential for VOC’'s to be emitted
to the atmosphere. T

Emission events can be defined as discrete venting episodes
that may be associated with a single unit of operation. For
example, a displacement of vapor resulting from the charging of a
vegsel with VOC will result in a discrete emisgsion event that
will last through the duration of the charge and will have an
average flowrate equal to the rate of the charge. If the vessel
is then heated, there will also be another discrete emission
event resulting from the expulsion of expanded vessel vapor
space. Both emission events may occur in the same vessel or unit
operation.

Procegges, for the purpose of determining RACT
applicability, are defined as any equipment within a contiguous
area that are connected together during the course of a year
where connected is defined as a link between equipment, whether
it is physical, such as a pipe, or whether it is next in a series
of steps from which material is transferred from one unit
operation to another. |

Semi-continuous operations are conducted on a steady- state
mode but only for finite durations during the course of a year.
For example, a steady-state distillation operation that functions
for 1 month would be considered semi-continuous.
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Unit operations are defined as those discrete processing
steps that occur within distinct equipment that are used to
prepare reactants, facilitate reactions, separate and purify
products, and recycle materials.

Vent means a point of emission from a unit operation.
Typical process vents from batch processes include condenser
vents, vacuum pumps, steam ejectors, and atmospheric vents from
reactors and other process vessels.: Vents also include relief
valve discharges. Equipment exhaust systems that discharge from.
unit operations also would be considered process vents.

Volatility is defined by the following: 1low volatility
materials are defined for this analysis as those which have a
vapor pressure less than or equal to 75 mmHg at 20°C, moderate
volatility materials have a vapor pressure greater than 75 and
less than or equal to 150 mmHg at‘zo'c: and high volatility
materials have a vapor pressure greater than 150 mmHg at 20'9,
To evaluate VOC volatility for single unit operations that
service numerous VOCs or for processes handling multiple VOCs,
the weighted average volatility can be calculated simply from
knowing the total amount of each VOC used in a year, and the
individual component vapor pressure, as shown in the following
equation: ‘

2
. voc (mass of VOC component 1)
xzéggt:d’ Z; [(er pressure of component 1) < iTar welght of VOC component 1)

volatility = (mass of VOC component 1)
E [ (molecular weight of VOC component i)

G.4 CONTROL REQUIREMENTS

For individual process vents, or for vent streams in
aggregate, within a batch process, having an actual average flow
rate below the flow rate value calculated by the cutoff equations
when annual mass emissions are input shall reduce emissions by
X percent. The cutoff equations are épecific to volatility.
See page 6-18.

For aggregate streams within a process, the control
requirements must be evaluated with the successive ranking scheme
described on page 7-5 until control of a segment of unit
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operations is required or until all unit operations have been
eliminated from the process pool.
G.5 (a) DETERMINATION OF UNCONTROLLED ANNUAL EMISSION TOTAL

Determination of the annual mass emissions total may be
achieved by engineering estimates of the uncontrolled emissions
from a process vent or group of process vents within a batch
process train and multiplying by the potential or permitted
number of batch cycles per year. Engineering estimates should
follow the guidance provided in this document. Alternatively, if
an emissions measurement is to be used to measure vent emissions,
the measurement must conform with the requirements of measuring
incoming mass flow rate of VOC’s as described in
G.6 (2) and (3) (i,ii).
G.5(b) DETERMINATION OF AVERAGE FLOW RATE

To obtain a value for average flowrate, the owners or
operators may elect to measure the flow rates or to estimate the
flow rates using emission estimation guidelines provided in
Chapter 3. For existing manifolds, the average flow rate is
often the flow that was assumed in the design. Regulators should
be aware that oversized gas moving equipment used in manifolds
may exempt many unit operations and batch processes from the
cutoff requirements because the flowrates will exceed those
described by the cutoff equations. Industry should have the
burden of proving that the manifold flowrates are consistent with
emission sources and not oversized. If measurements are to be
used to estimate flow rates, the measurements must conform with
the requirements of measuring incoming volumetric flow rate as
described in G.6(b)(2).
G.6 PERFORMANCE TESTING

(a) For the purpose of demonstrating compliance with the
control requirements of this rule, the process unit shall be run
at full operating conditions and flow rates during any
performance test.

(b) The following methods in 40 CFR 60, Appendix A, shall
be used to comply with the percent reduction efficiency
requirement listed in G.4.



(1) Method 1 or 1A, as appropriate, for selection of the
sampling sites if the flow measuring device is a rotameter. No
traverse is necessary when the flow measuring device is an
ultrasonic probe. The control device inlet sampling site for
determination of vent stream VOC composition reduction efficiency
shall be prior to the control device and after the control
device.

(2) Method 2, 2A, 2C, or 2D, as appropriate, for
determination of gas stream volumetric flow rate flow
' measurements should be made continuously.

(3) Method 25A or Method 18, if applicable, to determine
the concentration of VOC in the control device inlet and outlet.
(i) The sampling time for each run will be the entire

length of the batch cycle in which readings will be taken
continuously, if Method 25A is used, or as often as is possible
using Method 18, with a maximum of l-minute intervals between
measurements throughout the batch cycle.

(ii) The emission rate of the process vent or inlet to the
control device shall be determined by combining continuous
concentration and flow rate measurements at simultaneous points
throughout the batch cycle.

(iii) The mass rate of the control device outlet shall be
obtained by combining continuous concentration and flow rate
measurements at simultaneous points throughout the batch cycle.

(iv) The efficiency of the control device shall be
determined by integrating the mass rates obtained in ii and iii,
over the time of the batch cycle and dividing the difference in
inlet and outlet mass flow totals by the inlet mass flow total.
G.7 MONITORING REQUIREMENTS

(a) The owner or operator of an affected facility that uses
an incinerator to seek to comply with the VOC emission limit
specified under G.4 shall install, calibrate, maintain, and
operate according to manufacturer’s specifications the following
equipment.

(1) A temperature monitoring device equipped with a
continuous recorder and having an accuracy of + 0.5°C.
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(i) Where an incinerator other than a catalytic incinerator
is used, a temperature monitoring device shall be installed in
the firebox.

(ii) Where a catalytic incinerator is used, temperature
nonitoring devices shall be installed in the gas stream
immediately before and after the catalyst bed.

(b) The owner or operator of an affected facility that uses
a flare to seek to comply with G.4 shall install, calibrate,
maintain and operate according to manufacturer’s specifications
the following equipment:

(1) A heat sensing device, such as an ultra-violet beam
sensor or thermocouple, at the pilot light to indicate continuous
presence of a flame.

(c) The owner or operator of an affected facility that uses
an absorber to comply with G.4 shall install, calibrate,
maintain, and operate according to manufacturer’s specifications
the following equipment.

(1) A scrubbing liquid temperature monitoring device having
an accuracy of tl1 percent of the temperature being monitored
expressed in degrees Celsius or +0.02 specific gravity unit, each
equipped with a continuous recorder, or

(2) An organic monitoring device used to indicate the
concentration level of organic compounds exiting the recovery
device based on a detection principle such as infra-red
photoionization, or thermal conductivity, each equipped with a
continuous recorder.

(d) The owner or operator of an affected facility that uses
a condenser or refrigeration system to comply with G.4 shall
install, calibrate, maintain, and operate according to
manufacturer’s specifications the following equipment:

(1) A condenser exit temperature monitoring device equipped
with a continuous recorder and having an accuracy of +1 percent
of the temperature being monitored expressed in degrees Celsius
of +0.5°C, whichever is greater, or '

(2) An organic monitoring device used to indicate the
concentration level of organic compounds exiting the recovery
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device based on a detection principle such as infra-red,
photoionization, or thermal conductivity, each equipped with a
continuous recorder.

(e) The owner or operator of an affected facility that uses
a carbon adsorber to comply with G.4 shall install, calibrate,
maintain, and operate according to manufacturers specifications
the following equipment: '

(1) An integrating steam flow monitoring device having an
accuracy of *10 percent, and a carbon bed temperature monitoring
device having an accuracy of *1 percent of the temperature being
monitored expressed in degrees Celsius or +0.5°C, whichever is
greater, both equipped with a continuous recorder, or

(2) An organic monitoring device used to indicate the
concentration level of organic compounds exiting the recovery
device based on a detection principle such as infra-red,
photoionization, or thermal conductivity, each equipped with a
continuous recorder.

G.8 REPORTING/RECORDKEEPING REQUIREMENTS

(a) Each batch processing operation subject to this rule
shall keep records for a minimum of two years of the following
emission stream parameters for each process vent contained in the
batch process:

(1) The annual mass emission total, and documentation
verifying these values; if emission estimation equations are
used, the documentation shall be the calculations coupled with
the expected or permitted (if available) number of emission
events pef year. If the annual mass emission total is obtained
from measurement in accordance with G.6, this data should be
available.

(2) The average flow rate in scfm and documentation
verifying these values;

(b) Each batch processing operation subject to this rule
shall keep records of the following parameters required to be
measured during a performance test required under G.4, and
required to be monitored under G.6.



(1) Where an owner or operator subject to the provisions of
this subpart seeks to demonstrate compliance with G.4 through use
of either a thermal or catalytic incinerator:

(i) The average firebox temperature of the incinerator (or
the average temperature upstream and downstream of the catalyst
bed for a catalytic incinerator), measured continuously and
averaged over the same time period of the performance testing,
and '

(2) Where an owner or operator subject to the provisions of
this subpart seeks to demonstrate compliance with G.4 through use
of a smokeless flare, flare design, (i.e., steam-assisted, air-
assisted or nonassisted), all visible emission readings, heat
content determinations, flow rate measurements, and exit velocity
determinations made during the performance test, continuous
records of the flare pilot flame monitoring, and records of all
' periods of operations during which the pilot flame is absent.

(3) Where an owner or operator subject to the provisions of
this subpart seeks to demonstrate compliance with G.4:

(i) Where an absorber is the final control device, the exit
specific gravity (or alternative parameter which is a measure of
the degree of absorbing liquid saturation, if approved by the
Agency), and average exit temperature of the absorbing liquid,
measured continuously and averaged over the same time period of
the performance testing (both measured while the vent stream is
routed normally), or

(ii) where a condenser is the control device, the average
exit (product side) temperature measured continuously and
averaged over the same time period of the performance testing
while the vent stream is routed normally, or

(iii) where a carbon adsorber is the control device, the
total steam mass flow measured continuously and averaged over the
same time period of the performance test (full carbon bed cycle),
temperature of the carbon bed after regeneration (and within
15 minutes of completion of any cooling cycle(s), and duration of
the carbon bed steaming cycle (all measured while the vent stream
is routed normally), or




(iv) As an alternative to D.7(b)(4)(i), (b)(4)(ii) or
(b)(4)(iii), the concentration level or reading indicated by the
organic monitoring device at the outlet of the absorber,
condenser, or carbon adsorber, measured continuously and averaged
over the same time period of the'performance testing while the
vent stream is routed normally.
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